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foreword
S. O. Schriber
ConferenceChairman

FOREWORD

The fifteenthLinearAcceleratorConferencewas held at the
AlbuquerqueHilton Hotel, Albuquerque,New Mexico, from
September 10 through September 14, 1990. The
conference had 325 participants with fifteen countries
represented. A completelist of participantscan be found at
the end of these Proceedings.

The International Advisory Committee and the Program
Committeeestablishedthe program format at meetings in
Chicago, Illinois, March 22, 1989; Albuquerque, New
Mexico, December6-7, 1989; WashingtonD. C., April 16,
1990;and Tesuque,New Mexico,May 31-June 1, 1990. It
was decided to follow the successful program format that
had been developedover the past years. All five morning
sessionsweredevotedto the presentationof invitedpapers.
Each session allowed invited speakerstwenty-fiveminutes
for their talks plus five minutes for questions. Three
afternoon sessions were dedicated to the presentation of
contributed papers, with the early afternoon session
containingapproximately12 (five minute)oral presentations
to “advertise”selectedcontributedposterpapers.

Our Proceedings consis!s of 32 invited papers and 208
contributed papers that are arranged in the order of
presentation.

The entertainmentat the conferenceconsistedof a banquet
dinner at the Wool Warehouse Dinner Theater where the
play “The Marriage-Go-Round” was enjoyed by all. A
barbeque dinner at Los Amigos Ranch was held
Wednesday, September 12, complete with volleyball,
horseshoes, ping pong, westernmusic, horsebackriding,
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duck races, and Pueblo Indian dances. We now have a
champion duck racer in the accelerator community and
expect Gerry McMichae!to demonstratehis skills a?future
meetings. At a New MexicanBuffetserved poolsideat the
Hilton Hotel Thursday,September13, participantsenjoyed
Mariachimusic and a one-hour performanceby a Spanish
dance troupe. A tour of accelerator facilities at the Los
Alamos National Laboratory was held Friday afternoon.
MarilynThomas,Lois Plato, and BrendaMcKennadeserve
much credit for the success of the Companion’sProgram
that was attendedby 40 peopleand includedsuch activities
as a “GetAcquaintedBreakfast”followedby shoppingin Old
Town;a Santa Fe Operatour; a fashionshow;a tour of the
Museumof NaturalHistory;and a ride or, the Sandia Peak
Tram,completewith hikeand box lunch.

On September 12, 1990, the International Advisory
Committee determined that the next Linear Accelerator
Conference would be hosted in 1992 by the Cha!< River
Nuclear Laboratories. John H. Ormrod will chair the
conferencethat will be held in Ottawa. The 1994 meetll~g
will be held either in Europe or Asia—-a decision wilt be
madeearly in 1991.

Theconferencewas closedby Dr.PierreGrand,whogave a
conferencesummarythat appearsfollowingthe conference
schedule.

Special thanks are extended to the Local Organizing
Committee; the International Advisory Committee; the
ProgramCommittee;session chairpersons; speakers and
poster session presenters; Hilton Hotel staff; Publication
staffandall of thosewhoworkedbehindthe scenesto make
this a mostenjoyableconference.

A final thanks to all the attendeesfor showingthat our field
consists of an exciting mixture of people with various
personalities,know-how,and technicalexpertise.

S. O. Schriber
Conference Chairman
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Summaryof the
1990LinearAcceleratorConference

I
Before addressingthe highlights of this

most succcssfrdLinac Confcrcncc, it is fitting
a[ this time to look back and rcminisccsome.
This 1990 Linac Confcrcncc is the 15th
meeting of its kind, and marks the 30th
tmnivcr~ of suchconferences. It is indeeda
milestone.. What is rcmarkah!c is that aficr
rather modest beginnings, the field of linear
accelerator technology IS healthier and more
rewardingthanever.

John Blewctt organized the first informal
Linac meeting at ~hc Brookhavcn National
Ln%riitory (BNL) in 1960. The next year hc
organizedthe .sccondLirmcConfcrcnccwhich I
altcndcd, also at BNL. It had about 40
participants. It was an exciting time. That
period had seen the s~ccessfulcompletionof ir
host of “high wwrgy” Iinacs: the 10-McV/n
hcmy ioi?Im;ws al Yirlc and Bcrkc!cy, the 40-
McV and 50-McV 3-ianks Minnesotaand PLA
Rutherford machine?, the 50-McV BNL and
Ihc European Center fur Nuclcirr Research
(CERN) injcmors,c[c., all thesewere drift tube
or Alvanz proton Iinacs. At lhc swnc time, a
3C9-MCV tras~cllingwave clmron linac had
been conshuctcdand succcs$fhllyopcrwcd 10
unheard of cncr@ of 2-Gc V at the Hansen
Lab, Slanford [ ;nit”crsity. These miichincs
~!ilixcd state-of-,!w+rt tcchnoiogicsincluding
such things r.s lxl~v.c-madepower amplifiers,
oil and rncrcurydiffusion pumps for vacuum,
c.(c. The design of ri cavities WW:arrived at
or?aly[ical Iy and by cx tensivc usc of cold
mcxkus. Al that time, the still recentdiscovery
of strongfocusingby Courant and Snyder,and
!hc Smi;h-Gluckstcrn phase stability diagram
for linacs answsrcd all possible questions
conccmidg Wmsvcrscas well as longitudinal
beam t!yiurmics. In addition, Cockroft-Walton
dc zccclcra[orsand duoj)lasma~wrion sources
had pretty WCIIcs~blishcd the injcetionsystem
uxhnology. In 1960 great planswere afoot for
ever, b]ggcr and more powerful machines.
Argonr,c Na;ional La~}oratory (ANL) was
buihling their 50-McV ZGS linac injector,
Stanford wanted to build a 20-GcV electron
linac (ludicrous!), MURA wanted to build a
200-McV Iinac injector for a dcvicc known as
FI%G, Yale University had startedthinking of
an 800-1000 McV linac for a meson factory,
These were hc.ady days, and most of these
ambitious projects have actually come to see
the light, albeit, perhapsIiot quiteasconccivctt.

Pierre Grand

More impc-timtly, it is with pride that this
community can look back at these “then
advanced projects” and rcmark [hat their
operating performance actually has cxcccdcd
theexpectations.

N“ow! to the present!

As wc now review and summarize this
confcrvnccin ligh[ of the last 30 yearswc must
ask ourselves: what’s new; and where will it
lead? In light of these questions onc can
almost answer “nothing much has happened
during the last 30 years.” However, I would
like to point to three ouLsrandingand entirely
disconnected dcvclopmcnts which open the
wa) for future applications of Iinctir
accslcrirtors to higher cul-rentsand cncrgics,
arWor more compact, energy-cffic icnt
machirics.

The first and perhaps mosl impormrrt
irdvanccfor Iimrc technologyhm beenthe very
Iilrgc array of nurwrica] crilculationirl codes
and the colic urrcn t enormous inc rcosc in
computationalpower available mday, Cooper
oi LOC Alamos girvca good review of irvailablc
2-D and 3-D codes which can bc used for
almost every conceivable design problcm the
accclcriitor designer faces. Thus, trirnsport
magncls cirn now bc modeled with u high
dcgrcc of accuracy. The same can bc said of
accelerating cav i tics and final Iy bciim
dynamics codes incorporating many fo,rccs,
hcrctoforc oi]l}” grossi) estimated (e.g., space
charge) can now accurately predict the
behavior and beam 10SSCSof Iinacs. This was
vividly dcmcrnstrtrtcdby GarnctLof LANL in a
poster comparing the beam transport model
and the actual pcrformwrccof [hc Los Ahrmos
Mcscm Physics Fircility (LAMPF), where the
ealculatiomdrcsul!sactuirllyagreewith reali[y.

The secondadvance that is making a real
diffcrcncc 10the presentand future of the iinac
Lcchnology is the invention of the Radio
FrequencyQuadrupdc (RFQ) by Kapchinskiy
and Tcplyakov of Institute for Theoretical and
Experimental Physics (ITEP) agdoScrpukov
and its development 10 full potcnual at Los
Alamos. The RFQ has now becomea mature
tcch;tology and is used in every proton lintrc
design prcscntcd at this conlcrcncc.

v



Evolut.iormry improvements are still in
progms, witnessthemorethan25 RFQpapers
presentedat this meeting, The invcrition and
realization of the RFQ has ovcrcomc a
fundamental limitation of iinac technology
pcrmiuing on ;hc onc htmd to now prorluce
small compact, relatively incxpcnsivc multi-
McV ion Iinacs thaLoutpcrhn cyclohonsand
on the other hand permit highercurrcms,high-
encrgy linacs to bc designed for higher
efficiency and Iowcr bcnm IOSSCS. Note
Weiss’s poster of CERN which dcmoi]stiatcd
acceleration of 250 mA. Thus the RFQ has
spawned a company like Accyss Technology
Inc. which is successfully commercializing
compactproton Iinacs, while making plans for
very large proton accelerators such as the
Accclcrator Transmutation of ‘,Vastc(ATW)
proposed b}- Los Alamos rcalizabic. A
remarkable RFQ testdwribcd at this meeting
is the 1-McV RFQ dcvclopcd i\t LOS Alamos
(BEAR) which opcrimd while aboarda rocket
man apogeeof 240 Km.

The third arid unrelated highlight of this
con fcrcncc is the coming of age of
superconductingrf cavity technology. M~ny
years have gone by since Schwcttmzm first
promisedwondcriul thingsat Stanford. Since
much effort has been dc~otcd to this
technology with many disoppolntmcnts.
However, slowly but surely progresswas mtidc
on a steady bu[ continuous basis aL many
institutions. This effort is finally pyirrg off as
demonstrated by the daring dccisicn at
ContinuousElectron Beam AccclcmlorFacili[y
(CEBAF) to go superconducting. Thi~
decision is now vindicated by the succcsscs
achicvcd in reaching high fields (-9 MV/m)
with incrcascdreliability and reproducibility.
Pa&unsccof Comcll ga~.can exccllcnt review
of the state-of-the-artof that technologywhile
,~artlinc of CEBAF reported on the Iargcst
ongoingrf cavity SuperconductingSC projcc;,
CEBAF, and Shcpard of ANL dcscribcd
perhapstic most successfulapplication of SC
cavitiesto date, the ATLASprojectat Argonne.
It appearsthat this year has been a W@
point in SC cavity technologyin that it is now
acccptcd as a viable option for many
applications. Thus a number of projects arc
now being phlrmrd wi[h SC cilviticsespecially
for clcctrun storage ring upgrades.
Superconductingr.~bium, rf cavity technology
is hereto stayandgrow.

On the other hand,over the last fcw years,
HiTc materials produced a great deal of
cntliusiasm,hope, and some snake oil in the
linac community. However, it has bccomc
clear that if HiTc hasapplicationsin rf cavities,
it is still far in tic future. It is now rccognixcd
and acccptcd,thusthe paucityof paperson the
subjWL

Now, I will try to pick from the more than
200 paperspresentedat thisconfcrcncc,thoseI
thought worth highlighting. On the subject 1
polled six different arkndccsand askedthcm to
give mc their opini~n. I rccc.:vcdsix diffcrcm
answers! This indicates the difficulty in
choosingfrom the very rich menu presentedat
this conference. Hr~wcvcr, at the risk of
missingsome gcms I will give my own bmscd
commcnm,

On structures,the CERN Pb lirmcprojcd is
generatinga rcsurgcnccof imcrcstfor low trcta
structures. Interesting work is going on at
GsscllscchaftFur Schwcrioncnfomchung(GS1)
on IH structures (paper by Rutzingcr) and at
CERN on a DTL variation called “Quusi
Alvarcx” (poster by Warner ct al.). As
mentionedc.nrlicr,ihcrc is still a lot of activity
in imprcwin~ RFQs, and in Japim, spurrcclby
the JHP progmm, c:wptcd cavity structuresarc
being further tfcvclo,wd in view of improving
their performance(coupling, mode scparalion,
etc.). This work appmrs to k? Icadingtowards
rmhcr fancy,cxpcnsivcsolutions. At lhis point,
it is i.dsoworth no[ing the total abscncc of
papers dca!ing with disk-imd-washer. This
1.YPCOf accclcrwing structureiippcarsm have
brcn i{biin(hd as being too messy(too numy
overlappingrf modes).

in a (tiffcrcm context, lhc rcccnt interestin
Iincar co!lidcrs is generating to$ally ncw
approaches in nccclcratiag structurv dcsig,].
Expcrimcntd and thcorclical sludicswc being
pursued at a number of major instiwtion.i:
lnstitutc for High Elicrgy Physics (KEK),
Stanford Linear Accclcrator Center (SLAC),
Novosibirsk, CERN, CIC. Pcrh:ips[h~ nlost
intcrcsttng pupcr on the subject wa~ thut
prc::cntcd by Guignard of CERN. W!lc[hcr
these ncw microwavc structures h:ivc ii
practical future rcmains to bc seen. Their
mcchaniciil tolc;wwc rcquircmcnts of onc M
IWO orders of mag,litudc bc[tcr than present
tcc!mology is clearly beyond state-of-the-urt,
but it proves the point, “linacs have idways
Ixn fun.” Similarly, lincarcollidcr technology
is gcncmting all kinds O( new, clcvcr ideas in
microwave rf power generation. Miller of
SLAC really Ict his imagination run in
prc.scntinga pupcron tic subject.

On ncw accclcratiol, tcchniqucs,dlcrc was
very little. Coherent acceleration techniques
which a fcw years ago gcncratcd so much
cmhusiasmhave prct[y well disappearedfrom
the sccnc. However, work on wake field
accclcmlionis continuingalbeit at a slow pticc.
Simpson of ANL, the champion of that
technology gave a good review of d]c fichf,
It’s still far off!

1( should bc noted that lhc incentive for
[hcscncw tipprouchcsfor ticcclcrtimrstrucmrcs
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I is the Dotenlial for very hirh acceleration bv Hoffmann of GSI and Ban~cr[cr of
gradicn”ts(100’s of MeV/rn) w~ich would make
linear colliders look like a cinch. By tic same
token, one should note ~eiland’s paper of
Deutsche.sElektronen Synchrotrons(DESY) for
a 500 GeV linear collider based on existing
technology. It doesn’t look that preposterous!
After all wc have the Superconducting
Supwcollider! I believe that, as demonstrated
by this paper, present technology and
improvementsthereon,can realistically do the
job! It is worth pursuing.

Another strong push on electron Iinac
technology albeit at Iowcr energies is being
generated by the Free Electron Lw..r (FEL)
community. I counted 16 FEL prujccts
currently in existence. FEL technology has
very specific requirementsfor high brilliance,
high peak current, very short pulses. The
successof the technology is being driven by
photccathodcdevelopments,There wasa quite
a number of good FEL presentations at this
n-vxxing,witi few results however. I bclicvc
tliat the next conference,[\vo years from now,
will acvotca largerportion to FEL technology.
Watch for it!

Now, as wc wrap up thismeeting, I will udd
a few words on two applicationswhich in the
long run are, I believe, the drivcm for the Iinac
technology.

The first, near term application, is the
developmentof linacs as neutron factories. It
is clear that our future electricity generation
will dependmore and more on a nuclearpower
economy. That systcm, however, will bc
strongly influenced by safety considerations
and institutional limitations. In this context, it
is becomingevident that acceleratorscan play
a role, whether as a fuel producer (ATP) or a
waslc burner (ATW) and replace fission
reactorsfor specific applications,e.g., neutron
scatteri~gresearch! These ideas arc not new,
but their time may have finally come. Wangler
and Lawrence of Los Alamos National
Laboratory (LANL) gave two papers on the
subject and several posters from the Soviet
Union were presentedaswell.

In the same vein, I am sure, most of us
rcmember the SNQ project at Julich. I will
wager [hat the next generation neutron
scatterkg sourceswill closely rescmblc that
machine and worth noting is the design
specification for the Japan Hadron Project
(JHP) linac injector. 11will be a high-energy,
high-current, high-duty factor machine
designedfor neutronproduction. Yamazaki of
KEK pri’scntcdthatdesign.

L;wrcncc Bcrkclcy Laborator~ (LB L).
Progressis slo\v but steady, Lack of funding
precludeshxps in the technologyat this time.
The induction linac versus the rf linac
competitionis still on. Which way to go is still
unclrz.w+m that, the jury is still out. What is
importantat thispoint in time is that thereis no
apparent showstopper and the effort on that
technologyshouldbe furthercncouragcd,

So, this brings us to the C1OSCof this
confctcncc. This summarydoesnot do justice
to the overall cxccllcnt quality and technical
content of the more than 200 papers and
postersprcscntcdhere! It wasa goodmeeting!
Keep it up!

The scxxnd,longer term application, is the
usc of Imacs for inertial confinement fusion.
Work is continuingon the subjectas dcscribcd
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THE STANFORD LINE;\RCOLLIDER*

John T. Seeman
S:artford Linear Accelerator Center, Stanford, Califomiti 94309

Abstract

The Stanford Linear Collider (SLC) hits been in
operationforseveratyearswi”htheinitialparticleandaccelerator
physicsexperimentsjustcomolmd. A synopsisof theseresults
is lnctuded.The secondroundof experimentsis now under
preparationto install the new physicsdetector(SLD) in Fall
1990andto increasetheluminositysignificandyby late 1991.
CollisionsaI high intensityand with polarizedelectronstire
planned.Many beamdynatics andtechnologicaladvances are
in progressto meet thesegoals.

Introduction

The not-wa~collisioncyclefor theSI.C12 isto accelerate
a positronand~nelectronbunchextractedfrom theirrespeci’ve
DampingRingsm 47 GeV in the SLAC Linac.They art then
col!idedafter passingthroughtwo Arcs and shapedto a small
size by the Final Focus (see Fig. 1). The spent beamsare
discardediri high powerdumps after a singlecollision.On the
sameaccelerationcyclea third(electron)bunchisacceleratedto
~bou[ 30 GeV in ;he Iinac (2 km), exmacted,and, [hen,
convertedto positronsin ~ highpower target. The positronsare
acceleratedto200 MeV ancltransported back to thebeginningof
thehnac.Whendrepositrons,arrive,thefirst 1(K)m of thelinacis
pulsedandis usedto accelerzIethepositronbunchandtwonew
electronbunches(madeby a griddedgun). Thesebunchesare
injectedintothetwo 1.15GeV DampingRingswhereradiation
dampingreducestheemirtancestovaluesrequiredforsmatlbeam
spotstit the final focus.This cycle is repeatedat 120 Hz. The
ir,herentinstabilitiesof Iinacsin generalhavebeencompensated
by theuseof slow(oneminu:e)andfast(everypulse)feedback
systems(computerdriven). Clver seventy variablesare now
activelycontrolled.

The SLC cameinto full operationin 1989producingits
first 20 particleon April 11. During thatyearover 22 rib-l of
luminosity were logged (see Fig. 2). Over that period the
luminositywasincreasinglinearlywith timeultimatelyobtaining
0.~6 nb.1 per day. The ZO resonance parameters were

?0

t

o~—L——L—
APrIl May me July August SbPl Cc\OBe:

.cb CALENIJARDAv ,,. .

Fig. 2 IntegmuxiIuminosi[y withtimein IWW.

measuredj.The massis 91.11 (+/- 0.23) GeV, the wid[h 1.61
(+0.60/-0.43) GeV, and the number of neutrino species2.7 (+/-
0.7). Sire.: t,;esemeasurementsLEP M CERN hashitdit r;tpid
[unl or: and presently dominates these measurements. The
progr:!m of the SLC has now taken on a different direction: :0
produce polarized2.0decaysand10studytheacceleruif)rphysics
issuesrequiredfor thenextlinearcollider.Thegoa12istomakeJ
collisionratecomparableto 100K ZO pcryearwithpolarization
by early 1992.The requiredpammemrsfor !hatgoatarelistedin
Tab]e ]. The [echnologicitladvancementsbe:ng COnlMISSiOnSd
now are discussed below.

Positron Productiv

The old positrontargetWM fixed in positionandcould
handleonly 2 X 1010electronsper bunchat 60 Hz without
cracking.This targetwassufficientfor collisionparametersused
in 1989. However, for the 1992 yxsls a significantlyhigher

:g@_2g~
Elee?rons

Accelerator Positrons

Fig. 1 Schemisticviewofrhe SanfordLinearCollider(SLC)
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incidentpower is required.A rotatinghigh powertarget4has
beeninstalledin Januap’1990.A 120Hz pulserateof over6 X
IOlOelec~ns ~r bunchcanbesafelvhandled.The L.wge[does
notlet twobunchesstrikedtesamepo;itionoverseveralseconds
tsee Fig. 4). This new rargethasbeen successfully placed in
operation.In cm.eof a failureansem;-ttmo[eremovalsystemcart
safelypu]] the Urget OIJI of the vu.thin about30 rninureswith
minimalexposuretothecrews.

The yieldratioof thenumberof mrgetd elwrons to the
numberof positronexitingthepositrondampingringneeds[obe
J?proximately1.1. l%e bestyield measuredis 0.9 with 0.6 as
typical.The two problemareasare the momen[umcollimation
regionjustdownstreamof the200 MeV acceleratornearthetarget
andIheregionat thebeginningof rhetwomileacceleratorwhere
thepositronsareacceleratedandinjectedinlo thedampingring.
Fxwnsivesrudiesareunderway10improvethelocalyields.

Kicker Improvements

Thereiiab:i~!yof thed.mpingringinjec[ionandextinction
kickers has gorw from poorm 1989m goodin 1990.Several
imp:o~’emeistiincludingr~dia[ionhardmagnetinsulation,lead
shielding,ireprovedp!~lserdesign,and nwgnetheatershave
increasedthemeantimetofailuresigniticantlys.Furthennomthe
two bunchextractionkicker in thee!ectrondampingring must
provideequaldeflectionsto rheCIAObunchestoiIboutonep,min
103t. ~voldw~efi~ld enlargementof thesecondbunchin the
linac.[t wastoodifficul~tomakea pulser-magnetcombinationto
do thisdirecd}’.Canse.quen:ly.a pulseformingline anda prc-
kicker ha~e been added to the primary pulser to make the
deflecaon of thesecondhunchadjustable(seeFig.5).

Table 1
SLC operating Parameters

Achieved Achieved Desired
Pmrnele m _UBQ__B%
N-( x lorlo) (IP) 2.0 3.6 4.0-5.0
N+ ( x 1010) (1P) 1.3 1,9 3.5.5.0
Emittarwe(10-5r-m) 5.0-6.0 4.5-7.0 3.0-5.0
W beamsize(~) 2.7-3.3 3.O-4.1* 1.-/-2.5
Pinchenhancement 1.9 1.0 1.1-1.2
Repetitionrate(Hz) 120 120
Efficiency(shornterm) ?25 0.3 0,4-0,5
Luminosity 0.14 0.30 5.2-9.7
(x 1029/cm/s) (“ IncreswdwithhigherNs.)

/c–
“Trollmg-
(Bellows

Twge! DI%

Vacuum Targe!Coo:mg
Chambe MaIrIx

Beam
Spotpat

...

Fig. 4 New highpowerrotatingpositrontarget.

‘Wire Scanntrs

The measurementof beam transversedimensionsis
crucial for mainlining the beamemittwscesgeneratedin the
DampingRingswrdtransportedthroughtheLinacto theArcsand
FinalFocus.A[ beamcurrentsabove2 X 101Oparticlesandspot
sizes below 200 microns, the old SLC profile monitors
(phosphorscreens)becomemdiationdarnagedin tensof minutes.
After thatthesemonitorsare no longersatisfactoryfor detailed
emittance measurements.(However, they remain good for
observing beam transversetitils,) Furthermore,theseprofile
monitorsare thickenoughsothattheygeneratesufficientbeam
spinydmtthemachirstprotectionsystemsstarttotrip.Systemsof
wire scannerswere Instidlcdin the Limtc and Final FOCUS10
~voidtheseproblems.

A schematicview of a wire scanneris shownin Fig. 6.
?k scannerhasthree wires (x.y,and u) whichcan be moved
throughthe beam.A photomtdtiplierutbeat 90 degreesandan
ion chamber downstreamare used to sensethe numberof
paniclesstriking the wire. A histogramof a measuredbeam
shispeis shownin Fig. 7. A wakefield tail on the be~;n cart be
clewly seen.The signalfall timeswerearrangedsothatounches
60 nsecapan could be cleanlyresolved,Initial problemswith
signalsaturationandwire vibrationwereislleviatedby reducing
[he number of photonsreaching the phomcathodeand by

PreDulse Kicker
..&

.,,,.,

Fig. 5 ImprovementstotheDarnpingRingextraction
kickertoallowindependentcontrolof hods
electronbunches.
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choosing the optimum $~iln speed, respectively. Nearby
klystronssometimesproducedarkcumentfrom theaccelemting
structurewhichgive islong time bdck~ound signal. Reducing the
acceleratinggradientby tibout 10 7Cusually eliminates this noise
source.

Systemsof foursc:mncrswereplacedovera distanceof
10 m at the beginningof the Iirmcisnd50 m at the en~;so thitt
differenr bemtronphasescanbesampled(for bo[hposirronitnd
electrons). Using these four scitnnerscomp!ete emitmncc
measurementsincludingtheTwissparameterscanbeobtained. A
complete measurement takes aboutone minute.An automatic
cotnputerprogram systematically measures theemittances every
30 minu[esandmakesa longtermhistoryplot.Duringcollisions
whenthelimtccollimatorsareinserted,thewirescansin thelit-me

Vacuum

m

l----i
1 Inch

. & v

Fig. 6 Xew wiresmnnerfor theSLC. I“hewire ismade
tomovethrougha barn fixedinposition.

co’

?:8 1:0 0:2 0:6 0:0

Position(mm)

Fig. “I’Measuredbeamshapeshowinga wakefieldtail.The
measuredbeamsizeis 105+/- 5 Km.Theinvariant
emitmnceismeasuredusingfourseparatedscanners
w be5. ( -;- (),3) X 1[) $ r-m at .l X 1f)t~Je- / bunch.

5
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Fig. S Schematic view of mis;digncducceler;uingstructures.

canbeperformedwithout interruption to [he physics dittit taking
at the1P.Thereuretwelvesc;mnersinstalledat presen@.Twelve
more●re due (or installation in early 1991.

Emittance control

lle emittirnccof it beamac~wleratedin theiimtccanbe
enlargedby misalignmentsof thequ~drupolt!s,posi[ionrnoni[ors
(9PM), itnd acccler~tingstructures. A hem based itlignment
technique usingtwo beamrmjecloryinfon,lxion combinedwith
differe!~tktuicesrrcngthshissreducedthequadrupoiemlsoffsets
from ~~u[ 250 microns in 1988 to 100 microns in IWO. The
BPM rr.lserrorshavebeenreducedfrom 150to 75 microns.So
far no successfultechniquehits been developedm identify
particularticcelwttoroffsets(seeFig. 8) usingheitmdam.The
difficulty lies in thelongdi>titncein[egrrdof thetxsm o’.’cr[he
locally generatedwakefields to make a trmsverse [isil. In
addition,theenergyspreitdintroducedvia rmnsversewaketield
(BNS) darnpingmakesfilmt!ntatimt morerapidandreducesthe
growthof a wakeficldsignitl.Frommechanicalalignmentd:tta
theacceleratoroffseterrorsWC!itpproxinuttely300micronsrms.
Trackingsimulations’withtheseemorsnavebeenmade(seeFig.
9). “i%ecalculweden itmnccenlargementrw]gesfrom20 to 150
70 domitl.mcfby thesumctureerrors.“f’hecomponer,tof theerror
ar :!rc beuttron frequency likely dominates the emimtrtce
enlargement.The betatroncomponentisstronglyseeddependent.

Iniectionlittermakestheemiu.wtccchm~emdsebymdse.
Severalphotographsof observedwttkefield~id~cedt~iis are
shownin Fig. 10. .Wtnysourcesof l;!unchjitter have been found
andcured.The resultingjitter isnowabout3570 of tfw injection
beamtransversesigma(= 350microns)(mostlyhorizontal).I“he
extractionkickcvcontributesonethird;unknownsourcestherest.

Thehistoryof emittwweandbeamcurrentmcwuremenls

t

,.,*

Fig. 9

0 0.4 0.8 12 16 20

t ,e~.1 . .“.

Emittancegrowthfromirccelemror errors for3(x)
simulitwdlinitcsusing100ym quitdrupoleand 9PM

random offsets, 300 km itccelerworerrors,276 energy
scaleerrors,wtd2 degreesInputRF phxseerrors,



isshownin Fig. 11indicatingthatmanystudies8werecompleted
to rutuce theemi[ranceto within a factorof two of thedesign.
The.June1990increasein [heemitnncesisdueto a mechanical
alignrr:nt procedureerror of the acceleratingstructure(sub-
sequenrl>fixed). The structuretemperaturewas heldconstan[
duringalignmentbutthehousingdoorswereopenaliowingcold
air todistonthemecha.1ica.1supportverticallyontheorderof 0.5
mm.Thealignmentprocedureandconditionsareunderrwiew.

A cew methodforconrroUingwakefieldeffectspmduc-d
by offset acceleratorshas heen sugges[ed9where structure
distofionsat thebetarxonfrwquencyareactivelyaddedto thelinac
(wit},~u: damage)m counterbalancethe randomoffsets.This
techniquehas[hehopeof significantlyincreasingthealignment
toleranceof rhestructure,providingon line wakefieldcontrol,
andnxhrcingtheneedformanualalignmentin thetunnel.

SLC Arc Correction

Thecorrecaonof theAm opticsisnownearlycomplete
with theuseof a newclosedmagnetbump.Thisclosedtrajectory
distornonisusedtocompensatefor randomandsystematicemors
whichhavecausedcouplingof horizontalandverncalbetatron
motion.llese es-mmgenerateincreasuiprojectedemittancesand
berarronfunctionmismatches.ThisncwbumpisshGwnin Fig.
12.WiLhthesecorrectionstheelectronandpositronACCSnow
haveprojectedemirmnceenlargementslessthan10% and30 %,
res~actively.In addition,thereareopticaladjustmentsin theFinal
Focuswhichcanremovemostof theseprojectedgrowths,

Backgrounds and Collimation

The MKII physicsdetectorissensitivetoseveralkindsof
backgrounds.(1) Beamparticlesdisplacedmoretkm fourtrans-
versesigmaproducesynchrotronsradianonin thefinalquadruple
triplet.This radiationscattersfrom the internalmaskingandis
mostlyabsorbed.However,a smallfractionentersthevertexand
cenaa.1chambers,causingmu!tiplehitsin thesensewires.(2) Off
energyparticlesstrike ~ile collimator in the final focusand

Fig, 10 Obsewedwakefieldbeam[ailsat47 GeV. The upper
leftphotoshowsa weUsteeredbeam.The lower
righ[showsa 3 X 10~0e- bunchwitha I mmbetatron
oscillation.

producemuons.Finally, (3) only a few errant particlesneed
srnke the vacuum chamberin thequalrupolernp!ettogenerate50
GeV electromrigneticshowerstoo nearthede[ectorto shield.A
systemof eightadjustablecollimatorswasinstalledat theendof
the linac to makea rectangularsquarecut in betatronspaceto
eliminatemanyof theseemantpartic!es.This system(seeFig.
13)thenallowedtheothercollimatorin theArcsandFinatFocus
to becomesecondaryphasespaceCUM.They have beenvery
successful.The four upsrreamcollimatorsare the primaryCUM
placedat threesigma,Thedownstreamjirwsaresetto foursigma
assecondarycuts,Thejaws themselvesaretitrrniumblocks with
water coolingthroughII copper-snirdesssteelarm.The blocks
are 1.8 radiation Icngths long, Stepping motors control [heir
positions to about 50 microns. Eachjaw cirnwithstand 7 KW of
incidentbeampower in a 150micronsquarebeam.

Operation at 120 Hz

Runningthe SI.C at 120 Hz collisionraterequiresfull
three bunchoperation in which two electron buncbcsare

A=DREXII C=LmacExit
B.LmacEntranceIMP --- .Deslgn
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Fig. 12 hlagnet‘bumps’in theSLC Arcswhichhaveprovided
thefinalneededcorrectionforcrossplanecoupling.

8 Collimator Units !1 !jor-ri)

~+

% EcN!rl”””rl
—-1 mm -

c1

t

i

1 mm

Fig. 13 Adjustable co!timators at the endof theIinacprovide3 u
transvemecutsonthebeamtails.Theeightcollimators
makea 1mmsquareholeover 150m throughwhichboth
be3mspass.Only 10to ?0% lossof beamis typical.

producedeveq pulseandthepositronDampingRing contains
two bunche~,which alternatelydamp throughtwo collision
cycles.At 1JOHzratetheahem.teaccelerationcyclesoccur180
degreesapart on the AC power cycle and have measurable
differences(seeFig. 14) whichaffectbeamtuninganddetector
backgrounds.Most of the differencesappearasbeamenergy
differences.Someof thesourceshavebeenidentifiedandcured.

Theremainingproblemsareteducedby acceleratingslightly(10
%) differentbeamcurrentsonthealternatepulses.

Electron Polarization

A polarizedelectronsource!owith a 3-electrodephoto-
cathodeis being preparedfor use in Fall 1991 to provide
longitudinallypolarizedelectronsat the interactionpoint for a

r ! 1 I I 1 I I i

o 0.5 1.0 1.5 2.0
TIME (S@C). . ,,-

Fig. 14 Observed ‘[lme-slo[ separation’of the beam energy in the
fi,ml focus during operxion at 120 Hz.

9bn Pump
30@/s

o

7EG

,*,,,,,,,

Fig. 15 New polarizedelectrongunusingaGaAspitomcathode.

precision measurementof siuz6w . A secondgun wi!h an
improveddesignis underconstruction(seeFig. 15). Teststo
improvethelifetime,peakbeamcurrenhand vacuumproperties
of the first gun are underway.The three spin manipulation
solenoids(superconducting)usedto getthebeamin andout of
theDampingRing arebuild.Two areinstatledandoperational;
the third is to be installedin Summer1991.The Comptonand
Moller polarimetersat theendof theIinacandin thefinal focus
arcinstalledandbeingtemd. Thesourcepolarizationisexpected
to be 39 % and, due to some depolarization effects in the
DampingRingand e-Arc, thePpolarizmionshouldbe34 %.
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STATUS OF CERN LINEAR COLLIDER STUDIES

G. Gu#mrd

CERN,CH-121 i Geneva 23

Ahtract

A descrtptlon 1sgiven of the topics which have
been the subject of studies and developments. and
the status of the work on a CERN linear colllcier
(CLIC)ISsummarized. Progress was made on the test
facthty, for Investlgatlng the critical question of gene-
rating the short and Intense bunches required for the
drhlng beam. In the drive hnac, the wake fields
associated with the transfer structure and the conse-
quent stability Issue are severe. I?terefore. studies
and calculations are carrted on ovmrtoded pipes,
cylindrical with either symmetrical corrugations or
combs asymmetrically placed on one side. in the
main Ilnac. the question was addressed of minimizing
the energy spread by shifting the phase of the accele-
rating voltage. leading to requirements conflicting
u’tth [hose for beam stability-. A prototype of high-
gradient accelerating cells has been built and mea-
sured. in parallel with the design studies of the ftnal
focus system. a model Of a small-aperture. Mh -
grad!ent quadrup~:!e. that could be part of the
scheme. has been realtzed and measured.

Introduction

Research and de~-elopment on a linear elec-
[ron-posttron collider alrnlng at a 2 Te\’ cm. energy
continue at CER!! and the work done concerns hard-
u.are det”eloprnentsas wetl as fundamental Lroblems.
Prototypes of key elements and test factlitles have
been or are being constructed. and [heoretlcal or
conceptual studies on InjectIon. beam optics and
wake-field etTectshave progressed. Before reporting
orl these topics, let us brtetly recall the main chwac-
tenst!cs of the CLIC scheme and give a shcxt list of
the main Iinac parameters [Table1).

TABLE I
Main Llnac Tentative Parameters

[parameters Values ~

Ener~-
Lumlriostly
Gradient
RF frequenq’
Repetition rate
Bunch population
V-erllttance (.%]
H-emlttance (“F,]
FF aspect ratio
FF beam height
Bunch length

1.0
1.1. lo’<’
80
30
1.7
51&
0.5. lo%

1.5.104
5
12
0.17

TeV
cln-2s. i

,~ m-l
GHz
ld-lz

tad m
t-adm

run
mm

There are two dlst!nctlve features of the CLIC
scheme 1. The first one is the 30 (IHz chosen for the
main Ilnac operating frequency, because the average
RF power 1sInverseiy proportional to its square. TM
was considered as the highest posslbl: value when
taking Into account {he manufacturlrlg tolerances.

beam-induced wake fields and allgnment tolerances.
The work done so far has now shown any tmpossl-
billty even [f feaslbtllty limits are nearly reached. The
success with the construction of a prota:ype acce~e-
rating structure and its positioning to better than
1 ym Is encouraging. The second feature IS the
generation of the RF power by a two-beam scheme, In
which the drive beam passes decelerating structures
where the 30 GHz power Is generated and fed to the
main Ilnac. I%e drtve beam consists of a train of in-
tense sliort bunches and receives energy from
350 MHzsc cavttles. The dilllcult questions of gene.
rating this beam and deslgnlng transfer structures
require considerable development. The test faclllty
addressing the former is fairly advanced and con-
cepts of travethg-wave structure are under study.

Power Generation and Test facility

The generation of a ddve beam. consisting of
bunches of 1 mm r.m.s. length, 1 cm spacing and 10’2
particles requires development. It k proposed that
trains uf sl~ch bunches , separated by ih drive linac
wavelength of c/350 MHz.wtll be generated by a bat-
tery of complex pre-acceleratcm. [n order to study
the feaslblllty of these devices, an experimental CLIC
test facility (CTF) is in preparation 2. it Includes an
KF gun, a beam Ilne acting as magnetic spectrometer,
acceleration to -60 MeV and W power generation at
30 GHz. A pulse compressor may be added even-
tually. A key element of this faclllty Is the 1aser-
drlven photocathode and a d.c. test bench has been
buUt for testing Its fabrh-atlon 3.

The photocathode test bench (Fig.1) IS made
up of a preparation chamber, a d.c. gun and an tn-
strumentatlon beam line. The preparation chamber
has three evaporators. an azm to transfer the cathode
in the gun and a thickness monitor and has been up-
graded recently with emlsslon monltortng during
evaporation and a new pumping system. I%e quan-
tum efficiency 1s Indeed a crttical parameter (10“3
required for a few tenths of nC’s)and the quallty of the
photocathodes depends strongly on the vacuum
pressure. The d.r. gun ftektcan reach 8 MV/m and [he
beam IIne r-ontalns four focusing COIIS,Iongltudlnal
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proffle monitor. Iumtnescent scmm for image analy-
sis and Faraday cup for recordtngthe charge. For a
4 mm spot stze and 10 :is pulses, the gun space-
charge Umlt ta at - 12A B:st results (7.1011e“Ihave
been achievedwtthC2@b and 266 nm laser.

* .{ ,,.-

Q. 2 l%e test fact.fityRF gun

l%e atm of the CTF Is to study the generation of
~-e~ short (some ps). high- intensity (> 10 nC)
bunches and of 30 GHz RF power by decelemtion In a
CI.!C structure, whose prototype Is descrtbed below.
Ma, } objectives are to learn about the guns. the
bunch compressors, eventually to generate 24 MW
peak power for 11 ns, to create an 80 MV/m gradient
tn a second structure and to test beam tnstrumenta-
tton. l%ls planned performance requires an mtenslty
of 40 nC or 2.5. 101] parttcles. The adopted design IS
based on a one-and-a-half-cell S-band RF gun, with
an operdttng tlequency of 3 GHz. The RF gun (Fig.2)
is under test and generates up to 100 MV/m at the
cathode. The transfer line, including spectrometer,
instrumentation and steertng or focusing elements,
wtll be installed next. First beam wtll then be pro-
duced wtth a non-synchronized laser givtng a long
pulse (8 r,s) and optics and instrument.aUon ;es@ ~1
be carrted out. Later a laser wtth phase and amplt-
tude stabtltzatlort becomes avatlable, which can be
synchronized to the RF. The RF phase at the laser
pulse IS an important parameter for obtalnlng the
proper longttudtnal phase space distribution for the
compressor and a good suwtval rate of the Initial
charge. Numerical slmulatkms 4 have shown that
30 nC/beam could be obtdned (with optlmlstlc
cathode parameters), at the sacrtIlce of emIttances
and energy spread. To allevtate the task of the gun,
trains of bunches distributed over two structure flJl-
Umes can be used. If the charge In the tratn per tlU-
UrneISqual to the single bunch charge (40 nC) about
the same RF power is generated.

Drive Linr6 ~d Power Ransfer

Energy requirements In the two-ti?am CLIC
scheme imply an tniegrated gradient ratio equi.d !Q
the frequency ratio. With the figures of Table 1 and a
gmdlent In the sc cavities of the order of 10 MVm-1
say, the Nling factor of the active pan is al ound 100AJ.
This gtvcs the advantage of long dlstanres between
re-acce]erattng structures and the freedom of most of

the tunnel frum active high-power equipment other
than copper structures. To induce the required
30 GHz power. the drtve beam ts made of four tratns
(distant by 2.8 ns) of ten bunches separated by 33 pa.
The drain ttrne of the transfer structure fills the gap
between trains, whose number IS conditioned by the
IN1-ttmeof the main accelerating structure.

l%e destgn of the travelling-wave transfer
structures then becomes ditllcult. The equillbrtum
between the energy loss In the stmctures and gatn In
the drtve cavtties Impltes a ve~ low charactertstlc
Impedance (several Q/m) and subsequently the
parasttic impedances must be held io vesy lowvalues
also. Studies have shown that fractional wake loss
per transition fmm structures to cavttles can be kept
low (10-4)and the higher-mode energy IOSS in cw Itles
reaches a tolerable value of -6°AY Major probLems
arose when computing longitudinal and transverse
wake fields due to the res!stlve walls of transveme
structures made of two parallel plates wtth combs.
Longltudlnal wakes could generate a decelerating
fteld up to 18°Aof the a-~etagevoltage gain and trans-
verse wakes were so strong that stabfllzlng the drtve
beam with E3NSdamping would require very strong
external focusing and large ener~ spread (-10%), To
ai}wtate these constraints, work started on swuc-
tures with increased beam-to-wall distance and re-
duced resistive wall effects 5. Further deve]o[‘wmts
are certatmy wqulred.

The first unproved concept starts from a large
circular pipe of 12 mm diameter (transverse wakes
reduced by a factor 27), with a smooth inner wall. A
power collecting rectangular waveguide runs along
the outside of the pipe and !s coupled to the inside vta
pertodlc holes. in order to fill the gap between the
trains wtth the pulse produced, the group velocityof
the wave travelllng tn the guide must be c c (say -c/2)
and the phase v~loclty then reaches -2c. Hence. the
coupllng holes must be separated by two 30 GHz
wavelengths (20 mm) and thetr dimensions adjusted
to gtve the requisite tmpedance. Since a ‘IEMfield ts
easy to stmulate, a model has been butlt (Ftg.3) and
has shown that obtaining the 11.4 ns pulse wtth the
rtght phase and amplitude might requlm worktng at
lower phase velocity (-1.2 c) and coupltng to a back-
ward wave. ‘l%epipe betng large, It ISah overrnoded
and there is one accelerating mode with a cut-otT
below 3C ,;Hz. It can be cancelled If Its phase sllp
with respect to the wave In the guide IS equal to x
between two consecuUve holes.

3
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Flg.3 Possible concept of trzmsfer structure

Another concept of s!milar nature IS studied
numerically. II IS based 01: an even larger PIPe
(22 mm dlame!er) with ~’ery .~hallow and 6 mnl
periodic corrugations anci a rectangular wavegulde On
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one side. in prtnciple, the disconttnuities created by
the corrugations make it possible to g:nerate tn the
guide a backward wave wtth phase velocltyequal to c
and group velocity below c. Coupllng Is again
achieved via pertodlc holes between :he cylinder and
the gutde.

Energy Spread and Beam Stability

i% !mportantproblem ISmaktng the flnat focus
(FF)system accept the unavoidable energy spread of
the beam. due to high single-bunch extraction and
stabtltzatlon of the wake field’s deflecting effects by
strong BNS damping 8. The requlrcd focusing gra-
dient over the bunch length can be generated by a
deliberate energy spread fmrn head 10 tail add!ng to
external quadruple fields and/or act ual RF
quadruples created W-ithasymmetric slots in a frac-
tion [- ICYMI)of the stxucture. Without RF quadruples,
stabtltzation trnplies a 4 to 6% e?.ergy spread ~lmt IS
ob~.iously in conflict with the energy acceptance of
[he FF, limited by chromaUcity compensation to a
\’alue ten Umes sm-atler.

[t now seems possible to match the beam’s
energy spread to FF acceptance by cancel]lng to
higher orders the longitudinal wake with the RF
\“oltage6, The resulting accelerating-gradient varia-
tion over the bunch can be flattened by adjusting the
RF phase, for given bunch length and populaUon. In
this way ve~ flat curves near the ccntre of the bunch
have been obtained, with two rna..ma of about the
same amplitude and one minimum. The energy .iis-
trtbution ISdeduced from such curves vta the ln~erse
of their dellvatives 7 and has therefore sharp peaks
related to the points wtth zero derivatives. In the
presence of ~hese peaks, the distribution can be ccn-
tred with respect to the average value of the energy
and the !all population reducea. On top of this it 1s
reasonable to assume that a small fraction of par-
ticles wtth an ener~ below a certain Iimlt dots not
contribute to lumln~sity.

‘“°F——
!’

t12s0r-

.

-—

q- us

[ I J i Ii ! , ~
“ -X+=-

-0.004 -OQJ2 P n,lyn2 0.004
D!zr. P

F&.4 Distributions reduc~ngenergy spread

With such energy distrtbutlons and ‘td cuts- a
mlnlmum r.m.s. energy spread of O.W&was achieveu
for a bunch !ength of 0.1? iilrn and 6. IOg particles
(14% being discarded from the tall). This op[lmuri,
corresponds to the nom:nal parameters of ?ab]e 1,
an RF phase of 8’ a[{d ~ total rela[tve ener~v range 01
from +1.2 to -4%0. so as 10 flt Ihe W acceptance.
Figure 4 shows th-: co~sponding energy dlstr-tbutlon

toge(her wtth that obtatned wtth another set of para-
meters (G,11 mm bunch length, 4.109 particles, 7° RF
phase and only 4% dlscarrled) to indicate the range In
which they can be varted. [n the last case, the r,m,s.
enerav s[xead 1s 1.6%oand the total ramze from +2.2
to -4-% ii accepted by the IT system. ‘“’
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Fig. 5 Vertical blow up with autophasing

Recently, numerical s!mulatlcms were can-ted
on wtth the main llnac parameters atmut a possible
higher order BNS scheme 8. called autophasing andu~lngthewaketo create coherence wtthln a bunch.
Preliminary results have shown that for a perfect
llnac, with only magnetic focusing of 90° phase
advance and 20 m wavelength, and lnJectionerrots of
4.2 and 1 gm per plane (H and V’),the emlttance blow-
up could be kept below 6% (Fig. 5) using four Iinac
sections wtth RF phases between -35° and -10°, and
an energy spread of .$.5%. In the presence of random
errors in quadruple alignment (e.g. 1 pm, r.m. s.),
autophasing ISmore dllllcult. Atler RF phase adjust-
ment to larger values between -40° and -16.5° (5.4%
energy spread) and simple trajectory correcUorw, the
emlttance growth was about 50% (hortzontall and
20% (vertical), as !s also shown in Fig. 5. Further
irwestlgatlons are necessary, since the tolerances are
a critical questton.

Structure Fabrication and Alignment

Each main linac proposed Is composed of
45”750 27.32 cm long accelerator sections, with
gradients of 80 MV/m, quallty factor of 4224, shunt
IJE@~C~ of 110.6 Mfl/m and Ill Umeof 11.: ns. The
total peak Input power Is 1.848 l’W/linac and there
would be 82 cells per section. The outer diameter of
the &3cCCkrdung structure, machtned to *1 km, serves
as reference for alignment, ‘he structure ts pumped
by four vacuum manifolds through a sertes of radial
holes or darnptng slots Uincorporatd. T%erearc four
5 mm dlametcr holes for cooling and two 1,6 mm
diameter recessed hales for dlmp!e itining. The cell
dtmenslons give a mea.eiired 21c/3 mode frequency of
29.985 ‘GM.

A prototype section 9, wi’~ only 30 cells, but other-
wise complete. with reference surfaces, !nput and
outpul couplers and vacuum and coollng connections
has been made at CERN with the help of Industry
[Figs.6 and 7). Brazkig of mach!nc~ copper cups was
the fabrication method used. Machlnlng tolerances
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of Z2 pm (except for reference surfaces) and a surface
llnlsh to 15 nm r.m. s. roughness enabled cell-to-ml]
phase shift errors to be kept below 0.5° on unbrazed
damped stacks of 15 cells and the Q-factor to reach
950AI of the theoretical value, Since non-reproducible
frequency changes could he produced by subsequent
brazing operations, the 30-cell structure has been
designed to require a 3° phase shitl change per cell In
‘he tlnished prototype section. Therefore, four dtinple
tune= per cell were foreseen and two actually used
for ilnal t~ming. Hi6h-quality brazing of the discs IS
necessary to prevent Yxcess &lowof braze either on
the external surface (reference) or Into the cell
(frequency changes). This was achieved by creating
1 mm annular copper-to-copper diffus~on bond
(mirror flnlsh) at the inside and outside edges of the
I-UP. These bonds stop braze leakage and provide
electrical contact. Brazh?g of water and vacuum
pipes was made Irr a second stage, after drilllng out
the cooling channels and milling the vacuum mani-
fold recesses. Matching the impedance ~f the brazed
structure with couplers k tln]shed with phase shifts
in the range +5°/-2.50. Given the success of the proio-
type construction, It 1s now planned that two !ull-
Ieng!h sect ions will be fabricated for
CIT.

.,

Ftg.6 Prototype section before brazing

ported by three platforms which art” each acttvated
by three precision Jacks that allow rotations In the
three planes via swtvel-Joint hnk ruts. Dummy acce-
lerating sections were clamped to the - i m long
girders via supports which have been tl.xedwith a
3 km precls!on. Commercial rnlcromovers i.:d
capacitive-vemicr transducers (O.1 ~m resolution
over *4 and 5 mm) have been used. With this system,
the structure could actually be dtsplaced mi:ron by
micron, and the measured coupling between the three
motions corresponds to the theoretical one. Auto-
matic alignment also requires the beam posltlon to
be measured with micron resolution. Concept of
position pick-up !s based on an El,0 mode cylindrical
cavtty, mounted coaxla!ly in the main structure and
v xklng at 33 GHz to avo:. interference with the RF
pulse. The narrow band signal selection under deve-
lopment is carrted out by ftlte~lng and mtxing down
signals in several stages.

t?’
.4

,:,;..
,

Fig.7 Finished 30-cell piototype section

Accelerating structures with quacirupo!es must
be aligned within microns and an automatic align-
ment is mandatory. To study the quesUon of precise
positioning. a micro-movement test facility 10 has
been constructed (Fig.8) and installed on a reference
granite block. lt consists of two ceramic girders sup-

11

Ftg.8 Micro-movement full-size model

Collision Point Requirements

The beam”s transverse dimensions at the col-
ILsionpoint must be small (rim) in order to reach the
adequate luminosity. So as to avoid a centre-of-mass
energy spread due to beam-beam radiation larger
than 0.1 and too high a repetition rate, i.e. a beam
power, the beam height is further reduced to a value
corresponding to a large aspect ratio ax/rJy 0’able 1).
Compression of the beam is provided by a four-lens
telescope, with 25 x 75 de-magnification, that is
128.4 m long and optimizes the product of drtfts and
strengths. Large chromatic aberrations blowtng up
the beam are compensated in a chromatic correction
section 320 m long and made of two lattices, one for
horizontal and one for vertical compensaUon. Each
lattice contains four pairs of quadruples for a total
phase shift of 21Kas well as a pair of equal-strength
sextuples, placed at the maximum of the corres-
ponding j3value and at equal dispersion, In addition,
the two sextuples of a pair are separated tn phase by
rr and lie in both planes at a multiple of 7K/2from the
crossing point. With all these conditions, 2nd order
geometric and chromatic aberrations created by the
sextuples themselves are cancelled, except for the
two terms that correspond to the blow-up generated
by the telescope and have to be compensated, The
requistte dispersion is generated by weak 19 m :ong
dipoles. The energy acceptance of this system 11



(WI, defined as doubttng the beta functions, ts about
*4% (Fig.9).
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Fig.9 Energy acceptance of Final Focus

The emtttance blow-up by quanttzed radiatton
1scritically dependent on the emlttances (Fig. 10) for
a gtven gmdlent in the last quadruple. l%e effect
nearly vanishes for small enough normalized emlt-
tances and this explatns the revtsed values quoted In
Table 1. l%? conceptual design of the damptng rtngs
has been examined again tn vtewof these values. It is
still based on the stmplest lattice for small emittance.
made of a FODO structure wtth a combined function
magnet !n the D-quadrupole 12. However, to obtain
these emlttances with low damping Wnes, the dipole
length and the number of cells (hence the circum-
ference) have been increased (340 cells), and the
energy ratsed up to .3.35GeV, which has tmplicattons
on the injector complex. Luminosity not only de-
prmds on the emlttances of the head-on colliding
bunches, but also on the constrtctlon of the orbt!s
due to the bunch penetration. This important effect
has been simulated numerically udng non-Gaussian
particle dlstrtbution as obtained by tracktng and in-
cluding aberrations and synchrotrons radlatlon. It
was found wtth the mast recent parameters that the
luminosity 1s enhanced by about 2.5 so as to reach
the value ofTable 1 wtth the beam stzes given.
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Fig. 10 Luminosity dependence on emittances

Quantized radlatlon also puts a Ilmit on the
useful quadruple strength and on the interest for
ultrahlgh gradients. ‘l%ereforefocusing In the FF sys-

tem should be achieved by ferromagnetic, electro-
magnetic or pulsed quadmpoles with 1 mm aper-
tures, Studies are being pursued of a quadruple
made of soft ferromagnetic poles with simple geo-
metry for sub-micron tolerances as well as good field
quallty and excited by blocks of commercial perma-
nent magnet matertal ‘3. Pole prototypes of 25 mm
long module with up tc 1.4 T tip tleld have been built
(Fig. 11) together with a precision measuring bench.
In pamllel, lenses made of four stngle, axtal conduc-
tors (Fig, 12) and powered oppositely In pairs are
considered and fteld quality was studied for dlflerent
geometries “. To minlmtze the average power, these
quadruples would be pulsed, with up to 7T on the
surface, -10 kA per conductor and 4 ys puke length.
An enlarged model has been built for low current
tests .
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Fig, 12 Modelof pulsed quadruple conductors
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Abstract

THE JAPAN LINEAR COLLIDER

KoJI Takata
N- donal Laboratory for High Energy Physics,
Oho, Tsukuba-shl,- Ibarakl-_ken 305~-Jap;n

Present status of R&D works for the proposed 1 TeV
Japan Linear Collider is presented. Discussions are given about
i[s major parameters. Summarized are high gradient experiments.
X-bard klysrron development and accelerating structure studies
at KEK. Test of [he first X-band klystron with the designed
.utput power 30 MW started and a peak power of about 10 MW
has been achieved.

Introduction

The electron positron :ollision cxperimcrus at the
energy frontier have been carried out solely with storage rings.
In Japan the TRISTAN electron positron storage ring, which wits
commissioned Novem&r 1986, has been operated for physics
experiments at the center of mass energy around 60 GeV with its

highest value 64 GeV being attained in November 1989.1 For
the energy frontier physics in the 2000”s, however, the center-
of-.ma.ssenergj is desired :0 be as high as 1 TeV. For such an
energy range she only possible accelerator is the linear collider.
In 1986 tie Japan high energy physics communi[y adopted the
resolution [o start R&D works for a 1 TeV linear collider in
Japan. JLC (Japan Linear Collider), the construction of which is

hoped to star[ in rhc end of 1990’s.2
For a linear collider, the main electron and positron

Iir-mcscx[end colinearly, and accelerated eleccron and posirxon
bunches collide each orher at the median point. In order to
enhance the luminosity. the cross section of a bunch M made as
small as possible in each final focus section extending from the
enrf of either Iinac to the collision point. At the entranceof the
lmacs, cm the orher hand, beam emil[ances are reduced to a
minimum in a damping ring widr a beam energy of about 1.5
GeV. The injector linac for the damping ring will be of a
conventional type for each beam. For positrons, however, an
elecuon Iinac wih the energybeingasleast10GeVisncccssary
in order to convert electrons efficiently into pxitrons.

Sincewe sm[edparameterdesigns for JLC in 1986, it
has “mcrrour consistent policy [hat the main linac should be
based on convcr.tional Iinac technologies in which we have
much expcricncc. In particular, since the required acceleration
gradient is as high as 100 MV/m, the RF power source is the key
clemcn[ in theJLCdesign. Hereupon we have ~~en pursuing to
push forward the well established klystzon technologies to get
\cry high power tubes. Regarding the RF frequency, a higher
one is generally desirable because of, for instance, power
saving. But we chose i[ at the X-band range which is not yet too
high for fabrication of klystrons and disk loaded accelerating
s[ruc[urcs. PUticu]wly it is 11.424 GHz, four times the SLAC
frequency, since almost all of [he conventional Iinacs are
operated at the latter frequency and hence its integer multiple
would be very convenicn[ in the R&D works hcreaftei.

JLC Design

Figure 1 shows a schematic layoui of JLC with its
puarneters listed up !ssTable 1.3 The maximumluminosity
would be 6.2 x 1033C m ‘2sec ”1. Each Iinac operates at a
repetition rate of 200 Hz. For a Iinac pulse 10 bunches are
accclera[ed at the gradiem 100 MV/m. The population per bunch

!s 1.0 x 1010 particles. The normalized emi[tanccs 3 x 10-6

rad.m and 3 x 10-8 rad.m for the horizontal dircc[irm and the
vertical, respectively, are assumed LO be the same as those
achieved in the darnping ring. The beam power 1.60 MW would
be 9.3 % of the RF power for the accelerating structure. TtIc
overall length of the JLC systcm will bc around 16 km. The
interaction point and the damping ring complex will he Iocatcd
in the KEKsite. The total wall plug powcr should not cxcccd the
maximum available power at KEK of 200 MW.

We assume a flat beam with an aspect ratio of 166 at
the interaction point (IP). The rms beam sir.cswill be as small as
230 nm horizontally and 1.4 nm vertically, The rl,ls bunch

Icngth is 76 Bm which is almost equal to the vcrticid beta

function @x”50 Vm. In order to avoid the background problcm ~t
1P, lhe electron and positron bunches collide al ~ small
horizontalangleof 6 mrad.This angle can bc aspcd with in lhc
final focusing section. Therefore the clcclron and positron
linacs can be set in a straight tunnel, to ii great simplicity of its
construction. Bu[ a small loss of luminosity duc to the finite
angle crossing is not taken into account in the figure of Ttiblc 1.
The beamstrahlung parameter Y av. is as small as 0.49 because

of the large aspect ratio and a moderate crwrgy loss 6 duc to
beamstrahlung. Simulations suggest that the pair creation is
concentrated within a very nmow cone in the forward direction
and would causeno serious background problems.

The X-band main Iinac for each beam will consist of

900 eight-meter-long modules as shown in rigurc 2.4 In each

module eight 70 cm long accelcrzting structurcssarc placed with
a space of 1 m with focusing quads bctwccn Ihcm. The
accelerating strucmre is assumci [0 b of a cmssmt[-impdmcc

2rV’3-mode traveling-wave type with 80 CCIISincluding the input

and output couplers. Widr the iris radius 3.7 mm ( tik = 0.14 )
and the disk thickness 2.0 mm, the compu!ed Q value and shunt

impedance are 6600 and 93 Mfl/m. rcspcctivcly. With the group
velocity being 2.5~0 of the light velocity, the fi!]ing [imc is 92
ns. The peak input power for the average grisdicru 100 MV/m
becomes 120 MW. The bunch to bunch spacing is chosen 10 be
1.4 ns or 16 RF cycles and hence [hc bunch train length bcconws
12.6 ns. In order[o minimizethebunchto bunchenergysprc~d
due to the beam loading, some of the 900 modules arc [o bc not
completely filled with the RF pulse when the bunch train runs
through.

\ S4GeJV 10.30 Gw
IP,oclw ~,”~~ “cr.,, ”

Fig. 1. Schematic layout of [hc JLC accclcrtitorcomplc.s
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TABLE 1
JLC Parameters

Global Parameters
Btwrr energy
Repetion frequency

Number of particles~unch
Number of bunches/RF pulse
Barn power per beam

!’-Jormalizedemiuartce

Luminosity
Total accelerator length
Wall plug power
Beam-beans Irrteractloo
Rms beam size at 1P

Aspect Ratio

Rms bunch Icngth

Bcamstrahlung parameter

.Avcrageenergy loss
by bcarm!rahlung

Crossing angle
Final Focus S~;tem
Betafunctionat 1P

Total !ength
Dismrrcebetween dre
last~l\d and1P
Pole tip field of tie last quad
Apmure of the 1ss:q~ad
\lain Lhtac
RF frequency
.Acceleraling gradient
Number of strucmres/beam
Structure length
Number of ceUs/structure
Q $alue

Shunt impedance
RF prwerhuc[ure
Number of klystsorw’bearrs

Acceleratu~gmode
Filling !izle
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Fig.2. Unit module of x-band main linac

The single bunch kmgitudinal wake for the gradicm
100 MV/m is expected to be -0.2% and -0.8% for th~

longitudinal position -tsz and tsz respectively. The energy spread

inside a bunch necessaryfor achieving the BNS damping6 would
be on the order of k 0.5 9.. We do not yet have. however, an
accurate estimation of transverse wake tield and hcncc arc not
able to determine the synchronous phase for the bunch. At any
ra[e it would not deviate from the RF crest by more than tlOO.

For the multi-bunch acceleration we must SOIVCthe
beam break up problem. In this case the dominan[ wake
componeni would come from the TM1 10 mode. The wake
po[ential due to a transversaloffset of a preceding bunch induces

also an offset for the trailing bunch. The value A of t}le ksttcr

rela[ive totheformeroffsetcanbeexpresseda.”’

(1)

where Eo is tie injection energy (10 GeV), Ef the final energy
(SOO GeV), G the acceleration gradient (100 MV/m), N \hc

number of particles per hunch (1 x 1010, and the PO lhe bcta-
function ai the injec[ion energy (3.0 m) which we assume to bc
proportional to square oot of the beam enelgy. For lhc TM I 10

wake we assume that Wo is about 1 x 1017 V/C-m2 as several

numerical calculations show and ~1 equal to 2rTx 16 GHz. Sirrcc
the bunch spacing [b is equal to 1.4 ns, substitutirxt of the
numerical values leads to

A = 34“p [ -% ]
(2)

From this relation we see that the Q value of rlw TM 110 mode

QI should be so low as 10 for A ~~1. while for Q1 = 20, A is
abou[1. The dampedcavity structure is, therefore, indispensable
to suppressingthe multi-bunch beam break up. Also it should be
noted that for low frquency deflecting modes the wakes seem
insensitive to the a~rture radius a, contrary to the case of short
range wakes.

Fnr the RF power source we will cmplrry two
klystrons for each module as shown in Figure 2. The klys[rorr
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named XB-72K,now in the designing stage, would generate a
peak power of 150 MW in a 400 ns long pulse.8 The output
pulses from the pairedklystronswdl go Lhrougha two-slage
pulse compression systcmg where the pulse length is
compressed to 100 ns. Taking the waveguide loss into account
we expect that the designed input power 120 MW would Le
available for each of eight accelerating structures. In order to
improve the overall efficiency, we are considering a modulator
incorporating magnetic switches with which rise and fall times
as shon as 100 ns would be enabled.

The 1.54 GeV damping ring will be a race-track type

with two FODO arcs and two wiggler sections. 10 The

circumferential length is 180 m and eight batches of ten bunch
trains are stored with a spacing of 6:. ns which is necessary for
the rise and fall times of kicker magners. The RF frequency
1.428 GHz is one eighth of the X-band frequency md the
bunches in a train are placed in eveg two RF buckers. Wigglers
of a total length of 40 m damps transverse betatron oscillations
with a time constant of 4.8 msec [o O_iequilibrium normalized
cmi[[ticcs as shown in Table 1. The equilibrium rms bunch

Icngti CSzand energy spread CSEare 5.0 mm and 0.79 x 10-3,
respectively In order to increase the acceptance for the positron
beam, we Ue considering the possibh:use of a pre-damping ring
widr 3 tiird circumference.

Accelerator Test Facility

In order to promote the R&D works for JLC, we have
ken establishing an accelerator test facility ( ATF ) in KEK. As
a first step, a 1.54 GcV high gradient S-band Iinac is under
construction. We will annex to it a test damping rtng with which
we will ~, tO achieve the desired normalized emittances Ex/Ey =

3.0 x IC-6 / 3.0 x 1o-8 rad.m. me ]OWenlittmce km will be
used to test the ftnal focusing system. We also plan to construct
a module of the X-band Iinac with which we will lest the 100
XlV/m acceleration using the 1.54 GeV linac beam. Novel
[cchniqucs for electron and positron saurces are also to be tested
at ATF.

The S-band linac will consistof a 40 MeV injtxtor and
1.5 GeV normal section. As an electron source we developed a
200 kV thermi~nic gun. [t is to be followed by a subharmonic
bunchcr opera[ing at 714 MHz. a fourchof the S-band frequency.
in order to get the 1.4 ns bunch spacing. The electrons will then
!)c injected into a 1,5 m long conventional disk loaded structure.
The 1.5 GeV Iinisc will consist of twelve 3 m long disk loaded
structuresin which a gradienl of 42 MV/m will be attained with

six klystrons each generadrrg 180 MW 1 ys pslses with the aid

uf rhc SLED system.1i
With regard to the RF source, we had no reliable high-

powcr S.band klys[rons when we started the R&D works.
Supprted by [he US andJapanscientificcollaborationprogram,
eight5045SLC klystrons12weredelivered to KEKby SLAC.
They can be operated al a rating of ICO MW output power for 1

ps pu!ses.Four modula~orshave already been set up and used for

driving drose tubes. We have obtained 200 MW 1 VS pulses in a
single S-band waveguide line by combining the outputs of two
tube;.

Besides constructing the Iinitc, we are also undergoing
testsof an S-band high gradient structure and development of X-
, and klystrons using the facility as described in the following
sections.

S-band High Gradient Test

II IS tie key issue in R&D to successfully attain rhe
hIgh gradicnl 100 M V/m over a considcrable Icr,g:h of the

structure. Though tests should be carried out at the X-band
frqrency, there have been no high power X-band tubes ilveilablc
and hence experimentsat KEK arc restricmi 10 on]y S-band
stmctures.

Since the 30 MW klystron for Ute Fhc\on Fac[ory 2.S
GeV lime was the only available IuIx, an S-band resonantring
was employedto boost the pzk travdlingwavePowtr. A five

cell 21f/3 mode traveling wave structure was tested in this ring

and it was possible to attain the gradient 100 MV/m.l 3 But,
since the active length including the coupler cells is only 17.5
cm and the RF powerhas scarcely a flat top in a resonantring, il
was desirtxi that a much longer structure should be tested with a
squarepulse of a sufficient peak power and flat top.

As described above, however, the peak power 200 MW
has become available by using the 5045 tubes. Hen~e wc

fabricated a constant gradient 66.S cm long 2n/3 mode
traveling wave structure in which the gradien: 100 MV/m is m

be attained for the 200 MW peak input power.14’ 15’ ,16 The iris
diameter changes from 19.0 mm for the fus[ cell to 15.9 MM for
the last cell. The filling time is 430 m. The disk thickness is
5.84 mm. According to Superfish calculations, the peak surface
field of about 2.0 times the average acceleration gradient exists
around the rounded iris. The structure is made of class-1 OFHC
copper. Disks and cylinders were surface finished usrhc order of
0.92 ~m except for the rounded iris where the roughnesswas onc
order of magnitude larger. They were b;azed together wi[h a
790”C silver alloy in a hydrogen furnace. The squeezingprocess
for turting the cells was carried out with a continuous flow of dry
nitrogen gas inside the structure.

The experimental setup is shown in Figure 3. Since
the survey of the field emission was the main purpose, faraday
cups and ctsnent transformers were placed on each side of the
structure. An energy analyzer was ir-staJled downsrrcam. The
conditioning started in July 1989 and coatinual until April 1990
when a ceramic pipe section for the current transformer cracked
due to radiation damage. The integrated conditioning time was

about 900 hours. The RF pulse was 1.0 us long with a rise time
of 100 m. Its repe~:tionrate was 25 Hz at first and then doubled.
In the lam stage the average gradicm Eacc reached 92 MV/m,
whereupon the peak input power was 160 MW. A considerable
portion- of the Iime w-m t~en to improve the output coupler
where breakdown occurred very often as radiation monitors and a
current profile monitor suggested.It might be due to thefactthat
the surface finish of this area was not good cnouch at the initial
tuning process. Application of inhomogeneous :iclds of about
200 gauss was very effectivein speeding up the processing.

FararJoyCup2
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Fig. 3. Experirtmrt.d set up for high gradicn[ test of tanS-
band 66.5 cm long structure I
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‘lltc m?dified Fowler-Nordfleimrelation for the RF

field is givenbyl ‘
B$1”5

h [& 1 p~= -— +constant (3)

where I is the field emission in Amperes, E thepeaksurfaceRF
field in V/m, ~ the enhancemeru fac[or, Q the metal work
fur-w?ion in eV which is nssumedhere to be 4.65 eV of copper,

and the numericaf constantB is quaf to 6.53 x 109.
The Asancement factor was arouna 90 for integrated

conditioning hours from 200 to 400. But at thefinal stagewhere
E reached2.0 x 92 MV/m, $ reduced io about 40. Beam
acceleration was tried at acceleration gradients from 70 to g5
AlV/m. At the 50 Hz repetition rate, 200 ns long beam pulses
with peak cunents up [o 0.9 A were successfullyaccelerated.The
beam energy specrrawere consistent wish the gradient cafcula~ed
[rem the ~ak inpu[ power if we take into account she beam
loading effect using the measuredshunt impedance.

X-band Klystron

From many experiences about both S-band and UHF
high power kfyssrons developed for she TRISTAN accelerator
complex, we think that the most important is to get. for any
kind of :ube, a reliable elcxtron gun which is s[able and has a
long !ife under high voltage operation. We therefore started at

fust fabrication of a tiiode tube named XB-.50D18 which has a
somewhat small cathode diameter of 50 mm compared with the
XB-72K tube. The designed voltage and perveance were 450 kV

and 0.57 MA V -3/2, respectively. For [he cathode an iridium-
coated barium-impregnated cathode was used. For the
convenience sake. the gun electrodes were made compatible with
tie socket for the 5045 tuba a[ ATF,

The conditioning was carried out at a repetition rare of
2 Hz. IL took 50 hours to reach the design vol[age 450 kV. The

perveance was 0.60 LAV ‘3/2 for the cathode temperature
102O”C. The beam power was 81.5 MW. With further
condi[ionings wicfs20 Hz pulses. the fault rate reduced to once

~r 8 x ld PUISC.Sat the above voltage.
Emp!oying the same gun configuration, we fabricated

tie fust high power klystron XB-50K as shown in Figure 4.19
The RF section wss optimized by the 2.5D simulation code

FCI.20 It consists of five cavities with the drift section 8 MM
indmmeter be[ween them, where an axial magnetic field of 4.5
kGauss is applied. The kF interaction length is 268 mm. The
output cavity is ~f ~ pill box type 10.2 mm long and 17.2 mm in
diameter with an interaction gap of 6 mm. It is coupled to the
swtdard WR90 waveguide 22.9 mm wide and 10.2 mm high
through a 9.8 mm wide indisctive window. Those dimensions
were determined with the CACS Superfish and Mtila10obtainan
crp[imizedQext 30. The FCI cafctdation gives art efficiency of 47
7. or ou~ut pwer of 36 MW for this Qcxt. Though Qext larger
than 40 would result in efficiencies better than 50 % as FCI
simulations suggest, the surface field would be too high. Our
design criterion for it was 100MV/m,which correspond to Qcxt
quai to 30. As dieoutput window we chose a very simple design
of a half wave-length ceramic block 4.45 MM thick with she
same cross section as the waveguide, T’ttr,VSWR is 1.01 at 11.4
GHz and its bandwidth at 1 ~~5is 90 MHz.

‘fIreconditioning -.i the fust XZ-50K tube was canied
CK[at a repetion rare of 2 Hz. The voltage pulse width is about 2

VS. while tie RF pulse width is 140 SM.After conditioning 15
hours long in [o[af, the highest carJtodevoltage was 350 kV,
when the tube suffered from cracks m the ouiput window. The
ou[pu[ power reachd I I ,MW wI&, an efficiency of 27 ~o as

shown in Fig.5. The ~mcance was 0S4 #AV-3~ which is CIOSC

to the d~igned value 0.56 KA\l-3~,

The XB-72K tube with the catflodc di~c[cr 72 mm is
under design, Accortfirg to FC] calculations, it will bc operated
at 600 kV widr a perveance of 1.2 KAV ‘3/2. Wjth five cavlues
and &ift tubes with a diameter of aboul 9.s mm, 150 MW RF
power is expected with an efficiency of 45 %. For the output
cavity we will usc a single gap pill brr- cavity without the mssc

cone to reduce the surface field gradient so72 MV/m.21

.........
n

X-BANDKLYS1

XB-50K

❑ c“ (OfHCl

❑ Fe

Fig. 4. First X-band klystron Xf3-50K

.Stt.50K 81 TEST DATA
1140“,. : 11,,

;~w[’::;,~

Fig.5 Conditioning of the XB-50K Idys[ron

X-band Strtscture

K&D studies for X-band structures22,23 have ~cn

covered two fields. One is to survey fabrication rcchniqucs for
producing structures in the X-band scale. The tsthcr is tu find
damped sm!ctures with Q values on the order of 10 for dcffcc[ing
modes by three dimensional calculations.

Machining testswere carried out for a ccl] unil scalwl a
fourth down from tie conventional S-band disk loaded struc(urc.
It is a cuplike cylinder of 30 nun in tic outer diarncier and 21 mm
in the imer with a 2.0 mm thick t!isk at an end. The disk has an
awlure 6 n.m in diameter wIrh the edge rounded with iI rmilus O!
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0.5 MM. Several pieces were fabricated by using a fairly good
lathe. Machining accuracies for tie cylindrical section were

measured10 be t4 ~ for the diarnetcr dimensions and off-center

within 3 ym. The ouwr disk surface of the cup had a flamessof 1

ym but the orJrerside of the disk had devia~ionsof about 5 jim.

Thesurfaceroughnesswason theorder of 0.1 ~m. Reliminary
msrsof brazing thesepieces were also carried OUL

T~ing those results in[o consideration, we are
designing a-i X-band strucrurefor the high gradient test using the

KB-50K kl>stron. It is a constant-impedance 2rt/3 mode 22 cell
structure 19.25 cm long with the disk apcrrie diarnetcr 6 mm.
For UI input po!.verof 30 MW, an average gradient of 85 MV/m
would he obtained with [he attenuation parameter ~ being about
1),~~.

C’alcl]la[ions of darn~d structures have been carried
(Jutby use of Slat:r’s fomula 24 tor the slots as shown in Figure
6. Two slots are cut in every oshcr disk. The SIO[ dimensions
!ijtcd in the figure caption ar: the optimized ones for the TM110

mode f-or modes with cell-to-cell phase shiftsof Oand X, the
QcXtVduusarcas low as about 1 and 20. respectively. The latter
is not }et low cnmsgh :.ccording [o Equa[ion 2 and addi[ionai
slow may be necessary. For the accelerating uode, the. slots
would have a corrsidcrablcamount of magnetic coupling and the
dispersion rclahon should be carefully calcislated.The Q value of
the accelerating mod: would be a;so a liule go down since the
SIOIS so wide as shown in Figtire 6 inevitably disturbs the
c}lindncally s}mmetric wall current.
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Fig. 6. X-band damped cavity calculation for tie typlcid
dimensions: cavity radius b=10.6rnrn, pitch d=8,75rnrn, aperture
radius a=3.7mm, disk thickness t=2.f!mm, S1O[heits hl=5.5mm
and h2=9.Omm, slot width w=5.G,~m, wavcguide heighr/width
wg= 11.1mm.

Conclusions

Among many problems which should be solved by the
R&f3 works, the key issues are the RF source and accelerating
structure. As discussed above, the present status of their
development are still far off from wha~ is rcqutied for the JLC
design. Particularly, if the RFsourcewill not be fully developed,
the JLC might be started with lower gradients 50 to 75 MV/m,
conuary to tic designed 100 MV/m acceleration. A! any rate, we
arc .strcssingtJreklystron development most, since its [est cycle
usually takes much time. The other issue which should be
seriously considered is [o construct a test darnping ring as early
as possible in ATF.With low cmitmnce beams generated by ii,
such urgen: subjects M wake fields and beam monitors, for
instance. uIll be expcmmentally pursued.
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Abstract

At the Continuous ElectronBeamAccelerator Facility, un-
der construction in Newport News+,Virgitis, a pair of 400-
?SCVsuperconducting Iinacs intercunnecLcd for five-pass re-
circulationwill provide 4-GeV, 200-pA,cw electron beams
to sirnulttmeous nuclear physics experiments in three end
stations. As of August 1990, the first production-version
cryornodule has been successfully tested,theinjector’sini-
tial superconducting quarter-cryomodule has accelerated
beam to the required 5 MeV, and industry has supplied the
first production accelerating cavities, klystrons,cryomod-
ule components,and other hardware. The first section of
the l~oo-m, cast-:.. place, racetrack-shaped tunnel was oc-
cupied in January, the entire racetrack was completed in
June, and occupancy will proceed in stages through late
1990. Installation has advanced on the helium transfer. ac-
celerator coatrol, and personnel safety systems. Injector
insmllatiort is under way, with systems tests to 25 MeV
to commence late this fall. Cornmisaioning of the 4800.W,
2-K central helium refrigerator h~ begun. The Progrmn
Advisory Cornmittee has approved initial nuclear physics
experiments, the experimental equipment conceptual de-
sign is complete, the first major spectrometer components
are out for bid, and end station construction has begun.
Project completion is scheduled for 1993, with first physics
in 1994. Construction cost is S265M.

Introduction

The 4-Ge\- continuous-wave (CW)superconducting re-
circulating electron accelerator under construction since
Februtuy 1987 at the Continuous Electron Beam Acceler-
ator Facility (CEBAF), Newport News, Virginia, serves a
mission identified in a nuclear physics community consen-
sus now more than a decade old. The 1979 Long Range
PIu1 of the DOE/NSF Nuclear Science Advisory Com-
mittee (A.SAC) called for a GeV-scale, continuous-beam
electron accelerator to study the quark structure of the
nucleus. Succeeding NSAC long-range plansa” have reit-
erated support for bringing CEBAF into operation to meet
this scientific need.

To meet the physics requirements, CEBAF’S beam per-
formance objectives are given in Table 1. Beams will be ex-
tracted from tbe accelerator for simultaneous use in three
experimental hells.

- IVork supported by the U.S. Department of Energy
under contract DE-AC05-84ER40150.

t The author acknowledges the technical contributions
of numerous CEBAF stfi members.

Table 1
Beam Performance Objectives

Energy 0.5 ~ E <4.0 GeV

Beam current 1<200 PA
Duty factor 100%
Emittartce (UJ = ~e~) e ~ 2010-9 mwad
Momentum spread UE/E <2.5. 1O-s

A cw device is the approach of cboice to produce a
high-quality continuous beam. Low peak current for a giv-m
average current lowers emittance,andcontinuouslyoperat-
ing rf systems can be controlled quite precisely in ph~e
and amplitude, thereby leading to smallenergy spread and
small variations of average energy. To avoid the high cap-
ital cost of a single, long 4-GeV linac, CEBAF’S beam is
passed five times through a parallel pair of 400-MeV linacs
connected by recirculation ercs (Figure 1).

Figure 1. Schematic of the CEBAF superconducting
recirculated linac.

The recirculated Iinac is injected with electrons at 45
MeV (/3 = 0.99994), sufficiently relativistic that both the
newly injected berm and recirculated beams at higher en-
ergies can pass together through the linacs, all maintaining
the proper phase relative to the t-ffield. Erich beam, how-
ever, requires a separate recirculation path matched to the
electron momentum to transport it between linacs.

This progress report updates the CEBAF overview pre-
sentation at the 1988 Linac Conference.4

Accelerator Construction Progress

In early September 1990, the construction phase of the
facility was 49% complete, with an additional 20% of the
work under way on contracts. First articles of most acceler-
ator components have been delivered. The first quarter of
the cast-in-place concrete tunnel was occupied in January,
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and tunnel constructi~m was c(,mpletcri ia Jurtc. Construe -
:icm {f rws,;:x:ecf .I:urht, b!lildings couti:lues, with occu-
pa::(j” expe-!ed i:l >“ovember 1990 ( Figure 2). C’E13.$F’S
4sG()-IJ”. 2.K Central Hditur Liquefier (CHL,l is in the fi-
.. ..”...- 5:ac..s ,~i i::st alla! ion. and commissioning hns begun.

F:~urv ~, ~EB.AF ci\i; cwr,tructi”n progress, JUIY 1990.

Errolstati,m excavation in !(.reground; accelerator SUP
ilcc iuiltintgs in background: isjector service building
pear t 3.? CP2!e: lt.ft edge.

Injector

The 5-Me\” ititicd section of the injector has been in
ope~at:on in the testlab for a year, together with compo-
nentsof the accelerator control system now beicig perma-
nen:!y installed. The 5-Me\. sect; on includes the electron
gun. chopping and bunching cavities, a room-temperature
capture section that iaises the energy to 0.5 Mek”, and a
pair of superconducting rf ce.vities identical to those used
in tke lirlacs. Operation at 5 Me\. has permitted cxten-
sit.e :es:ing of beam diagnostic ir.st rumea:a:ion, rf control

ha:dwrire and software, and operating procedures. This sec-
tion of the injector achie~.cc! a matimum encrg}. of ,5.5 \Ie\”
( Io?f abG~”ethe design “:alue) and a peak cw current of 350
~.+ {r,ver 2.5 times the design \.alue). Laboratory testing
of the 5-Me\- section ended on July 31, 1990; the hardware
is now being installed in the turmel and ser~.ice buildings
in preparation for 25-\Ie\r operat]on [beam accelerated by
ten superconducting cavities) !ate this fall (Figure 3). In
the spring an additional accelerating module containing an-
other eight ca~.ities wiu complete ?he 4.5-!vfe\. injector. L.s-

ing the 45-Me J’ injector alone, CEB.AF plans late next year
to conduct a one-pass recirculation experiment to confirm
beam breakup analyses, the reinfection scheme, and the ca.
pability to detect indi...idutd beam positions in a .multipass
situation. Injector operation and testing are planned to
proceed in parallel with Iinac installation during 1991.

. .....

bi,”!.

h A*-...

Figure 3. Tunnel instnilation ,,f initial injcct,tr w:cti,, n.

Accelerating Structures

The nccclcrator’s 1497-MHz, five-rwll sti]~,,:rl,r:(I1lcting
n{obiurn ca$”ity was migina.lly dct”clopc(l iit C,,rncll
L’nivcrsit}”5 and later adopted for CE13AF. .\t r,nc end,
a v:mvcguide nets as the fur-tdamcntal rf ptjwcr input cuu -

irier and as a c~upl~r for extracting some uf the higher-l~rtler
modes generated h}. the beam current: at tl,c ,,:}lcr c:ld ,,f
t% cni.it}?, two wavegtidcs pcrpenciicular toeach other nnd
to the beam asis serve as couplers to extract additional
higher-order modes. In longitudinal section, the inner sur-
faces of the cells comprise cllipticd segments; this elliptical
shape was rlevcloped to reduce multi pacting, a process that
degrades the achievable electric field by ieadiug to cxccssive
heat IGSSin the cavity wall. The shape also yields good me-
chanica! rigidity and a chemical rinsing geometry 3“van-

tageous during pre-assembly processing. Table 2 ~ivcs key
cavity parameters.

Table 2
Cssvity Parameters

Fundamental frequency
Shunt impedance
Loadxf Q (g ~0)
4,., (HOM)
Operating !cmperature
,$ctivc Icngtir

Performance speci5cations:
Accelerating gradient
Qo @ 2 K & s \I\”, m

(rf losses

f, = 1497 MHZ
r/Q = 960 fl/m

Q.., ==6.6 X 106= 20~
10’ < Q,l, < 10’
2K
0.5 m

Cavities are chemicrdiy processed and assembled in a
clean room into evacuated, hermetically sealed pairs. Each
pair is inserted into a liquid-helium cryostat called a cry-
ounit. Four cryounits are seria.ily linked to form the ac-
celerator’s basic accelerating module, t!!e crymuorlule (Fig-
ure 4). Each !inac w“ill}la\”e 20 cryomoclulcs, conncctcd b}.
warm sections of beam line containing \oacuurrI equipment,
bcnm monitors, and magnets to focus and %uide the L,:am

By August 1990, 27 production cavities had been d~.
livered as scheduled and six pairs had been prsparecf for
cr:;lxni t asse:r.!~!y. In .“:cr::cal par tests, cavI !}” maw... . . . .,.. .. . ..



F 4. CEBAF cryomodule containing eight cavities for
a 20-Me\’ nominal energy gain.

gradients everaged 9.0 M\’/m (180~0 of spec) and Q. av-
eraged 6.5 x iOe (reci; ocal stvcrage; 270~o of spec). The
accelerator requires a total of 338 cavities, including the
injector’s 1S.

All cryomodule parts are on contract, first articles have
been received, and the first cryomodule has been installed
in the tunnel. CEBAF’S second cryomodule is being assem-
bled.

RF System

Tailoring the rf system to drive superconducting cavi-
ties imposes some unusual requirements. To allow each cav-
ity to operate at its own optimum accelerating gradient, we
have implemented an individual rf amplifier and feedback
chain for eaci cavity. The high loaded Q means that the
baliiwltit!l Ui tiw ca~wtyis very uarrow (227 Hz). Since the
cavities are equipped only with slow (hours to days) me-
chanical tuners, the rf system has to assume the burden to
correct phase and amplitude to compensate for microphoni-
cs, poncieromotive forces, and beam current ?uctuations.
~~bie 3 ~hon.~the ~ow.able error tolerance in the rf control
systcm.

Table 3
RF Amplitude and

Phase Stability Requirements

L“ncorrelated errors
Amplitude Av/J’ <4.5 x 10-4
Phase L@ < 1°

Correlated errors
Amplitude i3v/v <2.2 x 10-s
Phase A+ ~ 0.25°

During 3-MeV operation, the rfcontrol system iichievcd
amplitude control A L’/V -- 10 and phase control Ad -
O.1°, despite rnicrophonic amplitudes a factor of three worse
than those expected in the tunnel. Moreove:, it successfully
regulated cavity accelerating grudients at several selected
values between 0.1 MV/m and 6.8 MV/m, the maximum
gradient of the cavities involved.

Instrumentation and Control

The CEBAF control computer system is a distributed
system of superrnini and supcrm.icro computers which op-

erate in a tw-level hierarchy. The seven supervisory-level
computers each can control and monitor a subsystem of
up to 20 local-level computers. Local area network:i and
computer-automated measurement and control (CAMAC)
interfaces enable intelligence to be extensively distributed
for automated control capability at the local Ievtl. Tbis
control system provides an efficient operator interface to
implement set points and to monitor and anal~’ze status
for-about 30.000 input/output data p{ .sts (Figure 5\.
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Figure 5. Accelerator control
schematic.

— maIrmm Somusl
..— DATaUss PSOCSASS
— onus PS4CSAMS

and modeling system

CEBAF has developed control system softwarea that
allows control algorithms and application software to be de-
veloped efficiently by operators and physicists without ex-
tensive specialized programming skills. Control databases
and displays can be modificci without requesting custom
software updates. The tiystem software is complete and
haa been in use at CEBAF and =th~r labs for as long as
two years, Several optics and application prograrw have
been developed. Hardware installation is underway, with
nbout two-thirds of the computer, networking, and CA-
MAC equipment on site,

Among tle :mportant monitoring systems feeding the
control system are the +800 besm monitoring instruments,
such as beam position monitors (B PMs), current monitors,
profile monitors, viewscreens, and devices to measure en-
ergy and polarization. The workhorse units are the BPM.w
a 1.5-GHz system picks up on the fundamental rf frequency,
and a 1OO-MHZsystem is sensitive to a modulation imposed
on ;he beam for a time period less than the beam recirmla-
tion time (4.3 ps). This latter system ‘Xows the positions
of the beams from each pass to be moni:ored independently
in the Iinacs. Beam instrumentation is in production and
first articles me being installed in the injector.

Safety systems include (1) a hardwired fast-shutdown
system that shuts down the injector within 20 ~sec of de-
tecting beam loss or selected other faults; (2) a fully redun-
dmt PLC-based personnel safety system; and (3) numerous
hardware-protection warnings and interlocks implemented
in software or hardware. Safety system installation for the
injector is approaching completion.
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Beazn ‘lYansport

Beam transport is accomplished using a FODO lat-
tice in the linacs and in modified form in the arcs. In the
linacs, the half-cell length is 9.6 m: each half-cell contains
one eight-cavity cryomodule (Figure 6). Either mfocusing
or a defocusing quadruple, along with beam diagzosticti
and correction dipnl s, is located in each 1.35-m warm re-
gion between cryomodules. In t’~~arcs, the modified FODO
lattice contnins eight quad: upoles in each 63-m (45°) su-
perper. od, and the trusport channels are both achromatic
and isochrormus. Lattice functions have been designed to
minimize emittance dilution due to synchrotrons radiation
effects. Bend magnets have low fields (maximum *6 kG),
Path-length coxection to maintain correct phase for all of
the Jiffer( nt-energy beams is accomplished by “dog legs”
in the ..”:s. Altogether some 2000 magnets are included in
the lattics. These magnets are driven by power supplies
regulated at 10-4 (typically); a few units require 10-5.

I

I

I
I 9.6WHslfGll—

I saws. ‘II Ofr= I
I

ELBVATIONVIEW

Figure 6. Linac half cdl.

Contracts have been placed for the injector magnets,
major bend magnets, and power supplies. Other beam
transport elements arc in various stages of the procurement
~]rocess.

Cryogenics

CEBAF’S 4800-\V, 2-K Central Helium Liquefier (CHL)
is located geographically in the center of the accelerator
racetrack. An H-shaped distribution system feeds liquid
helium and shield gas to the string of cryomodtdes in each
I.inac. Within the linacs, cryomodules are supplied in parnl-
ICIwith liquid helium at 2.zK (2.8 atm), which is expaur!ed
through Joule/Thompson valves to reach 2.o K inside the
!.lelium vessels in each cryomodule. The heiium is returned
to the CHL as ges at 2.0 K (0.031 atm). Helium gas at 40
to so K is distributed using the same transfer lines to cool
the thermal shields. The CHL is 9870 complete and being
commissioned. Transfer lines are 49% fabricated and 3170
installed. The CHL will be used w!len we begin injector
commissioning in the tunnel late t“tis hli.

Beam Delivery

The multi-user beam delivery system allows each of
three experimental halls to receive besuns of the desired
current at different (but correlated) energies. The system

Las two key elementa: the injector and the rf separators (de-
flecting cavities) in the extraction line. The injector creates
three interspersed bunch trains, k F 3N, k = O, 1, 2, and N
= O, 1, 2, 3,.., where bunches with different k can have dif-
frrcnt bunch charges, i.e., currents. An rf separator in each
Ji the west arc bcturs titles and in the highest. enmgy, fifth-
pass benm line deflects the beam, optics amplify the initial
deflection, and septum magnets extract beam for simulta-
tieous delivery to all three end stations. At an operating
frequency of -1000 MHz for the rf separator and --1500
MHz for the if system, the sepnrator phases are indepen-
dent of N and amount to I#Jo,$0 + 240°, and #. + 120”
for bufich trains k = O, 1, and 2 respectively. Of partic-
ular uscfulrtcss are the initial phases 1#0 = O, leading to
0°, 240°, 120° resulting in a straight-left-right distribution
(e.g., for distributing beams of equal energy to three end
stations), and, for a two-beam split, #0 = 90”, leading to
900 33o”, 21OOresulting in extraction of one beam and fur-
~!ler recirc~ation of ‘We.

Nuclear Physics Program Preparations

After endorsements fmm CEBAF’S Program Advisory
Committee (PAC) and from the DO E/YSF Nuclear Science
Advisory Committee (?’JSAC),which met at CEBAF June
4.1990, DOE approved CEBAF’S exper ntal equipment
plan’ in late June. The plan includes xc .ghly $7s million
in spectrometers, detectors, and datn acquisition systems
matched to experiment proposals from the nuclear physics
community. After reviewing 47 proposals from 253 physi-
cists at 64 institutions requesting 47,000 hours of beam
time, the PAC has recommended approval for 16 proposals,
conditional approval for 13 additional proposals, and irtitird
allocation of 8040 hours.

Two 4-GeV/c high-resolution (10-4) QQDQ magnetic
spectrometers in Hall A (diameter = 53 m) are planned for
high-resolution charged-particle coincidence studies (Fig-
ure 7s). The spectrometer design calls for superconducting
cos 20 quadruples. A request for proposals has been issued
for fabricaticm of the superconducting dipole magnet.

The CEBAF large-acceptance spectrometer (CLAS),
based on a toroidal magnetic field (J B . df -- 2.5 T-m)
produced by six superconducting coils, will provide mttlti-
particle detection capability in Hall B (diameter = 30 mj
(Figure 7b). Bids for CLAS torus construction were re-
ceived in July 1990, and award is expected by December.

Hall C (diameter = 4S m), a multipurpose area for
specialized apparatus, will h~ve a moderate-resolution high-
momentum (6 GeV/c) QQQD electron spectrometer (HMS)
(Figure 7c) supplemented by other detection systems, in-
cluding a short. orbit spectrometer for decaying particles
(e.g., pions and kaons). The request for proposals has been
issued for the HMS superconducting dipole and for the
spectrometer’s support carriage. The EMS superconrluct-
ing design calls for superconducting cold-iron quadruples.

The three large end stations are partially underground,
domed concrete structures. End station excavation is nearly
complete (Figure 2), foundation work has begun, and some
60?’0of the 23~ meters of beam switchyard and beam trans-
port tunnels—connecting the racetrack accelerator tunnel
with the end $tations —are complete.
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The experimental equipment is planned to be installed
starting in late 1992, when end station construction is com-
plete, and to be available in phases for physics research be-
ginning in early 1994, when the Hall C HMS is to be ready
for beam.
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Figure 7. Experimental equipment.
(a) 4-GeV/c high-resolution spectrometer for Hall A.
(b) CEBAF large-acceptance spectrometer (CLAS) for
Hall 2. (c) ,Moderate-resoll~tion high-momentum
spectrometer and short-orbit spectrometer for Hall C.

Summary and Outlook

With most major components fully designed and on
order from industry, CEBAF’S attention has turned to in-
stallation and commissioning. Figure 8 shows completed
and upcoming milestones. Recent highli~nts include suc-
cessful 5-MeV”operation and the start oi production-scale
cavity pair and cryomodule assembly. Rtinning the central
helium liquefier, accelerating beam to 25 Me’V in the in-
jector, and ph.cing orders for detector compo.lents n:e our
major near-term goals.

The construction project is scheduIed to be complete in
summer 1993, and six months of commissioning are planned
in preparation for the start of physics operation in mid-
winter 1.994.
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THE t’ER.UILNl LIX:\C UPCRADE

F~:rmi Xxt. i onii

Abstract

The }“+.r-oi!ab Linac [“pgracic is p ianned to increase
: k,e e.lergy o f the Ii 1 i nac f ram 200 LO 400 !lei’. This
is int~nded :C reduce the incoherent space-charge
t.lncshif! at :-. .“rt i~~ int~ the 8 CC’I Boost cr ah i ch
- all ! lm i: -1 : hcr : he brightness cr t}- total
in?. cnsity )! :h.: bcm. T!,c l,inac L’pgrade ~“ill be
ach~ei.cd 5V rep; acing tie iast four 201.25 Vilz dri~t
t ,Jbe tanks xh Lc b. ac:e 1e r~te t he ~~a= f rom 116 t o 200
UP!’, x i : h se.,. en S05 .UI{Z s i <e coup 1ed :av i t Y modu1es
-;erlt i -.g .it an 3\.eTag? M i a 1 i i e 1d 3 ! about 7 ,5
Ml” n. T!, is s: i ! a’i i cw accc 1~rat ion tc~ 409 Me}’ i n {he
.,x ;s ? i :g Li flxc snc 1os u rc Eacn xr.ce lerxtcr mcdu 1r
x 1! 1 be d r i len x i ? + a k 1ys t ron - based r f pow r s I:pp 1y
.4 pro: St}?e rf ncdu i ator has been bu i lt and :.estcd aL

Fern: 1ab, anti I prat Jr ype 12 W“ k 1yst ron is hc: ng
fabr: -ateri b:: 1,i ..:. cn E1oct ron @evi ces. Fabr i cat ion
~: ~:cd,,c”. icn acce irra:or mariu !c3 is : n progress.

Introduction

The Ferzl ; ab zoo .Ve~” i i near arce I erator has
-prra:ed a 130s ? , ant i nuous 1). since 1970 as an
i :.: qc:~ r ~or ?-cc Ferz i i ab :haia J: accc lcrators and
as a secondar} neutr~r producer for the Seutron
T;~rapy Fa: i I i ..}” xi th a re 1i ab i 11ty approach ~ng ‘39’4.
TtI.- purpcse ~i r he F~rm i 1ab Linac Upgrade is to
increase ‘he final k i net :C eccrgy nf the beam from
200 heir to abcu: 400 Me\’. This is expected to reduce
‘oeam emi ttanc I= +cgradz: i on in tha 8 GeV synchrotrons
boester fc 11owi ng the 1i nac and a 11ow beams o f higher
br i ght ness, : :,u- be r o f part icles per unit emi ttance)
*.o be accelerated. l The intended consequence of this
..C: ! : be LO i nc r e as e the collision rat, e in the
an::prcton-crztan col!ider by a factor cf three and
...e i:tensi?;~ for the fixed-target experiments by 75%.h
;: ‘he lr:-eass in brightness can be conserved
t k--.: gn :A??r accclcra:isn s?agcs. The 400Mc V limit
is dictated by K ion stripping considerations in the
-e~g:, ~●. :.~ fieirjs af the Linac-to-Booster transfer
! i ne

T~e ;resen~. 2fJ3 Me\” drift-tube Iinac (DTL)
.c9.:si5:s 3: nine acceleratfir c~.~it.;~s operating at a
frcq~~encygf 201 .25 MHz. Each cavity is powersd by a
‘.r:oae-based radio -frequency (rf) power supply rated
“> +el:ier ,Jp to 5 .W of peak power for a 125 pset-
.. ..’3:-:Dp >“:s1!. The Linac upgrade wi!l replace the
.3s: f>,; r cav:t:cs, wni c h acce ! crat? the b~am from
! 15 Me\’ to 2!30 WV in a length of 56 meters, with
~e,. e n side -co.:pled cavi:y modules ,~pcrating at a
‘req,;ency of ’305MHz or four times tile DTL frequency
‘SC:C F:cy~re 1,1. The higher frequency allows higher
acc~lerating gradients to be achieved so that a
k:ne$. ic energy 51_ 400 Me\’ can be rrachcd in the s:,~e
Iinac enc!cs~re. Each modu!e will bp driven with a
kl}. s-. ron -based rf power supply rated to deiii. er up to

12 W 3: peak power for 125psec at lsllzrepetiticm
ra:.= The n~minal peak power requirement of each
mcd,jle wltb 35 d of beam is about 10.MW. The new
iirac is designed to zcrelerate up to 50 MA of beam
tO aL low for f~tuf? imorct. ements.

. . . . .- . . . . . . . .
.[l:o:~..o~ ~\. .:I. ::ivnTsI*.Ios RPs~arch .4:sccia.. ion
.-,*.e .- ,:~~.,rx:”. a:..:, ‘.ne L“nltec! SLa?. es D~par*. merit of

E:ergy

1llinois GO$510

Accelerator Structure

selected for ‘he” Linac Lpgrwiv becalise I( is wr;i
understood anti !Ul ly prov c n. The s:dt-rnupi~[~
st. rurture was IIsed ahove 100 Me;’ ft>r the 805 MHz Lo<
Alamns Mrson Physics F’ar.ility (L(\.WIF! proton IIII:LC

(icsigned in the early 1060 ‘s (see F’igurc 2) This
coupled cavity structure is OpC i atcd in a so :31 led
TMo1o Y;2 standing wave ❑ode in which the ohasr shift.
b~t-ween an accelera~. ing ccl I and al] adjacent coupilng
rell (off the beam axis) is 90 d~grecs. T5r
accelerator cell lcngt.h ]s /?i,’2 for part,,:l c-an,.,,
synchronism. Rcrc ~ is t,hc pzrticlc velocity (ii,. idod
b}” the speed of light, and k is the free sp:I”v
wavelength of ?.he acce1er at. i ng i i e 1d. T:sr
inscnsiti~. ity of field amplitcdcs and pnasrs ‘.
❑echan ical perturbations in silr.+ s,/2 struct. urcs is a
fundamental r~ason for their widesprracl use.

From the work done at, LOS Alamos !Jal. lonal
Laboratory on the SCS and the Fermi lab program of
rics 1gn , ~ tuning, 3 pro to ty p i ng”~ arid f u 11- power
test ing, ,; we have con f i de ncc that our design goals
can be zet. Because the new side-coupled (SC) Iil?ac
will replace that part of the existing drift-tube
linac which accelerates the beam from 116WV to 200
MeV, it must have a gradient abc,jt three times iligher
than in the DTL and make conservative usc of =pacc
for beam matching, focusing an; diagnostic.s. In
particular, a Transition Section for matching the
heambetwnen the f!Tl, and sid,~-coupled linac and a
space of about two =ef,ers at tt.e do”anstrram e,ld of
the linac for changes in the Linac-tc-qooster
transfer line are requir~d. OLhermajor design goals
were to minimize power c~nsumptic,n and to keep all
parameters within a range favorin~ dependable rout. inc
opc rat, i on. Table 1 summarizes the principle ”s=sigr.
crltcrla and dcr]vcd parameters for !hc ncw llnac.

The average axial field, EJ of 7.5 W(,m is about
three times the gi”adient in the e.[)sting DTL. Long
voltage conditioning times and an ~.nordinately high
spark i ng rate causing e r rat i c heam pulses and
unre 1i ab 1e i nj e c to r ope rat ion are cons idr red
c,laccc ptab i c for the new iinac. For the Linac
Upgrade it was consir!ered desirabie co Iimic the
spxk rate to one spxk per ‘.ho~sand rf pulses
cvrres Dond\ng to at most 0.1% beam loss due to cavitv
spark i ng. ‘o investigate this con,; traint, full power
test i ng !l.Js been i.erformed on six -cell prototyp~
cavities and a complete 16-cell accelerator sect, ion. .~
The lattir represents one of the 28 sections netded
for ltbc new linac. These power tests have shown inat
with the appropriate cavity nose. can? shape (we
Figure 3) to reduce pcsk surface fields (37 !ifV/m), a
spark rate Gf one spark per thousand rf pulses can be
ochieved for a compiete 1inac after about 20 miliion
rf pulses (125 usec, 15 Hz) of conditioning. The
spark rate continues to decrease wiih conditioning.
~vet. t,he ronge of surface fields 30 to #i SKV/m,the
spark rate va; ies a~ E~19.5 *0.5.

26



Table 1. 400 MeV Linac Design Criteria
and General Parameters

—-.— f

I

I
1

1
,

I

I

Initial kinetic ener~v (~)
F~~al kinetic energy (Tf)
Length, ;ncludingtrmsition section
Frequencyofrf(f)
Beam current averaged overpulse(],)
Beam pulselength
Ilepetition rate
Accderatingphzs, (p,)
Averageaxial field(E.)
Mazimumsurfacefield(E-e=)
Kilpatricklimit (EK)
Number of modules
RF power/rcodule, t}.pical

Coj:per10Ss

beam power

reserve and controi
,l”umber O(sections/ moduLe
>“urcber of r! cells/zcction
Tutal ncmbcr of rf cells (7 x 4 x !6)

Length of bridge couplers between scctmns
T:amscrsc focusing schcmc

..—— .,- .— -—— ——

116.54 MeV
401.46 hicv

63.tJ78
/:05.0 MH;
so. mA

< :00.
1s.0 G

-32. deg
8.07-7.09 MV/m

36.8 hfvfm
26. MV/m
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“?!,~ r f p,-~pert i es 0! acce 1e:. at i ng ce 1!s for the
Sc : i Ezc were calculated with the- compvter code
SIT%hF ISH. Cavi~y dimensions were determined
g~nera 1Iy t> maximize the shunt impedance for al 1
etlerg i es The Major cavity radius Rc basically
detercrines the shunt imp2dance, but several other
,Jimensio-rs acre varied to S1ightlj improve this
Gara.ceter. A cons~al:t cav i~y radi..s of 13.455 CDwas
~ound to oe adequate between 116 and 400 MeV. To
rcducv peak surface f ieids whi IC concentrating more
ficia into the accelerating gap, a double-radius
nrse-corte design was adopted. 6 !f~re the nose -c~ne
cutline is det, ermineri by two radii of curvature, ? mm
znd 2.21 mm. The program SIJPERFISH wa - used to

ca 1cu 1ate the e f f crt i ve shunt ~mpedance ZT2, the
transit tiae factor T, and tire ratio of the maximum
surface field and average accelerating field Emax/Eo
at several values of j3 corresponding to the energ
range 116 to 400 YeV. The SUPERFISH values of ZT5
(see Fi,qure 4) are :ypically 15!3 lower in actual
cavities due to the coupling slot (5% coupling) and
braze imperfections.

The divisior ~f the new SC linac into seven
independently excited rf modules originally resulted
from three principal considerations, namely the
practical size for 805 Wfz klystrors, the shunt
impedance of the structure and the existence of
suitable penetrations from the Iinac utility basement
into the linac enclosure. Since the original design
in !987, radi.atinn safety considerations have
mandatrxf the need for new waveguide penetrations with
the existing downstream DTL penetrations in the lir.ac
utility basement to bc ultimately seaied. Uniform
distribution of rf power favors feeding the modules
from the center, so there 1s a bridge coupier at that
location which can accommodate z ❑agnetic quadruple
aisc. Rf defocusing rcqulres t!rat the quarlrupnles of
‘.b~ FODO channel be !C.Y than two ati:ers apart in the

first ❑odules. lhest conditions were satisfied by
dividing the modules into fmr sections separated by
bridge couplers of ienp.th 3/h/2 (see Figure 5).

The linac design proceeded interactively by using
third o?der fits t. ZT2, T and Emax/Eo to calculate
the !:ngth and number of cells needed to :,,ac.h the
design energy of 400 MeV. The design was ss !Ct to
the constraints that the peak electric f. !rl not
exceed 44 M’V/m (1.6 Kilpatrick), the accelerating
cells in each section L? of constant length and that
the total length of the side-coupled linac not exceed
66 meters, An accept.able design was w-rived at by
having 16 cells per section with peak fields of only
37 W/m and roughly equal power dissipation in each
section. Table 2 summarizes the parameters of the
side-coupled linac ‘y accelerator section. Module O,
Sections 1 and 2 are the two 805 MHz buficher cavities
in the Transition Section between the DTL and new
Iinac.

Tabl~ 2. 400 MeV Linac parameters bv Section.
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For the bridge coupler, the post-stabilized
design originally developed for the LAMPF accelerator
has been adopted.7 The 3/7A/2 couplers for the Linac
upgrade range in length from about 35 cm to 55 cm and
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are shorter than any used at LAMPF (~{~8and 7/3A/.?).
Bridge coupler models and computer
calculations indicate that the use ? f two side-
posts, 90 degrees apart, permits the lnLcrfering
TEII1(X,Y) aficf TMoIl(x,y) modes to be moved out of
the accelerating passband (780-830 Wfz for 5!4
coupling) . The bridge couplers will have twc end.
posts for tuning the fundamental TMO1O resonance.

The DTL operates with stronger !.ransverse
focusing and weaker longitudinal focusing than the
side-coupled linac. Six dimensional phase space
matcning is reouired to preserve the brightness of
the DTL beam in the new linac. The longitudinal
matching is effected by placing a sixteen-cavity, &05
!dHz side-coupled bunc!zer section (EOT = 2 W/m) after
the !ast drift-tube tank (Tank 5) and a four-cavity
~ern]er buncher half-way between the sixteen-cavity
buncher and first secticn of the new llnac (see
Figure 6) The last two DTL quadruples and three
new quadruples separating the DTL, bunchers and new
linac will control t,he transverse matching. The
tota! length of the Transition Section is about fout
~eters. The 805 hfHz bunchers will probably be
powered by 200 kW Varian VICP-7955 klystrons.

Radio-Frequency Power System

T5f 805 MHz Linac L?grade requires seven high-
power k!ystroa and modulat>r systems to run the seven
independent accelerator ❑odules. Table 3 gives a
complet~ power tabulation for an RF station assuming
35 P), of accelerated beam. This shows that only
aoou: 10 VWof peak power is needed. The klystron
s}er.iflcat:ons in Table 4 apply to a 1’2MWFrototypc
klystron on order with Litton Electron Devices. The
R? mrjdujator corsists of a pulse forming network
(P!+) discharged into the klystrsn cathode through an
~]1-filled 20.1 step-up transformer. The PFN is
c’larged to 18 kv from 3 power supply using the
resonant charging technique (capacitor and charging
:ho~e; with an SCR (silicon controlled rectifier)
switch to iciLiaLe Lhe charging Cycle. The power
suppiy stores about 40 itJ but only about 6 kJ arc
used to charge the PFli every 66 msec (15 Hz) .

Tzble 3. RF Power Tabulation

?Jominal power, accelerating 35 mA beam
(SUPERFISH shunt impedance derated by 15%).....8.6 W

Aavegulae run 10SSCS (WR97S) , harmonic
isolator (if required) . . . . . . . . . . ...............0.6 MW

fdd 10% for feedback lnop regulation. . . . .......0.9 MW
●

The cavity diameter may have to be altered
slightiy at sone ~’s to avoid TMIIn
deflecting modes.’. . . . . . . . . . . . . ..~~~......... 0.1 Mw

Estimated Total 10.2 MW

Tab!e 4. Klystron Specifications

—
Peak pouar output 12SU
P3:S* :Cngc$ 125 /Is
?~:sc :e?*c!ciOn rate 15 ppo
kcy factor
Average power

0.1E75Z
22.5Kn

Ef::cIen:y 50Z
G.ia 50 dB
RF OULVUC US91$wmquida
O:aennIons 108 inch height

24 inch dlamta
val:.&e 170 Kv
~-, ,,:,: 141 A

Project Status

The three major systems for the L,nac Upqradc ar~
side coupled accelerator modules, rf modulators and
12 W’ klystrons. The Project began construction in
(let.ober 1989 and is scheciuied ior linac c~nversion to
400 MeV energy in the summer of 1992. A protcLype rf
modulaLor begun in January 1!)89 was successfv; !y
operating into a rcsistisc load by I)rcemhcr 1S89.
The ❑odulator cxn produ:e up to 40 W of power for
125 osec pulses at 15 Hz. Some design modifications
were wade based on the operation of this protoLype,
wza component procurement for the seven production
❑adulators began in April 1990. Fahricaticn ].i
scheduled to begin in November 1990 and be complct.cd
by October 1991.

Fabrication of a prototype accelerator mod~lm
(four sectiuns and three hridge couplers) began in
October 1989. This proLotypc is electrically and

mechanically cquivalcr:L to the first of seven s:~e-
coupled linac modules needed for the new linac. T4e
first 16-cavity section was brazed at Pyrocmt Inc.
(San Carlos, California) in January 1990 and the
second section in April. The third and fourth
sections were brazed simultaneously in August 1990.
The first section brazed was power t,e.ted and voltage
conditioned to design gradient in April 1990.
Biildup of ~he sections and bridgn couplers intn a
complete module began in August 19’3(’. This prototype
is now planned tc bc used as the firsL accelerator
module of the new linac.

[n June 1990 C!ass 1, OFHC copper segments for
urmiuction accelerator fabrication began arriving
f.-om Hitavhi Industries, Japan. Copper for one 16-
cavlty linac section arrives every two weeks to begin
a fo~r-month machining, f.uning and brazing cycle (see
Ref. 4). The segmented construction of side-coupled
accelertiting structure used at LLtfPF has been adopted
for the Fermilab Iinac (see Figure 7). As of
September !990 seven sections of copper had arrived
and the fabrication cycle was on schedule. Two
sections will bc brazed every four weeks at Pyromct
Inc. starting in October 1990. When brazed sections
ret~rn to Fermi lab, the n/2 mode :s tuned to within
20 kHz of 805 MHz (as corrected for 25°C and vacuum)
and the side-cells are tuned to give a 100 kHz
positive stopband for thermal stability (see Ref. 3).

A prototype 12 W klystron is on order with
Litton Electron Devices, San Carlos, California. The
L-5859 klystron has five cavities (input, two idlers,
penultimate, ouLput) and should operate at 2 pperv.
The prohotype was due in December 1989. [n January
1990 while under test at the plant, the tube suffered
a catastropizic arc destroying the barium-strontium
coated cathode. The cathode had not been adequately
proccnsed and the tube’s 1.5 liter/see ion pump was
inadequate (subsequently changed to an 8 liter/se,:
pump). A rebuilt klystron was delivered to Fermialb
in May 1990. The tube reached 12 MWpower with a
gain exceeding 50 dU (see Figure 8). After about 18
hours of rf running the tube suffered a loss of
vacuum. Failure analysis at Litton indicated a
ceramic arc punch
insulator. The
with rebuilding
The prototype and
the criticgl path

throug~ in the high-voltage cathode
tube was dissasembled and cleaned

n progress as of September 1990.
subsequent production t..;5es z-u on
for the project’s completion.
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Figure 1. The Fermi lab Linac (plan view)
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Figure 2. The LA!@F side-coupled accelerator and
post-stabilized bridge coupler.
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Figure 6. Transition Section beam en~elopes from the
c~nter ~f the third from !ast quadruple in DTLTank
5 to the center of the quadrupolc between Sections 1
and 2 of side-c~upled Module 1. TIIPbunch length is
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Figure 7. Segmente> cofistruction of side-coup’- ~
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linacs.
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Figure 3. Peak power output versus input drive pow~r
for the Litton L-5859 805 MHz klystron.
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Figure 5. F~:milab side-coupied accelerator module
containing C,Jui. sections and three bridge couplers.
Module h~ight is approximately 2 meters, and the
length varie. from 6.5 to 10 me~ers for Moduies 1 to
7.
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THE SSC LINAC

J. M.Watson
Superconducting SuperColliderLaboratorys,Dallnc,Texas 75237

Abstract

The preliminary design of the 600 MeV H- linac for the
Supercond~cd.ngSuperColliderinjectoris &c+bed. The littacmust
providea 25mA trearnduring7-35 )ssmacropuls= at 10Hz within
inyxtionbursts. Normalizedtransverseemittsncesof less than 0,5 r?
mm-mrad (rrns) are rquired for injection into the Low Energy
Booster synchrotrons.COSLease of commissioning, and operational
reliability are importantconsiderations. The Iinac wifl am.sist of an
H- source with electrostatic LEBT, 2.5 MeV radiofrcquency
quwirupolear~elerator,a 70 MeV drift-tubelinac, and 530 MeV of
side-coupledlinac. The RFQ and DTL operate at 428 MHzand the
sidc<oupledlinac operates at 1284MHz. A modest toIal length of
150 m resulrs from the tradeoff between cost optimization and
reliability. The expec[ed performance from beam dynamics
simulationsandthe statusof theprojectaredescribed.

Iotrnducdon

The design of the SSC Iinac is determinedprimarily by the
requirements of the Low Energy Booster (LEB). Multiturn H-
iny-xtiortinto rheLEB aUows the use of a modest linac currentwith
small emittance. The use of quasi-adiabatic caplure in the LEB
reduces the complexity of the linac front end and lowers the
cmittanceforSCVSAreasons-the frontend currentis lower. a higher
frequency RFQ is used, no choppers are required, and fewer turns
will fill the LEB (fewerpasses throughthestrippcx).

Thepresentdesignof the hnac sa~dsfksthe LEB retirements
and should have adequate design safety margins to provide for
substantialflexibility,exdkmt reliability,and thepotentialfor future
upgr~cs. AiLhottghno inventions arerequiredfor this desi~ further
developmentof severalportionscould improvereliabilityand lower
constructioncosts of hrraccomponurL%These developmentareas are
described below within the appropriateIinaccomponen[descriptions.

NominafIinacoperation consistsof the two modes listed in
Table I—filling the collider rings and pruvidin test beams. The

flmac satisfies the factor-of-five increase in L B current for test
beams by operadtrgwith a longer macrcpul= (increasingthe number
of injectionrums). Sin= theorherlinacoperadngpararn?tersrcmain
unchanged.no linac tuningshouldbe requiredin changingoperating
modesandno degra&tion in beamquafityshouldoccur. Of murse.
tie optionof lowercurrent for as long as 35 ps is possiblefor both
operatingmodes.

TABLE 1
SSC LhtacRequirements

FilLingcoUiderring
25 rnAH- currentdttr+ngmacropulse
6.6w macroptdse(three-turnLEB injection)
lx 1010/ LEB bunch
c 0.5 rrmm-mrad@ rrns.norm)emittance
10 Hz repetitionrate

Test beamopration
25 rnAduringmacropufse
35y.smacropulse(16-tumLEB injection)
5 x 1010/ LEB bunch
c 4 rrmm-mrad (t, rrns, norm)emittance
10 Hz repetitionrate

●f)pcralcd by the Universities Rerearch Association, frtc. for dte
UnitedStates Departmentof EnergyunderContractNo. DE-AC02-
89ER4(’486.

Figure 1 is a block diagramof the majorcomponents of the
linac with major system parameters and simtdated performance
shown, It casuists of an H- source, an RFQ to bunchand initially
acceleratethe beam, a drift-tube linac to awelerate the particles to
relativistic velocities, and a caspled-cavi[y lime for most of the
energygain. A substantialbaseof experienceexists forham of this
typewith similarpammetcrs. Basedon past experience,actualIinac

r
ormancecan be expected to be close to the design simulations.

y not departing too far from typical existing facilities, the
availability requirement of 989” should bc attainable after a
re=onable commissioning period,’ To provide adequate safety
margins and allow future upgrades, the Iinac components are
&zignedto handletwice the currentwith\wicctheemiuartce Safely
marginsof this size are attainable widt orLIya small impatt on the
mistof the linac. The frequencies are chosen to provide btuches on
an harmonic of the LEB buckers at 600-MeV injlxtion ZI.1 for
optimal acceleratoroperation. There are nine linx bunchespa LEB
bucket. The possible future wansitic,~to ‘ rich-to-bucketLEB
captureis thereforenot forbiddenby thisdesign, Also,theharmonic
relationshipFeserves thepossibilityof notchingthebeamto improve
theefficiestcyof quasi.adiabaticcapture.

The transfer line between the line and LEE has also been
designed and is desribed in these proceedirrgs.2llre transferline
contains an energy analyzing seclion, a transverse cmittarrce
measuring sectiom and a btnrcher and focusing elements far
longitudinaland transversematchingonto the stripper of the LEIi
injectiongirder.

Someaspectsof the Knacdesignwill ptubablychnrrgeduring
the preliminary design and engincerirrg development stages.
Accelerator changes will be incorporated where performance,
reliability,or cost improvementsarepssible overthe basehtc design

~acperformanceand isacost+ffective approach.
esentedhere. This baselinedesignis withinshestate+ f-the-ar[of
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Ffgure1. Linacblockdiagram.

Ion Source

ThL.fust componentof the linac will be an H- ion source.
There are thr= V- different ion sourcesthai shouldbe crspableof
meeting the SSC beam criteria. These are the megnetron,3the
Penning,4 and the non-cesium volume source.5All three of these
sources have unique advantages that must be considered. of the
three,only themagnetronhas beenusedat largeHEPfwilities where
long-term opczationwith high availability is rquircd. ff btighmess
komes an issue, the Pennin~ source is the brightest H source
avszilablc.The simplest source [o maintain and operate is the rf-
excited vohsmc source, which also may have an additional advantage
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in terms of system reliability since it can be operated without
filamentsor ccsiuminjection.

Themagnetronhas been chosenfor ?hcLxuxlincdesignsince
it would require little t:ffort [o optimize it 10 tic SSC beam
parametersof 30 MAat 35 keVwithvery lowduty. A prototypehas
been developedanddeliveredto the SSCLby theTexas Accelerator
Center (TAC)for instaflatimson the Iinac tesl stand. The Penning
sourcecou]dalsoeasilybe developedas a productionsource. Ducto
rhc similar electronicsand vacuum syslems af the magnetronand
Pcming sources,it is conceivabk thal these sourcescould be usca
interch~gcably. The rf-exci[cdvolumesourcehas t)v potentialof
king simplest and most reliable with further im:xovcmenr in
reducingthe gas usageand the extractedelectroncumnl. SSCL is
supportingthisdevelopmentefforta[LawrcnccBcrkclcyLaboratory.

LowEnergyBeamTransport

The beamhorn an ion sourceis relativelyhuge in radiusand
divclgmceandmustbe match-dto the RFQ. The sectionof the Iinac
that provides this m~tch is called the low energy beam transport
[,LEflT). It also usually contains source diagnostics and provides !he
differcnliaf vacuum pumpingbetweenthe sourceand the RFQ. The
LEBTconsistsof Icnscsthat focusthe beamonto the cntranccef the
RFQ.

h!ost existing LEBTsystems use magnetic focusing solenoids
or permanentmagnetquadruples. These LEBTsystems also utilize
chargeneutralizationin the backgroundgas to minimizethe required
focusingsuengths. Theneutralizationtimeshouldbe shortcompared
mrhcpulselength;o!hcrwisc,a largefractionof thebeamat tfwiront
of ~hcpulsewi]l& lostduc to inadequatefocusing.k neutralization
dri.cltsps,the spacechargeforcesdecrease. C“onsqucntlythe beam
phase space ellipse rotates, constantlychangingthe match into [hc
RFQ acceptance. Additional problems arise due to beam-plasma
instabilitiesandthe interfaceuncertaintyas thebeamappearscharged
againas it enters into the electric fieldsof the RFQ that has swep:
awaythechargeneutralizingionsformedin thecollisions. fmpropcr
matchingat such transitionsand the conversionof flcld energyin[o
transverse kinesic enetgy associated with changes in the beam
profiks maycmsc significantcmiltancegrowthandparticleloss.

TheSSCfinacrequiresa pufsclengthshorterthan35W. This
is comparableto the expcacd neutralizationtime in hydrogengas.
Thebeamwouldneedto be on approxirrralcly100w to becomefully
ncutridized. The neutralizationtime can bc rcduccdby introducing
scnon into the LEBT; however, full neutralization will always
considmablyincrcim~thepulseiengthrtxfuircdfromthesource. The
frequencyof source maintenaiicc is therefore incrcascd and the
reliabilityof the RFQ is &creased bccm.se of the poorerva:uum and
increasedcc.siumdepositionrate. For tie short-pulseopm tionof tic
SSClinacit is best to avoid r-jeurydiz?,[ion if ~ssiblc.

Tftc 30-mAoperating currcu; is :Inall enough Lfat scverstl
conccp[s using electric focusing to avoid neutralization can be
considered: einzel lenses, electrostatic quadnspoles, and
radiofrequcncyquadruple lenses. The RFQ Icns can probably
uansport hig!ter currents with fewer abcnations, but it is more
complex and adds another rf system. The einzel lens and helical
clcctmstaticqtsadn.q.mle(HESQ)are the leading candidates for the
SSC hnac. The cinzel lens is probablythe most maturetcchnol~gy
for this application. However, it requires voltages similar lo the
sourcevoltageandis

r
ne to aberrations.Wearcpresentlybuilding

a dual enizelIcnsLE T forevaluationon the linac test stand.6The
helical electrostatic quadruple is somewhat more efficient than
s[andardelectrostaticquadrupoks and shouldbe very reliable since
mo&st vol[agcsarer uircd. A prototypeiiESQ LEBTis presently

?beingcharacterizedat AC. We arestartingconstructionof a fully
engineeredHESC)LEBT with nickel clcctroformcdelectrodes for
cvahsationon tie jimc test smncf.7The HESQLEBTparametersare
smts-narizcdinTabIefL

TAULEII
HESQSlmula!hmParameters

—
hng,dr 22.5cm
Vohagc 7 kV
Breakdownvoltage 100kV
Pitchof helix Is ~

Ekctrodc spacing 1.46cm
Boreradius 1.5cm
Inputbeam

Currcnl 30 mA
Transversecmi[tancc(n, mrs) 0.18rrmm-mrad

Outputbeam
Current 30 mA
Transversecrnittancc(n, m~s) 0.20 n mm-mrad

RFQ Accelertstor

The RFQ accclcra[or is currently lhc accclcrwr of choice
bctwccn the source and drift.mbc Iinac inslcarfof the Cockcroft-
Wahonhigh-voltagecolumnusedat earlierfacilities. A umsidcrahlc
amount of RFQ design and operational cxpcricncc ncw exists at
many laboratoriesaround the world at several frqucncics and ion
species.* Protoncnd H- RFQs have been operatedat 80, 200, and
425 MHz. The RFQ provides stspcrioraccclcralion antfmatching
performancein muchICSSphysicalsptcc and withgreaterreliability.
WiththeRFQoperatingat “Acsarncfrequencyas the DTL,morethan
90 percentof tic continuousbeam fromthe sourcecan be bunched,
accclcratcdto severalMcV, and capturedby the DTL within a fcw
meters with all apparatusat ground Po[cntial except for tftc35-kV
source, Most of the RFQ Icngthis rquircd for matchingthe beam
transversely into a narrow channel and for quasi-adiabatically
bunchingthe beamprior to acceleration, The attentionto matching
and gradual bunching and acceleration pays off not only in the
improved capture efficiency, but in much less growdr of the
emittances in this section of the accelerator. The brightness
rc@remimts of the SSC and its fcmre upgradesshould be readily
xhievable by the linacbccauscof thesuperiorperformanceof RFQs.

With the choice of qu~si-adiabatic capture in [hc LEB,
excellent hnac performance can be achicvcd by using an RFQ and
~1., o~rating at the sarnc frqucncy. The higher frequency
improves the RFQ longitudinal cmittance and the choppers and
bunchcrs at low energies of older sys[cmsare always a srsurceof
transverse cmitlancc growth. The beam macropulse length and,
hence.the numberof injectionturns, is also minimizedin Lhisdesign
sincenoneof rhcbeamis intentionallydiscarded.

The design of the RFQ is straightforward since several
devices with similar rquiremcnts have been operated, The design
philosophyadopxd here is to make the RFQ operationallyflexible
and reliable. Tne currentshouldbe variable from 5 1050 mA with
the sourcecmittancedegradedby as much as a factorof two. The
beam psition tolerances should be reasonable and tic maximum

ak surface fields should be ICSSthan 36 MV/m (1,8 Kilpatrick).
%eoupst energy is atradcoff bctwccn optimal ma!chinginto the
~L and keeping the length of the RFQ reasonable. The in”ectcd

/energy into the DTL should be high enough so that the dn t-tube
Icngthsarc longenoughforadquatc permanentmagnetquadrupolcs.
Two 425-MHzdrift-[ubcIinacsusingpermanentmagnetqtsadnqmlcs
have been built and successfullyoperated at higher currents with a
starting e..iergyof 2 MeV. A fYTLinjection energy of 2.5 ivlcV

r
s to pxforrn well inour simulationswithampledesignmargin.

e mechanicalstructureof the RFQcouldbe either4-vaneor 4.rod.
The4-vanestzuctureis chosenfor thisdesignprimarilybccauwof its
much larger experiencebase. A design example is presented that
satisfies the almve rcqtsircmentsand can be fabricated with little
furtherdevelopment.This RFQis being fabricatedfor SSCLby Los
AhtrnosNationafLaboratory. A 4-rod RFQ is being developedat
TACas a possiblesecondinjectnrfor the SSCh.nac.
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The RFQ&sign si.nmlntionparamcrcrsarc listedinTable 111.
The input&s&mis 30 mAwitha normrtlizcdmursvcrscrrnscmithmcc
of 0.20rrmm-mrad T?tccurrcrulimit for his designexampleis kept
Lugc so that LI,;sRFQ could work widt higher beam currcnrs.
Armthcrsignificant advantage of a higher current limit is that the
~cificd tolerancesfor the RFQ fabricationprocesscan be relaxed.
one pays isprice in terms of slightly incrcascd length and power.
Fur[hmrrurc, this design examplehas a Iargcaccqtcncc thatmakesit
psibk to accclcrarcinjcctcdbeamswith tmrrsvcrsccmittanccsth~
arclargerby a factorof 2.

TABLEIJJ
RFQDesign Pwameters

Frequency 428 MHz.
Inyx[inn energy 0.035McV
output energy 2.5 McV
Inyclioncuncnt 30 mA
output current 27 r,~A
Inpultrans.emitla.ncc(n, rms)
Outputtram.cmiuancc(n, rmsj
Oulputlong.cmittcncc(rms)
RFQlength
TOM]pmk pvcr
Ftcampeakflowm
Copptr peakpower
Dutyfactor
Crrppcrpower(swcragc)
MPSEF

0.20rrmm-mrad
G.19x mm-mrad
0.063X 10_5CV-S

222cm (3.17A)
283kW
77 kW
206kW
().()59.

:o~ w

1.73 Eu

RFQ-DTL Matching Sectiurr

The RFQ-[0-DTI.marchingsectioncontainsfourqu~drup)ics
und IW 428-MHz bunchcrs. The quadrupolc magncls arc an
cx!cnsirmupstream of tic DTL FODG Ia[ticc. The pcrmancnl-
rr,agrmquisdnqxrlcsarc variable w“itigradicrmvarying from 131 10
140T/m and Icngrhsof 3.8 mm. The bunchcrsarc Incalcdbc[wccn
the firsl and second and ~c third and fmsrdrquadrupolcs. The
bunchcrsno:d nc[voltagesof only 100and70 kV. They arcoperated
at –90dcg for no net energy gain. By choosinga rampedgradient
drif[-tubeIinacwilfrinitial focusingstrcnglhssimilar[0 theoulputof
theRFQ,thismis~chingscc[irrnwasdmigncdsobe indcpcndcn!of’rhc
beamcurrent. This subs[an[iwlycasescommissioningand improves
flexibility. Spirccwill be providedin the ,matchingscclion for the
diagnosticsrequiredfor tuneupof tic source-LEJ3T-RFQfrrsn[end.
The diagnosticsalso facili[amrhc sc[upof this scclion 10providea
properlyma[chcdinputbeamfor tic DTL. The Icngthof this section
for onc RFQ is approximately 75 cm. Additional RFQs
approximatelydouble rnc Icngrhof the scctirmto accommrrdalcthe
bendingmagnets,additionalquadrupolc.s,andonc additionalbunchcr
pcr RFQ. For rhc Iongcrmatchingsections it is cn[ical [o keep the
transverse sixc of the beam small 10 avoid Iransvcrsccmitlancc
grnwlfr.

Drift-Tube Llnisc

A DTL i> tic accclcraturof choice to iscccptthe 2.5-McV
ou[put of tic RFQ and accclcra[c the H- ions lo the relativistic
vclocitimncafcd by the CCL, At 2.5 McV tic irmshave sufficicm
vcloci[yrhiitPcrmimcntmagnc[quadrupolcshave amplestrength10
cnritrol[hc beam. The DTL will be crmtaincdin four umks, each
pnwcrcdby a single klystron. A gradicnl (Eo)of 4.6 MV/m (1.4
Kilpa[rick peak stxfacc Iicld) will bc used and is considered
cwrscrvativcin terms of operational rcliabili[y. Isolation valves,

variablequadrupolcs,steeringmagnets,and beamdiagnosticstations
arcplacedbc[wccnthe umks,

The 428-MHr.DTL is similar U>scvcnd others Iha[ were
rcccmlybuilt. But it is a fairly cxpcnsivcstructurebccauscof [hc
effort involvedin fabricatingthe drift Mbcs. Decreasingfabrication
costs wi!l be an active area for cnginccringcfcvchspmcrrt.At this
point in the design tic sutiIcgy is In start the cuuplcsf-caviiylinac
(CCL) at drc Iowcst rcasunablc energy. flcluw 70 McV the
performanceand efficiency of the CCL falls rsspidly. Tbc prcscm
simulations indicate tiat 10 McV is prohably a good compromise
bctwccncost andpcrformrmcc.

‘JlwDTLdesignprcscnlcdhere uscscunscrvativcparamcum
for clcclricand magneticfickfsand ycl accomrmxfislcsa widerange
of currcnland emiuancc, The pcrmarrcntmagnetquadrufrolcsin the
drift tubeshavea gradicn[of 140T/m by usinga pole-tipfieldof 1.1
T and a bore radius of 8 mm. Rcccnt high-currcru DTLs have
successfullyused fxrmancntmisgnctpole-tipfieldsns largeas 1.3T.
A peak surface electric field of 1.4 Kilpatrick, which is alsu
wnsidcrcd to be conswvativcfor this type of Iinac,has hccnchosen
for tiis design. The beam size rcmains small transversely alid

Iungitudinally throughout the DTL with all transitions made
gradually.The gentletrcatrncntof tic bunchrcduccsthedcmamfson
the RFQ-IXL matchingsection,shouldsimplifycommissinnirq,and
opcfation,andnulurisllylca(fs10preservationof bciirrrquali[>”,

The DTL paramclcrs arc Iincarly ramped in the first tank
(2.5-14 McV) !rum the output pararnclcrs nf lhc RFQ. The
longitudinaland mansvcrscfocusings[rcngdrsat the start of the DTL
arc forcedusbe nearly cqwd M the focusingstrcng;hsat Ihccnd of
the RFQ. This ensuresa smrrodrmarchiruntJrcDTLand midscs[kc
operation of tic matching section nearly imfcpcndcnt of beam
current. To hold [hc longitudinal focusing strength cons[imt,the
accclcra[ing field (EoT) is ramped from 1.5 104.0 MV/m. The
particle phase is also rampwl to hnkl the pbasc wid[hof the xcru-
currcnt scparatrixcnns[iin[in real space. T!rmughouithe DTL Ihc
beam size is kept small rclatlvc 10 the horc size (< 25 %). When
rcalislic fabricationcrmrs arc includcsfusing PAKTRACE,theedge
of drc busm should slay within a radius of 6 mm with 95 %
confidence.9The last three DTL tanks will each be approximcstc]y
5.8 m in Icngsfrand add apprrrximatcly19McVper tank. The barn
will be stccrcd back onm t.hcaxis bctwccneach tmk using lhc two
variab]cand rnovablcpcrmartcnt-n,agnctquisclrupsdcslocated 1~~
apart be[wccntanks. Simulationswidl up m twice tic transvcrw
cmimmccor Lhrcctimesthecurrental.sashowedno bcismlossandnn
transversecmit[anccgrowth. The pwwrwtcrsof the J)TLarc lis~cdin
TableIV.

TAJILKIV
J)TL Design Parismeters

Frequency
Injcclionenergy
Oulputenergy
Jnjcclioncumcm
OuIputCUrrcni
Emiltarrcc(n, rms)

Inputtrarrsvcrsc
OuIputIrarrsvL!sc
Jnputk ,lgi[udinal
output longitudinal

DTLIcngdr
Numberof cells
Numberof larks
Magnclickmicc
SY-nchmnnusphase(frompeak)
Accdcratingfield(Q)T)
MPSEF
Total rf p]wcr

428 M}I/.
2.S McV
70 McV
25 mA
25 mA

().1!)Xmm-mrild
0.19Jrrnrn-mrad
().063x 10-5 Cv-s
0.069x 10-5Cv-s
23 m
151
4
Ff)Df)
-35 [o-30 dcg after 14McV
1.5M4.()MV/misfrcri4 McV
1.4EK(28MV/m)
12MW



DTL.C(:LMutt’hing!ktion

Sink’cIIIc,CC! opcralingfrequencyis lhc third h,lmmnicof
the DTL ircqucncy. the hewn must b’ tsunchcdfor longi[udirral
ln;ttchingand u;msicrstly mislchcdmm tic C(’L magnetic lattice,
T!ICm:i[~’hlllgscutionmust accomplishtilis wilh Iitllctwarnlossand
ncgliglblccsn]itliillc.:gr(.nvth. Ttw cone.cplu;il design for rhis scc[iorr
ac.c{~mplishcs these rcquircmcnrs in a S}UCCof 2.7 m using two 1284-
\l }{1 r!’hu!:chcrs, onc ciuadru~>]csinglc[, Jnd IWOqtliid!u~olt
d,whkls. “rhcquwffupolc &)uhkL$ iUCan Upslrcam Cxlcnsiorr Oi Ihd:
CCL I:l[ti(c. Tbc hunchcrs arc pwitiomxl hctwwcnuw first and
s~,~.wu.f.mdAt tbird and fourrhquisdm~x)lcsand will bc powcwdh},
splitting r!’f:~>nlthe first CCL kl>,str,]n. Space is avtiilal.,lefor
L’UrrdIl[, ~kwiliwr,w.dcncrg},diagntls[iusin Ihis de.;igrr. Analogous k)
Ihc DTL rn:i~ching,[hc firs[ [No ttusksof (IICCCL have rarnpc(i
grudicn[snmkingUwopcra[irrgviducsof [hism~’chingsection nearly
~wrcnl indc~hmfcnt. The beam sii.c rcmains n~iul>’cm-rsmntso (hc
P.ARN1lL.A~;nlulii(k)rrsindicalc no losses or cmiltancc growth.

.+ stwrding-wa~c CCL will bc used for mosl of Urctmcrgy
g:iinpr(jiidcd b} tic Iimc. It is Lhcsimplestof the Iirwc[ypcsused
(~n[hcSSC”.prot,ides tfrc nighest griufient. and is I}IClcMt expensive
pcr rnclcr [Ofabrictitc, hlany CCI.Sof the side-cor.rplcdI}p have
hcm huilt during the Piisi tw.cnt)ycisrssince il UMdc\clopcd and
uwd l~uthe 80()-NIcVLAhlPF Irnx. II hascspcclallykm cxplrsikxf
Ill rcccnl }ctirs for clcutron aucclcrawrs used for a t aricty of
Jl)pliculions including Con]mcrc.ia]nlcdic’illdiagnostic and Ihcrtspy
dc~:cc$.free.clcctr.~nlasers. a..d rticclris~.k nlicrolr.ans.10 The side-
(~~uplcdiinw was rcccntly adopltxlM the iscc.clcratorof choice fnr
the Fcrlnil:ihIimscupgradeM400 McV.’]

The CCL will upcratc on the [hird harmunicof tic DTL--
12W\lHz. The highmfrcqucrwywaschosento rdscc strucnsrcand
rf costs througha smaller, mtwccfficicnt smlclurc and m raise [hc
tnltagc brctikdo%n [}lrcshold. A harrnunic higher than the [hir(f
t(mplicatcs the DTL-CCL rna[ching scctiou and Icads 10 more
cml~[isnccgrowth. An average grstiiwr((F4)T)of 6.7 MV/n~w!dra
peak surf~ccfield of 32 N!V/m (1.0 Kilpatrick)will bc used. Tbc
rdri(l of peak surfucc field In irvcragc griidicn[ is kept low by
c:llwging[kc (;rslcrradius of [hc nose of tic accclcris[ing CCII al Ihc
c~pcnscof shurr[irnpcdancc. “flrisshmrhfprovidevery dcpcndablc
t..pcr~ti(mwith a tsricf commissioningpcrirsd,>-clkeep the Iin?c
lengthsht~r~[o rninimizcCOSI.Afteran ini[i:dconditioningperiodof
d fcwda}.s,the linacshouldlosea pulseduc [t)a sparkic.sslhanonce
pcr Ir:wr. The rf s.ystcmand H- smsrccwill pmhnh!ycause !OS[
pulsesa[J higherrate tian linacsparks.

The cnuplcd-cisvitylinac will be mudc IJp of CCIIS[ha[ arc
hr~zcdtogcttwrinto tanks. The tiks are scparalcd[o providespace
i,~rf,.,cusirrgand s[ccringmagnetsand diagrmstics. Tfwnumberof
CCIISpcr twrkis tfcwrmincdby [hc minimumspa~ingpermi[[cdfor
[fwquudrupolcsin tilemiqplcticIauicc. The ranksarc tticnrcsorwmly
,t)upl,:dII)gc[hcrin[omodulestvir)rbridgecouplers[o minimizelb:
nu,mbcrof kl}stronsyswnv;(Acsc [.~ically contrihrlc nearlyhalfof
[}wc(mstruc:iorrcostsof a high-gra;l,cntIinac). Tbcnumberof tanks
.hu[cm h. coupkxftogetherin a mrxfulcwithorlcrf sourceis limited
hy ~c ~radicn[dr(xspin thecm!tanksandtic avaiiirblcpeakrf power
p’r klyslnm.

The side.cwupieds[ruclurcis [he most cfficicnlsiruc[urcfor
lt,w-currcr,~,Icsignssuch as this whereunc k~ystronwill (irivcmany
cells. If WCallw.v33 90 drnupin tic graiiicnlfromlhcccnlcrccl] 10
‘hccndCCII.a side-coupledmodulewith 128accclcra[ingcellswould
:tiplirc a 5 % couplingconswt htwecn cellsandwouldhavea shunt
impdrncc at 82 % of tie SLIPERFISHviiluc. Similarpcrformamx
for an on.axis mmfu]ewouldrequire a ](J ~0 cnup]irrgconstantand
wouldylcld a shunt Lmpccfanccat 67 % of drc SUPERFISHvalue.
,\n annuLw-ring-crmpledstmr.!m with four coupling slots would
r,quirc a coupling crms~ant(JI 7.1 7C and would yield is shunt
In.~dwrcc a[ 69 70 of the SUPERFfSH value. The high coupling
c(]l,stant available from [hc diskand-washer struclurc docs nnt
~Ju:;~cigt]thecrrnsirfcratrlccnginwringdcvclrrprncrrl$li]lrequiredand

tic complexityuf inning!hcslruciurem avoidIhemodescrossingtk
accclcrwingfrwfucrrcy.

The prcwm dcsi~n of the CC’Lfrom 70 m 60(1McV was
simulolcdwiti 60 tanksnf 22cells/mrrk(20 cells/tunkin tic rmxfuic
end tanks). Tcn klysrmnsarcMcxiMpowertiw.scas 1f)m[)(ftil~swi[h
six [anks/nwdulc. Mulliplcccl] bridgecou@crs(5 and3 /32/2)will
bc used10iiccmnrmxlale(>30cm) lhc focusingquadrupok ilrllfbeam
Lfiagnos(icshclwccn [anks. Tlw spiicinghclvwcnmodules will bc
ldr~ci to isccmnrnodnlu Ihc mldi[i(~naldiagnostics and an isolalion
viscuunivalve. Convcnlionulma~nctquadruwlcs arc used with70.
dcgrcc phase advance pcr cell. %hcIxwcn~lhc limscslirls wilh ;,
radiusof 1.27cm and is rcduccdto I cm afwr t.hcfr[hrnodulc. Wi[h
alignmcn~errors simultstuf using CCLI”RACE,the bcwn should
afwaysfi!l less Ihwr60 % ~f Ihc trorcwilh95 % cmnfidcncc.’zThis
boresim shuuldh’ conscrv:i[ivcfor this low-dulylinac.

A[ the cnd of rhc Iinac, 99 ixrcmrl of [hc beam should be
wihin a 1-McV winrkm m(f tic brt-raii~-l-kam -radilisralio is
3:1. The CCL designpariunctcrj arc stm)rniuiA in Table V. This
scclionof tic Iinac is cxpcctcd [o e~sily ~anspt~rl Lhc beam with m!

Iosscsandno cmimurccgrowlh. In fac~it”rhcWtsnsvcrsccmiuanceof
rhcsuurccis improvedby rrfacmrof two, mostof dwt imprrnwmcut
shouldsurviveIIICentire Iinacas Prcxcn[ly(kigid.

TABLE V
(XL Design f%srsstneters

FI~ucncy
injcclirmenergy
f ,ulput energy
lnjcclioncurrent
Oulpulcurrent
Erni[usrrcc(n, mls)

InputIrirnsvcrsc
OulpulLransvcrsc
inputlongitudinal
OutputIungl[udin:d

CCL Icngrh
Numberof mtsdults
Numberof tanks}wrmmlulc
Numberof cellsper lank
MagneticIallicc
Synchronousphase(frurnpeak)
Accclcralingfwld(@T)
MPS?;F
Tmal rf m)wcr

1284M}{z
70 ,Mcv
600 McV
25 mA
25 nui

C.19Xll)J1l-nUil(f

0.21rrrnm-mrad
0.06x 10-5Cv-s
().()6 X l(~s CV-S

117 m
10
6
22 and20
Ff)DO
-30 dcg
6.7 MV/m
1.0EK(32MV/m)
140MW

The CCL was sinwlalc.f M 1 GcV oy continuing the siirnc
moduleand rnagnc[iclaitice srrucmrc. An arfdilirsmdlengthof %!m
was required. The barn continued to be v,cII bchiivcd,withnrrlosses
or cmlnanccgrowrh. The brlrc-rddius-lo-bcarn-radius ratirs rcrnaincd
appruxirnatcly 3:1, undtic energysprcarfgrew’tn onlyslightlyirbovc
2 McV. A f~hrrc upgrade of lhc SSC Iinac 10 1 GcV wiil bc
s[raightfmvarrfsinceUwadditionaltunnelIcmglhwill IXbui1[during
tic originol conslruclimr. Prior w upgrade, LIICcxlra lcnglh will
crsn!aina transport line consisting of a continuation of Ihc CCL
Iislticc.

Rf Requlrernenk

As clcsurlhd abrsvc,!hc SSC linac is cornpuscdof ~hrcc
diffcrcn~ accclcral.w structures (RFQ, DTL, und CCL) al [wrr
different frqucncics (428 and 1284 MHz.). The high-powerrf
rquircmcn[s of tic three:ystcms arc showninTable VI.
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TAllLII:VI
LlmscRf PowerSj’stemRequirement.s

RFQ DTL CCL

Frequency(MHz) 428 428 1284
Pulic lcn~th@s) 50 50 50
l@tition rate (Hz.) 10 10 10
Rittcdpeakpwcr (MW) 4 4 20
opcru[ingpcakpouer (MW) 0.3 3 15
Numtxrof klysuons o 4 10
Upcrating efficiency (%) - 50 45

Thepowerfor the RFQwill be spli: fromthe klyslrondriving
rhc first DTL lank. This is feasible for two reasons: first, the first
f3TLtank h,?; I MW of excesspowersince it has a rampedgradicnl;
amfsecond, tic beam loading of fhc RFQ and first DTL tank arc
similar. The lubeswill acnsallybe o,pcralcdat 25 percentIcss~wcr
from their rated and fac[ory tcs:cr.rV21UCSto improve reliability,
shurtenIum.onlime,andprovidecontrolmargin. A 50-/Lsrf pulseis
chosenm providea 35-ps linacham pulse. The 15-/1sdifferential
willb usedforcavityfilhimcandsc[tlingof drcfeedbackconmols.

Eachrf ampliticrconsis[sof a chargingsupply,pulse-forming
network \PFN), pulse ‘~ansforrncr,and klystron. Since ;hc duty
factor is so low. efficiency is not an iSSttCin operating costs;
dwrcfurc.nominalklys!ronurbccfficicncics arc aswsmcd. Klystiwt
tubesat thesepowerIcvelsandpulselengthsarc readilyavailable. A
PFN is the most straightforward and well-unrfcrsloodmodtdaior
schcmcavailableand will workWCIIat a pufscIcngdsof 50 #s. The
dc powersuppliesarcsmaflbecauseof thelowdutyfactor.

The low-level :f systcms will provide the feedback and
fccdforward required m maintain the fields in each lank 10 art
arqdi[udeconstantto 0.5 9C anda phaseconstantto0.5 degrees.

StatusandSchedute

The presentSSCschedulecalls tor 200GcV tc.stbeams[o bc
iwailablcby drcendof 1995.Thisrequirestheoperationof thelinac,
LEfl, and MEB. In supportof this we are plcrrningon starting the
cmmmksioningof the full Iinacby the cnd oi 1994. The sourceand
LEf3Ttcsrs have already s[artcd. The RFQ will bc added in early
1992to the iimsctest standat drcDallasoffices. Installaticmof those
componcmsandthe DTL at the SSC campus shouldbegiIIby theend
of 1992.

CostEstimateand ProcurementPlan

The base cost (no contingency, cscaituion, or R&D) of the
SSC Iir-mcwas estimated [o be approxima[clyS33 million J FY90
doliars. Approximately90 %of the linac will be procured from
mduwry.The DTLstructures,CCLswucturrx,andrf systcmswillbe
buih by industrialparmers. The source, LEBT,and RFQ arc being
built either internally or [hrough collaborations with other
ksbcsralorics.
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RFQ LENS FC)R LOW ENERGY ION BEAM FOCUSING*

D. A. Swenson, D. D, Gillings, W. J. Hoffert, S. R. Schmidt
Science Applications Imcrna:iorml Corporation
4161 Campus Point Court, San Diego, CA 92121

A bstract

A new application for RFQ focusing has
been identified, namely that of preparing low
energy charged particle beams for injection into
RFQ Iinacs. The relatively large -diameter..
short-focal-length rcquircmcnt of this applica-
tion has proven difficult to satisfy with conven-
tional, static, electric or magnetic, quadruple
or solenoid, Icns elements. The RFQ lens offer
some unique capabilities for this application: 1)
being electric in nature, the RFQ Icns is particu-
larly effective for low energy ion beams, 2) being
If in nature, the RFQ lens can have arbitrarily
short periods in the focal structure, which can
produce near-symmetrical action on the beam in
bo:h transverse planes, and 3) being primarily
two-dimcnstonal in rmturc, the RFQ lens offers
less aberrations 10 the beam than a highly three-
dimcnsional array of quadrupolc Icnscs. The
RFQ icns, used as suggested here, may represent
an important ncw clcmcnt for low energy beam
trans?ort systcms. The lens exhibits a net
focusing in both trimsvcrsc planes, maintains a
near circular beam throughout the lens, has no
freq:icrrcy or phase constr~int to subsequent
Iinac strocturcs, hus ~cccptablc surface field
strcng, hs. and is tunublc, simultaneously in
bot!~ transverse phmcs, by rf amplitude. A 10-
inch-diamc[cr, 3.5-inch-long, 300-hfHz RFQ lens
UII.t, complctc with a 20-kW, cIosc-coupled, rf
power syslcm has been designed, fabricated and
tcsl cd. Features of the design, fabrication, tun-
irig wrd cxcimtion will bc prcscntcd. Results of
the preliminary beam tests will be dcscribcd.

RFQ Lens Background

The succcss of RFQ lifiacs presents us
with lower energy beams in low energy beam
transport (LEBT) systems and the need for more
strongly convergent beams at the cntritncc to
linacs. Achieving the required focusing with
quadrupolc or solenoid lens systems has become
a problcm. The Iowcr beam cncrgics give added
impetus to the usc of electric, as opposed to
magnetic Icnscs in these regions.

The RFQ lens is an electric quadrupolc
lens with the added advanttigcs that no insula-
tors arc required to support the resonant elec-
tric fields in the structure and the required
“alternating grudicnt’” feature is provided by the
tcmporal al tcr:!alion in the polarity of the
f; :Ids .

——— —

RFQ Icnscs arc inherently simpler than
RFQ linacs. They have been around longer than
their lin:.c counterpart, finding application in
atomic physics, plasma physics, and mass spec-
troscopy. Prior to this initiative, however, they
were thought to be too weak in focusing strength
to scrl~c the dcmitnding application of matching
Iow-energy ion bcwns into modern RFQ linacs.

A kcy observation, made by one of the
ituthors fDAS), is that there are some configura-
tions of RFQ lenses whose effect on the beam is
indcpcndcnt of the phase of the rf excitation at
the time that the piuticlc enters the Icns. This,
m turn, suggests that these configurations do not
have to bc synchronized with the linac phase or
frequency to have a useful focusing effect on the
beam. In particular, it suggests that RFQ lenses
could bc designed to operate at a lower fre-
quency than the Iinac where their strength
would bc substantially stronger.

Properties of RFQ Lenses

The focusing strength for RFQ dcviccs is
proportional to B=Ek2/(f,m/q)r), whcr: E is the
surface electric ficid on the tip of the clcctrodc,
k is the rf wavelength, m/q is the mass-to-charge
ratio of the beam particles, and r is the radial
aperture of the c!cctrodcs. If E is cxprcsscd in
units of MV/rn, A in meters, m in McV, q in mul-
tiples of the proton charge, and r in meters, the
quantity B, which wc will call the “B-value” or
focusing strength of the RFQ, is unitlcss. For
example, an RFQ lens with E=l 1,2 M-d/m,
k=l.O m, m=938 McV, q=], and r=O.01 m, has a B-
valuc of 1.2.

For a given beam particle and electric
surface field limit, the maximum achievable
focusing strength of an RFQ lens is proportional
to i2/r. Hcncc, for small apertures, small wavc-
Icngths (high frcquencics) arc acccptablc; for
large ilpcrturcs, Iargc wavelengths (low frc-
qucrtcics) arc required.

The optimization of RFQ lirmcs for focus-
ing and acceleration of small diameter particle
beams essentially precluded [hc usc of RFQ
ltmscs, operating at the Iinac frequency, on the
lurgcr diameter hcams in LEBTs, bccausc of
irutdcquatc lens strength, The kcy observatiofi,
prcscntcd here, is that there arc some configu-
rations of RFQ lenses that do not have to be at
the linac frequency in order to effect a useful
transformation on the beam and, in particular,

* Work stipported by U.S. Army Strategic Dcfcnsc Comn]imd. Huntsville, AL.
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may operate it a lower frequency where their
sti:ngihs can be substantially higher.

l?.
The basic components and pctformttncc of

art f ‘.F<) lens for LEIIT applicmions are shown in
Figf.1. The Icns comprises three sections,
namt>”, ;hc in’~t matching section, the ccntcr
sectIcl,,I,rmd t!lc output matching section. 11 is
the pi ?pcr configuration of the two matching
section”. that gives the ail-important phase indc-
pcndcnc: of the focusing action. The RFQ field
strength in the two matching sections must
increase smoothly from zero to full strcngtit, or
vise vcrsit, over some minimum distance to allow
the beam to adapt to the [ime.varying rf fields
within the Icns.

The beam profiles through the basic RFQ
lens, as dis~laycd by the TRACE program, itrc
shown in the lower part of Fig. 1. The horizontal
profiles are shown above the center Iinc and the
vertical profiles are shown belot.v. The four dif-
ferent trajectories, seen in each profile near the
ccntcr of the lens, correspond to four different
p.httsingsof the beam relative to the Lms cxcita-
tlon.

Figure 2 shows the transverse phase
spaces (the six boxes at the top of the figure)
and the bcarn profiles (the Iargc box at [he !lot-
to~, of the figure) for four beams, separated by
90” in phase. at the beginning (Icft), middle,
and end of an RFQ lens. The phase spaces dis-
play the trans~crsc dimensions of the bcmn vcr-
SIUSthe angular divcrgcncc of the beam. The
bwtms arc ctmsidcrcd [o occupy the eliip[ical
regions in the transverse ~hase spaces. The A
and B values in each box correspond to the a and
D twiss parameters respectively for the four
beams.

The phase space and profiles of the four
beams are chosen to bc identical at the input
side of the figure. In the middle of the lens, the
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tTg. 1. Basic Components and Pcrformancc of an
“RFQLens.
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Fig. 2. Phase Spitcc at Beginning, Middle and End
of RFQ Lens.

phase spaces occupied by the four beams arc
dramatically different. The fact that these phase
spttccs and profiles coalcscc at the end of the
lens ticmonstmtcs that the lens action is indc-
pcndcnt of phmc,

Consider a beam in it LEBT that is tcn
times the diameter of the beam in a 425-MHz
RFQ Iinac. Because the radial aperture of the
Icns clcctrodc must be ten times Iargcr thari that
of the iinac in order to accor,~modatc the beam,
the itci,icvablc RFQ lens strength in the LEBT, at
the frequency of the RFQ linac, is down on order
of magnitude from that in the Iinac. Since the
focusing strength is proportional to the square
of the rf wavelength, the possibility of using a
1OO-MHZ lens, instead of a 425-MHz lens,
rcg.~ins that ortix of ,magnitudc in strength.

A unique feature of the RFQ !cns is its
ability !O achicvc short focal lcngihs for large
diameter beams, utilizing qtuutrupoic focusing,
while maintaining nearly circular cross-sections
for the beams. This requires focal pcriodicitics
that arc short relative to the diameter of the
beam. This can bc shown to bc impractical for
electrostatic or magnctostatic quadrupolc !cns
systcms and practical for the RFQ lens. In the
static cases, the field limitations arc !ongitudi-
mtl and the field pattern is highly three dimen-
sional. In the rf case, the field limitations arc
transverse and the field patterns arc primarily
two dimensional, which may in turn reduce beam
itbcrrations, In these geometries, the transverse
field limitations arc mLch higher than the longi-
tudinal limits. lcadi!xg to higher focusing
strengths and shr)rtcr (OCaI lengths for the RFQ
ICtis.



A wide vitricty of match conditions arc
possible with the RFQ lens. The OUtpUt of (hc
RFQ lens has azimuthal symmetry its rcquircti by
the input to RFQ Iirmcs. Consequently, matching
a beam to an RFQ Iimtc with an RFQ Icns mity
require only two adjustable parameters com-
pared to the four adjustable pammctcrs required
by static quadrupolc systcms. The two
adjustable parameters could be lens excitation
and lens position. Another approach would be to
have two RFQ Icnscs in timdem to provide the two
adjustable parameters.

The RFQ Icns differs from an clcctro-
smtic quadrupolc lens bccausc of the timc-
dcpcndcnt nature of its electric fields. Urdikc
an electrostatic lens, it can discrimiruttc
bctwccn different ions spccics in a particle
beam. The RFQ lens is similar to a magnetic lens
in that it focuses Iightcr particles more strongly
than heavier particles of the same charge and
energy.

The choice of the optimum length and
frequency for a specific application of the RFQ
lens is compliczucd by the interpkty bctwccn two
competing phenomenon. The focusing effect of an
RFQ lens is a complex function of its Icngth,
ttpcrturc, excitation, and resonant frequency.
Lor,ger Icnses require less electric field gritdi-
cnt, w“hich implies lower surface electric fields
and less rf power. Larger aperture Icnscs
require the same electric field gradient, which
implies higher surface eiectric fields and more
rf power. For systcms involving highly diver-
gent or convcrgcrit beams, Iongcr lenses, with
!ncir lower electric field gradient will a!low
larger beam cxcurslons, which, in turn, will
require larger lens apertures and more rf power.
This puts an upper bound on the lens Icngths for
some Icns applications.

The input and output radial matching
sections of the lens add to the total Icngth of the
lens. In these sections, the electric field gradi-
ent must incrcasc smoothly from zero i~ full
strength, or vice versa, to allow the beam to
adapt to the time varyilig nature of the rf fields
within the lens. Design expcricncc tells us that
these sections should each bc about three
particle wavelengths in Icngth: shorter sections
result in significant beam cmittancc growth. In
some casu, lower frequencies, with their longer
matching sections, will allow larger bcrsm
excursions, which, in turn, will require larger
lens apertures and more rf power. This puts a
lower bound on the frcqucnc!cs for some lens
app Iications.

The RFQ !cns, as dcscribcd here, rcprc-
scnts an important clcmcnt for low-energy beam
transport systcms. It offers exceptional
strength for low-energy irm beams. It exhibits a
net focusing in each transverse plane, maintains
a near circular beam throughout the lens, may bc
exceptionally low in aberrations, has no fre-
quency or phase constraint to subsequent linac
j! ructurcs, has acccptabl e sur face field

strengths, and is tunable, simultaneously in
both trwtsvcrsu planes, by rf umplitudc.

Design, Fitbrication, and Test

An RFQ lens was (icsigncd, fitbricittcd
itnd tested. The goal was to focus a slightly
divergent, 20-nlA beam of 20-kcV protons into a
modern RFQ linac, Beam dynamic studies (using
TRACE2D) suggested suitable parameters for
this systcm to include a rcsonitnt frequency of
300 MHz, a !cns Icngth of 10 cm, a radial aper-
ture of 1 cm, and it focusing strength of 1.2.

A decision was made to fabricwc [his
RFQ Icns as a very short, Iargc-diameter, four-
vanc RFQ smucturc. The initial estimates of the
transverse dimensions of the lens cavity and i[s
rf power rcquircmcnts were based on two-
dirncnsional rf cavity calculati,-,ns (! HJPERFISH),
These estimates suggested a cavity diameter of
25 cm, a vane-to-vrmc voltttgc of 112 kV, vane-tip
electric field of 11.2 MV/m, a maximum surface
electric field af 13.9 MV/m, and a peak rf power
of 7.1 kW.

The outer part of the Icns citvity was
constructed as a heavy-walled cylinder, 10
inches in diameter and 3,5 irtdics long, Four
vitnc assemblies itrc mounted inside this cnclo.
sure, attached to the heavy cylindrical wall by
Iwo concentric push/pull screw assemblies.
Electrical contact bctwccn the vwrc brsscs and the
cavity walls is based OHflexed fins at the edge of
the vane bases, which arc designed to produce a
substantial force against the wall. The vacuum
rcquircmcnt for the RFQ Icns is simplified by
surrounding the entire lens asscrnh]y with a
vacuum housing that bolts directly to an RFQ
Iinitc.

The rf power is supplied by a closc-
couplcr rf power systcrn base on an Eimttc Planar
Triodc, Y-690, which provides a peak rf power
pulse of 26 kW at a 1% duty factor.

In the prclimirwy test 01 this RFQ lens
systcm, no fGcusing action was ohscrvcu. During
the test, it was dctcrmincd that wc were low in
Icns strength, by a factor of 4, duc to an ithnor-
mally low cavity Q value and insufficient rf
power. Neither of these limitations arc funda-
mental and furt!’cr tests arc plmtncd. The RFQ
lens concept stili seems sound and its rcitliza-
tion still seem pritcticitl.
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NEW \’ANk:S FOR RFQ1

R.G. Ctiitlley, k’,t).Adams, (X McMichitel,T. I’ran N:OC
AECLReseurch,ChalkRiver I ahoratnries

ChalkRiver, Ontario,Canada,KOJIJO
T.S, Bhatia

La AktmosNationalLaboratory,
IAMAhmsos,Nf$l87545USA

Absiraci

The RFQ1 accelerator was built with rcplaccablcvanes; the
optionhas alwaysexistedto rcplacclhcexistingvaneswithncwones
havinga revisedgcomcto’or construction. The nngimslvarscswere

.-c -~ .ie(.lric fi:!d Of i.5 times Kilpatrick,designedwith a peak sL,.a.. :.
whichis nowviewed as behg too conscrwativc. The ncwdesignwill
use a -peakticld of 1.8 Kilpatrick and a moditht tip protilc to
increasethe oulputencr?y from 0.6 McV to 1.3 McV. Compulcr
simulationshave been done using PARhlTEQ and RFQCOEF to
assess the effects of higher order harmonicsof the potentialon beam
losses. The vane will bc machined out of GlidCnp AL-151(an
aluminadispersion-strengthenedcopper)with the cooling channels
gun drilled. Heatingcalculationshab”ebeen don.:usingMARCand
hlENTATwith rf currents calcukucdby hlAFIA and SUPERFISH.

Introduction

The new vanes for RFQ1 must bc designedwltbinconstraints
imposedby the existinghardware. The principalchangesarc in the
vane [ip shape and modulation,but there are some changes in the
vane body related to the structural matcnal and machirtirrg
techniques. The basic parametersare given in Table 1.

TABLE1
RFQ1 %sic Parameters

Frequency 267.0 MHz
hsputEnergy 50 kcV
Vane Length 146.88cm
BeamCurrent 7S mA
BeamEm;ttance(rms, norm) 0.05 ~ cm mraii
RF Power <200 kW
PeakSurfaceElectric Field 18 ● Kp

The differencesin shapebetweenthe ncw vanes, as showni,
Fig. 1, andthe existingonesare in the tip (whichdoesn’tshowin ‘:le
figure) and its the wideningor hip near the base. This hip i“ i~
accommodatecoolingchannel~and adjust the resonantfrcqucmy to
compensatefor the smaller aperture.

VaneTip Cross Section

Thevane tip, as shownin Fig. -,* is the only partof the vtmccf
interest to beam dynamics. Specifically, most of the design
procedureinvolva fsndingthe apemsre a as a functionof z. The
dimensionscommonto the old and ncw [ips are CL = 12.70 cm,
A = 0.60 cm, and B = 11.045cm, where CL is the distancefrom
the vane base to the tank ccntrc line and B is the distancefromthe
vanebaseto the numericallyprofiledpafl of [hctip. The dimcnsiom
to be daesmined are P and ~. The ra.~iusof curwsturcof the tip

does not directlyaffwt beam dynamics, but IS significant lwcausc it

,,! ;, il

Fig. 1 NCWvarw design.

affects[hcpeaksurfuccfield(cnhanccmcntfactor),the structure
resonuntircqucncy,andthe harmonictwrnsof the potentialnear
the beamaxis.
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Fii. 2 Vanetipcrosssection.

Enhancementk“actor

The cnhanccmcntfactor is shownas a functionof O/rOin
Fig. 3. The peak surface electric ficht is EFACT ● (V/r,J,
where V is ~hcintcrvanevokagc and r. is the mean apwturc.
For highest current limit and acceleratinggraslicnt,one war?s
(V/r~ to bc.as high as possible. However, the peak ckctric
field is Iimitcdby sparking, so a minimumEFACT is wanted.
If [his were the only cmsidcration onc would choose O/rO=
0.75, However, modificationof the potcnlial hnrmonicsor a
desire to main~in constant inicwsnc csspacitancc misy force
other choices.

42

—



!.42 1
or in the notationusedby PARMTEQ :

1.40
j

t
Enhancement factor w p/r,

/

/
/’

1.28i–——----.--l-----
0.50 0.60 0.70 0.80 fl.uo 1.00 1.10 1.20

p/r.

Fig. 3 Typicalenbanccmcntfaclorvsohm.

ResooantFrquency Stabilization

Onc of the design optimizition~ requires a small variation in rO

with z. This will cause a change in resonant frequencyand a field
tilt unlesscompensatedby some means. There arc several ways to
do this, but a convenientmeansk to vary p as indicatedin Fig 4.
This showsthe variation in plro required to maiutainthe resonant
frequencyas calculatedby MAFIAas rOis changed.

VANETIP TRANSVERSE RADIUS OF CURVATURE
(26? Wiz)

:1 /
%80

075

~/

p/r.- -5 25r,[ + 6 45re - .85

0.70

065
4

0.32 0.34 0.36 0.38 0.40
r. (cm)

Fig, 4 Variationof pk. to rnainhinfrequency.

flarsnooicI’ermsof Potential

The potential in an RFQ near the bwm axis may be written

.
U(r,e,z) - ~c#r)* -(w

●-o
. .

whew k = z/L
A = 4s for odd m

= 4s +z for even m

U(r,e,z) = Awl + cos(2@)
+ A,OIo(kr) COS(!CZ)
+ & # COS(69)
+ A,z l,(k) COS(4SJcos(lcz)
+ A:, 11(2kr)COS(20)cos(2kz)
+ A= I&?kr)COS(68)cos(2kx)
+ AM10(3kr)cos(3t@
+ A3214(3kr)cos(40)cos(3kz),

The idealizedtwo-tcnnpotentialis
A,O= (V/2) ● (1/rJ2
AOI= (V/~) ● A “ &(2xr/{(3A))
where A = (m2-1)/[mzIo(2~a/{(?h})+lJ2mma/{~A))]

The actualA,o,AO,can be calculatedwith RFQCOEFand
vary withp as shownin Figs, 5 and 6. Care mustbc takento
controlthe higherorder terms, someof whichcan affectbeam
spill.

Ow, 8.801

Fig. S AIOharmonic. Fig. 6 &l harmonic.

Vane hsgitudinssl Profile

The designprocedurefor the longitudinalprofile is fairly
standard,cxccp~that it includesa consitlcmtionof harmonic:.
The computerprogramCURLI is used first, uainga C, = 150
mA, and W~= W, * (99.5/r$Jz. $, is ~.hesynchronousphaseat
the end of the gentle bunchingscdion and is a fru parameter
chosento optimizepcrfom]ancc. W’ is the energyat this point
ar,d is calculatedfmm the injectionenergyW,. CURLIselects
parameters that give a specitkl C,, the longitudinal a(ld
transvcm.ccurrent limit. RFQUIKis then uwxito gcncratca
two-termpntcntialdesignwithan adjisstmcntin the accelerating
section, as auggestcd by Wangler.z POTRFQ is used to
calculate the harmonic cocffscicnts,and PARMTEQused to
calculate the transmission. The choice of o is an iterative
process Icquinng compromises. The final design is given in
Table 11.

TAIILE 11
Final DesignParameters

OutputEnergy 1.237Mcf/

OutputCurrent 75 mA
Number01’Cells 120
Vane Volfagc 17.4 ~v
Peak Ficht 1.7C● Kp
Transmission 87fi
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TABLE11[
RFQ Parameters

CELL a m Lccll r. o Emax EFACT

10 0.3429 1.0243 0.581 0.34700.2638 27.83; 1.2474
20 0.3334 1.0825 0.586 0.34670.263328.361 1.2°/10
30 0.3252 1.13620.605 0.34640.262628.7191.2871
40 0.3180 1.18580.650 0.34610.262228.883 1.2945
5tl 0.3127 1.22240.728 0.3461 0.262228.803 1.2910
60 0.3082 1.2521 0.846 i’ 34620.262428.559 1.2801
70 0.2951. 1.3471 1.019 0.346’30.262528.284 1.2677
80 0.2478 i.7536 1.342 0.34640.262727.9041.2515
90 0.2484 1.7978 1.769 0.3564 0.’280127.32”11.2591
IW 0.2498 1.~53 2.155 0.36970.303627.123 1.2955
110 0.2530 1.9448 2.516 0.38740.335026.562 1.3292
115 0.2558 1.98702.691 0.39850.354926.169 1.34”/1
120 (3X95 ?4303 ~.862 (3.4114 ~.378f) ~50739 1.3667

Table III shown a (minimum apcfiurc in the cell), m
(modulation), LceU (cell length), r. (mean qwtIIrcI, and o
(tmnsver:cradiusof cumature)every 10cells.

Note the incmsc in re and the correspondingincrm.sein p
&bovecell 100,and note that the maximumfieldoccurs ALcell 40,
so the rise in enhancementfactorat cell 120is not a problem.

The vafition of transmissionwithintcrvancv, ,::gc is shownin
Fig. 7 and the variationwith inputemittsnccis shoi ~tFig. t?.

NEWVANESTRAidS~IISSION
vs. MAXIMUMFI1LCI

100.01

F%.7 Tntnsmissionvs maximumfield.
Vane construction

Tlte varrwwill be machinedfrom singlepieceaof GlidCopAl-
15dispersion-strerrgtherredcopper,usinggun-boredcoolingchannels.
This material has a strength comFarablc to mild steel and a
conductivity92%of thatof OFHCcopper, Tests of this materialare
describedin a companionpaper.~

ThermalCakulatiorss

calculationshavebecn doneuairrgsurfaceheat fluxescalculated
by SUPERFISHto de4errnirsethermaldistributions,thermalstressea,
and dcformatiorrs.The results indicatean incrcmein vane heightat
till powerof 0.033 mm and an increasein lengthalongthe vanetip

NEWVAN[STRANS’dlSSION
VS. I!4PUTEMITTAtJCE

950

1

c 000

r

o
v.-W 0n.-
Emc
~ a50

‘“x

aoo ~ —7——0.05 005 066 IJ07
c,.,-,”.- (n-cm -mrod)

Fig. 8 TransmissionJ ~iij)ut emitttsncc.

of 0.142 mm fromccntrcto end, The most severedcformtition
occ?Jrsnear the endsof the vane, wherethe heightwill increase
by O.O76mm. The resultsof the calculationsarc shown I Fig.
9. ‘llrcsedcformationsarc smallenoughthat theywill not affca
opxation of the RFQ.

0.033 mm

0.142

Arrows e

F@ 9 Distortionof vme dueto thermalstress,
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STUDYOF HIGH-STRENGTHCOPPERSFOR RFQ1’SNEW VANES’

T. Tran-Ngocand R.M. Hutchesm
AECLResearch,Chalk RiverLaboratories

Chalk River, Ontario,Canada,KOJIJO

Abstract

This papersummarizesa studyof high-strengthcopperalloysto
sclecca suitable material for new vanes on the RFQ1 accelerator.
GlidCop AL-15 ahsminadispersion-strengthenedcopper has beer,
chosen for its high strength, relatively highthermalandelectrical
conducti~?iticsand its ability to retain its strength through heating
cycles. The results of a dttaited test pmgam to evaluate this
materialarc also reported.

Introduction

In the design of the RFQ1 accelerator structure, low-carbon
steelwas usedtn providestructuralstrength. Insidesurfaces,where
appreciable it’currents flow, were copper eleclro-pk.d,’ This
design is complex, expensiveto fabricateand difficult to modify.
For the newvane.#it wasdecidedto see if an improveddesigncould
be obtainedby usinga high-strengthcopper alloy. A test program
was conductedon the selectedalloy to verify some of the properties
and requiredfabricationtechniques.

CommerciallyAvailableHigh-StnngthCoppers

Copper can be strengthened significantly by alloying, by
precipitationhardentig or by dispersionof a second-phasematerial
in the coppermatrix. UsuaUy,aUoyingclemenL9causea significant
loss in the electrical conductivity(e.g., brass and bronze). In the
age-hardenedcondition, the precipitation-nardenablealloys (e.g.,
zirconiumcopper and chromiumcopper)offer higher strengththan
pure copper at room temperatureand better electricalconductivity
thanalloyedcopper.3However, extended exposure to tempen.tures
above the initial aging temperature lower bolh the strength and
wnductivity. Thedispersion-strengthenedcoppersprovidebothhigh
conductivityand strength, and rcmain stable afler expsure to high
temperature.’

Several high-strength, high-conductivitycopper alloys were
considered for the RFQ1 application. Their yield and tensile
strengthsvary withthe amountof cold-work,and am summarizedin
Fig. 1. Electrical conductivitics are shownin Table 1.

Due to its high strength, good electrical conductivity and
stabilityon prolongedexposureto hightcmpcra!urc,GlidCopAL-15
in low oxygengrade was chosen for the new vanes.

~hifi work was partially supported by Los Alamos National
Laboratoryunder contractNo. 9.X5D-7842D.1.
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Fig. 1. Tensileand yield strengthof coppers.

TABLE 1

RoomTemperatureElectricalConductivityo! Coppers

Material DC Electrical
conductivity(%lACS)

OFHC 101
Ag-Cu 96
Tc-CU 90
Cr-Cu 80
Zr-Cu 95
AL-15 92
AL-64) 78

Evaluationof GlidCopAi’z15Copper

AUour test specimenswere machhwdfr~ma lowoxygengrtidc
31.75mm(1.25”)diameterAL-15rodiamplc, whichhasa minimum
yield strengthof 317 Mpa (46 O&2psi).

Plug Welding

In general, cxtcnsivc welding of the material for joining
structuralcomponentsis not recommended. The Iargcdifferencein
ccmity betweencopperand aluminawi!imakethe Iattcrscgrcgatcin
t}lcmelt and crcalc non-uniformitiesin the propertiesof the welded
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joints. In our rtp~lica!ion,it is only necessary to make small welds
to plug the ends of the gun-dnllcdcoolingchannels,and (hescare in
locations where such variation of k material properties is not
important. Soundand leak-tightjoints havebeendemonstratedusing
helium-shieldedtungsten-arcwelds with 70% Cu 30% Ni rod and
OFHC copper rod as frllcr materials, and also with cleclronbeam
welds.

Brazing

Becauseof the fme grain structure of AL-15 at brazing
temperature,the silverconstituentof the brazingalloysdiffusesvery
rapidly away from the joints. Nickel or copper plating is
recommendedas a barrier to ttiis diffusion.’ The higherthe brazing
[cmpcraturcihe thicker the requiredplating layer. Nickel plating
was used and test joints were mttdcbctwcerstwo pieces of AL-15,
and bctwccnAL-15and stAinlcsssteel or OFHC copper.

Duc to the SICUheating rate of our radiant furnace (abJut
3.5°C/m”mnear the brazingtemperature)we cncountcrcdthe ab:we-
mcntioncddiffusion problem evmr when using the manufacturer-
rccommendwtplatingthicknesses However,irtcrcasingthe plating
thicknessand minimizingthe holdingtime at brazingtemperatureto
about5 minutesyieldedgoodresults. Leak-tightjoir.[swereob~iirred
usirr~Cusil (liquidus = 780”C) and Palcusil5 (liquidus = 610”C)
with nickcf plating thicknesseso; about 0.013 mm (0.0005”) and
0.025 mm (0.001”), wpcctivcly.

S!mhanjeal T=K of the Racetrack-Shape ~OnUmsWd ~Oi~t

The vacuumand rf seal btiwecn the RFQ1 vanesand tank arc
made by a compressedjoint.1 Tests of the stren@t nf the sealing
edge were carried out using GlidCo;, AL-15 samples in the as-
rcccivcd, highly cold-worked(deformedby a compressionload of
1050N/mm).w-tdheat-treated( 3 cyclesup to a maximumof 900”C)
condition,and comparedwith mild-steelASTMA266class 2.

Vac[usm-tightjoints were.ob~linedfar all AL-15 samples at a
Iinemcompressionloadof about 140 iirnm(800Ibs/in). The results
of mechanicaltests, performedin stepsof incxasing bolt torque, arc
illustratedin Fig. 2. The scaling“x~geson all samplesincrcasd in
radius and were reduced in heightby about the same amount,wi~h
most of the deformationtakingplace duringthe fii[ loadingcycle.
Comparing the results obtained for different sample materials
indicatesthat:

- Up to a load of 480 N/mm (2750lbs/in), AL-15 in tire as-
receivedand heat-treatedconditionis comparableto mildsteel,
- AL-15 in a highly cold-workedconditionoutperformsmild
steel in the testing range, and
- The heat treatment has very little effect on the strcrtgthof
AL-15.

The seal at the bouom of txtch RFQ1 vane is compressed by
thirty-six 1/2-20 UNF alloyed-steel screws at 120 Nm (90 R-lbs)
torque. At this levelcoppcrwot.ddwear andgall; therefore,Helicoil
inserts arc sisedin aUthreadedholes. Sucha screwwas torquut to
2q0 Nm (160 R-lbs)in a }iclicoil insert in AL-15with no apparent
dar.lageto the threadedhole or the screw itself.
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Fig. 2. Changein heightof the scalingedf;cs.

RF (hsductivity Measurements

To measure the rf conductivityof AL-15 in the 300 MHz
frequencyrarsgc,an open circuit terminate.1onc wavelengthcoaxial
TEM rcsonistorwas fabricated(SCCFig. 3). h comprisesan OFtiC
coppercylindricalouter condu~tor(radius, rO= 42,3 mmand 1.4 m
long)and a ccntrt conductor(radius, r, = 12.6mmand 1.0 m long)
whichis supportedby two tcflondiscs. The test was performedby
makingmtisurcments with an C3F}Wccntre conductorand with a
geometricallyidenticalconduc!orma~eout of the test material. For
this arrangcmcnt,the ratio of the ccnductiviticsas a function~fthe
measuredunloadedQ’s (with the CJFHCcopperand with the samp!c
ccntrc conductors)is given by the followingformuia:

MeasuredQ’sandcalculatedconductivitiesarcgiveminTable 2.

TABLE 2

MeasuredQ and UF Conductivityat 290 MIIz

Sampletype MessuredQ QOFHC asamtdc
Qsample ‘OFHC

OFHC copper 5493*?O 1.000 100%
AL-15 5322*2O 1.032 92%

Al 6061-T6 4166x20 1.319 50%
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2. B.G. ChidIcy,G.I?.McMichncl,T. TmwNgocandF.P. Adam,
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\rTEFLONSUPPORTS 3. OFHC BrandCopper?!CWS,Vol S ho 1, June 1965, American
Metal Climax Inc.
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14.?Um 156P) 1 4. GlidCop Products InformationBulletin, SCM Metal Products
Inc., 1988.
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Fig. 3. Resonatorstructurefor the Q mcasurcmersts

Sparking Characteristics

To determine the rf sparkingcharsctcnsi;:.? for this material
wouldrequire a high-powerresonanttest structure. his wouldbe
as cxpcnsivcTObuildas the newvanes,thereforethis test willbe part
of the plannedexperimentalprogramfor [he new vanes. However,
DC sparkingandconditioningcharacteristicsarc fairlyeasyto check
andwerecarriedout. Thesecharacteristicsof AL-15 were.compared
with those of OF}iC copper and aluminum. No significant
differenceswere found. All couldbe conditionedto withstand90 kV
acrossa 6 mm gap and there was no sign of damageto the surfaces
ofthc testedsampkx(cylindricalshape,diameter= 25.4 mm,comer
radius = 3.2 mm, surface finish = 0.0008 mm).

Discussionand Conchss”hms

The test resultshaveconfwmedthat GlidCopAL-15is a suitable
high-strcq$fscopper to be used in the mar,ufacturingof the new
vanes. The usc of this ma!c:-ialwill piorrca its applicationin the
acsignand fabricationof acceleratorcomponentsand willallowmom
flexibilityin the RFQ ex+@sncntalprogmm.
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COMPONENTSFOR CW RFQ’S”

1“.Trrsn-Ngoc,G.E. McMichael,G,M. Arbiqueand F.P. Adams
AECLResearch,ChsslkRiverLahoratoriea

Chalk River, Ontario, Canada, KOJ IJO

Abstract

Many components have been designed and tcstxf in cw
operation using the RFQ1 accelcratrwstructure as a test bed.
ImprovedY“CR’s(vane-coupling-rings)havebeenin serviceforover
a yearwithno signof deterioration. Dynamicusncrswere developed
and performed.hw]essly a! cw powerlevelsapproaching8 W/cmZ.
Rcccntly,the designof me drive loophus been modifiedafler some
problemswere encounteredin operation. Calculationot”the field
enhancementat the end tif the vaneshowedthat the racetrack-shaped
E?skct,which makesthe rf and vacuumjoijlt betweenthe tank and
the vane, withstands a
cxpcctcd.

The RFQ1,a 75 mA

factor of 5 higher power density than

Introduction

cw pralon accelcra:fir,has been usedM a
testbed fordcvc!opmcntsaimedat buildinga firmtechnologicalbase
for the designof cw RFQ”s. Componentssuch m rf drive loops,
slug tuners, vmc-coupling-rings (VCR’S), rf and vacuumjoints have
been designed,tested and improved.1 The design fwsturcsof these
components,their recentperformancein tcs[ingand opcrrtion, and
designimprovements,will be discussedin this paper.

RF Drive Loop

The drive loop: shownin Fig. 1, is mcruntcdin onc of the four
centreportsof the RFQ. The innerand outerconc!ucioraof the drive
loopare watercoohxf. Thcvacuumwindowis an air-corkf ceramic
(99.9% alumina)cylinder. Mechanicalclamps engage split rings
seatedin groovesnea; the endsof the ceramiccyIinoerto comprcs~.
O-ringsand make the vacuumscafs. This type of removablejoirt
pcrmi~ easy disassembly of the loop for inspection or servicing.

The loop conductor is cooled by the main assemblycooling
circuit. “fhcloopbody, sizd tu compensatefor the open vohrmcof
the port, maintainsthe corrwt rf fieldbalanceand frqucncy fo; the
tank.~

The origina! ioop designopcrstcdwithoutany majorproblems
fu: about2 yeas a; cw pwcr levelsup to 175kW. However,after
a ~-mon~ shutdo~, attempts to recondition lhC RFQ were
unsuccessfuland excc.ssivcarcing was observedin the drive loop.
Upon disassemblyof the loop, the section of Ihe ceramic cylinder
facingthe taperedportion of the inner cor,ductorwas foundto bc
heavily coated with copper (about 0.03 mm thick) which had
sput[credfromthe ncightrouringcopper surfaceson the inner and

This work was partially supported by Los Alamos National
Laboratoryundr[ contractNo. 9.X5D-7842D- 1.
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Fig. 1. RFQ1 dnvc loop

outerconductors. The loopwas refurbishedby grindingandcleaning
AC ;nsidc of the ceramic cylinder end smoothing the erochxicopper
suri.]ccs.

when the loopwus re-instalkf, only ~ fcwtens of wattscould
bc delivered to the RFQ. Much higher power could bc dclivcrccl
withoutvacuumin the P.FQ, indicatingthat nwltipactoringwas the
Iilcclycause of VSeproblcm. The ceramiccy”lindcrwas coated‘with
chromic-oxide to reduce secondary electron cmission, but no
improvementwasobscrwd. The c:ldsof the RFQ were thenopened
for a thornughcleaningof the intsior surfaces in the regionof the
cnd turrcrsand VCR’S. h was ~,hcnpossible to break throughthe
mrrltipactoringIcvcls, and a tan’~power of about 100kW (8070of
normal operating Icvel) wau rachcd before a large vacuum leak
dcvclopcdin the loopatlcr mow arcing. The ceramichad fractured,
presumablydue to thwrnal shock in the region where copper had
again sputtered 011the inner surface. The geometry of the loop
conductorsin this regionwas thenmodifiedin an attcmptto decrease
the field intensity. This changedthe pattcm of copper platingand
erosion, but did not preventthe arcingor eventualdestructionof the
ceramic.
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Most recently, the loop was modeled using the new code
SEAFISH,s SUPERFISH-likecodeable to computecomplex-vsshscd
wavclling-waverf fielddistributionsandVSWR’S.)The calculations
showed art electric field concentrationat the end of the ceramic
cylinderwherefracturingoccurred(seeFig. 2a). The-yalsoindicated
thatthe modificationshighlightedin Fig. 1wouldimpru.c the design
by: (i) giving a more uniform rf ticld distribution through the
ceramic(SWFig. 2b), whichwouldreducethe fieldstressby u frictor
of 2; (ii) improvingthe matchof the loop (froma VSWRof 1.66to
1.07) ; and (iii) climinatirtgstandingwavestrctwcenthe ccrrtmicand
the loop termination. A Icop with these modificationsis prcscrttly
being t~stcdon RFQ1.
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Fig. 2. Rf ficid distributionin the gap bctwccn inner and outer
conductors and through the wall of the ceramic window
a) before modilicat.on b) a!lcr modification

Dynamic Tuners

Onc static phsg-tuner is mounted in the RFQ1 ccntrcpmt
dircct!y oppositeto the zf drive loopanti2 mo[or-dnvcnphsg-hsncrs
ISCCFig. 3) arc installedin the adjacentpofis. The tuningphsngcr
diameter and the plunger-to-ttmkgap arc 96.4 mm and 1.0 mm,
rcspcctivcly.Thedcsigrtmechanicalstrokeandspeedof thedynamic
tunersarc j- 20 mm and 2.5 mm/s, rcspwtivcly.

Figure“H” contactfingersarc usedat the plungerslidingjoint.
The fingersarc cooledby dirrx[conductionto the outercylinderand
plunger. Wa[cr chanrwlsin the ou~crcylinder and a coaxial flow

STEPPING uorou
DRIVEN B$lL SCRCW
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R
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IIJ1. ~ IUNINC PLUNGER
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Fig. 3. RFQ1dynamictuner

circuit in the ccntrc shall of Ihc turwr provide good coolingof all
parts exposedto significantrf heating. A bronze bushing, located
CIOSCto the frort(cnd of the tuner, keeps the various movingparts
concentricw-idassures uniformcompressionof the slidingcontact
tingcrs. The surfaces that they contact arc made of solid OFHC
copper to providegood electricalconductivity. Stainlesssteelwalls
on the cavitybthind the contactsattenuateany rf fieldthat may Icak
past the joint. A mcuslbcllotts, rcmotc from rl’ ticlds, fomls the
flexiblevacuumbarncr.

Positioningof Ihc t~ning plunger is by a ball nut and screw,
directly dnvcn by a stepping motor. A motion control indcxcr-
modulc,a Iincar-potcntiomctcr,Iimit-switchesand a fuil-safebrake
arc the critical componcmsof the positioncontrol systcm.

Duringcommissioning,inscfiionsto 9.6 mm umt retractionsto
7.6 mm, from a pxi~ion flush with the tank wall, were tested.
Moved in tandcm, the 2 tuners changed the tank frequency by
625 kH~. Muv~ in opposition(one inscficd, the other rctractcd)a
dipcdcIicld of up to 10% was iltkodtsccd. The Itsncrsperformed
flawlessly up to cw power levels approtiching 8 W/cmz (1.6
Kitpakickvarrctip ticlds). The turwr moved smoolhlyurrdcrhigh
power, with no indication 01’sparking. Visual inspcctiun of
disasscmbkdcomponentsatlcr the (CSISrcvcald uo signof damage.
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\’CR’s

A pair of VCR’sarc used M each ml of Ihc RFQ1 varrcsto
suppress dipole comporwntsin the RFQ ticld.l These arc macfcof
63 mm OFHC copper[ubcs, whicharc water coold by bypassing
[hc flowIromcoolingchanrwlson the conncctcdvarws. The wamr-
to+acuum joints are scfl-soldered to allow easy rcmoval, and wc had

problcms Wi[h the solder inching during lhc tirst year of operation

Since then, the \’CR designhas been imp.wcd by: (i) incrcmirsg[hc
joint cfi~mc[cr[o dccrcascthe current dcti~h)”;(ii) usinga Iin-sih”cr
sokkr [hia~tisol-E)insteadof the Iowcr-tcmperaturc,50150~in-lead
soklcr; (iii) copper-plalingthe solderedjoints (usinga brush-plating
wchniqllc)to Iowcrs,urfaccrcsistan:c; rsnd(iv) intrciisingthe VCR
to cml-tune--postgispto dccrcasc[hc currcirtduc (U the copaci!wrcc
coupling. ‘~hcimprovedVCRjoints have been in scrvicc for over
a year with no sign of deterioration.

RFQ1 “Race(rack” Seafs

Racetrack-sha}pigaskets, maJc from 1.5 mm thwti OF}IC
:oppcr, arc compressedagainst scaling edges at the bot[ornof lhc
~wscsand on [hc tank, to make;rf and vacuum join[s. ’ They. urc
COOM by conduction 10 coobq; channels in [hc wmcs, [wtk imd
clamps. Ovcrhw!ingof the gasket at the cnd of the visncis still a
fac[orlimiting!hc cw operatingpower on RFQ1. Rcccnt MAFIA
c~lculations have confinud that overheating is duc m ticld
cnhanccmcntin the vane-endregion,whichwasnot accrsuntcdfor in
[tic original cooling design of the tank and vanes. Tnc prcdictcd
powerdensityat the boltom-cndcomer of the varwtmdon adjacent
surfacesof [he coppergasket is a factorof 5 higher than anticipa:cd
in the ong~]al desigr,. The rsscc.[rack-sha-pcdgaskets hav: thus
proven they arc able [o withstwd much higher temperaturesand
thermalgradientsthan expected.

Since rcplaccmcrnof the vane seals ic’txrly 1989, there has
been onlya minorvacuumIcaka: the high-cnmgycnd of onc of [hc
vanes. Torqtsirsgthe three bolts nearest the smd of the vane an
additional570cured the Icakand there have been no rcoccurrcnccs
in [he past y,ar.

DiscussionAnd Coocltsskm

RFQ1 has proven to be a v. AwAIctest bcd for higir-powercw
RFQ comporrcrr[s. Detailed designs for dynamic tuners, rf dnvc
loops, VCR’s and racetrack-shaped copper seals have bear
dcvclopcd,testedand improvedforcw operationup10150kW, 10%
abovedesign Powei. Akhoughrecent problemswith the opcrtstion
of tire drive loop have inkmrsptcdoperationof the facility, wc arc
gaining a better undcrstandirg of [his crilical componcruand arc
establishingthe utilityof tlic SEAFISHcode for rf cssmponcn~dcsigrr
and analysis.
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Abstract

Thecnd region af a RFQ accelerator is essentially a
3-D struc[urc in which the ends of the vane: must be
undercut to allow the clectromttgncticfields tc penetrate
bctwccn quadrants. The dimensions of the undercuts
critically affect the resonant frequency and field
homogcnei[yin the RFQ. RFQ modelingresultsutilizing
the3-D SOScode arc prescmcd. preliminaryresultsusing
coarse grids have provideda rough cstimitteof the RFQ
geometry. In the near fumrc the dimensionalrcscduLionof
thecodewill be significantlyincreased. It is expectedthat
the finalwmcdimensionscan be calculatedpreciseenough
that the number of machining iterations required to
resonantan RFQcanbe reduced.

1. introduction

In this paper, wc present modeling results utilizing
the three-dimcnsionitl(3-D) SOS1code for the end region
of an radio frequencyquadrupolc(RFQ)accelerator. This
pitper closely parallels ihc work of Browman ef al? in
which the MAFIA3 crxlc was used. The purposeof this
work is to investigate the usefulness of the SOS code
running on a mini-supcrcOmpuLcr for madcling of 3-D
structures such as RFQs. The ultimategoal of this work
is to rcduccthe numberof mitchiningi!crationsrquired to
resonantan RFQ. The SOS code has been installedon the
Grumman Smrdcut Titan computer. This is a relatively
inexpensive(-S150K) UNIXcomputerwith 3 CPUS, 96M
of mcmory, and a vector processing unit. Grids on the
order of 12@can be stored in memory, At present the
largestsimulationswc hitvcbeen successfulwith arc 62 x
62 x 30. Though not limited by mcmory,enhancements
tie being mitdc to the Eigcnvitluc solver in order to
convcrgcfor finerand finergrids. In ad(iition,upgradesto
thecomputer’sfile sysxcrnand CPUSarc alsoplanned.

The methodfordeterminingthedimensionsof theend
region of the RFQ is dcscribcd in section 2. Section 3
presents modelingrcsuhs to date. The conclusionsof this
workarc given in section4.

2. Method

The two-dimensional Lransvcrscdimensions Of Zin

RFQ are routinely dctmrtined utilizing the SUPERFISH4
[SF) c~c. This code was used 10design the 348 Mhz
RFQ shown in ~igurc 1. A difficulty in modelingRFQs
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Figure 1. 348 MhzRFQ as dctcrmincdby SF.

is thattheresonantfrequencyis criticallydeterminedby tic
capacitive coupling between vane tips, hence a
disproportional number of grid cells is allocated to this
region. Computationally, this means that lhc largest
frequency that the grid can support is often greater than
1000timtx the resonrmtfrequency,Hcncchigh frequency
contaminationem causethe solutionto convergeslowly,

Inodcr to reducethenumberof iterationsrquired for
the code to converge,a preset fieldoptionhas been added
which allows an initialguess of the ticlds to be inputted.
For the RFQ, the fields:

~(r,(l) = O (1)
Eo(r,O)= (r + rO)-l (2)

have been used. t. is the vane tip radius. After the
resonantfrqucncy hasbeen found,the fieldsare storedin a
file. Thesefilescan be read m for successiverunsin which
slightvariationsin theg@Jmt!try can be made.

Figure 2 shows a pcrspcctivc view of the RFQ
geometry. Onlyonequadrantof the RF’Qneedbe modeled
to determine the quadrupolc modes. So called mirror
boundary conditions arc imposed on the transverse
boundaries and the longitudinal boundary opposite the
undercutregion. Thesemirrorbound~y conditionsensure
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Figure 2. 3-D perspec[ivc of the SOS geometry

that the magneticfield is continuousacrosshoundarie.s.If
a metallicboundarywas imposedon orwof the transverse
buum!tics, the dipo!cmodesof the RFQ could be found.
At first only onc cell is modeled in the longitudinal
dimensionnd 40 x 40 in the tmnsvcrsedimension. This
allowsthe 2-D iesonant!rcqucncyto be found. Since Lfi~
spalkl rew!ution of the 3-D simulations is not as fine as
in SF simulations,the rcsonmrtfrequencywill differ. If
desired,the vanetipscouldbe movedin orderto achicvca
rcsor,antfrequencyc!osestto 348 Mtiz. The SOS code is
then run for the full 3-D gcomcwy(40 x 40 x 24). A
longitudinal Icngth of 30 cm was chosen. This distance
must be long enough [hat it (iocsnot affect lhc resonant
frequency.By contras!,thccngineeringml (cold)modelof
this RFQ was 4 m in acml Icngth.

3. Results

Theresonantfrequencyvs. undercutdepth is plotted
in Figure3. In thesesimulationsthe IOcalionsof the start
andendof thediagonalcut wherekeepconstant.Thedepth
of the undcrcu[prcdicterlby SOS is 3,3 cm (.*0.3 cm duc
to the spatial rcsolu[ion). This is very CIOSCto the
experimentallydetermineddepthof 3.2 cm. Machiningof
the undercutsrequi:cd4 iterations,each of whichconsisted
of disassemblingthe RFQ, machining, rcasscmblmg, and
performing bead-?ull measuremcnk. In the future it is
cxpec[edthat theJimcnsionalresolutionof thecodecan be
increased10predict the final dimensionwithinf 0.1 cm,
This could possibly rcducc the number of machining
iterations.

The electric and magnetic fields in the undercut
regionsare shown in Figures 4 and 5. As cxpcckd the
electric field is concentrated in the vzx tip region and
everywherenormalto the vanrx. Magneticfield coupling
betweenadjaccn[qua(lram~is clearly shownin Fig. 5. In
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Figure3, Frequencyvs. undercutdepth(30cmaxialIcngth)
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Figure4. Electric field in the undercutregion at an axiaf
locationof 2 cm.

order to dctcrmins lhc cxpectcd power dissipationon the
vanes,lhc magneticfield tangentialto thevanesurface.was
dctcrrnincd. Frorr,the magneticIicld, the power loss was
eafcufatcdaccordingto:

P(w/cm2)= -@& (3)

where6 is the skindepthand c is rhcconductivity.Figure
6 showsthe powerlosson the surt”accof the vane, 7%e
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ordirrmcis not the tram;vcrscdimension,but the arc length
is mot’ingalong the wrncsurfuccto the mid(ilcof the back
wall. Figure 7 shows the power 10SSon the cnd of Ihc
vane. The locationof Ihcstartandcnd of thevaneundercut
is indicated. Notice that in both Figs. 7 and 8 the
maximum power loss occurs in the back corner of tic
vane. To compare these results with the 2-D SF
simulations,Fig. g shows the cxpc.acd power loss at an
axitil Icngth of 30 cm (3-D) compared to t.hccxpcctcd
powerloss fromSF. Notice[hcugrccmcntis quitegood.
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Figure 7. Power lossalong thecnd of the vane
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Figure 8. Comparisonof the SOS and SF prcdictcdpower
loss

4. Conclusions

The modelingresultsprcscntcd in this paper suggest
that in the future the 3-D SOS code could dctcrminc the
final dimensions of an RFQ prccisc enough that the
numberof machiningiicrationscouldbc rcduccd. The 3-D
modelingidentifiesregionof high power loss, The power
loss in the corner region is about 4 times kwgcr thim the
pcilk power loss in the 2-D case, suggestingIhc need for
3-D modeling, Parametricstudiescouldthenbc preformed
in orderto dctcrmincop[imrdgcomctrics.
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ABSTRACT

The comparison (In 2D approximation, nithout taking
Into accciunt and plates) o+ Rr .arameters for four
chamber RFQ cavtties, dtffer~nq in chamber shape, is
done, Using lu~ed parameters expressions for RF
characteristics estimatims are given. It is shown
that per unit length capacity betueen electrodes
depends only on the shape of the electrode and don’t
depend on Iimension. Dependence of cavity
r.haracteristics from working frequency is
considered.

~NTRODUCTI~

RF(J [11 cavities becomes now the necessary part of
modern linear ion accelerators. Features of the
structure f~ particle beams ●re nou well known.
There are several methods to form quadruple field
distribution. Four chamber H-cavity is widely used.
Lhfferlnq in d-gn, four chamber cavities have some
general properties. In this paper attempt to analyze
this properties is donz.

!JEFINITIU4S OF VALISIS

,Numer~cal calculation of the RFQ cavity
wtth end plates ●nd Olectrmte modulation
1s essentially 3D problem. But
characterist~cs of thw regular part of
can be est~mated with usina usual

properties
in account
main RF

the cavity
2D codes.

SUPERFISN [21 or MLTIllODE [31~ For consideration;
!et’s define main paramutere. Takinq into ●ccount
2D approxlaation, we shall use ●ll quantities
divided on length of the cavityt

a) RF power dissipation

r
b! stored energy

fl)

U.
wo=— JH; dS,

2
(2)

s
C) Czpacity of thn electrodes

2 U.
c =— , (3)

U2
d) shunt resistance (for transversal focusing field)

P
‘t= ~ ‘

(4)

s

Voltage between electrodes and quality factor don’t
depend on the length

‘o JH dS,
‘u% z

(5)

s

urn
Q

3
=—, (b)

P5

Here Rm is Wrfar19 resistance, r,S are boundary and

square of the chamber. To avoid misunderstanding, we
shall use ●ll qua!~tlties, mentioned above, for one
chamber, so integration in (1),(2),(5) is inside one
chamber. For the whole cavity, taking into accuunt
identity of alI chambers, we easy iind

# =4P5, 8%=41J0, U==u, C==4C,
s z

‘t =i3t/4, Q ZQ

All quantities, mentioned above, can be calculated
during numerical simulation. But H-cavity may be
considered as a detiice with lumped parameters. Plots
of lines tia=crmct on fig.1 for different shapes of
chambers are shcxm. In 20 ●pproximation lines
Hs=const coincide~ n:th lines of the electric field.
IWmber of Iinax. At each plot equals 9 and H- between
lines chang~s at 0,1 Ihwax. One can sqe that without
dependence on chaabar shape electric field is
concentrated in the small space between ●lectrodes
and in main part of the chaber magnetic field is
approni~ately uniform. It allons successfully use
definitions of the electrode capacitance ●nd the
chamber inductance.

RF
by
is

DEPENDENCEOF T~ CRVITV IXARACTERISTICS

F- DI FIEltsIoNs

pouer needed to have the voltage qiven is defined
sl~:nt resistance. At the same time ratio Rt/Q
defined by electrodes capacitance:

R
-l?-l

.,n (7)
“u 2uN0 UC

Next statmment is valid~ for electrodes witho~+
modulation per unit length capacitance between
electrodes depends only on shape and placement of
electrodes and don’t depend on dimensions. Suppose
we have several infinitely long parallel conductors
which are arbitrary placed in XY plane. To find
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capacitance betneen i-th and j-th conductor we keep
i-th conductor with potential Go ●nd calculate
charge inouc~d at j-th one. This conductor
configuration generates distribution lhfxay) of the
potent~al in XY plane. Capacitance per unit length
is:

,.. .fU‘r @n‘)dr fgrad~ Ui(xoy)) d,.
OL
—= —= — R - (al
dl ‘o ‘o ‘o

where Uo - voltage between conductors, u - surface
charge density, Em - electr~c field ●t the surface
of the ccmductor. Let’% change cross dimensions in v
times without changing in potentials at the
conductors. If so, distribution Uz=U$(x/V,y/U) also
will be the solution of the Laplas problem and dC in
(E) w1ll be the same, because changing in dr Will
be compensated by Inverse changing in grad!Uz). This
property 15 a straight consequence 04 the
lonrjitud~nal homogeneity of the proljlem. For
electrodes with simple shape of the cr>ss-section
analytical relatim for capac~tance may bti found. In
this paper numer~cal method by using (3), which
seems more flexible, nas applied. For proposeo in
Ref. [41 electrodes with nalf- circular
cross-sect~on and radius of circular be equal to
radius of the aperture capacitance is C = (31.3
t C.5) pf/N. Compar~son of electrodes with different
shape one can find, for example, in Ref. [51. To
have working frequency ~ith capacitance C given it
is needed to adjust inductance 2? . In assumption that
Hz is ur,iform in main Dart of the chamber ●stimation
for Inductance:

and next

u=/Jo u

1= u

x = fJo s

relat~ms are valid:

H S, !=H Ps=8ulaW 8mul’

c

where L is
equivalent
relations,

o

w,

(9)

R9 Ha L
=max

o
2

the length of tha chamber perimeter, I is
current. Tak.ng into account these

we can find est~mat~ms for Q and R ;

.~ /7 F— —— (11)
R9f C 1.

1 IJo s
R.= — —

K Rs C L

In formulas (11) there is geometrical formfactor -
fi/L - ratio of chamber square to chamber perimeter.
For reasonable shjpes of the chambers, which are
shown In fig. 1 , this formfactor changes slightly
and has maximum value fi/L =0.2B for circular. It
explains more high value of Cl fcr variant, shown in
fig. 1 . In table 1 calculated by ttlJLTIilODE code
values Q fnd Ri for chambers, shown in fig.1, aro
given. The results presented confirm the conclusion
that there are no large ~ncrease in quaIity factor
with optimization of the chamber shape. It is
dlff]cult to say, that any reasonable %hapm has
large features in their radiotechnical
characteristics and technological aspects come at

firSt pOSitiOn. R@sultsc which ●re presented in
table 1, mnfirm relation (71: for the elmctrode
shape given Rt is directly proportional to Q.

RFQ cavity mumt prov!ae quadruple focusing and
RF powmr needed to a(Just gradtel k G of the ‘ocusins
field is

~ ~ Q* a.—— (121s
8 Rt

Umually RFLI cavity operates with maxirium possible
ulectric field En at thu surface of the electrodes.
RF power needed is

Es a=
pg . #

B csaRt

(13)

2 EM a E9
a= — =— , !14)

Ga U

time a is ●perture radius, a - ratio of maximum
elr.ctric field to middle onn in the aperture. For
electrodes proposed :n Ref. ~51 a =1.4. Relations
(12), [13) are usual for sy~teas with quadruple field
distribution. Results of this chapter shows, that to
decrease RF power needed it is necessary to take
minimal possibIe aperture and electrodes with small
value of the capacitance. Large improvement tn R
with chamber shape optimization seems not be
possible.

WORKING P9RRPI”kl%M!&EBEM!YM

To estimate RF parameters of the cavity at
frequency, if the samm parameters are known ●t
frequency for similar cavity, it is helpful to kno~
there dependence vs frequency.

From relations (6) - (B) we findl

Q a f-”* .--a
, Rt = v . (15)

Such unusual dependence of Rt vs f is consequence of
definition (4). To find maximum electric field
●valuable ●t ● given frequency one usually use
Kilpatric relation. If so, for RF power in (13) we
have dependence

ps u a= +*’= (16)

Taking into ●ccount that length of the chamber

parimeter decreases as f-’, ne see that heat loading
per unit square of the camber surface. rises ●s

f 7’=. With increasing of working frequency RFQ
cavity cooling becomes severe problem.

Table 1 Calculated values a~ (JJ R, and irequmncy

shifts caused by boundary displacement ●t 1 mm
inside cavity. Marking frequmncy is 19B.2 MHz.
----------------------------------- .----,---
NO Rt,kOm dfi dfa dfs dfa df~ R, Hem

1 12300 315 -37.0 -4.7 -1.0 2.9 3.3 19.3
2 i3270 340 -37.0 -4.7 -1.0 2.1 3.0 16.1
3 13s00 346 -37.0 -4.7 -1.0 2.0 2.9 17.6
4 13800 354 -36.5 -4.6 -0.97 2.3 2.4 16.05
5 13B30 S55 -..0 -4.6 -1.0 1.5 Z.3-,., J~.05
6 15200 390 .35.7 -4.5 -1.0 2.1 3.9 7.i2



SwmYLIY E ?= k!QwI!E mEwEi!&Y~~

QWJWQMSM YMC!B&BD!=ffix-

For usIIal cavity dimen6ionles coe+f~c~ent
d+ X.

5. = — 2
\

( 17)
(IX; f

nhere x.- I - th d1een61m of the cavity , wh~Ctl
t

depend only on cavity shape and dm’t depend on
frequency, describes sensitiv~ty of the working
frequency to Small deviatlon06 In di610n6ions.
Peculiarity of H- cavity is that, such description
isn’t valid for region ne&” AXIS. Small dev~ations
In electrode dimensims destroy geometrical
slmllarlty and capacitance becomes depending on
dimens~ons. So, for dimension of the electrodes Di
15 inverse proportional to absolute values of
d~mensions. In taDle 1 frequency chmges (in Pltfz)
caused by displacement of boundary parts inside the
cavity at 1 mm are given. Working frequency is
198.2 MHz radius of the aperture 1s equal to 6.536
mm.The partx of boundary are labeled at fig. ic,
VarkaIItS in the table 1 are In accordance with shown

In fig. 1.

,-,.@NCLusIDw

Sameproperties of the four chamber cavities, whicn
are radlotechnlcal rt?al~zation af the RF12structure

are considered. It i6 shorn that per unit length
capacity between electrodes depends only on the
shape of the electrotie and don’t dekend on
dlmens~on. Some expressions for W characteristics
estirnatims are given. The author n~sh to thank 1.V.
Iiinin for ‘~p in preparat~on of tb%s work and
L.V. IVaw” or helpful discussion.
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mill x-W.ODE STABILIZING LOOP FOR FOn~#\FJE TYPE RFQs
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Abstract

The tuning of four-vane type radio-frequency quad.
rupoie (RFQ) linacs iddifficult, mmnly &cause dipole modes
whose resonant frequencies are close *O that of the acteh?r.
ating mode uasily mix with tho accelerating mode. In order
to avoid dipole mode mixing, sewwal pairs of the vane
coupling nn s (VCRS), which provide periodic electrical
connectior,s %stween diametrically opposite vanes, havo
been mainly used so far. However, the VCR is ditllcult to
fabricate and is less reliable under high-duty operation.
Thus, a new field-stabilization concept has been proposed,
and is referred to as a n-mode stabilizing lcop (PISL). The
concept is bas~d on mode stabilization by magr etic coupling
between two neighboring quadrant cavit;es with closed 100P
couplers. ‘rheresultsafrecent calculations using the MAFIA
code package W;th an increased number of meshes are
presented.

Introdu :tion

In a four-vane type RFQ tavity, the lowest mode is a
dipole mode (TEl10-mode). the magnetic field pattern of
which is schematically shown in Fig. lb) or Ic). Its resonant
frequency is slightly lowertlmn the accelerating mods ofthe
lowest-order quadruple mode (1Z210-moc!o),the magnetic
field pattern of which is schematically shown in Fig. la). An
RFQ, being long compared with its rf wavelcn@.h,has mnny
other higher-de; dipole modes (“.’Elin-mode), the res+
n:int frequencies ofwhich arehigherorlower than that of!he
~iccelerat!ngmode, or sometimes close to that of the acceler-
ating mode.’ The dipole mode with a resonant frequency
closer to that of the accelerating mode is inure easily mixec!
w“iththe accelemting mode by a small amnunt of pcwturba-
tion. Sir.~.ethe dipole mode gives rise to bpam bending, the
mixing of the dipole mde reduces the acceptance of’an RFQ.
Also, the mixing of the other modes to the accelerating mode
is rIca~se of accelerating fkid nrmllniformity.

In order to increase the frequency of the lowest-order
dipole mode nigher than the accelerating mode, several pnirs
of vnne co:lpling rings (VCRS),2which provide periodic elec-
trical connections between diametrically opposite vanes,
ha~”ebeen used in most of the successfully operating fc,ur-
vane type RFQs. A“thoug~ an RFQ with several pairs of
VCRs is stable against the mixing of dipole modes, it is
difllcult t~ fabricatx. A VCR tith a cor,plicakd shape must
be machined in p narrow region ;,wide of the cavity. In
particular, the crnling of the VCR and t!le electncnl conr.;ct
between the VCRand the ve; ,?s(important for the high duty
operation) ar~ }“erydi~cu]t.

‘f%u~,,a now fie!d-stabilization concept hns been pro-
posed, thtit is bnsed rm mode stabilization by magnetic
couplinL between two neighboring quadrant cavities with
closed iocp couplers. ‘l%isconcept is referred teas a PISL(p-
mod~,stabilizing lrmp),3since the qundrupole mode is consid-
ered to be a rt-morieazi.muthally a- d the PISL is effective not
(I,]lyfi,r thu fnur-vnnc type RF’(j cnvity, but nlso for a ri-rnode
Cil}’lty ‘:. II*K :1 tllr IJJ~L {s tvllllparwl w“th the VCR; it is
s}mwtl t.tmt tilp f’1 Iiin tlo IxI/:IIItlc. d lit 111111vms,rm of the
PIFi,,

IN l.his Ililper, the results r-drecent calculationsnro
pr=;:<llj!1,1IIIi1(tilIIi?l~:IIll!PISI, ll~i11~tlll$tilh P’ ,?1Co,lt, III’ 1(
uge ‘J Wlt}ltill Ill. ‘ ! II 111.11111., (, !,1(.;; Iw

1’
1 ‘1 IL ~L All’,

tions were carried out in UlI II] 1,. I, ..,,,: ti I I f,’1J ,! tlh 1he
PISLS for the Japanese Iiadron h,~ject (JliiJ).”4 A pruct.i~nl
i nst’diation rlet’hod of the PISJ~i~ alsi. chcri t.vtl

Principle and Instnllatiort Method of the PISL

The principle of the PISL is detailed in ref. 3. 1! is
briefly described by using one type of the possible PISL
arrangements shown in Fig. 2. which will be used for the
RF’Qof the JHP. It can be seen thut two closed lonps made of
a conductor are formed by nddin two bars to a cont”entiona]

tfour.vunetype RFQcnltity. Erich arisconnect.edtothc walls
of two neigk,boring quadrant cavities through n clenrance
hole bored in the vmle. These loops are referred to as PISLS.
The nrea surrounded by the PISL is shown by the hatched
region in Fig.2. It is noted thnt the cavity wall was used os a
pfUt of the PISL,

In order to understand the principle of the PISL, it is
intportant to note that the total magnetic flux nm-multo the
su..-facesurrounded by a conductive closed loop will be zero,
since the tangential electric field vanishes at the surface of
the conductor, as does the integral of the electric field along
the closed loop. Then, the magnetic flux shown in Pi la)or

%Ic) can enter inside of the PISLS, while the flux of g. lb)
cannot. Therefore, the PISLS have little effect on the field
pattern and, thus, on the resonant frequency frmthe modes
shown in Figs. la) and Ic). On the other hand, the magnetic
flux shown in Fig. lb) will make u detour around the loop,
incensing the resonnnt frequency. In this wny the PISL
pushes up the resonant frequency ofone of the dipole modes.
!t is noted that the hatched area is proportional to the
coup]ir!gstrerlgth as the lowest-order approximation. Since
the PISLsshuwnin Fig. 2huvelittleeffect m-itheotherdipnle
mode shown in Fig. Ic), the other pair of PISLS must be
instnlied to remaining two varies for suppressing this dipole
mode.

A practicnl way to install and cool the PISLS is
schematically shown in Fig. 3. The PISLS can be fabricated
from cutside oft.he ca+ity by inserting bars after assembling
the antire four-vnne cavity. It is thus expected that the
fabrication of the PISL will be much easier than that of the
VCR, The PISLS can be cooled by the water conducted
through the pipe used as the bnr. l%eil, the connection point
oitkle water path cnn be chosen nt the outside of the ca%ity
nnd independently with the rfcontnct pmnt. Therefore, high
reliability for electrical and thermnl contacts is expected.

Remdts of MAFIA Calculations

[n order to suve CPU time, a small numkerof meshe:;
(N:. ~ >N,=20. 20. 49) were uwd jn cnlcu]a[i~ns of ref. 3,
where {he shape of the cavity was rather different from the
actual .wate. Thus, after increasing the number uf meshes
(N xN x lU,=34. 34. “71)wc cnrriedouta MAFIA nnalysis on
a Ifeali&ticcnvity, which has a!most the same shnpe [LS the
RFQ for the JHP.

At first, the resonnnt frequencies of the lowest-order
qundrupol~ nnd dipole mndes (TE21O- nnd TE110-n~odes)
were crdculated fornn iderdly symmetric f.,ur-vnne type RFQ
cavity with infinite length. Because of its symmetry, only
one-quarter o: the structure wns neccssury for the calculn.
tion, as shown in n t)li”ee-dill~el”,sionalcomputer plot of Fig.
4. I’hiflstructure, whose length L, is 17 cm, is referred to as
M’!] (standard), For the TE210-mode the boundary c.mdi-
tilm itigiven by perpendicular magnetic fields to the bound.
tity :111rl’aces ofx=O,y=O,z=O,and z=.L,,while for theTE110.
mode the mngnetic fields perpend]culnr to the kxmndnry
$;urfilrcsof y=o, Z=O,rrnd z=L, and parnllel h x=0.

‘1’llrPfIIICtII I I III !’1’:1, wvrt’stlldl((l . iL!, the struc-
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Fig. 1. Mngnctic field patterns ofthc qundmpale mode(a) and the two dcgcncrated dipolemodes(b,c). Fig. 2. Arrangcmcntoi”PISL.

ture shown in Fig. 5. This structure is the same as the
structure shown in Fig. 4, except for the bars, which are pnrts
of the PISLS shown in Fig. 2c), nnd clearance holes through
which the bars pass from one qundrmt cavity to the neigh.
Lw-ingquridmnt cavity. The cross sections of the bar and the
clearance hole nre circles with radii of 2.5 and 7.5 mm,
respectively. These values and the position of the PISL were
chosen in order to satisfy such technical requirements as tile
cooling >ath and rigidity. This structure is referred to as a
PISLJHP. The obtained magnetic field petterns of the
lowest-order quadruple rmd dipole modes m-e shown in
Figs. 6 and 7, respectively. The magnetic flux of the dipole
mode car not enter insi(ie of one of the PISL (see Fig. 7a)), as
describeti ahve.

The results Of the ca]cu!ations are summarized in
‘Ihble I. In order to study the nccumcy of the calculations
with the MAFIA we also listed the results of the two-
dimensiomd recise cnlcu]ations (N IN =150X150) with

?SLT%X!FISH, designn*wdby STDSF. me’symbo]sof f~nnd

%
arc the resonant frequency nnd Q.value of the lowest-

or er quaclrupole mode, respectively; fDand QDare those of
the lowest-order dipole mode, and Af =f . f .

It is noted that the dipole mode~asOa!$werfrequency
thnn that of the quadruple mode in the ideally symmetric
four-vane type RFQ cavities (STD-SF nnd STD). Although
the resonnnt frequencies, f%and f , of the STD nre about 3
MHz lower than thoae of aTt)-~ respectively, the fre-
quency difference, Af ~,ofthe STD is in goodn~eement with
that ofthe STD-SF. flerefore, it isexpecbdthnt the relntive

Fig.3. Practical wRyto install and cool the PISLS.

values, such us the frequency differences, are fuirly reliable
in calculntiorls with the MAFIA.

In contrast to the ideali~ symmetric four-vnne type
RFQ entity, the lowest dipole mode of PISL.JHP has about
a 35 MHz higher resonnnt flequency than does the lowest
quadrupolemode, indicating that thetuningofthe four-vane
type RFQ becomes encier with the PISLS. In designing an
RFQ cavity with PISLS, it should be noted that the PISLS
iower the Q-value by about 5 Toand the resonnnt frequency
by nbout 4 %, respectively.

Conclusion

A practical way to install and cool the PISL, which
satisfies such tcchnica} requirements as the cordingpath and
the rigidity, nre presented. The MAFIA analysis on this
arrangement shows promising results: the lowest dipole
mode has nbout a 35 hlHz higher resonant frequency than
does the a.ccelemting mode, and the decrease of the Q-value
caused by the PISLS is less than 5 %.

The rwxts% of the study of the PISL is to tist the
iperformance of the ISLempincallyby installing the PISLS

in the cold model of the RFQcavityforthe JHP. If the results
are promising, the PISLS will be ins’ailed in the RFQ linac
for the JHP.
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TABLE I
Summary of the calculations.

‘%R ‘lhfw% ‘hm ‘0‘kk
STIM3F 432,%$4 10014 418.810 9836 -13.434
STD 429.410 9707 416.166 9532 -13.264
PISIJHP 412.b98 3227 447.778 7!M3 35.080
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Fig. 4. l%ree-dirnensiona] computer plot of the STD
struc!:ire.

6a)
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6b)

Fig. 6. PISLJIIPS magnetic field pntt,erns cf the lowest-
mder qumirupo]e mode on the surfaces of z=O(a)
and z=L, (}j).

Fig. 5. ‘1’hrea-dirnensionalcomputer plot of the PISLJH?
structure.

7a)

7b)

Fig. 7. PISLJHP’S magrwtic field patterns of the lowest-
order dipole mode cmthe surfaces of z=O(a) and
z=L, (b),
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MEASUREMENT OFAN RFQ COLD MODEL CAVITYFOItTHE JHP

A Ucno,oY. Mori, A. Takagi, C. Kubota and Y. Yaomazaki

‘at’on”lbbO’atO?”fOr H’TEncr? ‘h’’’”1-1 Oho, Tsukuba-s I, Ilm.ra l-ken, 05, Japan

Abstract

A rrulio-frequency qundnrpole (RFQ) linttc will be
constructed us n preinjectnr linac for the Japrmese Hruiron
?roject tJHP). Its resonrmt frequency, injection t,nd final
energies rire determined from benm-optics cctnsiderntkms of
the entire system to be 432 MI{z, 50 keV nnd 3 MeV,
respecti~.ely. In nrdcr to nchieve these requirements, keep-
ing the mnximum surfuce electric field to ICSSthnn 1.8-times
the Kilpnh-ick limit, the RFQ becmrws nbout 2.7 m hmg. In
order t!>exnmine the field st.nbility ofsuch n long RFQ cnvity,
ii cold model cn~lt-v,withoutvnne morlulnt]on or n sltie-tuner
Nns constructefi with Ielativc ink~rvmw-tiistauce errors of
1..ss than t30 pm. T?w mwwurements showed thnt ii good
!,,rlxl:udlIl:l] ~lnd~zimut}l~ilfiuld uniformity within i3.5 ~~
lowld b achieved b)’adjusting onl}.end tuners.

Introduction

A long RFQ Iinac with n rusrmunt frequency of 432
>.[![z snd n les ~th of 2.7 m (nbn,lt four times of the rf

“’l~t”.~telw]gthj u IIIw constructed ns n 3-M(*Vproinjector linnc
~imthe .!iipi~ni.~c’Hmirrm Project (,JIIP).]~ Its rfduty is to be
3 %, r,!the~ hig}wr than that rrfcommon RFQs.

IL goner-al,It is diffwult t~,f,abrirate n t.our-vi~n~ty o
tRFQ lin.lc that is Inng compared with the rf wnvub-mblh or

th~’ follrm’ing reiiwns. 3 Since the frequcmc)’sepnrntirm he-
twwm tw )neighboring quiidru~lu m-dipole modes (’1E21n-
,llld ‘r~k, ,n+l).m{,des ~jr TE1 In- nnrl TEll(n+l)-mmics)
!)t.cc,nlt.s sma]]er for a ]rmwv ca~ity nnd the lowest-order

i,iipole mcae (Tk:1!O-m&) as n slightly smrt!ler frequency
Ll,7.;, rirJcs‘L .wctilmating mode \TE210-mocie), t“he fre-
quency rii~fcrcncehetween the ncccler:iting mode and the
nearest riip,.lc mod;., ,Jr the nenrest higher -onier undruple
ml)(i[.,he.omes smaller for a Ion w cavit . The requency

trfdifference tx=tw~entuo modes is c o.selyre nkvl to the t.oler-
;~nceof the inachi ning, since n small nmount oft he nsymme-
II>.can mix the two mudes with a small frequenc}’sepnrntion.
‘1’i~erefore,the specitlcntions for the mnchining raccurac

ibecome mm.c se}ere for n hmgcr RFQ. C)nthe other han
iwcurn~ machining nntutwlly becomes more diflicult for
lrmger vnnes.

The mixing of the dipo!e n:ode nriscs from the nzi-
muthal asymmetry, resulting in ncm-uruformdistribution of
the stored energy among the four quadrnnt cnv+ties.On the
other !mrrd,the mixing of the higher-order qundrupole mode
is cnused by n longitudinal im

r
rfection, resulting in a

iongitudinnl field tilt. Itisrmtedt ntthe mixing ofthe dipde
mode hns a worse effect on the beam thnn does the field tilt,
since the dipole mode hns a ‘bending effect on the benm,
reduci~~ the nccept.nnceof the RFQ.

?
~~eltherofthe four-vane type RF” with vnne coupling

rings (VCRs)4nor n four-rod type RFQ thnt may cure the
above problem of the dipole-mode mixingcnr, easil meetthe

/’present requirements ofkmthhigh duty nnd high requcncy.
(_htthe other harid, the above mentioned difficulty with the
four-vane type IWQ wns not sutliciently understood qunnti-
tntivei to make a final decision to choose the IWQ pnrnme-
ters. T1US, n cold model was thbncatid in order to develop n
machining method that cnn meet the severe s

r
cifications

and ta study the rfcharnc’, e~istics uf the long FQ cavity.

Machining Mathod and Et.xnvs

A cold model oftt-reRFQ cavity (Fig. 1) was fnbricnkd
by nsscmbling four pieces, ns was Origrn.q!iyproposed nt
LAh”L(Los Alamcs National La’boratiwy),flErich piece is
rrmdeofvacuum-me]ted oxygen-free copper pillar, to which
silver is ridded (0.2 %) in order to strengthen th~ matil ird
mechanical [y. Each pillar WMfi~nchir,~d with formed cutters

inti, a cross-sectional shape designed with the computmcode
SUPERFISH,7 ns shown In Fig. 1.‘Thiscold model is an ]denl
RF(J cavity without vntle modulation, n radial mntchin ~
section or n side-tuner, except for the vnne-ends nnd the eni
pint.es.The vane-end cuttings nre rectnn~wlnr (Fig. 2n))nnd
their vane-end coi~ditirmt;can be n~usted b insertin ~the

& knchtuning pln~s shown by the hntched nrens in g. 2b-c).
of the end lntes is equipped with four cnpncitive tuners (C-

tftuner) nn four inductite tuners (L-tuner) made of copper
plungers (F’@.3). ‘Nw rf field is mcnsured with the bcnd-
perturbntion method, introducing n Lend into the inside of
the cavity thtou ~hone of the five holes bored in ench of tile

z)
end Intes. The IVCho ,.*nrc locntid in order to measure the
fret nt the beam nxis nnd the stored energies of the four
qundrnnt cavities. I.oop monitors cnn bc ine*alled in the end
plates. A hoto~wnphof the cnvit is shown in Fig. 4, where

f c1the end p otcs nre removed in or ertoshow the inside of the
cnvity.

The intervnne.distnnces could bc mensuretl when
three pieces of the pillnrs were nssemblcd Devintirms of the
measured distances from the designed vnlue nre nhown
nlong the lonbtitudina]

r
sitirm in Fig. 5. It cnn bc seen thnt

the relative intcrvnne- Istnnce errors tire less than *3O m.
?The measured resommtfre ucwc nnd Q-vnlue o the

Jrwcelernting mode is 431.236 MII~ nn 8000, respectively.
The former is n little lower ;hnn the cnlculnt.d vnlue of’
432.244 MIiz. This discrepancy is understnndrdde ns n
result of the dipole-mode mixin ~ described in thu next

isection. The lntter is 80-percent o the calculated vnlue.

RF’ Field Measurement

At first, the best tuning plnte regnrding the freid
distribution was chosen by varying the tuning plntes, while
Iocnting the tuning plungers nt the end Intes on the inner

%surt’aces of the end plntes, where the c ects of the tuners
vnnish. Amongthe four crises shown in Fig. 2, the best result
wnsobt.ained with the tuning pint.esshown in Fig. 2c).Figure
6 shows the result of a field measurement for the lowest-
order quudiu le mode (TE210.mode) in n form of the

rdistribution o the squnres of the magnetic fields rimong the
four uadrnni cuvities. It cart be acen thnt the distribution

1wns n rendy fnirly uniform, even without any adjustment of
the end tuners. Nevertheless, it is noted thnt the mngnetic
fields are ulittle drooped near the vnne-ends, indicntin~thnt
thelocul resonant frequencies nenrthe vnne-endsaresl@tly
higher than the average. Also, the mu etic field stren hs

r fofthe second and third cavities; lre sllg tly larger thnn t me
of the first and fourth cnvities. l’his is underst.amdiible ns n
result of the mixing of the nccelernting qundrupole mcxb
with a dipole mod?.

Kee ing tl,ese indications in mind, we ndjust.ed the
Fpoaitionso the end tuners, nnd obtained the results shown

m Fig. ‘1.The squnres of the mngnctic fields nre more
unifnrmly distributed among the four uncirant cavities and
along the longituriir,,d tii,.ectirm. The ~istnbutionsave uni-
form within t7 %.(l%e fiAd uniformit is within* 3.5 ?c.)’fhe

Jmeasured disj,ersion curves of the Ipole nnd quadrupolc
rnodcs are showr, in Fig. 8. ‘I%eacceleratirt 7 quadruple

hmode (TE210-mode) io located near the mid e of the two
dipole moderi (TE1ll., TE112-modea) nnd fairly sepnrntmd

x$
(’remthe di ole modes, resulting in only slight mixing of the
dipole rno es. Also, nod mnchining nccurRcy cnn be Sceil
from tfie small brea ing of the degeneracy of the dip,de
modes. It is nofid thnt more mixing of the di de modes i~

!expected for the sh~~r RFQ, where the TE .lil.mode be-
comes closer to the TE 11l-mode. Paradoxically spenking,
the field distribution of a longer RFQ will lx!ensier to tune
thnn that, of n shorter c.nc in this region oft )Ie length.

Although the il]rigrletic fIcId distributu:m ofthe TE210-



mode can be tuned ftirl well, the dipole modes are still
{mixed, as can be seen in k g. 7. In o?derwremove the mixin

entirely, side tuners will be necessarv in addition to the en$
tuners, resulting in a more difficult a~”ustmentofthe tuners.
It was already fair] dif!icult to a~ust the end tuners,

{probobly because of t e complicated relation of the TE210-
mode to man other modes such as the TE11O-, TE1ll-,
TEl 12- and &211-modes. Furthermore, the field distribu-
tion of the TE210.mode was slightly unstable: a few-percent
change of the square of the magnetic Seld arose from a “ “.v-
degree chan e of t}le ambient tempemture, The change of

ithe field re ected a redistribution >f the stored energy
among the four uadrantcavities, indinstingthatt heamount

\r
of the mixin o the dipole modes was unstable. I’ should be
noted that t e mixing of the TE211-mode, revealed in the
field tilt, was not as unstable as that of the dipole modes,
althou h the frequency of the TE211-mode is as close to that

t“of the u210-mode as the dipole modes (see Pi
f’

8). This
phenomenoncan be understood asfollows. Ifoneo the vanes
]s bent for some reasons, by slight thermal stress for ex-
ample, one intervnncdist.ance will become narrower, while
the other intervane-distance will becomconlarged, resulting
in a perturbation that can give rise to a mixing of the dipole
modea. On the other hand, the effect of thiu perturbation on
the local frequency of the qudru~le mode is cancelled out
in a lowest-order approximation. Therefore, the amount of
mixing of the di le mode is more unstable against therm-d

rstress, or ~rnet ]ng like that.
So far, we have been concentratingon the field distr-

ibution of the quadruple mode. It is also int.erestin to see
thefielddistribution ofthelowest-orderdi lemode( EllO-

P%mode) in Fig. 9. The distribution was far om uniform. This
cGn be uj~derstood as follows. The shape of the vane end
shown in Fig. 2c) was a~usted in order to make unifow the
Seid distribution of the quadruple mode. The vane end, thus
@usted, simulates the open-boundary condition at the
vicinity of the ecd plates for the uadrupo]e mode, but not
necessarily foitheothermodes. 'l%elongi.miinallyuniform
field &stribution of the lowest+rder dipole -node was ob-
tained with the vane end shown in Pig. 2bj. ‘“he Gfference
between the real and ideal boundary conditions at the vane
end of Fig. 2c) has another effect: the measured resonant
frequency 420.114MHzoftheTEl 10-modeisslight] hi her

lhthan the calculated value of418.810 MHz with the U R-
FISH. This effect is larger for shorter RFQ cavities.

Conclusion

In order to examine the field stabil:ty of a 432-MHz
RFQ cavity with a length of 2.7 m, a cold model without
modulation or a side-tuner was constructed with relative
inta-vane-distance emors of less than *3O ym. A gond
longitudinal and azimuthal field uniformity (within *3.5 %)
was achieved by a~ustingonlythe end tuners. 1t i~ expected
that a more uniform fieid distribution can be obtained b

l“installing side tuners. IIowever, the tuning will be diff]cu t
o~ngtothe complicated re!ation of the accelerating mode to
many other modes. Also, the uniformity ~f the field distrib-
utionwas slightly thermally unstable eincethe mixin o!’the

rdipole modes seems to be easil modified by therrrm etress
1in the vanes. Thie ie not pre erable under the high-duty

operation necessary for the JHP. Therefore, a new field
stabilizing structure, PISL,8~ will be adopted for the JHP.
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AZIMUTHALSTABILIZATION’OF TIIE ItADIO.FKEQL’SSCY QUAl)ft UPOLE \VITliLOOP.COUPLEDTlt311.1NESO

(;.Spulck, J. I{(IW,●*und A. [Wqwtt:(y
1.OS>.lumos Nutionul l.ufzorutory. Los Alonw, NM 37545

Abstract

Azimuthal stabllizution studies were pcrti)rmed IX) n It[:(j.
cold mod?l, u Iwv-poww test cut”lty. The cold morhl $tns u ?.6$
meter hmg n’uminum str!wture. r(lnstrocted in ctght parts
uzimuth Illy, with four I“nnc pieces und four skirt piuw, an(l two
sections Iongltudinallj”. ‘W structurr wns origiimll}. dmigned
with vone :ou~hug rings i\“L’itsI to resnnatc tit 425 ~l}lz. Withrritt
\“CRs the -wucture resonates in thu quudrupulc zcw) Mode :It 436
MHz. 1 wp-coupled, lmnbdn I?n I resnnitnt cI)oxIal transmission
Imes w<re i:.stulied. rss shown In Fig. 1. This u)ncrpt WIIS
initiolly propowd :It Lns AlanuIs.L Ttw coupiing loops II:LI
oriented such that opposite quudrnnt quo(irt.pole firlds IIId LiCe

cqutil but oppnsi)e currents Ieat”iilg the stabiliz ‘r linexclturi. Arry
imbnlance in Iields be(u ecn thv two :Itrudrums I rcf’erred to ;1s

dipole conlponell~ or simply dipolus) will indut”e u nut current.

Thus, the stabili:cr will not couple to the tiuudrupole mudu,hut 10

qumlrupok frqiwncy. The frquwrcirx of the stnhilizcrs urc
dwrrminw hv shorting thv ltl)(j with apprnxlmatrly Xl rnds
inwrtwl ;ll.prositlliltel}” 1Ohluiulrnnt nnd shorting the vane tips.
“rhis ImI\’LIS the KIo’Qt’rwquuncyfur from the stuhilizcr t’rcquen,.y.
IIllcctI~’I~lvdvcouplin~ (hv two, ;ind :1 drive oIid picktip hwp in tlw
SIIIIIilixor is thrn usml to (Iutcrmlnv :tw rtwonitnt frcqtwrwv.

III tests LOdute, tlwrw IIre eight stubllizcrs ,wctil~yillgetght
l(~ngitu,limtl powtions III) thv IiP’(/.[l)ilr in t,uch ploilt? ;ind
lll:rrmltin~ bt,twren urthogonni pns:r.wns.

“1’heARSs c~Iupli\II}tkc Jiptjl,) :Iclds, ililIl tho “’dipole”iIi the

RI’(J iind the eight stubilizcrs w-t iI ; o t\\().cli\”itycutll>lt(l systcm.

[.’igurc 2 LIIUWS the mude spvctrii wi!.h mKl without stabilizers. The

/\RSs hni”ecouplud to the uipj]lt: tIt 430 Xl}lx, und split it into two
mndcs, one beluw iim? OINOubImc thu qumfrupole. ‘rhe new”

95 MI{2 and 440 !.ftlz, ;Ind i“mdipole/ARS s,vstem resonates of. %-
dipolc cIJmpimentsufthc tiuld exist It the iW(/ (). mmle frequency.

the dipole mode.

/ .— . — . .\

w,

Fig, I I,iul}tl,,ll I?IOSIIII!INI St(l,;li,,r

Stabilizer I)esign

The stabilizers F,renominaily 80$2coox, fabricotcd from 1inch
folded copper box for the nuter conductor and lhwinch diameter
mognet wiw inner conductor.

The resonant coaxial lines are d~signed to be Inwer in
frequency than the quarlrupole “O”mode in the RFQ. They can be
tuned higher by an inductive (shzg) tuner in the H.tield maximum
(center] of the coax. A typical range of ft.equ~ncies IS430 MHz to
440 hlHz, w.ttha Q (RFQ cavity shorted) nf 900. nwasured at the

—
●Grumman is supporting LOS Alnmns N’ational Lal]oratory
~LANL)on the GTA Program under Contract 9. X28.7633M-1.
LAiSL IS under contract to the U. S. Army Strntegic Defense
Command.
●*EmployeeOfcrumman Space Systems. Bethpage, N“y.

: “/ .I:,/’,
m xl Ur

—

nuzsmwnrAwsYlams4

Fig. 2. }lixfe spectra.

Experimental Results

,{elative field measurcmen~s were performed using the bvad

perturhntion technique. with u cnmput;w annlymd bcadpull test
set. TIWcold model was tested with stabilizcr~ in several difTere”.t
cnnfigl!rotinns; without vane undercuLs, with vrzneundercuts, :~nd
with sl(ii{tuners inserted hulfwsy for inducing field asymmetries
(dipole Iitlds].

[’iwlrps 3 1111,1 4 shlJW thl’ st:!llil i I IIII ttrwtnbilized
~ ~~•I 11111 Ii,lls I,vh),v t;ilit,Il,ilel,,[:i[~llllll~llp(ll~lid ‘,,/11,,,1,,.,,,,,

F + F,, + II’ + F

Q’ L “ o 4
4

., -F
‘.1 3

b’ - F
DIPOLE 1 = .— I)!POLE 2 = 2 4——

2 2

Dipnle 2 has been reduced from 30% tn 2%. INn nttcmpt WIIS
made to reduce the high-energy end dipole at the 220 to 21i0cm
region, which is an nrtifact nf the nbsencmnf undet cuts. I The bumps
ure an artifact of the measurement, where the heati is drawn down
the covity near the wall und goes pust the tuning .;lugs nnrf
SLablhZer coupling loops The magnetic Iicld Mcumprcssed in the
re~mn near the slugs und Ionpsand uppcars os a spike in the curvu.
This effectrhrcwnot affert t!zcelectric fields on axis.
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Figure 5 wid 6 show the quaclrunnle and dlrmle fields after the
umlercuw were ad(,ed. The unstablli~ed dipole has heen reduced to
~ppro~lmately 10%. This is theresult of two effects: first the end
tuning capacitors are remo\.ed, which had telded to ir.tro(fucc end
region asymrnew;t.;: and second the dipoll, mode spcctruo] hns
shiftccf downward. with the two nerrrcst dipolm vvmdy spaced
about the qumfrupole zero mode, tin inherently more st:lhle

cunliguration. This last otfect is serwnrfipitous, a function of I he

length of the RFQ, v;hich is l]rdtnurily m,t u free parunwtc?r I.IZ

chn, )se.

In (!rdcr LO perform .ilhllil;. mmcsurvlocn[s. ;1I I !11 I Ill! tll Illllg

slugs w.vre Ins,?r:vrl to their tr,ld.posi! i,II: 1“111:!,.I:11111.; thr
Introduction of n dipole field componr11[1]:/III.III III:, IIWL,XUIIIpl I:,

quadrant 1 SIUI;S out prnducing i 50 kl Iz IIJI,:I IIIII(I I! III::., s~,if! 111111

quadrant 3 slugs In inducing + 150 k}iz shift, w.Ith ~t :(, U(.L
frequency change. Figure 7 SIWWSthe ,mstabilizcd und stnhllimd
response of the perturbations. The stabilized ~tructure has clcurlv
succeeried in rmnimizing the effect of the perturbations. It should

be noted that the prr!~mhation uscrf her(:, Gf -150 kilz Q2 and + 15il
k}iz (/4, ISmuch Iargcr and more locul)~ec!than anv!hing thr R[:tj

f,—~–--r- T --1-- T--- 1 “-r- r.- ‘1‘– - -~.-ll
14U.
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I
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I

N’oulrl ordinnrlly encounter. Dipole I is unul~ected by the
perturbation.s in quudr mts 2 und 4 (bottom plots)

I!ffwt nn Qwtdrupule Nlude

Thr iidi’nl]tage I ~azimuthnl rcsnnunt stnhiiizrrs t’s \’(”Rs is
that they do nnt arl~?ct the quudrupnle fields. TIN! 11.SIIIIIIIII
fn,quency of the RFQ k,asbeen tncnsured hrltjr~,IIml:IIIIOr,jI I I IIz~!~
Irlstnllation. .rhc frcqwrzcy chungcd If 11111II IIpr II,: iln, ,11!: M w,,
MHz to 436.00 JI}{z,cr,mpured t,~ un 11 -il}iz lreIIIII:IIr) 011111]!1 II I

VCRS,This simplifivti the design of the RFS(/coosideruhty, blIIII! IIII!
resonant frrqucncyO(:hccavity isneurlythe sameas thnt hasednn
thv SUPKRFISI[ de:;i~;crusing the sanw cross section, [n addition,
SIOCU the fruquency n! the qua,]rupole lnode is not affected Iocully
tor globally) hy th,> atabi!izers, the quadrupnie mode is flat to
within l%. This is no! the cuse when VCRSare used. which locally
Iond the RFQ quadruple mode. Since. one is forced to operutc ut
the loaded cutt,ff frt quency In order to obtain flnt fields rnd to end,
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th$, I{F’[) I ; ,Ip(riilifd he low cu~off between VCRs, und the
~III:i(l:,1111,1,.I) III,J,lt: is rvanesccnt nnd the field droops. Figure 8
-twws III.. cold IIIIJdel quudrupole Iield plut with uight \’CRs
I Ilstullui.

Stored Energy Measurements:
I’ower Dissipated

The po.ver disslpntcd i,I ~he stubllizcrs was nwusuredmnkinc
use of the principle that L.il’;5an udlubatic invarmnt in rfcavities.

~.lf = constant ,\dU + UdA = O
:iUU = dfif

The pvrturhation m.eas::remerrts, usiirg the bendpull system,
mer.stires df/f. Two beadpulls nre perfcrmed, one with, mle without

: “: “; “ i . ! i .1 ;.. ;

I
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Fig. tl Stabilized, w/undercuts.

stubllizers, and the difference in total stored energy measured in
kHz taken. This difkence, divided by !he originnl stored ennr~
!!urrstabilized (k}iz], represents the rotio of stored erwrgy in ,t.he

stnbilizcrs relative tothe RFQ. The tota! stored energy ofthc RFQ
is calculated by SUPERFISH, so that the ntorcd wrcrgy of the
stabilizers cxn be culculuted. The POW?:dinsipatwt can !!wn be
determined ftmm the rclat.ion P = I~1~/Q,albr mwtsuririg the Q Ii!’

the stabilizers.

/\nothur method that can be used is rl+rl}”edfrom the rtd~tian
(~ = w~./P. the total Q of tbe coupled system iu gitwn by

Ml,?,,,al:(IJ{Ul + u~)
Q,.,,(,I‘— =

——..—

P,J,,,, P, + P2 ‘
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iloth methods ure suhiert to reliztiIwly Iurgtye:wrs, the tirst due to
trying to mensurr. rflll’ej(*nccc {II stored cn,)r~ of :1 fow pcrcl!nt,

v::;h occurncies in onch mt!nsorcments of upprosinmteiy 1/’2

perwzt. This ICildS to measurcnmn~ ,!rro:; of 0.’7%. The second

results fronl !mt”mgtoole;istlre Q .vl:h accur:tcics I f izcttcr thnn 1%
for the IXMeot”thecold model.

Thvrii!TerenccIn stored cmsrkv before and rrilcr inslnl!ntion of
sw.bilizcrs “A’iLsmwisure~~by brmripuils to he 0.7q l’hi:~dill’ertnce
“f ().7ST0rcprcserts the percent:]~e of totul storel.i unl!r~>’ill li~~
stobiiizers. Tile SL”Pk~RFiS}i comp~ti:d KE”~ ~I(jreil energy is
0.1914 ,J/m,times thr 2.64 meters UL’COIILY= 0.5115.J,w) thv stored
erwrgy in the stitbiilmrs is (!.505{.(N7I = t).W35.t .J. Tiw ukeruge
tj nt’thu stobliizrr:i If 9?5. Thvi “AMthe nwnsurwi Q, with the ARS
instoiled un the RFf/ iind thr l~Ft/dLItuIIA. SIJthis represents
tO.00354 ,J/9251 \’2114.)5 X it)” rnd~secI = to.t kt$”, (iistrihuttd
Iu.leveniy )mwr the elgnt stilbiiiz{,rs. TiIc ri,tkrencc JO totiil s:orcd
vnergy between the tinstubiiizr(i structure un(i thv stnbiliwvi
structure wlti~ u +150 kl.[z perturhu! mn in qu:lcirunt 2 and -150
kliz in quocirant 4 wns meosmrvi. Simliari}., the (illTurer.cuthr -150
kiiz perturbation in qumirnnt 2 un(i + 150 !!iz il] ql!,.tirilnt 4 was
iiktt rvmmmed. The storuf ener~~’In the stoizilizrrs hiis tivrrt:iwxi
from 0.71%to 0..5%for thu Iirst p{trturhoticn;tnti increum(i from
J.77c to 2% for the serond. “The.Iirst perturb;; tlrzn hos ilct(!d M

cwrect the originni IJiooie inherent in the Ki”(J urzd thcrtu:ore
retiuceti the stubliizer c~ci:otion. l“iw setiomi pcrturimfion hus
ortmi to incrense the Imginul (iipnie irmi shows up .-s no incrense in
the excitation nf the stobtlizers. Thenmount 1)1tiIpIJietioi[i Ictvls in
the smbiiizwi structure (iid nuLchongc nppreciubiy. “rhis poit)ts out
the ndvantnge of being abie Lotune th,: ortglnui tiipole to zern prior
to stirhiiizing the structure turmiuce the powrr tiissipation in the
stabt!i:ers. These mtitisurements uwre pertitrnwd on the coi(irnorfei
with ! ane UndtrcUL%. when tiwre hud i)e~n npproximateiy 10%
rfipoies before stabilization. Thv nowwrriissipoted in the ARSSis
determined by the stored energj, which can be reduced by siug
tuneradjustmqnt, tinrf hy impro~”ingti}e ‘~ of the stnbiiizers. A
lizuor of 1-1!2 to 2 in stabilizer Q Improvement should be
reiatwelysimpIe. The Q method of determining stored enerpy
resuited in 1.9% of the stored energ in the stabilizers; however,
because the ~iifference in Q,,,, and Q~F~ WIIS smaii, the
mcasureme,lt is not nccurate. The C/method should be more useful
with an ail copper RFQ m-rdstabilizers, v-here the rhilwence in
QR1.Oand QTWis more si~”nifictintand couid k? rmwsurmi wssiiy.
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A COAXIAL LINE AZIftiUTIIAI. FIELD ST/\BII.IZEft FOR RADIO FREQUENCY QUADRUPLES”

C. Spalek and A. Klapctzky
Los Almnos National Lahorator}.,MS-fldl 1

Los Alamos, NM r373.lj

Abstrnct

:\zimuthal stabilization studies have fJCeII performml
011 a 1.;~-m-long law-power model of a Radio Frcquenc~
Quadrupolc ( R}’Q). The model was modified to arccpt sevcII
rvscmant coaxial azimuthal stabilizers spacrd at A/2 interi.als
iwgit udmzdiy a,lcf alternating in oricnM ion hettveen two
orthogonal planes ( t’igure l). The stabilizers are lesnnant
tersions of similar stabilizers proposed some years ago [1].
Jleasurements haie shown that these ~tabilizers are eas}” to
!une ~wn in a wry crude l;: coustructerf RFQ. “1’!wyare fairly
iliscn~iti~.e to asy”mmetrlcs and tuning and can bc used to a]just
~he dipoie component of an RFQ.

L 1

~ig, 1 R~Q ,llodel w/stabilizers.

Stahilizw Design & Prinr,i~:lc of Opm-ation.

AS shown in Figure 1, the stabilizers consist of -11.6-fl
~:oa..ial resonators (C!fis) wi~h shorted ends, insertmf through a
hole in a RFQ vane and walls. Their center conductors have a
diameter of 0.6.! en,. The CRS are nominally J long at the llFQ
oper:iting frequerrc}.with provision for tuning h}”approximately
+2fJ MIIz i,; mowrrwnt of their shorted ends. I“hcy are
arranged so that their vlc, rtric field nodes are locat~d at the ~ane
center line. ‘1’1I: area., rnclfJsd in arfjaccnt qllarfrants by the
resonator mntcr con:luc tor, the ftFQ wall, and the vane shou]d
be iippro.ximatcly equal. For the orientation shown m Figure 1,
if no tertical dipole exists in the RFQ, the RFQ’s magnetic field
fll”xes thrmrgil the aljaccrrt enclosed areas arc equal. Voltages
induced in the CR h}. these eqlia! fluxes will cancel, leat”ing
the CR unexcited. If, howmer, a vmtical dipc]c is p:esent,
thfi fields in adjacent quadrants WI1lbe unequal. The CR WI!;

“\\’cxk 11..ppwtwlby Ixrr, Alamm Nation.d I.~boratcry I!,stitutiona]
Supj,ertingRewarch.under Lhe aufipIcw ,jt LW 1?niL.Y1Stat(slkpart:uvnt
,~f En?rgy

thenhe excited in such a way thiLt the fichfs will t~ecrm:r
equal (zero cfipolc), acting just like thv off-axis cavity in a sidv
couphmflinac operating in rr mode. C%anging the position of tlw
CR’s electric field node by offsetting hoth shorted ends ill th,:
sanw direction h<asthe same dfect as changing the rvliitive sizrs
of the rnc]osed areas. TIIC Cl{ t IIVIImakes the tirlds unequa]
to make tlie fluxes equal. This offset can thtn he usfd eit}mr
to introduce a dipole component iuto the RFQ or to corroct for
unequal enclosvd areas caused tJ}”nwchanica] asymnwtrles.

Decauscof IIIC length and crude construction of IIIC R}’Q
model, it was in. possible to tune its end resonators to obt;.in a
uu iform quad mpo!e field without first installing the stabilizers.
III fact, the ad[llixture of dipole and quadruple Inodes WLSsuch
that the lowest quadruple mod? could not he identified fr VII
field measurc;lmnts. Instead, the quadrupol? was shorted at
its ends and the quadruple cut-ofT frequency (approximately
612 Mffz) was eslimatcd from the measurmd quadrupoic mode
dispersion diagram. The C’Ra were ~Len tur)wf in place, to
612 M[iz while the RFQ was shorteu III all quaurwts at A/2
longitudinal intervals by concluctm!~ .ods inserted radially to
contact the }“auctips, C’are was tfiken to assure tlat the C’R’s
electric fwlrl nodes were approxima:cly at the R!’Q vane ccntrr
line. Then, with the RFQ unshorted, the Imvest quadrupo]e
mode (which now had very little dipole admixture) was tuned
for longitudinal field uniforlnity b}. using the RFQ end tuners.
Then the Cfls were rc-turred to give th~ smallrst ‘Iipolc
admixture with the quadruple modv. ‘1’i}efinal frequencies
were the following:

s RFQ quadruple frequency = 610.2 itl Hz, and
● C’fl frequency (RFQ-shorted) = 611.0 MHz.

Finer adjustment of the CRS can be made by perturbing
the RFQ to introduce a dipole mode and by tuning LIICCfls for
minimum dipole component. This is a tedious procerfurc that
was found unnecmsary with these sta}jilizers.

Expcrirw:utnl Ibsults

The CR ard quarfri..’t numhcring conwmticm is SIICIWQI

schematically in Figure 2. AII even-numbered C:lls (2,4,6) were
oriented to lie ill tlm w:rtical p!ane WIJ penetrated quadrants
3 and 4. All odd nunhmd t2Rs were in the horizontid plant
aud peuetratcci quadrants 1 aud 2. Thus the e~”erl-li[illlh,:rc(!
f.2Rscould af[cct only the vertical dipole 19vahd the odd C’RA
on]}”the horizontal dipole Dh, which urc here defined in terms
of the quadrant fields Fi as

(1]

(2)
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a

Fig. 2. l~ulnhcring convention

‘rhc quadr:lpol!$ coIIIponcIIt ISdefined as

Q. F1+ ?“2-t }:3+ F.l
4

(3)

Fields were nwasurtxl @ using the conducting I)emi-pull
:cchniquc in LIIC]nagnetic flcld~ of :IIC R1’Q quadrants. A
cojnputer $ias then ,Isr-d to extract the dipole and quarlrupcde
fr[’ldCmllponcnts,

Figure 3 shows Lhc nwasurwf quadrupolt atld horizontal
and i“ertical ciipolc coln,~,ments in the ,a.s-tunrd RFQ. .Noticr
tlliit tll~? dipoles arc IIXS than .;% of tht~quadruple component
c~”cr~wherecscept at the cncls of the RFQ where there was no
stabilization and the cnd tuners int reduce J laIge as}”mmetrics.
‘fh? large anlp]itudc spikes are an artifact of the nreasrzrcnwnt
tilat occurs when the perturhiug bew.i cnttrs the enhaucml
magnetic f’wld aren near the CR center conductors. ‘rhc
size aud polarity of these spilws is actrraliy a measure of
the stabdizers’ excir,ation, storcrf cnerg}y and therefore of
their power dissipation. The on-axis fields do not exhibit
Lhcsc spikes. ,Sotice that the quadrupoir does not show. the
““clotht.s!ine” shape of a vane collpling-ring. stabilized fWQ.

To show tlw senslti~.ity of the dipole fields to ,.?ffsctsof tlw
C’R electric field liodes, the even C:RSwere moied upward by
2.5 cm while they rcmaiumi tuned to 611 MIIz. Only the
i.rrtical dipo]e field component was affecter! apprcclabl}., as
expected. Figure .4 shows the difference tmt.w.mmthe dipoles
nwmrrrcd before and after the CR ofTset. The vertical dipole
has increased t,y approxiluately 10Yow!]ile the horizontal dipole
has changed b}-only approxinlately 2.3(X. This result indicates
srmw n~ising }JetW’r?(’li horizontal and vcrtica] dipoles caused by
nwc!lan ical as}unnmtries.

Field stabili:y of tl,fi RFQ ulth CRS relative to a partially
st a}~ilizmf RFQ WM rrwa.; urcdin t!w following manner:

1.
2.

3

4.

.3.

CR 4 was ~ctuneci and the frclds measure~,
:\ .Xt-kl]z pcrturhation was introduced into quadrant 1 at
the CR .1 lcmgitudinal position and the licids measured.
C.’I{4 was M.uncd to tlw proper freqrwncy for stabilization
and the fi~:lds[neasurccl.
\\’ith CR 4 properl; tuncti tlm s?nw .30-lrIlz perturbation
was applied to quadrant 1 an..i the fields again rmzi.sured.
Diffvrerlcrs bc.twrcn tile dipole ccmlpmwntsof czscs ( 1) and

i-j’jijJ.l

Post t Ion ( cmj

Fig. 3. As-tu:lcd flFQ field cornponcuts.

the perturbation because there are horizontal stabilizers It .X/2
011rnthcr side of it. The vertical dipo!e is changed drastically
because the n~arest w?rtical stabilizers are at .1 distance olr
either side of the perturbation and L’R-1is rfctunerl.

l“hc differences bclw’ecu cases (3) and (.1) above arc shown
in Figure 6. h’rithm the Irorizrmt al nbr t iIc vertical dipoles arc
affected b)” th~. pcrturl>atirm when all stabilizers ~rc correctly
t.uncrl.

Stored energies and power dissipation ili the stabilizers
for a gi~en frequency perturbation were not mr-iwmrrd. This
nw~urcrnent s!Iould be prrformcri twfore any CW’ application
is contclnplatcrf.

Coaxial resonant stabilizers appear to Lc protnising
candidates for stabilizing RFQs azimrrthally. Tl,eir simple
construction, case of tuning, and tolerance tn offsets makes
thcn~ well suited rwen for cr}”ogcnic RFQ applications.
liowe~cr, bccausc they are quite long, they protrude
consirfcrably from thr RFQ, making the struct ur~ difficult to
handle without CIallmging the CRS. If adjustnlcnt of the RFQ
dipoles is desired without offsetting the CRS, they can l,<
I]wdificd ,1s shown in Figurv 7. IIcrr ~n ilXial rotal ion of the
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Pig. G. 50 kIiz perturbation in quadrant 1, CR. 4 tuned,
Fig. 4. CR’S 2, 4, 6 offset 2.3 cm upward.

CR will change the relative areas enclosed by the CR and the
RFQ walls in adjacent quadrants, thus making the stabilizer

%o 6L
Iiu

Pos ftfon (cm)

%
0

.\:

behave just as if its electric field node had been displaced.

m
Ill

Fig. 7. Modified stabilizer.

1. A. Schempp, ’’Field Stabilization of RFQ Structures,”’ 1984
Linac Conference, Luft]lansa-Schu]unXszentrum, Sec]leim,

Fig. G. .50knz perturbation in quadrant 1, CR -4detunw!, F.R..G., Ma}”7-11, 191M,p. 333. -
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COUPLED RADIO-FREQUENCY QUADRUPOLE5 AS COMPEN3,4’I’ED 3TRL.;CTIJIl~S*

hf. Jean Ihowman (AT-6) and Lloyd M. Young (AT-1)
Los Alamos hati~nrd Laboratory, LorrAlamos, NM 97545

Abstract

The usefuln=s of radio-frequency quadruples (RFQs)
for ac~elerating and bunching high-current beams in a
compact, lightweight structure is well known. Until now,
however, RFQs ha~?ebeen used only for low-energy accel-
eration because the structure operates in the O mode, and
problems of mode coupling and field uniformity multiply
x the length of the !iFQ increases. In general, significant
improvements against perturbations in the Oor rr mode
can he obtained by providing tite structure “withanoLher
passband that couples to the first to produce a non-zero
slope of the dispersion curves. Such a modified structure
is called a compensated structure. The three-dimensional
MAFIA codes were used to study t!le feasibility of de-
signing compensated RFQs by dividing long RFQs into
secticmscoupled togethe: by s!lort gaps between the end
regions. We found that such a structure does have im-
proved mode spacing and longitudinal stability. Resul’.s
from this study will be presented.

htroduction

This paper discussesWIinvestigation of a scheme pr~
posed by one of us (LY) to extend the usefulnessof radio
frequency quadruples (RFQsj. RFQs use strong electro.
static focusaing in a narrow char:nel, thus allowing high-

current beams. They alsn combine the functions of ac-
ceieraLionand bunching, which mean~ thtse functions can

be accomplished in a compact, lightweightstructure. IJn-
fortunately, !he amount ef acceleration given to a particie
depends ~pon the length of the RFQ used. Problems of
mode couplingand field uniformity multiply = the length
of the structure increases, so until now RFQs have been
used only for low-energyacceleration. Sir.ce RFQs are op-
erated in the zero mode, we hypothmized that coupling
together short, e.g. one-meter long, sections of RFQs
to make a longer :ompensatedl structure could improve
modeseparation ai~dlongitudinalstability. Wehavetested
this hypothesisby simulating such coupled RFQs using the
MAFIA 3-D electromagnetic analysis codes.i

Modeljng the Structure

A simulation was done of a coupled RFQ consisting of
four approximately one-meter sections separater! by vari-
able (0.168 cm-C.2ticm) gaps between the overhanw and
hy variable-tkickneaa(0.168cm-O.26cm) plates with 2il.4-
c~n2hol~ cut h the center. Figu;e 1 shows a three-
dimensiormlplot cf the MAFIA mode] of this structll*e,

—.—
‘Work supported by ‘be Aknm Natior,st Laboratory Inatitu-

tiond Supporting Research, under the auspice<of the US Depart-
ment of Energy.

Fig. 1. A four-section coupled RFQ as r:o:!c]I.,, ...
MAFIA.

and Fig. 2 shows a cross section of the overharlg-c~ll;>li~lg-
gap region of the MAFIA model.

i?ecauaeof symmetry rml;”one-quarter of the structure
needs LObe generated. The boundary conditions were ch+
xn 90 that only the cwaiirupoiemodes and the gap rnodcs,
i.e., ‘l’h!-likemodes ‘aith fields concent(atmi in the gaps

belween the RFQs, wert:studied.

The MAFIA region hw f he dknensions 1“.92cm x 7.X2
cm x 399.2 cm. The MAFIA model w;ui designed to
have aane of the characteristics of the Beam Experiwmt
Aboard a Rocket (BZAR) IWQ.q In pafticuiar, !he ,:r~;:;-
sectionai areaof ~,hcMAF?A o’:erhang and the .;apacl-
tancc/length and cutotl frequency -}fthe hiAFIA modci
were approxil:,ate y that of the BEAR RFQ, Except fix
these criteria, the exact shape of the hfAFI.%crcxsscrtk AI
was no!. a concern: the coi~c.etn was to keep tht~nljmlwr
of mesh points \tied aa timall as possible for reasnns ;~i
e-rrnomy. Mo:e details of the .MAFIA mesh and of th~
compa-kcm of the MAFIA rnc,delwith the 13E.4RflF&
are found in Ref. 8.

AII RFQ is ewm~iaiij’ a w.weguideoperated at cut.ofl,
terminated by an wri regim, whosefieldsrnusL be mimhc,,(

--$ ‘fh,5 lnatc~lng k (.!CW t~y Ullto those of rhl<wwmguif!e,~
dercutting the vnnes.$The met: I that is remcwoi is called

7f)



Fig. 2. A cro= section of the overhang-coupling-gap region
of the RFQ, taken through the center ot’one of the vanes.

the undercut; the part of the vane remaining (in the region
where the metal h= been removed) is called the overhang.
Again, see Fig. 2.

The overhangs at both the ends of the RFQs and at
the gaps were adjusted to make the electric field between
the vanes approximately constant along the length of the
RFQ. The followingoverhangs were used in the MAFIA
model:

[ Overharuzsat ends of the structure I 2.65 cm I
Overhangs at the coupling gaps I 2.83 cm

THE EFFECT OF GAP DISTANCE ON MODE
SEPARATION AND ON LONGITUDINAL

STABILITY

We know from the theory of compensated structures
that varying the gap distance will affect the mode spac-
ing in the coupled RFQ system. Figure 3 illustrates this
point. We can see that a 0.22 cm gap reaults in a near-
optimum separation between the quadruple modes. At
this gap there is a differenceof 6.5 MHz between the RFQ
quadruple mode, Wo, and the next loweat quadruple
mode, W_, and 6.6 MHz between U. and the next high-
est quadruple mode, w+. By contrast, there is orJy a 1.9
MHz separation between W. and the next highest mode in
a 399.2-cmuncoupled RFQ,

A couplinggap of 0.22 cm should also be near optimum
for the longitudinal stability of the structure, because the
difference(wZ – w:) * -(w: - w:). Again, we know from
the theory of compensated structures that when this con-
dition is true the improvement against perturbations is by
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Fig. 3. ?l~t of frequency vs gap distance for the
quadruple RFQ mode, the nearest quadruple modes,
and the gap mode.

far greater than that due to the impioved mode spacing
alone).

In order to test this expectation, we added a 4.12 cm3
perturbation to the end of both the coupledand uncoupled
structures. Fig. 4 compares the electric field between the
vanes as a function of distance along the RFQ for the two
structures. The perturbation was chosen larger than what
would be expected in practice in order to test the relative
stability of ~’nerf fieldsfor the two systems. Noticethat the
fielddroops significantlymore for the uncoupled RFQ and
that the field of the coupled RFQ is essentially constant
from cell-t*cell.

Unfortunately, as we can see from Fig. 3, for the cross-
sectional geometry chosen the frequency of the gap mode
is 421.8 M% for the 0.22-cmgap, which is only 3.1 MHz
different from the 424.9-MHz frequency of the mode of
interest. Thus the frequencyof the gap modes would be a
factor in the design a real coupled RFQ.

THE EFFECT OF THE SIZE OF THE
COUPLING HOLE ON TUNING AND ON

LONGITUDINAL STABILITY

We also tested the possibilityof tuning the individual
sections of the coupled RFQ at the gaps by changing the
shape of the coupling hole rather than by changing the
length of the overhang.3We were able to show that tuning
the coupling holea has the same effect on the longitudinal
stability as tuning the gap overhang lengths. The equiva-
lenceof the two methods of tuning is important if coupled
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Fig. 4. Comparison of the fieldsbetween the vanes for the
perturbed coJpled and uncoupled RFQs.

RFQs are to be built, since it is much easier to vary the size
of the coupling hole than to vary the length of overhangs.

EFFECT 03? THE COUPLING PLATES ON
POWER LOSS

The effe:t of the presence of the plates on the power loss in
the structure was a concern, but the MAFIA calculations
indicated that coupling the RFQs decreased the quality
factor of the structure by only 0.490.

CONCLUSIONS

As we have seen above, coupling together four approx-
imately one-meter sections of RFQs, assuming one tuned
the gap distance and either the size of the coupling holes
or the length of the gap overhangs, did improve the mode
\eparation between the quadruple modes. Coupling the
RFQs also improved the longitudinal rf stability.

The presenceof the TM-like gap modes was discovered
to be a problem, and the effect of the cross-sectionalge-
ometry on the frequency of these modes would need to be
studied beforea real coupled RFQ couid be built, 1tshould
also be noted that the dipole modes were not looked at in
this study, but it is expected that their mode separation
would be also be improved by coupling the RFQs,
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ELECTRICAL CHAR ACTERISTICS OF A SHORT RFQ RESONATOR.’

I. Ben=Zvi2 A. JainJand H. Wangq
Physics Department, SUNY ::#tony Brook, NY 11794-3800

A. Lombardi
INFN.LNL, Via Rornea4, Legnaro (PD) 1-35020, Italy

Electrical characteristics of a short RFQ resonator
>f the ‘four rod’ type ; . \e been studied by carrying
out measu~ements on m. ~~is and numerical simula-
tions usin the MAFIA codes. An empirical formula

!is obtaine for the capacitance of vane-like electrodes
in a four-rod RFQ remnator. It is shown that the
electrode supports :ould account for a si nificant part
of the total capacit.mce. This addition d capacitance
may change the circuit symmetry and give rise to a
dipole component. This effect can be compensated by
appropriate modifications of the support structure.
The beam offset due to a dipole component is esti-
mated.

An Improved Formula for
Interelectrode Capacitance

The total capacitance is an important design pa-
rameter for any resonator. For a 4-rod RFQ ~t.ructure’,
an estimate for interelectrode capacitance C is given
in reference 2. Our measurements show that the for-
mula in reference 2 oumvst:mates C by about 107ofor
unmodulated structure (m = 1), and underestimates
C by about 10% for large modulation (m N 3). If we
compare a cross section of the modulated structure
with that of the “equivalent” unmodulated structure
with aperture Tu = a/fi it will be seen that the
overail transverse dimension of the actual structure
is lar er. An unmodulated 4-rod structure with suit-

!able ‘ vane-like” extensions would be closer to the ac-
tual structure. We have measured capacitances for
unmodulated 4-rod structures with and without an
extension to arrive at an improved empirical formula.

The measurements were carried out using a digi-
tal LCR meter, model HP4271A. The electrodes were
held in place by fixin

!
them to a pair of plexiglass

plates. It was found t at typically, the fitures con-
tributed about 2 pF. The values reported in this work
are corrected for the effect of these fixtures.

For the unmodulated structure, a fixed radius of
curvature, p = 1.59 cm and a fixed length 1 = 50.8
cm were used. The measurements were carried out for
a = 2.2, 3.5 and 4.8 cm. The extension length h was
varied between Oto 15 cm. The modulated structure

I work supported byNSF Grant No. PHY-8902923
2N80 NSLS Depatment, Brookhavcn NationalLaboratory,

Upton NY ,1973
‘Permanent Address : Nuclear Physics Division, BARC,

Bombay 400085, India.
‘Permanent Addreaa : Tandem Accelerator Laboratory,

Physics Department, IAE, Beijing 102431, P.R. China.

had p = 1.75 cm, 1 = 39.4cm, a = 2 cm and m = 3.2.
The average vnlue of x (over four cells) is 0.26, giving
r,, = a/V~ = 4 cm.
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$46

w
a=3.5 cm
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Figure 1: Capacitance of unmodulated ~-rod struc-
tures with a=2.2, 3,5 and 4.8 cm as a junction oj ez-
tension length h. The solid lines are given by eq. (1).

The variation of capacitance with the extension
length h is shown in Fi .1 for the unmodulated struc-

1ture. The experiment values are shown by squares
and the error bars represent ty ical uncertainties of

\+1 pF in the measurements. T e solid lines in Fig.1
represent estimates from an improved capacitance for-
mula given by

c 39.37 31.05
-i= Coo’h-’(w +‘“/’-ti+l

+ 25.28 hz(l+~) pi/m ...(1)

The first two terms on the right hand side of eq,(l)
have the same form as in reference 1 with somewhat
different constants, while the last term is based on
an approximate analytic estimation of capacitance
increase due to the extensions. For the modulated
structure, the appropriate value of h is ma – n). For
the m = 3.2 structure studied, eq.(1 gives a value of

1C = 22.01 pF, which matches exact y with the mea-
sured value of 22 pF for the modulated structure.

In a real 4-rod RFQ, the electrodes must be held in
place by some support structure. This produces addi-
tional capacitance, which could be significant, partic-
ularly for short RFQs. We have measured this effect
with a support in the form of a rectangular frame.
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For the unmodulated ,structure, the capacitance in-

creases from 33.4 pF [a = 2.2 cm) without supports
to 42.2 pF with supports. In the case of modulated
st ruct Ilre, these \“alues are 22 pF and 30.2 pF respec-
t ivel}”.Thus the supports do add significant Iy to the
[ot al capm-itancc, and ran n(>t be neglected.

BesIIn Offset due to Electrical Unhalance

I)ipo]e field components in the RFQ are the re-
sult of dei”iation from the basic quadrupolar s}.m-
metry which can be expressed as a voltage &symme-
try or an ecluivalemtdipole field sltperimposed on the
quadruple field.

The equi~’a]ent circuit of the short, four rod, RFQ
resonator is show-n in Figur~ 2, The inductive path
to a pair of electrodes has an inductance L j 2 for the
common part, then LI and L2 inductit’e arms lead-
ing to the tlt”o electrodes. l’he inductive unbalance
6 is defined as d = 2(L 1 - L2)/(L I + L2). The par-
asitic capacitance between the support arms and the
electrodes results in the capacitive unbalance which is
riescriberl b~”the parameter c = C’/C, where C - C’
is the basic in+er-electrode capacitance and C“ is the
single arm to electrode parasitic capacitance. These
unbalances can be controlled by the proper design
of the resonator!. \Ve define 1 = (Ll + L?)/2 and
a ,. ~-. The solution of the equations of this cir-
cuit to first order in S and c results in frequencies of
the two lowest modes

1

‘“ = <,~L + 1)C ‘ ‘] = ‘t’/tia
(2)

Furthermore, the voltage unbalance Al’/}- at the fun-
damental frequency w,,-is given by

Al”.—. -=
1-

i:(6 -()

Thus one may eliminate the unbalance

(3)

b! canceling
the cauaciti~”e term ( a~ainst the inductive term J.
From ~he measured valu~s of capacitance ior the un-
modulated structure described earlier in this paper,

11+$

L,
11

(1-c) c
$

Figure 2: The equivalent carcult oj a short, four r-d
1{t“~ resonator

we have 4(C – C’) = 33.4p F, and 4C’ -= 42.2p F. Ux;-
der the simplifying assumptions of L % L I ? Lz,
eq.(3) gives a voltage unbalance of about ?~o. Un-
balance measured experimentally by ~~cad-pulling is
about 3’%0. The discrepancy in the estimate could be
due to use of a simplified lumped circuit wiuivalent,
as well as ileglecting higher order terms in 6 and c,

By introducing a fcw simplifying assumptions we
caIl cst imate the eff”ectof the dipole field 011the beam.
M u!. USPa -model linac RFQ with smooth focussing
and neglect acceleration. The dipole field is taken
cGnservati~’ely to he crmtinuous and t!~e result of a
constant voltage asymmetr . The beam will establish

ra neutral axis offset from t w geometrical beam axis,
We wish to estimate the neutral axis offset relative to
the beam size.

The transverse motion in a focussing channel is
gi~”enby x“ + k2x = O where kz = qt7/(J14vfrf). M,
q and v,, are the particle’s mass, charge and velocity.
Let the voltages of an electrode pair be V -t Al’ and
1.- Al”. The motion in the dipole field is given by
x“ = gE(f/(fifv~~) We can express the dipole field as a
function of the longitudinal coordinate z by

Ai-

()
E,,(z) = —

2 CGS(&z + *,, )——
a (m+ 1) - (m - l)sinkz

(4)

where the aperture variation between a and ma is
approximated as sinusoidal. ~., is the synchronous
particle phase. The average dipole field ~ is obtained
by integrating over the RFQ period,

Al’ sin 0,, @ - 1

()
z = — —–—-

~% @i+ 1
(5)

a

This average dipole field in the presence of the quadru-
ple focuming channel results in a neutral axis offset
z(I given by

This expression for z,, can be used as a guide to the
severity of the dipole effects. As long as zII is signif-
icantly smaller than the beam radius a=, the dipole
effects can be ne Iected, The figure of merit ill terms

%of the RFQ and earn parameters is:

where E,, is the normalized emitt ance. For :1 typical

set of values2 Cn n O.17rmm. mrad, \” ~’)0 K\’,
r,, = 4 cm, m = 4, ~,, = 25,,, and Pb”{;t beaIv. R1,

have (Zt,/Cr,.) = 5.85( AI’/l’).

-/4
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Figllre 3: .4 schematic I*I5-Wof the prototy] :upercon-
ductiny RFQ resonator

dim(’nsi(md l’l(?droma~l,’tiC ‘:, I tl.i L“EI\CUlatd [ls-

iug hl,\ F1A i ct)des for t 1IP ,Jr .: FQ structure.
A si]rlpler Iroblcrn }ias I dII on a \rA .X cc)nl-

puter with 42, ;35 Inest! nl to simnla[e an alu-
millllm mt) riel JI:!irh ~s I , ,dulateri 4-rods 51ruc-
t ure wit h a pair of ret” ,,, I [r frame supports. For
our superc(~n riuc t irk~ it I rotOtJ’pe K?SOIlilt or ({e-
sigrr, a real 51fur t ure w.iI Jrdated e]?C.trodes (m ::
-i) and a cylindrical ta,. Isee Fig.3) was simulated
anri rut t In a ~rctorizcri 11 .[-3090 wit It up to 298,125
il\PS}\ P(,1 I1[S. 11 i:; ‘.e~1’i Y to have rcrt ain ~i~sh .len -
s, I j“ and large n -,rrlnr \ s1 c for a gooti solut i, f t his
problem.

The r +ldts {,f both ?. FIA simulations an(i corn
pa.isons v it h measureme! . iitlfi approximate ex !)r,~s.
siolls are !!resent l-d in ‘l’at)l,’ 1. Fig.4 is from hj,\ P’1A
pos[ processor pl, tt, sho~.’ :! the. electric !;; !,{ distri-
but if~ll in the region be[ \. n a pair of moriuiate(i
elect ‘odes. AlAF IA calcl ions show that ollr res.
r,nat I jr’s fun[lamentai mod~ I~quadrup( alar. Next higer
frequency mode (ciipoie motle) is about double {he
flindamental frequerlc~’. l’he if~ation of the peak sur
Iace m aglle~icfieldB, is rrlarke(i I)Varrow 1 in Fig 3.
~\t t hi. point the flel d is ellhancv 1 I)y a superpt )sit ion
of field from two c!,nductors. The ~rrow 2 in Fig 3
sh, IW-S I }le ]Crat ion of tile peak su I I, I ( I* electric fie](!

F-..
The t“lectrical urlhala]l(e on eiectrorl(s was chrci.f’(i

t, Iilk-IA ar;d experiment for I he unmo(illlated moriei.
‘i_hl’diffcrencr betv “en thi’ center and end of the cicc-
tr(,(iesis due to transmissiml line effc>cts, ‘I”llr mea-
sured values r f the frequrncy tuning sensiti~”i t i fnr
transia:ion oft he bo~tom c!~~er in a moduiated S(rur
turr mod Pi was 3.3--().7 KHz/mm for cok’er to elcr
tru::e distance 1,f 1f)- .25 cm. l’he tuning sensitivity
for Lh.’ beam p~~-ts was N60- 5 Kliz~mm for elect rorie
to b~p.rn p lrt ga, I)f 2 ~4 cm.

!!!.
Figure 4: Electric jield dishbution obtained by u.qtnq
M.4 /’1.4 codes

I’nble 1. N[A FIA 1{4slllts \.s kleasureltlcnts
nnd A pprrm Imn ~e Ex presslorrs

.—— —. . . . ..-. . .—_———..— ..—. .-

U nmod IIlfrt 4(1 hl ,JCICI Mrrdulntert Prototype

f ( MHz) 61.9 b [.6 64.It$~a .54.7 C0,8’ “
Q (Cll) 1-t3tro 1s200 9982 8038
C,4,,,,l(p F) 48.2’1‘ 42. z ~~.*1II! 45.4( ‘ ‘ 24.7(1,1
E../\”(lM - ‘ ) ,.,~,:,1:!I rlc.3 i ‘ nzofr(!~‘ 38,5’ 7‘
~ . /\’[C: /N1 \’ ) I 2 18t’1‘ 1187 1322~~I 1305 1271( if,,
(1? ,/I?’,).’, ‘
1 L’ f 1“(’=X~

0.114 0.101

E:llds 3.0 2.0 7.0 2.2 15
C’cn1rc 3.7 2. I 7.1) 2.9 1s

P.._.i es: - ““
—-. —— .,

( 1) Obtui IIC.{1 from tht, t (,1Ml storr:! e’lergy.
(2) .%! the st r,,l~ht c{,rncr ,,f ro , cn(l.
(3) ,\ I the Il,nir ( ,,p rorner of rectl{,lgl,lnr support.
(t) The supports 111111nrn)s were nssutne(t to be pnlrs of
I?nrnllr,l SI rl 1, r{,nd jict rrr. ‘I”hc Ind uctanrr rrnd rcsl~tn ncr. pcr
u II It Ierrgt It nre ” + : .:: [/,, [f,/,1) + :!/21 (///,,, ) . /{/1

,y., I !//rII ), where II’ nnd r nre wldt h i, lld t hlcknenn of

cnr. d iirtors. II Is the c.~nrittctnrs’ mperntlon. m = conri uctl\-
It}, ? ~ skin depth.
~~ ) Using cquatl{~n ( 2), nnd f “(,./,,; from MA F1.\ cnlculntions
(tl) [Js;nF equntinn (1), The rmIt rihutinn of the supports
\\.,;s mat I IIC IucIed .
(7) Using /. ..’ I‘ = I I ;~l. ns gi>.en b}. reforcnce O.

(S) It is estijl.. ntcrl ns }1, = ~~,:j+~;$ nt shn rp corner of rrin -

ri uc t (, r nnd cent ril}u ted hy the SII pport nnd nrtn. f‘1 ,,, is
tnketl from M A F 1A rcsu Its.
(0)‘1’hissnlue Is higher thnn the opprrrximation hccnusc I i,e
si tnulated elect rodes hnt.e sh n rp edges,
f I o) ITnlng ( .,,, ,, from M A FIA cnlculntlrrrrs.

-— . . .—. -._. —..—
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FIRST TESTS OF A

1

SUPERCONDUCTING RFQ STRUCTURE
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K. W. Shepard
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Abstract

Hign surfacedectric C,.:~: have ~pen obtained in the firs
Msk Of a Suparconti; “;~ ; quactrupole device. The d
quadruple fields were f&.=,;3!ed between niobium vanes 6.5
cm in length,with an OC@,IF.C.. of 2 mm, and with a beam
aperture of 6 mm diameter, Intea.. at 4.2K,the64 MHzdevice
operated cw at peak surface electric fields of 128 MV/m,
Vitiual$.n. ele~ron loadingwas observedat :ields balow 100
MV/m, Itwas possibleto operateat surfacefieldsof 210MV/m
in pulsesof 1 msecdurationusinga 25 kWrf source, Forthe
vane geometry tested, more than 1(,)square centimetersof
surfacesupporta field greaterthan90%of the peakfield. The
presemresuitindicatesthatelectricfieldsgreaterthan100MV/m
can be obtainedover an appreciablearea,sufficientfor some
acceleratorapplications. It alsoshowsthat superconductingrf
technology may provide an extendedrangeof options for d
quadrupoiadesign,

Introduction

Severalworkers have suggesteathat superconductingrf
technology might provide a good means for achievingcw-
operab!s,high-fieldrf quadruple (RFQ)devices.‘‘2 A problem
in daveloping such dgvices is that present RFQ cavity

geometriesare generaltyquite differemfrom the geometries
usedfor superconductingrf devices. Parameterswhich have
provencriticalin superconductingcavitydevelopment,suchas
maximizingmechanicalstabilityandminimizingpeakratherthan
rmsvaluescf surfacemagneticfialds,havenot beenthe critical
parametersin !he developmentto dateof norrn?hy.conducting
RFQstructures,

For this initial li!~l, rather than take on all zspects of
developing an optimized superconducting RFQ, we have
modifiedan existingsuperconductingacceleratingdevice,the

?$Argonneniobiumsplit-ringresonato , in orderto useit ss an H
“voltage platform’ on which to mount a 7 cm long
superconductingniobium RFO vane structure. While the
resulting device could with little modification be LISed to
acceleratebeam,it doesnot representanoptimumdesignasan
actualacceleratingstructure.

The object of the experimentwas not to producethe from
end of an ion accelerator,but to determine,for a realisticvane
gecmatry,the fieldgradientsonecanexpectfor cw operationof
a superconductingRFQdevice In this way,we can bagin

“W;rk supported by the U.S. Departmentof Energy Under
contractW-31-109-EIJG-38

experimentallyto establisha rangtiof parametersfor thedesign
of superconductingRFOacceleratingStructures,

I
Resonator Des@n, Consmwtlon and Ca!lbratlon

Tne split-ringassembiyfrom an existingATIAS resonator
wasmodified,asshownin Figure1, by replacingthe drifttubas
with shortened drift tubes to which the RFQ vanes were
attached. Both the vanesand the drift tutfis wem madefrom
high-thwmal-conductivityNb. Thethermalconductiv~ of NbIS

usuallyspecifiedby the residualresistanceratio4which was
about2.S0for the materialused.

Thevaneswem first weldedto the drift tubes and the drift
tube assemblieswerechemicallypolishedfor 15 minutesin a
2:1:1mixof phosphoric,‘Wic and hydrofluoricacids. Thedrift

..

Fig. 1. Niobiumsplit-ringassembiywith RFQvanes prior to
beingwelding into the outer housing,
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tute assembliesand the split ringarmswerethenannealedfor
6 ho~rsat 1190‘C. Afterweldingwascompleted,theassembhy
(vanes,drift tubes andsplit-ringarms)waschemicallypolishad
againfor 30 minutes, Thesplit-ringwasthenweldedbackinto
me original r~scmatorhousing and th6 inside of the whole
rescmatorwaseloctropolishedfor 50cycles. Tneresonatorwas
assemblwiin adust-freeenvironmentandthenallowedto stand
for threedaysfilledwithsemiconductor-qualitydeionizedwater.

Thergsonatorwasdrainedanddried,thenmountedinatest
cryoslat and evacuated. Duringpumpout,the resonatorwas
warmedto about50 ‘C for 24 hoursand reachedz vacuumof
a few times 10”7Iolr prior to cocldown. Duriflgthe cryogenic
test. rf power was coupled into the resonator through an
adjustablemagneticcouplingwhichcould bevariedfrom over-
criticalto veryweakcoupling

The absoluie d field level was calibratedby the standarct
!gchniqueof measurmgboth the input powerP while CritiCal&

couplediind alsothe intlinsic resonatorrf decaytimer. These
two numbersdeterminethe total d energycontent U of the
resonatoras U = P ● 7. The rela!lonshipbetweenenergy
contentand drift tube voltagewas obtainedby a peflurbation
measurement(beadput:test)whichmeasuredthe electricfield
on axisas a functionof the totalrfenergycontent;the voltage
wasnbtalnedby integratingthe measuredelectricfieldfromthe
resonalorouterwallup to the faceof the drifttube. Becausethe
cilmansionsof the drift-tubeand f{FQvaneassemblyaremuch
smallerthanthefree-spacewavelength.a quasi-static,nearfield
approximationisquiteaccurate.lhuf~thecodePOISSONcould
be usedto calculatethe electricfidd on and nearthe vanesin
termsof the voltageon the drift tI‘bes.

The geome!fy of the quadrupc!efkxa region is shown in
Figure2. Theaperturediameteris 5 mm,tne vaneedggradius
is 2 mm and the minimumdis;accebetweenvanesof opposite
vottageis 3.1 mm POISSONyieldstne resuilthat,at a voltage
differenceof 2Q0W Detweenadjacentvanes,the peaksurface
electricfield is 80.3 MV/m and that 10 cm2of areasupporta
field grea{ar that 90% of the peak field. We estimatethe
expwim~ntalerrorindetermininglfi~ ?ieldlevelto heof theorder
of 5’%

Wehavenot correctedthe calibrationfor therf-voltagedrop
alcmgthe vanes. Thevanescan be consideredasshorl (7cm)
sections of essentiallyTEM transmissionlines, much shorter
thanthe wavele:igth(470crT),thusthe voltagewill beconstan!
along their length to a fraction of a percent, We also have
neglectedanyfie!denhancet~en!at the endof thevanes. This
field enhancementwill be small since the radiusat the end of
the vane(10mm) is much largerthanthe edgeradius(2 mm).
Boththe aboveeffectscausethe actualfieldsto be higherthan
the quotedfields

During a second test of me structurewe measuredthe
spectrumof the x-raysgeneratedas a resultof field emission,
!F,ecut-offin!he spectrum,correspondsto theInterVanevoftage.
At ttv operating field the x-ray cutoff indicatedan intewane
voltageof 209kVwhichis in agreementwithavottageof 174kV
calculatedby the proceduredescribedabove.

‘:r*~@
‘L-4

SECTION A-A—.———

i>:t‘x

Fig.2. Geometryof the vanes generatingthe rf quadruple
fields.

The peak surfacemagneticfield can b6 scaled from the
valuemeasuredintheunmodifiedsplit-ringresonatorbya factor
whichdependsonlyon the changein frequencycausedby the
additionof the RFOvanes Weestimatethat for a peaksurface
magneticfield of 740gauss,which is routinelyachievedin cw
operationof the unmodifiedATIAS split-ring resonators,the
peuk surfaceelectric field would be 211 MV/m. For pulsed
operation,surfacemagneticfields!$O%highercanbesustained
in the unmodified resonator, Thus, even at the field Iavels
achieved,magnetic-fwldrelatedprocessesshouldnot limit the
high-fie!dperformanceof the presentRFQstructure.

Experimental Results

Immediately upon cooldown, the structure exhibited
multipactingbarriersbeginningat very low field levels (cIO
MV/msurfacefield)whichwereconditionedcompletelyawayby
the applicationof a fewwattsof d powerovera periodof 2-3
hours. The observedmultipactingbehavioris typical of the
unmodifiedATIAS niobiumsplit-ringresonators,andwasfound
to be qualitativelyunchangedby the addition of quadruple
vanesto the structure.

Afterlow-power,cwconditioningto removemuitipacting,the
r~sonatorwasoperatedin a pulsedmode,usinga 2500wattd
source,at as higha field levelas possiblefor about30minutes,
The duty factor was one or ,WO10 msec pulsesper second.
Such high-powerconditioningis the procedurecurrentlyused
on the ATIAS superconducting Iinac to reduce high-field
electronloading(presumablycausedby field emission).

Figure3 showstheresonatorqualityfactor(Q)asa function
of peaksurfaceelectricfield a! 4,2 K after conditioning. The
qualitativebehavioris typical of all split-ringresonators. The
low-field 0 Is fairly constant and primarily determined by
resistivelosses associatedwith the d surfacemagneticfield.
Above 100 MV/m the losses increase rapidty with a
correspondingdecreaseIn 0. Fieldsof 128 MV/m could be
sustainedin cw operationand were limited by the inefficient
coolingof thevanes. Higherfieldscould be achievedInpulsad
operationby graduallyreducingthe dutyfactor. Themaximum
field was achievedusing a pulsed 2.5 kW source, and 210
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MV/mcould be maintainedfor times in excessof 1 msec. The
increasedlossesal highfieldsaredueto electronloading(field
emission),evidencedby the emissionof x-raysand by the fact
that the 10SSSSobserved immediatelyon cooldown can be
reducedby operatingthe res.cmatorat highfields(conditioning).

10’ i—~J I I I I I
2!I 40 60 100 120 140

:> (M;~m)

Fig. 3. Qualityfactorof tht rtfionator at4.2K asa functionof
the peaksurfaceelectricfield.

Thecwfieldswhichwereachievedarecomparableto those
pre~”ious!yreportedat higher ffe uen~,5 but were sustained

9overareasof the orderof 10 cm insteadof a few mm2. The
pulsedsurfaceelectricfields are the highestwhich havebeen
reportedfor superconductingniobiumstructures.

Electronloadingis the field-hmitingprocessin the present
structureand will ciearty be of prime importance in future
designs. Thepresenttestdemonstratesan RFQvanestructure
requiringnegligib,arfpowerforsurlaceelectricfieldlevelsbelow
100MV/m,0.9W percm of RFOstructureat 115MV/m,and36
W/cmat 143MV/m.

Conclusions

Thareareseveralaspectsof thepresentresultthatmayhave
bearing on potential applications. The fields attained are
substantiallyhigher than expected for normally-conducting
cavities of cmnpafable frequency for either cw or pulsad

6 Also this initialsuperconductingRFOdevicehasopcraticn. ,
oparatad at fields a factor of three higher than have been
reporledforcwop6rationof nOmIalfy-COndlJCtingRFQdavices.’
Thepresanfresuitindicatesthat superconductingrf technology
mayappreciablyextendthe rangeof optionsfor RFQdesign.
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Abatract

In recentexperiments,’cw surfaceelectrlctieldsin excess
of 100 MV/m have been obtained in a superconductingrf
quadruple (SCRFQ)device. In this paparwe exploresome
designandapplicationpossibilitiesof SCRFQswhichhavebeen
openedbytheseresults. Forexampie,SCRFQSmaybe abieto
acceleratehigher cw currents than is now possih!e. Also,
ilighly-modulated SCRFQS could be designed to provide
compaa, high-longitudinal-gradientdevices. Someconceptual
designsand applicationswiii be discussed.

ln~roductlon

Theradio-frequencyquadrupoie(RFQ)acceieratoratructure
which is based on the concept of spatiaily homogeneous
focusing2*3is applied in many low energyion accelerators.it
providesstrongfocusingand accelerationof ion beamswhich
makesif especiaityattractivefor the productionof high-current
high-brightnessbeams.

RFQinjectorshavefacilitatedthe introductionof newhigh-
currention sources,as weli as eiectroncyclotron resonance
(ECR)sourcesandelectronbeamionsources(EBIS),for highly
chargedheavyions.

OperationalsimplicitymakesRFQstructuresattractivefor
applications previously using electrostatic machines, e.g.,
neutron production and ion implanters. The main field of
application,however,is high currentionacceleratorsinwhicha
significantimprovementin brightnesshas beenachievedwith
specialiydesignedRFQs.314

The maximumion currentthat can be transportedthrough
an RFQ structure is roughly proportiorlai to the voitage U
batweenthe RFQ electrodes. In normally-conductingRFQ
structures,rf powerrequirementsieadto pulsedoperationwith
moderatevoltagesand smaii aperture.Thisapproachis well
suitedfor high currentsynchrotronsinjectorsand combinations
with an ECRor EBiS ion source.

●Work supported by the U.S. Departmentof Energy under
contractW-31-109-ENG-38

Sincethefirstproposalof the RFQprinciple,attemptshave
beenmadeto builda w RFQwith high beampower. Cw R!:Q
acceleratorshavebeenconstructedandoperatedatLosAlarnos
andChaikR~er,5 proposalsfOrSCRFQSIlaveaisobeen‘ade

in the past.607

Veryhighfi~idstrengthsin anSCRFQresonatorhavobeen
recentlyobtainedby !WOof the awhors‘. Theseresuitsindicate
thatsuperconductingrf technologymayappreciablyextendthe
rangeof optionsfor flFQ designs.

in the foilowing sections some examplesfor conceptual
SCRFQdesignswiii be discussedwhich indicatesome of the
newpossibilities.

Design (Xmslderatlons

Thechoiceof thefocusingandacceleratingfieldsaiongthe
RFQdeterminesthepropertiesof the ion beam. Generaiiy,RFQ
designhasbeenstudiedin greatdetaiito tailor the RFQfor the
requirementGfthe specificapplication.3t4

The basic input parameters:injectionenergyTi, structure
frequencyf, eiectrodevoltageU, andaverageapertureamhave
to be chosen to match for the source emittance,therbquired
beam emittanceand ion current at the RFQ output. Other
possible limits such as sparking,power density probiems,rf
efficiency, and mechanical stability have to be taken irito
accountas weii.

In RFQ structures the longitudinal acceleratingfieid is
roughlyproportionalto the frequencyand,for a compactRFQs
the frequencyshould be as ?igh as possible. On thti other
hand, preserving the beam em”mance requires ‘slow’
accelerationand a comparativelyiong structure, This is one of
the typical tradeoffsin RFQdesignfor which beamdynamics,
rf, and mechanicaldesignhaveto be balanced.4

Atypical resuttof thesedesignstudiesis a voitagearouncr
100kV, a minimum aperture radius of 1.5 to 3 mm ~or
frequenciesbetween100 and 400 MHz.8 For the 4-rod RFQ
highervoitagesandbiggeraperturesareusuallychosen,which
ieads to shorter structures and eases d and mechanical
tolerances,At the low frequencyof 27 MHz,voitagesof up to
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200k’,ffor accelerationof low chargestateuraniumhavebeen
proposad.g

Irrespechveof the application,normallyconductingRFQs
havebeen designedto Opera!edt surfacofields be!ween1.5
dnd 2.5 the Kilpatrickfield (Ek).’o For high duty syclesmOre
conservativevaluesof 1.5to 1.?Ek ar~usuallychosen.

Inmast fiFO designs,a major4yof cel;s(haffperiodsof the
4ectrode modulation which correspond to a drift tube of a
W2-type accelerator) is used not for accelerating,but for
transposingandbunchingthe ion beam:for example200cut of
268cellsfor theGSIHLI-RFQ’ Thiswillnotcnangemuchwith
higherel~ctrode\“ottages, For !he bunchingsection. higher
fields can improvehe design only in cases where focusing
strengthis the limitingfaclor.

Highfle!dsmakesignificd,n!improvementsforthreedifferent
casesof cw accelerators:(1)highc~rrentsandlightIons(P,D),
(2) highly charged heavy ions accelerators (ECR-RFQ
combinations) (3) low charge state beams (6.g. radioactive
beams,molecularions, clusters).

Superconductwitybringsa differentset of constraintsinto
the designprocessof RFQs. Sparkingof the typeobservedin
normai-conductingstructuresand expressedin terms of the
Kilpa!ricklimit is usuallynotseeninsuperconductingstructures.
What is usually observed is a soft barriercaus6u by non-
resonantelectronemission(fieldemission).Thedependenceof
the field emission limit on various parametersis not well
understood,however it seems to be virtually independentof
frequency.

Anothe!” limit is set by the rt critical field of the
superconductingmaterialwhich, for niobium, is slightlyhigher
Wzn200@gauss. Magnetictialds in nxcessof 1500gausshave
beenachlswedinac!ualsuperconductingstructure:. RFOShave
surfacemagneticfield to .swrfaceeleclric field ratio which are
smallerthan usuallyseen in superconductingstructuresand,
withsomeattentionto thedesignto avoidcurrentconcentration,
the surface,nagneticfield should not be a limitingfactor,

FOI low-frequency, low-current applications, SCRFO
structureswiilsuffermicrophonic-inducedphasenoisesimilarto
that experienced in helically-loaded SC

‘re~$~~wwhilethis is notexpectedto be an insuperablestructures
problem,structuredesign must fully consider the mechanical I
stabilityrequiredfor rf phasecontrol.

Examples

Superconductivityis a naturalsolutionto the problemof cw
operationof accelerators. Prospectsfor this applicationare
enhancedby resultsCI!th~first test of a shortSCRFCstructure,
in whichhigh surfaceelectricfields (130MV/m)a:]d high inter-
electrodevoftages (300 kV) were obtained. Although these
experimentalresultsneedto be confirmedin longerstructures,
they are most encouragingand we have developeda set of
designexamplesbasedon an inter-electrodevoltageof 300kV:

1, Assuminga voftageof 300 kV betweenthe elecfr~des,
a 10MeVD* RFOoperatingat 400 MHzwith a 100mA output
beamwith a normalizedomittanceof 1z rnm-mracicoula be as
snortas 1.8m; its lengthat a frequencyof 2fM MHz,witheven
higherIwrrent,would still be very attractive(3.5m). For a
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Fig. 1 Conceptualdesignof a low-frequencySCRFOacceleratorstructure.
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Fig. 2 Conceptualdesignof a high-frequencySCRFQacceleratorSt{f.wt’jre.

similar proton accelerator, the length would be 2.5 m at
400MHz. In these examples,the RFQ has a high average
acceleratingfield even when compared with conventional
acceleratingcavities. Taking imo accoun!that no lensesand
cryostatshaveto interruptthe structure,the acceleratingfieldof
5-8 MV/min the structureroughlycorrespondtc the actual‘real
estategradient”. By allowinga slight increasein thetransverse
em”tianceandthestructureiength,thecurrentcapabilityof such
an acceleratorcould be as high as 500mA.

2. Highlychargedheavyions can afficienliybe produced
in ECRsources.14 Extrapolatingthe SOUrCedevelopment a

beamof UN+ andassumingATIAS-likeharmonicbunchingoff
a 300kVplatformwre avoidsthe needfor a relativelylong RFQ
bunchingsection. Witha 300kVelectrodevoltage,a 100MHz,
1 MeV/uRFQcan be relativelyshort: L = 21 m. Thestructure
lengthwould scale inverselywith the char~e!C massratio,

3. An SCRFQcould also IN veryattractivefor radioactive
b~dmacceleration. One of the authors recentlydesignedan
RF~ ~c~c]eratorfor 27A11+ a! KXI.DE,15 This acceleratorwill
produce1 Me~J/u,and is a machineof sizesimilarto the pre-
stripperportionof the UNIIACa GSI. OptimizinganSCRFQfor
this application,againassuming300kV inter-electrodevoltage,
resultsin a surprisinglycompactaccelerator. Fora frequency
of 100MHzthe total HFOlengthis 6,9 m. Injectingat 100MHz
anddoublingthe frequencyat 0.4MeV/uwouldreducethetotal
Iengh to 5.1 m.

Conceptualdesignsfor SCRFQSoperatingat lowand high
frequenciesare shown in figures 1 and 2 respectively.

Conclusions

Compact,w SCRFQacceleratorswith high gradientsand
high currentscan be designed for a variety of applications.
Furtherexperimentalwork is neededto determinewith better
confidencethe parametervalues which can be used in the

designof SCRFQS.In the cim?of low cwmrx applicationsthe
beamdynamicsdesigndoesnot rgqulreanymajorchangetrom
presentdesigns. For high currentapplications,development
wouldprobablybe requiredto handlethehighbeampower,e.g.
1 MW in examp!e 1. Beam impingementin an important
outstanding issue: .soiutionsfor rad!ai matching must be
improved, and fuller understandingof haio formation and
emittancegrowthmechanismsis necessary.
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J.R. Delayen, C.L.Bohn, and C.T. Roche
Argonne Nat!onal Laborato~, Engineering Physics Division

9700 South (Xiss Avenue, Argonne, Nlnols 60439

Abstract

A development program is underway to apply rt
superconctuctwity!O the desigo of cw linew acceleratorsfol
high-brightnessionbeams. Thekeyissuesassociatedwiththrs
endeavor havti oeen delineated in an earlier papw.
Considerableprogresshasbeenmadebo:nexperim~nta!lymd
theoreticallyto resc!vea riumberof tr?eseissues. 12this paper
wesummarizethisprogress.Wealsoidentifycurrentandfutur~
work in the areas of accelerator techlolagy and
superconductingmaterialswhich will mn!ront the remaining
s.suesandlo: provideaddedcapabilityto the technology.

L Introduction

The fiotiva!ion armissuesassociateswith the application
of rf supercor?ductivityto linearacceleratorsfor high.bri htness

3ion beams have berm discussed in an ear!ierpaper. The
following major development work areas “were identified:
ResonatorGeornel~, Beam Impingement,Focusing, Beam
msabilities,Beam Loading/Control,and Matwials. Since the
publicationof this paper,a numberof promisingexperimental
resultshavebeeno!xainedmtheareasof ResonatorGeometry
and Materials. Nicbiumcavitieswith coaxialquarter-waveand
halt-wavegeometrieshaveyieldedcwacceleratinggradientsas
highas 1SMV/m. A resonatorwithanRFQgeometrysustained
w electricfields as ~igh as 128fUV/mover a 10cm2surface
area. The rf surface resistanceof a wide varidy of high-TC
superconductorshavebeenmeasuredin the presenceof high
rl surfacemagneticfields. Theresultsof theseexperimentsare
summarized here. In addrfion, beam impingtimant and
cum~htive beam breakup have be~n calculated for high-
brightnession Iinacs,and the resultsarepresentedt~ere.

Il. Nloblum Resonators

Ourapproachto !hedevelopmentof IIiobiumresonatorsfc.r
theaccelerationof high-txightnession beamsis basedcmthe
useof someform of resonantlinewiththa beamtraversingthe
high-vottageregion. Thisapproachwasfoundto besuccessful
in the developmentof e.xisfin
structuresat lowerfrequcmcies,

~ “ow”wave superconducting

The first of thesecaetii!iesto be fabricatedwas a 4C3MHz
coaxialquarter-wavestructurecptimizedfor particlevelocity
0.15c.3 It yieldedan averagecw acceleratinggfadientof 12.?
MV/m with 21 W“ of rf power input to the cavity. This
correspondedto an erwgy gain of 0.820MV per unitcharge.

●Work slJpportedby the U.S. Departmentof Energy under
contractW3!-109-ENG-38andtheU.S.ArmyStrategicDefense
Command.

SubsGquertlya 355 MHz coaxial half-wave structure
optmized for p.srtic!evelocity(J.12cwas fabricated.3 It yielded
an averagecw acceleratinggradient of 18 MV/m with 40 W
powerinpu?10the cavity. Thiscorrespondedto an energygain
of 1.26MV perunil charge. At 10MV/m,the powerdissipation
was2“w Theacceleratinggradientof this cavityis the highest
achievedin a Iow-velocvystricture. Becauseof its promising
performmce. [his resona;ol IS the prototyp~ cavity fOr a
superconductingsecticmwnich ISplannedfor fabricationand
tes!mgwith a D“bezm of anergy7.5 MEWand current60 mA.

Work in progressmciudesthe fabricationof a 2-gap.650
1 In addition,tkle3-gap,850MHzSP(’I9MHzspokeresonator.

resonatorshownirl Figure1 is plannedfor construction. This
resonatorshoulctprovidea Iargw real-estategradientthan is
availablewith2-gapstructures

Fig. 1. Concept~aldesignof a 3-gapspoke resonator.

Duringits cryogonictests, the first superconductingRFQ
devicewas operatedat fieldsa factor of threehigherthanhave
been repcxtedfor cw operationof normally-conductingRFQ
structures.4Theresultssuggestthat rf superconductivitymay
appreciablyexte~d the range of options for RFQ desig~i.
Dossi~]eapplicationsanddesignsof superconductingRFCISaro
understudy.s

U1.Superconducting Materials

High.Tc Superconductors. Wehaveconstructedandused
severalapparatusesfor measurementsof d surfaceresistance
(RJ at frequenciesfrom0.15to 40 GHzand ti surfacemagnetic

6 The mosf rgceni ‘0 ‘efields (Br:j as high as 640 9auss.
constr~cted is a coaxial quarter-wave cavity designed
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specfllcaltyfor measurementsof ctlsk-shapec!samplesat 820
MHZ and 4.2 K, and at Bti ran~ifigto hundredsOfgauSS.7The
frequencywas ctvxen to b6 representativeof an accelerator.

A wide varietyof films on silver and dielectricsubstrates
spanning an Gnormousrange of materials and fabrication
?echnlquesweremeasuredwith the quarter-wavecavity.6 Most
we approximately24 mm in diameterby 0.5 mm lhick. Most
at the films on silver substratescovered all surfacesof the
substrate.Thequalitativebehaviorof the surfaceresistanceof
films on SilW3f substrates is identical for each material: R~
Increasesmonotonicallywithfieldamplitudethrougha transition
region characteriztidby a strong field dependence,and then
sawratesat highfield at a valueof a few percervof the normal-
st~leR~JustaboveTC,This is a signatureof the potycrystallice
natureo! me films anddoes not reflec!their intrinsicproperties
For example, R~ of epitaxial films on dielectric substrates
degradedat high ftelds,but weresubstantiallybetterthanR~of
the potycrystattinefilms at high fields. Nevertheless,the
deqraaationin R~needsto be mitigatedby a suitableprocess
of marerialsengineeringbeforehigh-TCsuperconductorscanbe
0! use in acceleratingcavities.

In light of these results,niobium and its alloys will likely
remainthe materialsof choice in the nearfuturefo: accelerator
applications

Nloblum. A “voltageplatform”was constructedto determme,
for a realistic (four-finger)vane georr%try,the field gradients
which could be expected in the cw operation of a
superconductingRF0.4 With this vanegeomet~, cw fieldsof
128MV/mcould be sustainedover a surfaceareaof order 10
crn2andwerelimitedby the inefficientcoolingof thevar.as. In
pulsedCperation,210 MV/m coula be n“,amt:.ioedfor times in
excess of 1 msec. These resutts indicate that there is no
fundamental reason preventing niobium ,Xonators from
operatingat gradientssubstantiallyhigherIh?mthose routinely
achievedmday.

An increaseio aznievablesurfacefieldshasbeenobtainea
by tiig~.temperaturetreatmentof niobiumStructurese,dnd we
are now buitclmga facility for this. We are also beginningI(J
investigatefilmsof niobiuma!loysforapplicationsinaccelerating
cavities

Ill. Theoretical Considerations (U)

Beant Impingement. We study beam impingementwith a
modelw~i~hincludesheattransportbcth in the resonatorwall
andat ihe intedaceb~iweenthe resonatorwallandthecryogen.
Themodelincorporatestheworst-caseassumptionthattheions
wiil deposittheirtotal kineticenergy(takento be200Mew atthe
niobium-vacuum intwface. The heat-transportproblem is
approximatedason .-dimensionalheatflowacrossa plane.The
cryogenis assl’medto be liquid heliumat 4.2 K (H9 l).

The heat-transportproblem is dominatedby the interface
%?tweenthe :esormtorwa:land the liquidhelium. To maximize
t%?heatflux while minimizingthe temperatured“flerenceat the
mtwfi?ce,it is necessa~ to operate in the r_wcleale-Doi;ing

regimeand to avoidfilm boiling. Thiswill limit the rateof heat
removalto 1W/cm2andthetemperaturedifferencebetweenthe
wall and bath to 1 K.g Assumingthe acceleratingstructureis
fabricated from RRR=250 niobium, which has thermal

10the temperatureriseat ‘heconductivity-1 W/cm-Kat 5.2 K,
niobium.vacuuminterfacewill be of order0.2 K. Sinceniobium
has TC=9.2K,this temperatureincreasewould not presenta
seriousproblemfor a cavityoperatingat 4.2 K.

Tharatecf heatremovalrestrictstheamountof beamwhich
can be permittedto impingeon a reson.wr A 2D-Gaussian
beam(c,m~=cl.6mm) of H- ionswith 200 MeVenergyand 100
mA currentis assumed. Givena perfectlycenteredbeamand
a 1 W/cm2 heat flux, the drift tube aperlure would need a
minimumdiameterof 6.7 mm to preventthermalrunaway. By
comparison,a typical superconductingresonatorsuch as the
structuresdescribedabove has an apertureof order 25 mm.
Thus,we concludethat givenlargeaperturesin the constituent
resonators,beamimpingementin a superconductingIinacwill
not resultin a thermalmanagementproblem. Moreover,both
beamscrapersancffowsing elementscan be placedbetween
the resonatorsto reducebeamimpingementfurther.

Ifbeamimpingementwereto occurdespitethesepreventive
measures,then cryogen would be consumed The amount
would dependon the beamflux impingingon the accelerator.
As an il;tistratioil,we consideran acceleratorconsistingof 200
superconductingresonatorseachof whichisbeingimpactedb

2beam over a 5cm2 area resultingin a heat flux of 1 W/cm
Liquid helium evaporatesat a Ilominal rate of 1.4 lrW-hr.
Therefore,inthisexample,the lateof liquidheliumconsumption
would be less than 0.4 I (nominally 50 g) per second of
operation.

Cumulative Beam Breakup. A sectionof 352MHzniobium
coaxial half-wave cavities is currently beinq designad fcv
experimentswith a D- beamof energy7.5 MeVand current80
mA. Thesectionis a step alongtherdevelopmentpathtoward
a full superconductinghigh-currention Iinac. We assumeboth
thesectionand!hefull Iinacwill providea real-estategradientof
4.5 MV/m We considercumulativebeam breakup (BBU) in
ooth cases by applying a BBU formalism deve!oped
elsewherell Thenotationandequationscitedherecorrespond
to the notation and equations of Ref. 11. We assume
pessimisticallyamisalignedbeamwiththeworstpossiblebeam-
cavity resonance,for which 07=%(1 + l/2Q) and p(u7) =0/T
[cf. eq. (18)], to calculate the O of the correspondingdeflecting
mode needed to keep the transverse displacement below
approximatelytwice!he initialdisplacenlentat the exitaperture
of the Iinac

To calculatethe geometryfactorr of the deflectingmodes,
we model the coaxialhalf-wavogeometryas a TEM cavity in
which the inner and outer conductors have radii a and b,
respectively,andthe cavityhas heighth=.ld2, whereau is the
wavelengthof the fundamental(accelerating)moue, Fromeq.
(4),!!?ecorrespondinggeometryfactor is
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To evaluater numerically,we chooseb=2a anda+b= fla~2.2,
consistentwith the designof slow-wavestructures.12

We assumethe section consistsof five 352 MHzcavities
with no focusing. The geometryfactor is r=5.97x10-7u a/m2.
The initialand final beamenergiesare7.5 MeVand !0.9 MeV,
respectively,for which 13(0)=.089, Y(O]= 1.004,and 13(3)=,107,
y(it’)=1.006. The section thereforeprovidesapproximatelya
coasting beam with r3=,089,y= 1, cl> =.08 A, and no ntrt
!ccusing. The spacing between cavities is taken to be
L-213(0)10=.l!52m, and the total accelerating length is
g-4 L=.608m. Given the worst-case resonance,the steady-
sta!edisplacementdominates. From eqs. (2) and (17),the Q
whichallowstransversedisplacement& at Y k

We find 0s1,9x107 assures ~~(Os2. By comparison, the
externalQ of the acceleratingmode requiredto coupleto the
high currentshould be -105. The rf couplingwould probably
also provide an externalQC107for the deflectingmode and
therebycontrol BBU,

We now considera full Iinac,the basicconceptualideaof
which is to exlendthe sectionto acceleratea c1> = 100mA D-
beam from 5 MeV to 2C0 MeV, for which f3(O;=.0728,
Y(0)=l .003,and 13(s)=.428, y(st)=l.106, We treat this beam
as nonrelativistic (Y=l) and assume a linear acceleratincj
gradient(dY/ds=G=2.37x10-3m-1).Witha4.5MV/mreal-estate
gradient,the Iinaclengthis 3=43m. Weassumethe cavitiesall
have r=5.97x10-7u rUm2 and are spaced in the manner
L=LO[W3(0)]wiih LO=.124m,so thal thetotalnumberof cavities
is N(s)=kts/L(s)=88, We also assume that 10T solenoids
occupy 250Aof tha Iinac and are equivalentto a uniform
focusingfield B=5T alongthe wholeIinac. Then,from eq. (20)
;vith6=.30°, the nettransversefocusingwavenumberis kT-kB.
As specified, this Iinac provides a nonrelativistic,slowly
acceleratedbeamwith strongsolenoidalfocusing,andthereby
fuifillstheassumptionsleadingto eqs.(21)and(22).Thestrong
focusingprovidesan oscillatorysteady-statodisplacement,and
the transient term dommates. Evaluating the maximum
amplitudefm from eq. (22)and usingequations(2)and (20)
for C(O) and k~o), respectively,we find thatthe Q whichallOwS
transversedisplacement~mu at g is

As indicatedin Fig.2,themaximumtransversedisplacement
IS a sensitivefunctionof the Q of the deflectingmode. Wefind
approximatelyQS5.5X106assures{m~{os2. Just as for the
section,the rf coupling would probab!yprovidean externalQ
lowerthan this and therebycontro:BBU.

The limitson 0 would be largerthan those calculatedhere
if a morerealisticset of assumptionswereused. Forexample,
the frequenciesof th6 higher-ordermodesin coaxialhatf-wave
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Figure2. Normalizedtrarwientdisplacement(~(o vs. bunch
rmmborM at tha lastcavityof thefull D-Iinac(seetext). Ctmres
correspondto differentvaluesof Q of the deflectingmode.

structureswould be substantiallyremovedfrom a harmonicof
the fundamental(accelerating)modedueto capacitiveIaoding.
Tnis meansthe magnitudeof the resonancefunction p(w)
wouldbe muchlessthanwe assu.m~d,and BBUgrowthwould
becorrespondinglylower. Othermitigatingfactorsarelistedin
fief, 11.

V. Conclusions

Recentresultsin the work areasof ResonatorGeometry,
Beam Impingement, Beam Instabilities, and Materials (i.e.,
niobium) make the prospects for superconducting high-
brightnession acceleratorsvery encouraging. We are now
developinga section of resonatorsand focusing elementsto
test with high currentand thereby gather results in the work
areasof Focusingand BeamLoading/Control. In addition,we
are designingsuperconductingRFQs and plan eventuallyto
exptorethepossibil’~of constructingcompactIinacsfromRFQs
for the accelerationof high-currention beams.
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EXPERIMENTAL RESULTS IN SUPERCONDUCTING NIOBIUM RESONATORS
FOR HIGH-BRIGHTNESS ION BEAM ACCELERATION

J.R. Delayen, C.L. 9ohn, and C.T. Roche
Argonne National Laboratory, Englneerlng Phyalcs Dlvlalon

9700 South Case Avenue, Argonne, Illlnols 60439

Abatract

Twoniobiumresonamcaviflasfor high-bdghtnessIonbeam
accelerationhave beenconstructedand tasted The first was
basedon a coaxialquarter-wavegeometryand was optimized
for phasevelocrfy130=0.15.Thiscavity,which resonatesat 400
MHzin the fundamentalmode,operatedat an average(wall-to-
wall)acceleratinggradientof 12.9MV/mundercontinuou -wave

%(w) fields, At this gltidient, a cavity Q of 1.4x1O was
measured, The second was based on a coaxial hatf-wave
geome!!yand was optimizedfor 130=0.12.This cavity,which
resonatesat 355MHzin the fundamentalmodo,operatedat an
averageacceleratinggradientof 18.0 MV/m under cw fields.
This is the highestaverageacceleratinggradientachievedto
datein low-velocitystructures esignedforcw operation.Atthis

tgradient,a cavity0 of 1.2x1Owas measured.

1. Introduction

Mostof the developmentworkon superconductingcavities
has been done in connection with high-energy electron
accelerators and heavy-ion boosters for electrostatic
acceleratorsl-s Whilethe former haveacceleratedbeams‘f

severalmA current,the latterhaveacceleratedbeamsof only
@ currem. Tile It?scx”tdhs Gimribad hnthis papermark the
firstsfepstowardthadevelopmentof comDactsuperconducting
linearacceleratorsfor high-current,high-brightnessionbeams.9

Mostsuperconductingresonatorsforh~avy-ionacceleration
span a band in eigenfrequency-veloc’rtg space from roughly
f=50 MHz,f3=0.01to f=200 MHz,8=0.2. Themostsuccessful
low-velocitystructuresarebasedon someformof resonantline
with the beam traversingthe high-voltageregion. Thus, our
developmentapproachinvolvesextendingthis resonatorclass
to higher frequencies and velocities. In turn, we have
constructedand operateda coaxialquarter-wavestructureat
f=400 MHzwhichwasoptimizedi x 8.=0.15, andacoaxialhalf-
wavestructureat f=355 MHzwhichwasoptimizedfor O.=O.12.

Il. Coexial Quarter-Wave Resonator

A schematicof the coaxialquarter-waveresonatorappears
in Figure1. Theinnerconductorwasformedfrom0.16-cm-thick
sheetniobiumof high RRRvalue (200-250)and was filledwith
liquidheliumduringtesting. Theouterconductorwasfabricated
from a cylindercomprisedof a 0.16-cm-thicksheafof niobium
whichwas explos’hretybondedto copper. Thecopper,a good
thermalconductor,extractedheatfrom the niobium,a relatively

●Work supported by the U.S. Departmentof Energy under
contractW-31-109-ENG-38andthe U.S.ArmySfrafegicDefense
Command.

poor thermal conductor, and transferred it to an adjacent
IIqulclheliumreservoir.Thebore.holediameterwasselectedto
be approximafety2.5 cm to reduce the likelihood of beam
Implngemont,andthe lengthof eachgapwasapproximately1.6
cm. All welasweremadewith an electron-beamwelc!er.The
bottomplateof the resonatorwas locatedrelativelyfar fromthe
innerconductorso thatthe rf fieldsat this platewouldbeweak.
Thisallowedthe plateto heremountable,enablingeasyaccess
10the interiorsurfacesof the cavity.

no!
cLxDucnMrf

-

Fig.1 400 MHzcoaxialquarter-waveresonator;6.=0.15.

Table1. Propertiesof the coaxialquarter-waveresonator,

Frequency 400 MHz
00 0.15
Energygainal 63.5kV
Peaksurfacer fielda)’b) 3.2 MVim
Peaksurfac: d fielda)’b) 58G
Energycontenta) 9.6 mJ
Geometricalfactor ORa 38.30

a)afan acceleratingfield of 1 MV/m.
b)calculaedfrom ‘d. 6’
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Specialcamwastakento prepareIhe surfacesof the inner
conductorandslmrlingplateafterthesetwopieceswerewelded
together. Thesurfa~streatmentbeganwith electropolishingin
a 17:3 solution of sulfuric acid and ~ydrofluoric acid,
respectively,to removeapproximately15~of niobium. This
was foliowed by annealing in a 4x1O torr vacuum for
approximately13hoursat 1200C (5 hoursat full temperature)
An actdil!cnalelectropohshingto remove another 135urn of
niobium was then performed. Afterwards,the piocc was
anneale3a secondtime andwelded10the outercom.imor.

A final Ueahnentot the niobium surfacesof tho whole
resonata:wasdone10removesuriaceimperfectionsgenerated
duringtheweldingof the innerand outerconductors(eg weld
beads,vrarp edges,etc I Thegeometryof the cavitymadeit
difficurtto designelectrodesfor concentratedelecfropolisllingof
th;sweldarea. Consequently,the?inaltrealm9ntwasa chemical
pollshwing a 2’1.1soluuonof phosphoricacid,nitricacid,and
hydrofluoricacid,respectively initially,a briefpolishwasdone
to removeapproximately25wmfromtha niobiumsurfacein the
eglonof the closure weld with successivelyless material
removedawayfrom this area. The resonatorwas then cooled
and tested using the procedure described below, and an
averageacceleratinggradientof 5 MV/m was achieved. The
cawty0 degradedsharplyabovethis leveldue to the onsetof
amermalinstability Subsequentexaminationof theresonator’s
inner surface with a fiber r_rtIcproberevealedwhatappearedto
be smallresidualweld beds m the gen9ra vicinlfyof the \.lld
connecting the shorting plate and !he outer ccnducmr.
Therefore,e second chemicalpolishwas done to removean
actdnlonal50 ~m from the surface. Subsequenttestingof the
resonatoryieldedthe resuffsdescribedbelcv;

109 1 I [ ‘1 -—’__’p‘-”7”
4

I
10’ ~ t 1 1 1 ! 1 I 1 i ! 1 I I

c1 5 10 15’
E(MV/m)

L-L 1 1 1 I I 1 1 1 I I 1 1 1 I
o ().32 0.64 0.96

AWO(UV)

Fig.2 Q-curvFfor the 40GMHzquarter-waveresonator.

At the beginningof the test, severalmuttipactinglevels
appeared, they processed out rapidly, however, After
multipactor processing was completed, a Q-CUIV~ was
measured,As shownin Figue 4, Q varigdfrom 4.1x1Oat low

brf field amplitude to I.4x1O at the highest field achieved.
Attemptsto go higharin powerresutfedin a thermall::stabilty

in thecavity X-rayradiationwasmonitoredalongthe beamline
with a detectorlocatedexternalto the cryostat. The maximum
x-ray intensityobserved was ‘I7 rnR/hr, mdlcating that field
emtssionwasalwayslow Accordingly,the powerdissipatedin
the Cawtywas also low.

An average accelerating gradient of 12.9 MV/m was
achievedwith 21 W of rf power input to the cavity This
correspondsto an energygain of 0.820 !AV per unit charge
Theassociatedpeaksurfaceelectricand magnuticfieldswere
approximately41 MV/m and 750 G, respectively. Average
acceleratinggradientsashighas 14MV/mwereachievedin the
pulsedmodeandwerelimitedby a thefmalinstability.Because
electronemissionwas low, no attemptwas madeto condition
thecavitywitheitherrf poweror heliumgas Theresonatorwas
not shieldedfrom ambientmagneticfields, so the degradation
of Q with increasingfibld could havebeendue to lossesfrom
trappedflux in the superconductingniobium.

Ill. Coaxial Half-Wave Resonator

Fig.3 355MHzcoaxialhalf-waveresonator;8.=0.!?!.

A schematicof IhSicoaxialhalf.waveresonatorappearsin
Fig 3, Theinnerand outerconductorswereformedfrOm0.16-
cm.thickand0.32-cm-thicksheetniobium,respectively,of high
RRRvalue (200-250).The bore-hcdediameterwas selectedto
be approximatelyz.5 cm, and the length of eacl; gap was
approximately2.5 cm. All welds were made with an electron-
beamwelder. Therewereno remountableplatesin this cavity,
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and thus the closure weld could not be inspectedin detail.
Accordingly,fabricationof this geometryISriskierthan thal of
thecoaxialquarter-wavegeometry.Thiscavityisthefirstcoaxial
hatf-wavestructureavermade.

The niobium rescnator components were chemically
pohshedal variousstagesduringthe fabricationprocess. The
preliminarypolishing were designed to remove damaged
niobiumsurfacesresultingfrom mechanicalstress introduced
during the piece-formingsteps. After the closurewelds were
completeda final chemicalpolishwas performedto eliminate
weldspatterand sharpedgeswhich could not be identifiedby
visualinspection. Thechemicalpolishingprocedureconsisted
of immersingthe niobiumpieceina2:1:1solutionof phosphoric
acid,nitricacid, and hydrofluoricacid, respectivnl;”,for 20-30
min. A~proximately60 microns of Nb are removedby this
process, The piecewas then rinsedin a 5% solutionof H202
to removeinsolubleniobiumsalts. Thiswasfollowedby rinsing
thepiecewithdeionizedwaterof semiconductorpurity.Afterthe
final chemicalpolish the resonatorwas stored in a deionized
water path for approximately48 hrs. prior to mountingthe d
pickup and drive coupling loops. The f;nal step prior to rf
testingof the cavitywasto c!eanultrasonicallythe structurein
a high-puritymethanclbain.

Table2. Propertiesof the coaxialhalf-waveresonator.

Frequency 355 MHz
B. 0.12
Energygama) 70.0kV
PeaksurfaceE fielda)’b) 3.2 fvW/m
PeaksurfaceB ielda)’b)

\
52 G

Energycontenta 12mJ
Geometricalfactor ~Rs 53.3n

aat an acceleratinggradientof 1 MV/m.
b)calculatedfrom‘ef6

Earlyin thetest severalmultipactinglevelsappearedasthe
powerinput to the cavitywas increased. Criticalcouplingwas
establishedin the presenceof this multipactingby varyingthe
input hne Impedance. Once this was done, the multipacting
processed out almost immediately to the point where no
remainingmultipactinglevelswereobserved.

Aftermultipactorprocessingwascompleted,aCl-curvewas
measured by monitoring the forward, reflected a d pickup

%powers. As shown in Fig re 4, 0 variedfrom 7.7x1O at low rf
#field ampiitude to 1.2x1O at the highest field achieved. In

makingthesemeasurements,anaverageacceleratingfieldof 10
MV/mwas readilyachieved. The cavitywasthen runovernight
at moderatepower(ofordw 10W)to processoutfield-emission
sites. An averagecw acceleratinggradientof 18.0MV/mwas
thenachievedwith 40 W of rf power input to the cavity. X-ray
radiationwas monitoredwith a detectorlocatedexfemalto the
cryostat. The x-ray intensityat high rf fieldswas >200 mR/hr,
indicatingthat electronloadingin the form of field emissionwas
present. Upon calibrating a Nal(Tl) photon detector and
measuring the bremmsfrahlung from the most energetic
electrons,the averageacceleratinggradientwas calculated,

The 18 MViln gradientcorrespondsto an energygain of
1,26MVper unitcharge Theassociatedpeaksudaceelectric
and magneticfields were approximately58 MV/m and 936 G,
respectively.Acceleratinggradientsas high as 10MV/mcouid
be generatedwith lessthan 2 W power input.

Q 108 —

lo> . I 1 I I I 1
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1

P(w)

c 5 10 15 20
E(MV/m)

llll!i(lll lu_—I—_~
o 0.35 0.76 l.fls 1.4CI

AW,(MW

Fig. 3 O-curvefor the 355 MHzhi?tf-waveresonatol,

IV. Conclusions

Niobiumquarter-waveand hatf-wavestructureshavebeen
constructedand operated. The haif-wavestructureachieved
averagecvi acceleratinggradientsas high as 18 MV/m,which
is a recordfor Icw-velocifysuperconductingresonators, The
correspondingpaak wrface magnetic field was only 936 G,
which is well belowthe rf criticalfield of niobium. Thus,th e
geometriesprovidetne potentialfor evenhighergradients.78

We are grateful to C. Batson for his assistancein the
fabricationand testingof the resonators.
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DESIGN OF A 5UPJ3R.C’ONDUCTINC; INTER.DJGITAL
FOR. R ADI(JACTIVE HEAVY

ACCELER.ATOR STRICTURE
IONS

,\n ol]-line im~topeseparator (lSOL) has h,’vn ilw[alled (IU
OIIeof Ihe bcarni incs at t ht~1’R1[’\l [Pc}cI,>Irt~ll. ~\sslt111-
ing a 60 ke\’/u, .50\l 1lz R.FQ preacct’lerat (Jr, a IIrif’t [ II Iw

Iirl:(c design t):wec! 0:1 I he supl’rccu]di](’l ing ir,l,,rdigi[ iil

St rt]c[ u re del. eloptwlat t11(>Argonnc Xal iOIliIl I,at )C)r:t[(lr}’,
}Ias b<(’rt $1udied for accelcral ion of 1ho ISOL riulic):tctis’($

1)1?;1111S.“1.hc Iinac consists of a firsl sf agc wit tl 12 fOlll-~il~

30 II 112 rcs(mator tanks and 6 inl t’r-t allli snpm-olld uc 1-

illg solonoicl lenses, followed b}”a s~v33ncfst:ige op~,rating
at 1O(I\llIz. with 21 ta?lks al~d 7 inter-lank solenwls
Tl, is [hen call cfeliler a i.6 ItIe\./u I)cani of itIIIS with

q/:\ -2.05. Incllldltlg solenoid lens spiice, the (,cl:lii.iilcnt
,ai”(~rageaccclt~r<ali ing gradient for sirlg!j” charged ions is
1,9 \lc\~/m, about 61.1$’f,higher than for a roonl tc.nli~cr-

at urc desigrl rci)or ted fwrlier. 1
The design wics d~wt$lolwtlusing a tl]odificd l“er-

~io:l of IIIC 1).AR\! f;l..+ code, called l’f\I?JIION, wliich
d} tlanlicall}” l.aries the rcll lcngl hs to rrlaintairl a spcci-
fi{’ds}’ncl]rollous pha.w. Tht~optirtlurn sj,nchronous phase
was found to tw .1.5°.

Introduction

\[otilatrd prirlmril! b}’a dt’sire to stlld}. nllclear
react ion cross sect ions in~”oll’ingshort lit.ed radioacti~”c
tluclei tl]at are of astroph}’sica] interest, ii conceptual de-

~ign uf a post accele:alor foi”a planned ISOL (isotope sep-
arator on line) facil it} at TP, I[;J! F was de~’eloped ahout
ti~e jcars ago. 1 The accelerator ccmsidered at that time
was a two stage Iinac. cot.sisting of an Rk’Q to capture
bunch, and accekrate the }.ery low energy, sing]}. charged
ions from the ISOL to 60 ke\’/u, followed by a stripper
to increase the ion charge to mass ratio (q/A) to a least
1/20, before being further accelerated in a Wideroe type
drift-tube linac (DTL), to a final energy of 1 MeV/u.
Conj”cnticnrd room temperature structures were conside-
red in this cease, and would have required more than 1
\l\\’ of cw rf power.

In recent years significant progress has hecn made

in superconducting accelerator structure dr~tclopnwnt.
At .4XL in particular, low beta intcrdigital structures
ha~.e been built in which accelerating gradients greater
Lhan6 lle\’/In have Leen achieved3. It is possible that
similar struct urcs could be used in p]acc of ttlc \Vidcroc

IITL to not only reduce ~he rf power requircn)en! but
1ll’rh;l[l>ds” rf:liu~t? the f)~”era]l llIl~C lf?llgt Il. ‘I”lIc $tu(f}
r,~)~)ri II 11(.r( was lllld~ rtak(n ttier~forc [(J f:x:ililirlf’ t II(

IIW of s[j~~t$r(.ol](lllctillgstrtlctllres in L}],’1S()1. J)ost-
aCC(’lt’rilt or apl>lictalion and i11part icn Iar to (Jxai)]itw t lle

It’a.sil)ility of })r(~ii(lillg adrqlii]l t’ trimst’l:rw focusillg for
1II(’ low $elocit}, lmv (I/i I)canls It will Im aSSIIIIICd tlliit

t II(’ first stage of acf”(lvratiijn is 2 high gradient Ik.al’y ion
1{I’Q SIICIIas that dcscrith4 i,> I ‘hidley el al.z

TII(J Design Apl)roii(!li

‘1’)1(’AXL strncl ur(>is inherently illl nr rnodr s! rllctllre
w’ht:w 11is an odd intqer. (Isuidly [1=1 and the cell

Ivllgtlls (constant withl;~ a 4 gal) tiIIlfi, for IlleCllal)iCill—
7 is th(! design ilt’-sir]]plicit}’), are cquCaltG ,jA/2, where ;

cragc ion velocity for the tank, and A is the rCSOl)iil}t rf
waielengt h for tllc tank. To iiCcC~lllrIlodat I: the incrc,a;ing

~ as the ion beam is accelerattvl through the Iinar, suc-

cessiw tanks should ha}’e currespondinglj iltcr(~ascd cell
lengths. Indeed, in the ideal case sncccssivc cells i!ithin a
tank should also increase in Icngt h to maintain a constant
s:’ncbronous ph~se.

From a practical point of ~.iew it is desirahlc to
limp tile nu~lhcr of tank designs [o a mini]nuln. For this
reason the J\N1, ATLAS injcc~or will usc onl}’ four tank
designs, 3 an(i an earlier ISOL Iinac stucly usfxl five hasic
tank geometries.7 ‘I”iIcpenalty for this simplification is
of course reduced accckrating efficiency hecause of ph:Lse

slip of tht: ion bU1iChKi rclati~e to the accelerating field

for bunches with average velocities that (!iffer frorll the
design value for the tank.

For the current s: udy, a fixed value of the el]trance
rd)we at eachceil waYadopted - as is usuaily lhe case in
designing drift tube linacs. \Vith a specified ~VIIImfor
the field stmngt.h in the cell, the ceil length is adjusted
to equal ~A/2 where j3 is the average $ in the ccl].

A ncgati~’e synchronous p}Iasc angle is nccrxsary
to maintain longitudinal focusing of the beam. This
of course leads to a radial rf defocusing force which,
in conventional drift-tube linacs, is compensated with
quadruple magnets in some or all of the drift-tubes. De-
cause neither the superconducting surfaces nor the inter-
digital structure sizes are compatibk with an integral
magnetic lenses, gaps between tanks must be provided
to allow installation of transverse focusing elements, such
as superconducting solenoids. It is the nliixillltltn aclliev-

ahlo transverse focusing that est ahlishcs tht: Ilmxinmm

accelerating field in this crise, rather than the int rinsi..-

supcrconducting surface characteristics.
“~]lr sc)lf.nnl(j ]VI. Les nwvf throllghout art’ asslllllml

t~J [N s([IIi!ar to ‘hmw (fescri~){xib}’J afie}”ef u(.‘ ‘1’!}t’yiir(.
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CA P.4BIL1T}” .41’ LOS A1.AMOS NAI’JO!$JAL LA BORA’1’OKY*

.4bstract

[ntrodudion

()\wr the past three }“eilrs. the .JCC~lUTat.OI-
Technolog} Di~ision of t}.s Los Alanms > atlonal
Laboratory:, has est~~blished ii ciipability to work with
*superconductingacccler~lting structures This
cqp,ii.bi1it}” in$ I,udes cicsIgm ng, forrnil?g, tind welding
nloolum c:ivltlcs, chenllc;~l l}. pol ishlng And cleanly
asseml)i intz the struct UI”C5!)n CI”>”OgCIIic LU+ IIxtures,

.YIeasurement.s
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‘l”:\1+1.f’:1.
Spec’i tied :tnd nleiisui ”ec] \“iilues t’OIC the llltl”il~tl t“e

W“:ltt?rS}”stem.

Water Ouallty: Sgecitlcatlons Measurements
Reaklivily (Mn-cm)
Silica(ugll)
Patikulale (1P Wml)
Micro+ xganiama(per ml}
Ioc (@)
Coppa’r~g!l)
Chloride&@’l)
P.alasaium@g:l)
Sodium(1Ag:l)
Residualsolida Q.@)
Zinc lugd)

AdditionalRequirements:
Realwiw@
TotalorganicCarbon
Particula10

Bacleria
TolalReaidu.
Diaaolw~Si~
Imn

la---------- la.z
s ---------- 2.0
2 ---------- 0
1 ---------- <1
50 ---------- 6.9
1 ---------- 0.5
2 ---------- 0.8
2 ----------- 2.0
1 ---------- 1,0
10---------- <5
5 ---------- 2.0

>18Mfkm ------- la.2
<50Pub--------- 6.9
<25Parliclee------ 0>.5-
>0.1Pm per Iitar 100ml
<1CFUI1OOml-”---- <1
<0.1 ppm -------- ~.~5
*5 ppb---------. 2.0
<2 ppb---------- 1.0

Conclusion and [discussion

l’l”C5f’Ilt(Il”ti)rts;II”(!Ii)l’llw’d011 pP1’fi)l”lllin ii
“?sul”tic ic.nt nu llll)cr ot” t (’Sts I () L$stal) I ish ii stilt istlcd I}’

i’il I id d istr it)u t ion I)t” t hu tic Id le ~.c15 :Lchi~!i“cd. 1n
iIdCl i t ion, Cl(.’\”L’Iopmwl t i 5 L“();)t i flu i 1)Ir on il high -
p1”CSS~ll”(2 rinse +\’*t(> [I) :111(1 il hiLjll-l(!lllpC l”ilt 111”1:
Yill!lllllll t)\’1,11 tu Cxtl,ll(l l.tlf-$ ~)OSSihlu C(J[11})i Ililt iOns 1’01”
cut’ it}. pruccss i Ilg,
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A NUMERICAL STUDY OF SUPERCONDUCTING CAVITY COMPONENTS*

B. C. Yunn and J. J. Bisognano
Continuous Electron Beam Accelerator Facility

12000 Jefferson Avenue, Newport News, VA 2S606

Abstract

Computer programs which solve MaxweU’s equations
in three dimensions are becoating an invaluable tool in the
design of RF structures for particle accelerators. In partic-
ular, the lack of r; lindiicsd symmetry of superconducting
cavities with waveguide couplers demands a 3-D analysis
for a reasonable description of a number of important phe-
nomena. A set of codes, collecti~.ely known = MAFIA, de-
~.eloped byJf?eilandand his collaborators, has been used at
CEBAF to study its five-ceU superconducting accelerating
cavities. The magnitude of RF crosstalk between cavities
is found to depend critically on the breaking of cylindrical
s}.mmetry by the fundamental power couplers. A model
of the higher order mode couplei. e.xhihits an unexpected
mode which is in good agreement with measurement.

1. I]ttroduction

The waveguide couplers necessary to damp higher or-
der modes of superconducting cavities break the c:”lindncal
symmetry of these accelerating structures in an essential
Wa].. ~umeric~ modeling requires three-dimensional com-
putations for both a qualitative and a quantitative descri-
ptionof a number of significant electromagnetic effects. In
this paper studies of cavity-to-cavity cross talkand cou-
pler modes are presented which are based on the 3-D code.
\i.$FI.A of J$”edandand his col!abora:orsl which is available
on N.ERSC.

2. Resonant -Mode of HOM Couplers

Higher order modes (HOMsj of a superconducting cav -
ity, which hat-e intrinsically high Q values of order of 10°,
can be detrimental to beam quality if left undamped. In
particular, multiposs regenerative beal~ breakup studies of
the CEBAF Iinac have shown that these HOM Qs must be
reduced to the levels < 10’ fm stable operation at currents
of hundreds of microampere. For a CEBAF cavity (Fig-
ure 1), a wavegticie type HOM coupler was developed for
etiicient damping of higher order modes, especially those
with high ~ va!ues.Q Exterisive measurements have shown
that all important HOhLs including quadruple and sex-
tupole modes are reduced successfully to 5 x 102 s Q s
1.7 x 1Os. The CEBAF HOM coupler is sketched in Fig-
ure 2 with coordinate systems defined on a cross sectional
area of the coupler. The two waveguide arms of the coupler,
designed to couple effectively to both polarizations o. de-
flecting modes, extend further to HOM loads through bent
elbow segments made of niobium. a

It had been assumed that the HOLI coupiers do not
suppott any resonant mode. However, a recent careful anssl-
ysis of cavity mode me~urements compared with URMEL3.—

+ This work was supported by the U.S. Department of
Energy under contract DE-AC05-84ER40150.

calculations ad previously measured EOMS data suggested

the existence of a trapped mode in the structure. Reso-
nant modes below the lowest 2’EI0 waveguide mode cutotf
frequency, if they exiot, are good candidates for trapped
mode>. AU waveguide modes are evanesce;~t in this case.
Consequently, if the arms are long enough, the structure
can effectively he regarded as closed for these modes. We
note that the dimension of the rectangular waveguides is
7.899 cm x 3.81 cm. Therefore, the lowest 2’E,0 mode is
cut off at 1898 MHz.

m“w.!L”,mo.

/

t..U’,.,,”’a,,,
m c- .F-:;J,:::=\ .

[~ ‘$]!~j~l:~)’!l~l~:;:~:jif; i+

f- ,!,U,,.,, /’
\mll, , 1 1 . .1 W.:;; ;mlllc
‘,” ,Uw ‘“;~,;:,...

Figure 1. A CEBAF cavity pair.

F’igure 2. CEBAF HOM cmtpler.

code forThe lowest five modes found by the MAFIA
the coupler structure showti in Figure 2 are summarized in
the follmring Table 1. Two waveguide arms are shorted at
19.9s cm from the pipe center;the beam pipe is cylirtdricai
with r = 3.5 cm.

TABLE 1
Summary of Modes

1 17@2.1Q3 0.1x IO-II 0.2x 10-~ -0.9 x lo-1~‘

2 2042.745 0.9x 1O-IZ 0.1x 10-9 I0.8X 10-]3

3 2048.346 0.3x 1O-1Z 0.5x 1O-”J 0.1x 10-12
‘II 2239.128 0.5x lo-la 0.8x 10-~0 -0.1x 10-12
s 2430.439 I ‘“3‘ ‘“-’a I 0“3 Q!KWX3

It is clear from Table 1 that only the lowest mode at
1782.193 MHz will survive as a resonant mode for the actusd
structure since the higher modes are above the 1898 MHz
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.

I cutoff. We note that the ends of the mveguides ssnd beam
pipe are open. If a different boundary condition npplieri
to the open end side of the structure makes a significant
change in parameters which characterize a motfr, the rnmfc
may not exist as a resonance. \\-e find that the 1782 XIHZ
mode indeed is wclJ confined within the region nenr the
stub and beam pipe center, and would stay rrsotm.nt in
the Opctr structure as n result. The frequency agrrrs quite
well with the cavity mode measurements. Experimentally.
the Q of this In,xle is less thnn 105. Field plats for this
mode at the midplarre of the HOM coupler arc shown in
Figure 3. Despite a substanti~l change ‘o the field patterns
due to the fully three dimensl.mrd nntlwe of the structure,
the mode has n significant T.!JO10componcrtt. The m(dc,
!l,,wcver, with all six c,)mp~)ne,lts of elect romrsgnctic li~lds
noni.anishing. dc~esnot alluw any simple charactcrizmtion.
\\”c a,ISO n,,tjcc thstt the positi{)n of mruumtrm E, has intwtxi
from the ustm! hrnm pipe renter to :he pipr t+ge zdorsg the

wcveg Litles.

. . ,. >,1 ,,)~>, ) ., . ( I I

,J‘-l , ,. ,
. . .

F“igure 3. Electric and mrtgnetic field plots of 1782 mode.

As a consequence of the nrm-}”anishingtransverse grn-
dient of E, at the beam pipe axis. the mode can tietiect
the beam passing the structure M ‘.vell as cause au en-
ergy loss. As the mode ran couple with the total charge
of the bunch, the beam does uot have to enter the struc-
ture off axis to excite the mode in contrast to defl~cting
modes commonly riscussetl in relation to beam breakup.
Let us defitic the kmgi:udinai (transverse) i:npelance by
.7.,( ~ = ,I~1(,~~;~1P, where P is the power dissipated in,, ,+
the structure wr&. 1~:[,~) is the maximum Iongitudinsd
(transverse) voltage gsrined by a traversing charged parti-
cie. The impedances generally clepeud on both coordinates,
r and d. t%.efind that the following expressions provide a
wisozable first wrier ~pproxizuatimr to the impedances in
the region r ~ 1.5 cm:

R,,
— = 53.1.,(’.- !lO+:l Cos(e + ; ))zl-1 ,
Q

R,
= = 1.5 n .
Q

This is :.onsistent with the description of the mode as
a superposition of the Tkfolo–like mode and the deflecting
TAfllO-like modes. The rnaguitude of the coupling, deftned
as the ratio of the maximum longitudinal voltage gain due
to the dipole component trzthat of the 2’MUI0mode assum-
ing the relation to be did in the whole beam pipe region,
is about 0.23.

The main mmcerrt with the trnr,sverse imprrlance is
its ability to cnuse hmm hre~kup rtbuvc n certain thre~h
old current. At CERAF estfnsive cmuputvr siudies hrtve
hecm carried out topre(lict }Iennl I)rrtikup threshold cur.
rents crsused by vnri(ws(deflecting utodrs uf stlperc~)ncluct.

ing c,ivit}?.+ Comparcri to most drmgrr,ms dipole modes ,Jf
the ca~.ity, the trttnsverse ilnpedunce, ftv , of 1.S (/ qs}lcsws
nls(.)utsrfactor uf 30 to 40 smtdler. Therefore, since its Q is
ct]mparable to the si.;w:igcst mudes, this 1782 hIHz rrlu(le
is nut cxpcctc(i to be n sigitificnnt fnctnr in Ii[uitlng the
eurrcnt hnndling cnpnhility )f the Iinnr.

3. C/~uplin~ Between Cavities in a Cryounit

The IinrwRF systcm nt CEDA F is required t,) h~w the
ability tocontr, d the nrcclerntin%iield grndient IInd phnsr
of each cr.vity in,-fivi(lunllj.. Individual cnvity c{~ntr~jls will
prori& ulx.ximum flexibility iu the t)perntion ~i the RF sys.
tan, fi.hich will rdluwnlaximunt utilizttti(m ,)f the indivi(luitl
cavity grndient perfortnnncc A C’EflIF crymuit ctmsists
t;f !W“fit.e cell stil>erc:,lld(lcti[lg cn\.ities rftrh equipped \\”it h

its owl fundttmcntrd p(nver coupler I F PC’) suul H(.)l\f C(NI

plrrs connccte,l thr[wgh n 9,393 (.In.l,>IIg ni~>tjitlm nflnl)tor.

The :avlty Iw-nnzpipe radius is 35 cm. The disf.rtncc he-
tween the tII,{)nertrtst end. cells !)f (he tw,) cat.itics is (Ine
nntl a quart~”rA, ttw wnvelengtb of accelerating mode nt
1497.0 hl Hz. [%r Figure 4, where R CEB AF cavity pnir
with FPCS is Nust:ntcd. only a single cell {)! the supcr-
c(mtt..:ct;nR cavity is shown \ T(I case the task of bitiiding
indis !,..ually controlled RF sptcm which meet CEBAF de.
sign requirements, it is impernti;,r to ni,oid significant cross
talk beiwetw the two superconducting cavities at the rlesign

tq)ernting frequency of 1497.0 \fHz.

Figure 4. A CEBAF cavity pair with
fund.armntal power couplers.

A few sirnplifirs!ions have been made to keep comput-

ing time and memory space under control. The cryounit
with the full two ellipticrd S-cell superconducting cavities
ahmg with couplers demands many mesh points, which is
presently not practical to model, even with a Cray-2. For
the study of cross coupling, we should be able to obtain n
fairly accurate estimate by substituting a properIy adjusted
pill-box cavity for an elliptical 5-cell cavity. We note that
the 1497.0 MHz mode is the rr mode. The pill-box cavitv
chosen has a radius of 7.88 cm cnd is 10.0 cm long and
turns out to Le Gquite adequate substitute for n single-cell
elliptical CEBAF cavity giveu in Figure 4. As wc will sec
later, the TMo16mode frequency, which is our only interest
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m this section, is in excellent agreement with the oper~t-
ing frequency. We also neglect the presence of higher order
mode couplers for thisstudy. It is assumed that their effect
on thiscoupling is minor compared tothat of fundamental
pcwer couplers LOthe HOhf cnuplers arc located outside -

not in between – the cavities. On the other hand, a realis-
tic modeling of the FPCS has bems provided with precisely
dimensioned short stubs. The open end of the FPC, which
consists of a 13.44 cm x 2.30 cm rectangular wave guide,
has tu be shortened to a convenient length,

The following Table 2 summarizes the rssults of MAFIA
runs, which are to determine the eigenfreqnencies of the
coupled system and the degree of a cross talk.

TABLE 2
Eigenmodes of Coupled Cavities

Without FPC

r,~n,, = 3.5 cm 1498.659534
1498.659542
8

With FPC
Boundary conditions on FPC

Case E M

r~mne,.= 3.5 cm 1498.8783nl 1498.884335
:498.878170 1498.884260
131 75

r,nm,, = 2.5 cm 1498.87966-I 1498.S85098
1498.879655 1498.885093
9 5

rlmnC.= 1.5 cm 1498.960597 1498.88S660
1498.880697 1498.885660
0 0

‘Ihe parameter r,nn,r is the radius of the niobium inner
adapter placed between the FPCS to reduce crosstalk. In
Table 2, the top line in each caze lists freque&cies for the
symmetric mode and the second line frequencies for the
antisymrnetiic mode in MHz. Tbe difference Aj” is give~ .-I
the third line in hertz.

N-hen there are no FPCS, the coupling of the cavity
fields through the TE11 waveguide mode is not pu.-i~ie
at 1497.0 MHz due to the axial symmetry. However, once
the symmetry is brnken by the introduction of FPCS, this
is no longer the case. Iudeed, one can easily check that
there can be two orders of magnitude difference in field
strengths trmsferred from one cavity to another deFending
on whether the coupling to the TE, 1 waveguide mode is
allowed or oot. Even though this fact alone does not trans-
late directiy to the magnitude of A~, the MAFIA result is
certainly consistent with this picture.

we mav fiiscuss the problem of a cross coupfing bY

considering the motion of two identical harmonic oscilla-
tors of angular frequency w, linearly coupled sym..etncally
and with a damping. As is well known, in the caae of a
free oscillation, the system has two eigenmodes: a symmetr-
ic and an antisymmetric modes. The difference in their
frequencies is proportional to the coup]iug constant.

We need to look at the case of a stationary state (Ii
a forced oscillation when the driving frequency is one of
the normal modes of the coupled system, Let us assume
n force in the form f(t) = ~ cos(wt + ~) i5 applied only

%on the left ca .ity. One then o tains a steady state solution
after transients die out:

and

NOWthe ratio of the amplitude of the fields In the right
cavity to that of the left {me is given by:

Let us now apply the above results to the CEBAF
cryounit with a 3.5 cm adapter. We have ~ = 1407 MHz,
Aj = 150 Hz, and Q = 6.6 x :8. j“ and Q are design
values. A/ is an estimate based on results from MAFIA
runs summarized in the nhove Table 2. We have K = 0.66
and 5570 in the right cavity due to the coupling.

In steedy ~tate, one expects about 3Y0 in the right
cavity withthe r!~o~a Q and A\ = 7 Hz. To reduce
the beating to a less than 1Yolevel in the stationary case,
dj ~ z.3 HZ i: required. From Table 2, we may conclude
that this seems clearly possibie with r:nmce : 2.0 cm. An
adapter radius of 1.74 cm has been chosen and was ioud
experimentally to meet the I’%0 criterion.

4. Conclusions

The studies presented demonstrate the impurtsmce of
three-dimensional considere.tions in underste.nding the op-
eration of superconducting cavities with wrweguidecuu-
piers. Previously, the design of such acce!ernting structures
has :equired painstaking bench measurements of hardware
and considerable develcprnenl d time. The good agreement
of the MAFIA modeling pre~,entetl here with laboratory
measurements clearly indicates that 3-D computations cnu
provide considerable support for the design of the next gen-
eration of superconducting cavities.

1.

2.
3.

4.
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Stabilization with Stepped Post-Couplers

i n +pi[ ~ ,.f ttrr ~af t that thr=pOQtc~,uphv band crossed
Lhc t .ttf!IIPnCc ~, ~siti, on. f!,r n,)rrr- -f t hr- p! IS: Iengt hs ana-
1}m+ ha-.a s[at,ilizinq efrr-rt hr-en ,,hscr}cd. f“he crossing
betv.rrn r.hv tw~~hands happens for SS.30 mm, and this
dist ancr i~ n, ,t -h, )r[ rn,-~ugh to assurr- a sufficicrrtcou-
pfinq f,.lr cta}jilizat i, .n. .\l:uall~”, the conwqurncc of the
I,,w ro,]l>ling ic t?, rdur-r dract ir-all} the range of post
~~,l!plrr fr~rlurnt i~s. and thrrrforc post cwptcr lengths,
wh~rr rhr c. ,nffllencr takrs piacr, and u.horr {he tilt srvr-
Gitit il } i= afTrc tc(I a [n fact. wi~h the step= ~,f a few mm
,~f fiur mcasllr,. incnt. nt, thing rrtulrl hr. ,~hscr~.mf, t]ut rr-
pratin~ thc nlrasl]rrmrnt st.ith a rrducrd numl,r.r ,,f post
r-,III plrrs ( 7). it ha-Ghccn p,~ssiblr to Rnd a single pnst
r-c,uP]cr l~neth Nhew thc tilt serrsi!ivit~” wa.. afTcctd, but-.
in a !(IIall}” Irregular way”. I“his shnuwf that a r-nnflu.
cnw wac taking placr. hut the system in that raw was
5,, ~en~it i \r. I hat n,, ~mpr, )S.enlfn[ Wz< p~jsciblc.

Stabilization w-ith 3/ I.1 Post-Couplers

[n inrrraw thr- coupling }.et keep the possi~ilit}? of
I unifig the post to : hc rrquired frcqwvrc>.. an arrwrgr-
men( of siK \/ t A pitst rrmplers (Fig. 7). h~s Ix. :;I in-
ctallcrf. nnc in (r, )ilt nf rach srcond Iargc drift tube. ! ]cre
rhe p(lct frr,l!l,-nc}. i= main Iy drtrrminmf h}. the rxtcr.
nal c,mxiai catity. and it ran hc runwi h}” changing the

Irngth of thr shllr[. cirruitirrg hrass r}lindcr, thus thang.
ing thc L’fTrr[ i \“r c~~Z.::Ltii(,r gt h. Sr ~“rral I’Nc( t i~r C(MYial
Irngths ha$c t)ccll trirrl, rach , ,nr 1(.ariing tf~ ;i dilrvr(’rrt
d istancc hrt wrn thr pos[ tah an{l ( hr drift t u i~r, an~l an
,~ptimum rron] t hr p{~int of ~irw l)f stahilizatit,n ha.. hrrn
f,)u;ld Il,r an cx trrnal C(tax ial Irngt h ,>f 95 mm, Irading to
gaps ~}f ah,)ut 22.5 mm. Sht~rtrr gaps makr t hr systrlrt
\.rr!. sr nsit i t.r to rrrors in I hr capa(it ancc I}ct wrrn I he
post ?.nd thr drift tllhc. and t hrrrrt>rr {li~rlllt tt> t unr,
whiic Iargrr gaps retain t hf. pr, ~hlcrns rrlatrri t~~t hr IOU”
coupling cnef[ic irnt.

\\”it h this arra[lgrmr-nt ~,f p,~st c,~uplrrs, stalJiliYa-
tiorr was actlic,vrrj rrlat ilri} rasil}”. I“he : ilt wnsit itity
was Iirst mrasl]rrri for diffrrrnt irngths ,~f thr p(,st c, III-

plrr arms (all at t hr vimr lrngt h). “1hr srrrsit ititirs wrrr
n~~tlinfar, hrcausc t hr inr rrasing crll Irrrgt h ill t hr m, ~tlrl
rcql. ircrl riifTcrrn t [ uning S[at r-s for t hr diffcrcnt post CiJU-
p!crs. ‘1hrrcf, trr. all thr post c,,llplrrs have hrrn adjus[rfi
t,) the ]r.ng~}l gi~ing t hr flat I rsl t ill srnsit itit } in I hr first
half of thr cat”it~, an4 then [ ht. lrng[h ,~f t hr I hrrr p,,st
cot)p]crs in L}ICsrron(l half (If t hr ( at iI } Ilas hrrn changrvl
in ~~rdrr tt) flat l.r!t I hr tilt srn=.it iv it \“ I herr t, III. l{rsill unl
small as}”m rnrt rirs ha~r I ttr-n hwrr rli m inat rd h} (hang.
ing sll,ght l}” t hr Irngf h ~,f t hr p, 1st r-,IIIPlrr nt.,ar tII u.11(.rr
the as}.m mrt r} w,.s. I,) gt,t hIIall>. I he I ilt srnsil iiit} .~f
Fig. R. r,)rrrs~l,rrding If) aft a$rragr S=’22.5 mm. ;(ith
1.5 nlm fiifirrrnr(. in 1(.nglh lj~.twr,cII ttrr firs[ ant{ t \lC
last p,,~[ I ~)l)plr-r. In Fig. R OInr can (I})srrtr that t}lr first
and the last gaps rrmnin unstnhlr. ;t~ I hr p, ,st c“(II]plrrc
start t,nl} at t he src( )nd (Jrift [II hr. In thr rrst nf the
ca~.it}. the tilt srnsit i~.it\. prrscn(s t hr t}.pical saw.- t~~~itII
pat tern rfur= I o t hr fa(t that thr p,wt c~~llplcrs stahilizr
thr s}stem only at car-h src(, nd (I rift tulm. I’hc ,~wrall in.
crcasc in thr stal)ilit}” f,~r t his t,~n hKIIrat ion with rrspwt
to t.hr unstabilimrl raw, { l.’ig. 3) is ahout a factor of 10.

\\”lrcn tllc tahs ,m !.he pt,sts wrrc r,~t.itwi h}. iW)
from thrir central posit i,>n. the in(l UCt:i! tilt rnfigcrf !r,*ln
–s% to +:157C. I [,jwetcr, the tilt scnsitivit~ did not
change apprrr-iahly. indicating that thr cat”ity rrmaincrf
stablr.

Conclusions

,\s rxprrtrvi whrn t his tn~wlcl (If [ hr input part ljf I hr
Quasi-J\ l,arrt structurr was pr,ofr,wvl, thr stahilizali,)n
prcwrd ~rry riifTcult with t raditiort ~1 A/ I post couplrrs
hut with 6 of the nominal oA/ I (actually 1.8 IJ/ ! !) rml-

Plrrs, it it.a.s p,~ssib]c to irnprnl.r the tilt scn~i[ ivity })}. a

[actor 10. In addition this tilt sr-nsit i~ity rcrnairrcrf low for
fich!s tiltcri h}. rntation ~~fthr vmplcr tabs, a strong rra-
son for l]sing p,)st ct)u plrrs ,Jn shorr tanks (.5.2A). ‘l”IIIIS

w cr-mcluric that for the ill 11-silrrf Q :Iasi- ,fl wtrrv st ruc -
turr it is worth dc*:clt,ping p,wt rouplrrs with an t-xtrrnd
rircuit rsprcmll}. as this rxt rrnal part is on 1}.O.f?A/l h,ng.
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COMPUTER DESIGN AND DYNAMICS OF THE QUASI-ALVAREZ LINAC

l’.l.aptlst~)llc~ K.”[’ankc, fil. \’rrtrnar, 1).J. \\’wncr

I’S I)itisil)n, (:I;RN, (~11-I 211 (j,:nrva 23, Su.itzrrland
S. \’alrr(J

I .NS, ( ‘l.;XSarlay,l;-!l I l!)I (ji[-sur }“vrttc (’rrlrx l;ranrc

Abstract

,\ p(msihlr st ruc[ urr f~~r I hc l.inar ()( t hc (’IIRIN
hrmvy i,,n rIJIIIplCX i+ the quasi-,\ l~arrz. I his has suprr-
prri,~ds inrluding 23A rrlls and ;3A rclls with fo-using
t~uirdrup{~lrs I~nl! in t he l~~rrgcr rrlls. \\”r hacr applied a
nr w [uii}” rclat I I“lst irgcnrral Llrmalism I (~ I hrrc stagrvi of
lhr drs]gn. l:irstly I he h~ngiludinai dimrasions arc df,-

fIIIrrt via prcsrrihcd ~}nchrf>nt~lls phase artd clrrtric ‘icld
laws, using rality c,,rnputali,,rrs tn drriw lhr axial ;Icltls.
l“hrn t!lr t ranssrrsr matrhitrg and (Iuarirup,>le pararne-
I rm arc ,heckr(l. [: inall>. multiparlirir d>”namirs r-~,m-
~.utal if,ns irrr IIsrtl I I I int.rst igatr c,, uplirrg and rrnit lance
fariat it,n t>t.twrrn n.25 \ Ir 1“/ u and 1. \l r \“/ II.

Introduction

I “Ijr I hr Ilral-v i, In pr,,grammr al (’111/S ‘‘7, srs”rral
(I is[ illrt . Ipt if,ns (I, r I ht. injrr I I ,r Iinac arr h(,ing drix-k ~prd,
in parl irtt la r I IIC ““f/Ii,lsi. .\ i~arr~’” r]rift. 1uhr S(rur ( ure to
,at.frlrrat t, Ir,a[{ i.,n● ( I‘ h2.5+ ) I]f,[wrcrr I ). ‘2?) .\lr \’ /11 ,and

1.2 \lr\/11 ~.

I;,,r I(,w rllrrgy i,ln~ wi{h small tl/;\ ~= O.I ) im-
pra( ticahl}. high quadrup,,lf gratlirnt ~ arr rrql]irrd in a
;?.\ a,.(clrral in%s! ruct II ret s,t thr quasi-,\ lt arrz minimisrs
rht. n)]rll})rr anf] 5(rrngt h t,f t}Ir tlllad rll 1),,1(.s })t?,3) Ilsing
an ~~ptilrlu m qllad ru p, IIe wparatif)n an{{ a hrtat rorr phase
irdtirncr ,~[ abi ,Ilt R~l’’/r,J( Ilwiing peri~wl nnd h) making
t hr ,l,la(~rllp,)lr. Irnq[h about 1.5,3A i.r. using a 2fi A pl?-
ri, d II Iran}”. ‘1”1>Inn sirnisc the accr’leratil~n ratr, fl~ pcri-
(I~{sarr used hrtwwn (Iuarlru p~)lcs u“ith srna!lcr “rm pty ”
II rif[. t IIhrs fI)r 1{1- p, ,wrr rcorromy and rnrchanical sim -
plicit>. I hus rm h f,,(u~ing prri~,d I)c[ wrrn 0.z5 \lr\’/u
an{i 2 3ici./l] is ~;iA l(~rlg (N=FI) and has two l~)ng rclls
(2.?A) and I n.,rmal crlls (9A). Hrtwrn 2 \lc\”/u arwi
1.2 \lr\”/u an x = 1() f~,rtlsing prrind is uwd.

Design Methods for Feasibility Study

I“t:einitial drsiqn uas drtrlvpcd using simplr pro-
grarn~ f{,r rhr hrarn (I}namics, “1”11St11(1}’(}IC transtv:rsr
m,,; i,in. and tltlwi r iipt ,Ir st rrngl }1s and tlisp( ,sitinns, .an
1nal? t iral appr( ,wh and a prrriw matrix f(,rrnalism wrrr
appllrd [o Lhr ( ri t irn I rrgit)n at 0.2.7 .\ Ir \ /u s. \\”ith t hc
Go.lrrtrt] prrif ,d i;~~.,III t ( ~X=8), 1hr alh,wat]lc R 1“ drhj~lls-
ing an{i Ii m i{s f, ,r I I ,Irrahlti surracr frrlds, ( hr first slruc-
1II rr (Jf.sign<. (I III Id IIr t rstc(l using 1hc 1/F cavity prf)-
grarll, S[,”1’1..1/1“1S!1(t) rnmpu(r: rrlls hctwrrn 0.25 filcv/u
and 2 \le\”/u. I{lcrtrir Iicld rrsults wrrc interpolated
fat inl rrrnrdia~r cn(, rgirs lf) giw a Ii rst Iinac design e.g.
crll Irngt hs, nurrlhers (Jr rrlls anti quad ru pt,lrs, anr] [{F
p, ,wvr. ,\s the inrrra,s~, in (3/acrrlrrating gap is only :.OYO
in rrilIst IIJ thr first sw t i(~rl, the analytit.al L)rmulac gi f’c

gI),I(l indiral i~,ns ,,r acceptance in the b,ngitudinal phase
I]tanc Llr c~~rrrparisf,rl with c(~rnputati(~nal results.

f%~,lnd Ihc fr’asihilit} stage, a rrlnrc s}stcrrratic ap-
prt,ach is ncrr-ssar}, to co~.cr thr stages hcf wmn thr ca~..
i I } r.,rrl pII tat i<}rl~ar!~l rrlll It iparti(:lr opt irs. “[his was rlnnr
—.——

. (:,n,,,lte,,t

hr Cl; RiV I ,inar2 1 hut Lhc prngrams usrd ran not I rr;~t
thr sll~)crp(,rioflif.it~. and local asymmrt rirs or Ihr quasi-
,1lcarrw.

Design with a New Formalism

It was dwidrd (() appi!’ Lhft gap acwl::rati,,n Lr,,;ll.
rnrn t or I,ap(lstnllc and t.alcrfl i tn 1hr I hrrr It)giral staqvi
viz, l,~ngit udinal drsigrl (h)r prrrisr crll ,Iimrnsif, ns),
transvrrsr rlrsigu (tII confirm thr (Illatlrllp(dr sr~~ings)
and mlllt iparticlr (Iynamirs ((II stud~ l,,llpling and rrrlil -
tanrr rw,luti, ,n). ! hrsr nrw rllu}.rrlali,istic r,),l,,s all,,,,
acru rat r t rajrrt, )ry f“ofrlpII 1al il~ns 1trrftllg}l lf,n~ r,>tnt i, ,rl.
ally s}”m mcl rir accf,lrrntirrg rlemrnts hr a wif{c rangr ,,(
particlrs ?.g. protnns an(l ,,lf,(tr,,ns as urn M Ilf.a\}. i,,ris.
Nt, ~]artict)lar x}.rnrnrt r}. is rrqu irrd L,r t hr I(,rrgil IId inal
rlcrlrir firid.

I:nr ir t]unrh d partirlrw, t hr sprwd ,)r rnmputath~rt i$
suhstan tially inrrrasrd ))J. drs.r]t )ping t )110(I}.nalnirs $.ari.
ahlrs as a ‘I”?}l(~r r xpansi4)n art>und 1hr h IICII rrnt w. In
thc h)ngitud Inal mot ion, thr phasr and rnrrgy drprntlarrt
trrms arc sltrh that thr .Ja{ohian is rllv+r I) uni[} sn I hr
trcatrncnt satisfirs 1,i,~uvillc’s “1’hr(jrrm. ,\lthough 1}11’
~ x I matrix rl~rrrlalism applird 10 thr [ rafrs~rrsc rrlf,l i, 111
Ignorrs third ordrr ahhrrat ions, all I hr rh r~)matic trrms
.arr inrludrd as wrll as ph,asc drprnc]ant (Oflcrt5 .aIId ag,aiII
theJacohian is tv-[}”chw t,~ nne. “[”hisallows td]servati,,n
nr t rans vrrw- long! 1urlinal COIIplings and vice. vrrsa, frla-
mcntat ion cffrrts and rrn it tanrc t ransfcrs, Coinpariw Ins
with a wry arcuratr hut much sbmwr st+:p-hy -strp intr-
grati~)n rnutinr show no 5iKnifrcant diflcrrnrcs with t hr
I’a}lor cxpansit~n rnrthml.

!’artirlr !“>pr: [,rad !I}US wilh ,\ =20R, tl=25+

“lank I: 11; = 0.21 llr\’/u 11., = 2.0 Xlr\”/11

“1’ank 2: 11~ = 2.[) .llr\. /u 11., = 1.2 Jlr\./ll

Frcqurnry 202.56 X111%
!; fTccti~r Sjnrhrorrou< I’hasc (4,,,/]):

“lank I: d.,,~j = ,lfi-’’”27 = I()” at 0.21 \fr\./u
‘lank 2: d,o,J/= :)()”

Xlean F,lrrtrir I;irld (\ll’/m):

“I”ank I: [i = 2.0!) + 0.’l7Rz

Tank ‘2: l; rmIsI,, \\” r,,ntinllfjl]. hrLwrrn Lanks

:\rfrlrrati~~n l’rri~dicily:

lank 1: 3 gap~f lfiA

“lank 2: I gaps/5$A

“1.a}dr I: Starting t~f,nditi,)ns rf,r I,inac I)rwign

Computations of Cell Dimensions

This srctiorr crtrrrwrns t hr (Icvrlnprncnt nr a pr~)granl
which wilt rmrnputr t IIC scqucnrw or ccl] lengths, gi t“cn
the starting conditions ()( ‘I”al)lc i and irltcrptjlating hl:-
lu.ccrr cavily firld rmrnpl]ta[!ons corrrx+porrding tn a small
rrumhcr or diflrrrnt rrll Irngt }IS to nhtain axial firld tli5-
t ri}}nt innq.
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,.
aperture diamctrw) were romputcd fnr I];JI( R 1; supcrr-ells
i.e. [or a lnr~th of 2fiA. ~ood rcs,,llltit,n in lhr axial
Iiclr! results wtth an adequittt=rcprcscntatit)rr of thr ririft-
tube pmftlc, rould he ~jbtainrd \\”ith (if) or rnorti mesh
points on L)W axis. “lhc program 11:\ R31NJ- pmcessm
the firld data h} making a splinr I;t tl~ M equally si)arrd
Pr,irtts in rarh L’3Aintr-r~al rr:ll rrd on Iht” 1hrrr gaps per
superpcri~,d. “1’hcn f,~r (,thcr prri(jd irngths, the axial
fields arc derived fr{ll:l the tw nramst rasm colnputml hv
s~ll)ljl~l~lsl 1. f3fw( rrsu]ts wcrr f)t)tainrl t)!” lf~earithmw

IIirrct Iv as a 1 the part i(.”icphaw is on IV r! ONlputrd at t hr
input and I ,11[ pu I I )( ;in ac(rlrra[ ing i nlvrval and h) d,,, ~~
uill t)c s,)nt(. atrragr i“alur t,vrr thrrc gaps ( f~~llr [or I’ank

arr. t III, (r xix I ) rrli Icrrgt h and thr part irlr inpu I ph asr.
I hrsr arr arljus[cd it rrat i1x,1!. using a sinl plr alg,,rilhl[l S(I
( h~( +, ,,, = If)” ant{( hc ra!it) II( i[(ptt[ III 11111pIIt phasr

$arirs as I{ -*. [n ,:~!hsrqurnl rri!s lhr input pha.w is
kn,,wn s(1(Inly thr crll lrngth nrd hr zdjustrd III satisfy
thr phase iclati,~rr. ,\t car-h itrrati(~rr (hc ;wrrlrratirtg firlrf
dist rihu I ion and at rragr acrrlrra[ ing Iirld :nust also Lc
rc. wt. i h: starting \alur f~>rthe crll lrrIgI h is WI rxtrap-
<~]ali{,n rr,trrl tht. tN.:) prccc(ling (.rlls ,an(l thr Iinac c,a\.-
it}. crtds aftrr L}ICSIIprrprrit~d nearest. to the prrsrrihcd
rnrrq}”. ‘1hr drsign paramrtrrs prndtlrrvl }JJ Il:\fl hlN}.
( l“ahlr 2) r,rrmpond to thr largest sllrlarr Itlrrlric ficlrls
r(~nsifirrrd rcasihlr at prrsrnt.

l’,\XK I l“,\XK 2

Enrrg! (\lr\”/u) .2 IP + ‘2.I 29 2. 12!1-+ 1.238

I.rng(h (m) 7.68 I [;.631

[/F sllprrprri,~ds 3 I 12
\lran 1: Iirtrj (\l\. /m) 2.l~!iO~l. I fi2 :\ofio”

.\prrlurr (Iia. (mu;) I ?-.\ ~ 18-420

(.juad.lrngth (mm) 5 I - I23 I 15
Quad, (Jratl. (“1/nlj 170-.6 I 16+1 I

“I”al]lr 2: iligh fjra:lirrrt Qua6i-,\l!arcz I,inac

First Order Transverse Dynnmics

I IIr I rans)rrsr rnvrlopr trlatrhing, q]ladr)]p,,lr
slrrugths and I]atrhing arc trstrd with lhr program
I R 1 Ysl’oi{ I \“..\ ,thirh has input {Iata as a srfltlrnrr

~f l~(aln I ransfr(,rt rlrmcrrts (r.f. “l’Il..\ NS1’(JI{”I”). [n par-
tif:u Iar f hr ~crclrrat ing rrgions usr the alj(,w rnctrt ionod
fl,rmalism. C’CII lrngths, electric fields and input r,,n.
dit ions arr as (Ieri vcr] in I ! j\ f{ \l.N. ~’ thIIS giving idrnt ical
If,ngil II(I inal dynanl irs. “I”ransvrrscly, thr cwlution nf thr
I,rarn cn~.rh,pc is cnrnputrrl using the RF flrfm:usirrg trrrn
r,,r the s}llrh r,,fiows partirlc and t hr qiv,,n quadrupolc
gradients. “[”hr IISII*I matching and (I,,adrupt,lc ,,ptinli-
sat ion ff:al IIreg wcrr unncrcssar! M lh( grad irnts dcrivml
by the rnalrix 1rcatmcnt gave sufllcirntly good hcam cn-
$clopcs. There \vas a ~light worscrrin of the results whcrr

\the quadrllpnlcs wcrr grnupcrl into t rccs wi~h identical
g,radicnls. “[’ransvcrsc matching [eaturcs may hc nrwdcrl
hctwcrn the Iinac tankri, ll~lt hrrc ~hc difficulty may hc
tn cnntrol the l~mgiludinal phase inrrcasc.

“1’R:\ N’S1)( J1{’1”\“:\ Ri$”rs idral Iirs( (Irdcr d!. uaniics r(,.
SUILSw.ilh no !,[li it tanct, iilc rraw (Ir (I istt)r Lk)rr anr] SII ~Ir(I-
virhw a Lcrrrh -mark L)r t hr mul~ipart. iclc silllulat i()ns,

‘I”arrk I I ;~nk 2
Input I;Jllii)sr %“rni, \ xrs
x, xl plarrr 5, I O x 8.(; 2. I 7 K (;.O nl m m r;ul
~.,yf plarw 1.9!) x 22. I ;.~fl x ~.(i [ mm lrtra(l
\\..fj planr 5.77X 20.() I L.(J:! 1 7.:1!1 kr\’/u”

Oul pul Illipsr Srmi-, \ xrs

x,x1 p]arlr 1.!) I x 7.(; 3. I 2 x I .!)5 rrllrl rnrml
}“,y~planr I .00 x :1.I 2 2.’22 x 1.78 mrn rnrad
\\”,@ plnllr 1rr.f) .x 7.7 1R.5 x f-l.1:) kr\’/u”

“]’ahlr 1: N,,rninal Input and ~)IJI pul Jla(rhing

Multiptwticle Dynnmics with SIMUI,

“l”his prf~granl nsrs rhc I hto la}! )r rxp;lrlsit,rl ap.
promrh t,, ad tantagr whru ir is applilvl to a t]unctlrd hrnfrt
(rrprcsrrltwi hrrr I)y 2(1(1particles). \\ith ltw dimt.nsi,,ns
and firlfis fr,,rll (1{,\ 1{\l S }“), ;]rld Ihr quadrupnlr ;~nd
mat ching paramrtrrs as c~~nfi rmrri l)}” I 11,\ N’SI ) II 1’\“,\
this prr~ ram, S1111‘1,, rhrrks t !IC hrhaJ.i~~ur I?f I hr (I uasi-

1,\l\arrz lnar. III parli(.ular, I h,, wa-f lhr rmitlal,rr \nri(,6
J,,r c)rangcs ill }IraIII anfl ~rlat:hinr par;imrtrrs can },(. SI III].

icrl. ‘l”hestrllr-turr (,[ Ihr pr(,grnm f~,lhms the “11/,\ ?iS
l’OR”l’ nl(,dri with ad(liti(~n;ll Suhpr(lgrmn:. rt~nrrrning
thr arcclcra[ ing rcgh)ris, thr filling I~f I hc input rfllit
tanccs wil h pariirlrs, and Statis~ira] anal_fsrx and grap$s
of the ou tpII 1 hrifm .

l’hc rllzin ,Ipt irs prohlrrn at I,)w rrlrrg}: conrrrns rf~u.
p]ings beturrn lhc ph~asr planrs. QualiLatt\”c!y 1hew: arr
duc t~j Lhc i.ariatinrl of acrc]crat i~)n W.it h rarl Ial posit i~~n
rsscltt iall~. as I,, (2 rrr / (6A ) ) and 1hr variatinrr ~jl Ii 1; flrfl)-
cusing wi~h i)ha&, t:ssrntially as r sin u$. In fact t tic stan-
d,ard input data Mm an II pprr Iim it (or norrnaliscd input
rrni~tancc [.:n = I r mm mrad, and lhr rorrmpondlng l,)n-
gituriinal rmittancr ~~[ 1.flrr 10-6 t:~’s/u 1. l’hc ( I rms)
crnittancrs given in ‘1’ahlr 3 arc right rllipscs N“ith axm dr-
finrd h!’ the” malrix trralmrttl (trarls\v*rsc) ~nd the Iinar
acceptance fnrmu lac s. ‘1’wt) fiistinrt wa~s (If assignirfg
parliclc initial cnnrdinatcs wrrc used.

[nitially particics were chosrn at 13 positions in i hr
transverse planes so that thr Iincar r~ginrr near t IICaxis
and the Iirnit of the cmit tanrc wrre rcprc.scntcd. ‘1’hcn
for each of thrsc trarrsvcrsr pnsitinrts, 13 rm-ordinates in
the hjrrgitudinal phase plmrc wrrr assigned, (8 on the
rm it tanrc tlfjnndary ), giv inff sets of co-(mlinalrs for I (i!)
parliclm in total. ‘l”hf! rrsults ;it 2 filr\’/u in fig. I s!tfnv
that particlrs ini!ially at thr sanlr pnsitiorr in the h~ngi.
I udinal planr sp:cad c)IIt drprnding on lhrir initial trans.
..~orscpositions. Ilowcvrr I hc nf’t rffcrt dfms not apprar
to i;r an inrrrasr in the l~lngit udinal rmi Ltancc }mr;Lusr
the limiting particles fall insidr and c.utsidc the rmittanrr
ellipse G!tcd to thc parax ial par ticlrs. I n lhc trans vrrsr
planm thc dnrninant r~cct wwrns to hc a spreari in hrt a-
tron phase for particlm wilh dill’ rring inilial longitudinal
rn-r)rdinatcs , hut no nrt nlovrm:”rl{ to r)nlsidc lhr idrifl
ctn it~.yrcc.

1IICSCrmupling cffrcts arc rather smallrr than might
br rxpcctrd nt 0.24 Alr V/u, as with a maximum radial
r xcu rsion of 5m m, 1,1(2 rrr/(fl J)) = I .2.% In fact the hram
cnvclnpe in the arxclrrat ing gaps is Icss than 85Y0 ~1(Lhr
maxirrrum, the cnvclopc is not rcprcwwtativc of t hc nu)-
tinn of inrii$.idual partir-lrx iinrf this coupling rcduccs \vit h
increase in hrta.
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I“t,r IJ\hrr hram simnlati(~ns, random srir( tions of
part icIt! cfI- tlr(l inal I’S wcrr madr s(, as 1(, lilt Iho 1-
dirnrmsionnl t ransi. rrsrphzsr space II II if~~rnlly and simu 1.
tancouslyt tt) fill t hr Iongil udirlal rllipsr unif~~rmly. “I”hrse
d isl rihut ions wrrc wlj 11.sltvlst) that thr Iirst and Srrf>n(l
m(tmcllls as colll pll trd 1)}”t hc standarx{ SLat isl irai ft>rnln-
lnc,arr rxactly as prrvrrihrd drspitr thr rrlatitrly snlall
nnmhcr t~[ part ir Irs w’lrrt rrf (200). l: xrrpt where flthrr-
ISisc sprr ifirtl the S[ nndarri input Ix\nd i! ions of “I”nhlr 3
wrrr llsrd. Snrprisingl} , ft~r t hf maj(~ri~} of r;wrs (IIc
rrtl it tancr chan~c~ hrt wren 0.21 \lr\” /u and 2 \lc\’ IU..
urrc harel}. sign ifican I. 1hlls f,,r tt,r ‘Il,>r!nml (;MC (“l:a-
hlr 3) tw,) rrwults r,, rrrsp,, riding 10 dis[illrt sets {)[ ran-
d[~ln nllnlhrrs diffrr h}’ nh( IUt :]’% whrroas the n~~ntina[
r-miI tancv inrrritsrs irrr If”w 1harr .5YC. :\ silll ilar, romfort.
ing rrsult \\”as ,~htainrd whrn Latrhing t hr quad ru pnlrs
in t hrrrs ( I (t rrfl ucc I he nIImhrr (lf pt~wrr SIIpplirs). i“hr
t, IIt ~)11t IIrl ,jr( 1it,IIS (In thr I hrrr ntlrmaj IIh asr ~>lanrs ,aIl(l
I hr Y,J planr arr gilrll in I.”ig. 2.

;\ 1trmpts lt) (Irm(,n<tralr signifi:.ant t.,}llplirlg t)r-
[wrrn the phnsr pliLIII’S wrrr-IIIILC(inrl~lsi\.c. 1h;, mit hod
IJsI~rl U.;K II) r]l.lkr, in I II rn, ~IrIr II( t III, 3 rnli 1[anrrs
ril hrr I wit”r 1110 ntwmal i“alur {,r 1l)% I,[ thr n{,rmal
talllr. I III’ i,nly sigliifican[ rmit lnnrt, in~rrawi III( urrrd
in i hr II~n,qil1111Inal planr, l)}” 11) t,) I 3’ZI w“}lcn I IIr I rans-
irrs(. rm it I ;~nrr-s t:rr{, in(rrasrd and thrn h}, ~~~% whrrr
( hr h~ngil Ildintal in pu t rrn it tancc was I ()% !)[ Ilf)rrnal.
1{rslllts u hrrr Lirgr inr.rrasrs in t ranswrsr tlimrn.si, ms
r! III Id ,)rr II r, arc c~~rnru”hat h} pot hct it al as t hrrr nl igh t
nls~, hr 1),’aln hmscs. ( )t hrr t rsls wrrr IIIiIdC using rnk-
fn. alrhr(i h(,anls as wfIIl III ~lrrII r if 1hr II( )rmal }Iram paswd
I hr~)llgh a {Iri[t sparr UIII il il.s Irrrgth irrcrrasrd hy 22’%.
[“hrsr :nismistchrs prrsistrd throughout the arrf,lrrati(ln
I 4) 2 \ II, k./ II w.ilh a sigu iIiranl rrn it tanrc inrrrasr, IS70.
!,III} f,,i-LII,O[,,ngi~udinal plailr when it N.ns mismatchml.

( )nr ad iantagc i ,f I hc quasi.:\ ltarr~ st rnclllrc is
its Iargc

f
II IT: itudinai nw”rptanrr, u.hi[.)1 shl]ll Id ;tlll~w

rfficirnt a[cr erat ion [or sr$rral charge slatrw nmund
q= ’25+ . 1“w com plrmcntary apprfmrhcs wrc tried.
[ irstl} the 1{1“ firld lrtrl was viirirri hy A 10’% ah,wt the
n,~rninal Ir irl with t hr nominal in pll t hcam. whir-h will
t f.i(irnl Ii. hr nlisrna ( hrd 1)4,t h in irlpll 1 phasr ( })}”.[i” and
+8”) an,] in cllipw ,Iirnrnsi,,ns. !“hrsr Iirhls w~,nld trc
i(lrai ft,r fictit i,)us ~mrriulrs with q=22.5 +- a~d (1=27.5 +
rf .pfcf i$rl~! .\ not hrr !rst used (he n,wmll accrlcratirrg
r, ,fld it inns hII ( ((jr a hrarn wit.h ~nix(,(]chargr stat rs viz.
(~=21 +, 25 ~ and 26+ in r;lt ios 2570, ?ift% a nri 2570 rcspcc.
tit (,l).. \\’h(,n I;lr).irlg IIlr 1{[~ lr~.rl there was a 10YOion-
gitI]d:nal t,rni[ tartre in(rrnsr at lhc I f)% srt ting whereas
for thr u~,nlinall}” .smallrr rlrrc( (,lq=+ I rf riq=+ 2.5) the
SIIprrpnsit ifln i,( t hrrr }]rarns carh making rohrrcnt ~)sril.
Ial inns gijrs a I(,ngit uflinn] rnli[ I;lnfr inrrcasc or 16%.

I hr rrsulls (>htainsvl I)rt wrrn 2 and 1.2 hlr\’/u r,~n-
fi rrllr(l [ ht. ah, ttr hn(lirrgs with nrgligihlr crllit liner in.
rrr;wt,s cxrrpt f, ,r Lhr I(jngil ud inai plane with Iargr input
misrrlat(h ( IH%).

Conclusions

I his parkagc f~f prt]grams has Il(?f!n usrrf 10 drxign a
Quasi ;\li.arrz Iinar its far as its })rarn d}namirs is con-
t.crnrd. 1,”11r[ hrr itrrat it)ns ~tn ( hr dc. signr.g. tf~ i)pl im isc
ra~ity lrngl hs ft)r R L“ or posl -roll pier rcas{)ns G, sh~jljh{
}Ir straigtltf, )rtl”arfl. Il”ith (hr rrlatil”rly small ratr Id in-
crrasr in (? and t hr ahsrncr of spare cttargc t hc chmc
agrprrrlrrrl U“it h 1hp simph-r matrix and anai}’t ica] al).
pr~la(hrs \!oas mIl IInrxprr I cd, 1)111I ht: nrgligihlc rmit -
I anrr inrrrasr, c t“crI “.tith rathvr drastir mismatrhrs, was
an a<rrrahic surpriqp.
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Conditioning of High Gradient k?- Accelerating Cavities
I

T. Kroc & A. Moretti I
Fermi National Accelerator Laboratory “

Batavia, Illinois 60510

Abatract

Three prototype cavities for the sidecoupled ac-
celerating structure of Fermilab’s Linac Upgrade have
been powered. The cavities operate at a nominal max-
imum surf~cc electric field of 37-42 MV/rn and have
been run at close to 60 MV/m at 805 MHz. This pa-
per will present the experience accumulated on x-ray
production and RF breakdown frequency. We will try
to compare our data with others’ experiences with high
surface electric fields.

Introduction

The Fermilab Linac Upgrade involves the replace-
ment of the second half of the Alvareti drift-tube linac
with a side-coupled structure similar to that used at Los
Alamos. Because the Los Alamos structure was devel-
oped twenty years ago, a large R&D effort has been
undertaken to take advantage of advances in technol-
ogy and to deveiop iocal expertise. Included in this
effort have been studies to understand the frequency
of RF breakdown (sparking) and bremsstrahlung x-
xay production to be sure that they fall within accept-
able limits. RF breakdown inhibits the propagation of
the beam through the linac, degrading the efficiency
of the system and incre=ing activation levels. The
amount of x-ray production determines the lifetime of
organic materials in the vici.t~ty and affects the shield-
ing and therefore the civil construction requireme~ttsof
the project.

The Fermilab structure will be operated at 805
MHz, have a maximum surface field of 37 MV/m, and
a pulse length of 120 psec. These parameters provide
the opportunity to explore a relatively unexplored area
of high surface electric fields and long pulse lengths and
therefore may assist in the understanding of RF break-
down phenomena.

Physical Description

The side-coupled structure is based on the design
of LAMPF shown in figure 1. Because of the high cur-
vature on the nose piece, the surface electric field is ap
proximately 5 times the accelerating field. The shunt
impedance is 30% higher than LAMPF’s and the the
accelerating gradient is 5 times that of LAMPF1.

●Operated by the Universities Research Associa-
tion, Inc. under contract No. DBAC02-76H03000 with
the U.S. Department of Energy.

The copper pieces are first annealed and then mz-
chined using a water eoluable cutting iubricant. The
coupling slots are machined in and a section is stacked
and tuned. Then the whole structure (up to 16cells)
is brazed together in 3 steps in a hydrogen furnace at
temperatures reaching 1910° F.

Fig. 1. Vi~w of LAMPF style side coupled accelerat-
in~; structure. Prototypes 1, 2,and R-4 had
6, 6,and 16 cells respectively connected to a
power cell. Prototype 1-A had 6 and 2, cells
connected by a bridge coupler.

In order to guide the design of the production cav-
ities, three prototype cavities were built and tested.
Each had a different nose cone geometry. Prototype
1 (l-A) was a six cell structure (six plus two with a
bridge coupler) that was given a sharper nose cone pr~
fde to enhance sparking for these studies. Prototype 2
was a six cell structure with a gentler nose profile. An
even gentler nose cone profile WIMdeveloped which was
used in the shteen cell Prototype R-4. (Prototype R-4
is actually one section of four that will make up a full
prototype module which will be powered by a single
klystron,) The average axial fields for Prototypes 1, 2,
and R-4 were 7.67, 7.67, and 8.04 MV/m respectively.
The ratio of the peak voltaLes on the nose cone to the
average axial fields (EPeak/Eo) were 6.189, S.001, and
4.547.

For these tests, the cavities were powered ky a Lit-
ton L-5120 Klystron. It produced 1.5 MW (peak) in
120 psec pulses at 16 Es. For Prototype R-4 it was run
at 2.9 MW with a pulse length of 50 psec.

Sparks were recorded by a gated comparator that
looked at the diode rectified signal fkom a directional
coupler on the waveguide. The counter only counted
pulses in which there was a spark even though there
could be more than one s~ark within a ~ingle pulse
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(see fig. 2). The pulse length was sumhdly 120 ~ec
although the modules were sometimes run at 40 and 65
psec. The gate for the comparator reduced the sensitive
time to 7s% of the pulse length.

~~”1 t-“ ““I “ ‘1~

L-1-&.# L-&_&&
so o0

Fig. 2.

--
w v

Reflected power for a spark (aj and a normal
puke {b). The comparator was active for the
time interval between t= 40 and 120 microsec-
onds. If the reverse power was above a thresh-
old, the comparator signaled that a spark had
occurred. (a) illustrates that the sparks can
be short lived phenomena, = short as -- 10
~sec, and that more than one can occur within
a pulse. The peaks in (b) occur due to the
impedance mismatch during filling the cavity
and the emptying of the cavity at the end of
the pulse.

Figure 2 shows the results of a second spark mon-
itoring system. The signal from the directional coupler
was digiti~ed and available for storage by a Sun work-
station. If the c~mparator signaled that a spark had
occurred the signal was stored. This permitted scan-
ning of the reputed sparks to eliminate “false” sparks
such as occurred when the comparator gate was not set
correctly or the amplitude feedback loop on the signal
generator had ranged out. A number of devices were
used to me=ure the x-ray production of the cavities.
AN cavities were monitored by a Fermilab-built “Scare-
crow”. Prototypes 1 and 1-A also had a Victoreen-555
while Prototypes 2 and R-4 had a Nuclear Chicago 2592.
The measurements from these were found to agree to
within 10Yo.

Experimental Results

The dat~ for Prototype 2 demonstrate best how the
conditioning of these cavities occurs and are shown in
figure 3. For this report, the chronological history of
a cavity is measured by the number of RF pulses that
have been applied. The counting was reset for Prot~
type 1, when the bridge coupler tmd the other two cells
were added, which we then refer to as Prototype 1-A.
Over the course of this investigation, Prototypes 1, l-A,

2, and R-4 accumulated 8.53, 11.33, 18.87, and 17.81
million pulses respectively. In figure 3, the diamonds
present the history of the sparking conditioning, the
crosses show the x-ray production conditioning, and the
ticks along the lower portion of the figure ~how when
the cavity waa energized to a higher level for the first

time.

● ✍ ▼
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Fig. 3. Sparking rate (o) and x-ray production (x) as
a function of conditioning time as me~ured by
the number of pulses in Prototype 2. Each have
been corrected for pulse length and normalized
to 37.1 MV/m. The ticks along the bottom

indicate when a new electr;c field was achieved
for the firGttime, The line is fit to the sparking
rate t’or the interval between 500,000 and 19
minim pulses and has a slope of -2.

Sparking

It was not~ced that the sparking rate varied as the
s~rfa:e voltage to the --19.5 power for fields between 33
and 60 MV/m. Since the cells are operated mt various
levels (X) for various lengths of tin:: we assume the
power law to be true and project all the rates (R) to the
operating gradient of 37.1 MV/m.

We have also observed that the Gparkingrate is directly
proportional to the pulse length, so the rates are nor-
malised to a full 120 ~ec pulse length, Tne diamonds
in figure 3 ahow how the sparking rate decreased as the
cavity was conditioned. The line haa a slope of -2 indi-
cating that oncr 5G~,000pulses have been accumulated,
the sparking rate ‘As off as l/(#P.h,,)a. There is no
indication of an asymptotic leveling off to a constant
rate,

X rays

The x-ray production is governed by field emission
aa described by the Fowlcr-Nordheim equt4ion. Over
th~range of operation explored here, the F-N equation
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can be represented tJya power law of order 11- 14. The
x-rIAyproduction is scaled in a manner similm to the
quuking as m equation 1. The x-my production wrts
also corrected for Dulnc width. Itwould be preferable
to use absolute values of the F-N equation but we have
no way of measuring either the field-emitted current nor
the area of the emitteiti. Notice that while the reduction
in sparking is continuouti, the change in x-ray produc.
tion is not. The drops in x-ray production seem to be
correlated with attaining higher electric fields within the
cavit}”.

wise manner whenever higher gradients are achieved.
This suggests to us that diffe.-cni mechanisms govern
the two processes. The x-ray production mechanism
seems firmly tied to bremsstrahlung and field emission.
Most RF breakdown mechanisms are also based on field
emission. Latham also ttdks about microparticle based
procewes6 but it would seem that these pr jcesses would
also lead to high field emitted currents. These currents
would cmggestthat the x-ray production and the spark-
ing behave similarly.

Conclusion
Discussion

Historically much work on RF breakdown (spark-
ing) has been related to the “Kilpatrick Lirnit”a al-
though today truly catastrophic breakdown secms to
occur ata level about seven times this limits. For Pre
totype R-4 csreful attention wrui made to measure the
sparking rate as soon u the gradient was high enough
for the comparator to function. This occurred as soon as
multipacting was passed. Sparks were recorded begin-
ning tit0.2times the Kilpatrick limit. We have gone
as high es 1.7 iimes the Kilpatrick limit and others
have gone up to the catastrophic breakdown threshold.
Sparking occurs all through this region as a rrmdomstn-
tixtical process. It appea:s that within this range, one
needs only to condition long enough until the breakdown
rate subsides to acceptable levels. Our results so far in-
dicate that this iJ easy to achieve and that there is no
indication of an asymptotic leveling off.

As mentioned above, field emission is described by
the Fowler-Nordheim equation, however, most measure-
ments of the field emitted cu:rent require a multiplica-
tive enhancement factor, ~, for the electric field. This
factor is assumed to be due to geometzic or dielectric
char~tcristics of the metal surface which increase the
electric tield in localized areas. Wang and Loew have
investigated the possibility of RF %crubbing”4to try to
procsx to high gradient without causing physical dam-
age to the surface in order to reduce ~. If one is not going
to run near the cat~trophic breakdown limit, it seems
that %mte force” processing is perfectly adequate. Pre
sumably this burnt off emitting sites and the reduction
in the emitting area offsets any increase in ~ due to
Arrmge from sparking, at least at our operating levels.

The x-ray spectrum is produced by bremgstrahlung
from the impact of field-emitted electrons onto the cop-
per trurbce and should be directly proportional to the
field-emitted current. The fact that the x-ray dose can
be reduced by high-gradient processing suggests that the
fidd-emitted current can be reduced, possibly by deac-
tivating field emission sites.

Au discumed above we see different behavior of the
sparking rate and the x-ray production rate as a function
of the conditioning time. The sparking improves contin-
uously while the x-r~y production improves in a step

The Fermilab Linac Upgrade project requires that
the losses due to sparking to be less than l~o. For each of
the prototypes tested, thiri level has been attained after
5- 10 million pulse~ of conditioning, At the linac’s 15
Hs repetition rate this will occur iu 4 to 8 days, We have
not seen any evidence yet of the conditioning ceasing to
improve. After the cavities have been let up to air, the
previous sparking rate is recovered within a few minutes
to hours. The x-ray production does not seem to be
affected by the nose cone geometry and therefor the peak
fields as one might have expected. However, it does
se~m possible to condition the cavities for lowest x-ray
production by running the cavity to the highest fields
available. These results are acceptable for the Fermilab
Linac Upgrade.

In terms of understanding the dynamics of the two
processes, the results arc not as ciear as each do not fol-
low the same conditioning pattern as theories describing
their origin wo~id suggest.

1.

2.

3.

4.

5,
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Abstract

The manufacturing processes for the
Side Coupled Structures (SCS) are intimately
conncctcd with their tuning rcqui rcrnents.
Present Computer Numerical Control lcd
machining allows very repeatable accuracies
of dimensions. This has Icd to a
manufacturing sequcncc which reduces the
need for repcat~’d machining steps. Surface
tolerances in the high field region of the
accelerating cells were assured. Tuning steps
were reduced at all stages of construction.
This paper will describe the mechanical s~eps
used to fabricate the SCS structure at
Fermi lab.

Introduction

The construction of the Fcrmilab Side
Coupled Structure has e~olved through years
of experience from people who have worked
on linac structures. The SCS was pioneered at
Los Alamos in the 1960’s for the construction
cf LAMPF. Based on beam dynamics and
power considerations, the Fcrmilab SCS was
segmented into 28 sixteen CCII sections. In
1988 Fermi lab began a research and
development program which would lead to
the design and construction of a side-ccuplcd
linac for the 400 Mev Lin:,c Upgrade.
Information about design, Iun ing, and
constr’s-tier! techniques used for side-coupled
cavil .;nacs was gathered from Los Alamos,
SLAC, and other sources. After sifting
through all the information, and digging into
our own bag of tricks, we came up with the
Fermilab version of the SCS.

Side Coupled Cavity Construction

The Fermi lab SCS is similar in
apptiarance to the LAMPF SCS, but that is

about as far as the
construction of the
significant] y different.

similarities go. The
Fermi lab SCS is

The biggest factor which dictated the
design of the SCS was the availability of
repeatable CiNC machining. Supcrfish was
used to calculate the exact shape of the main
cavily sections. 1 TIIC cavity shapes were
lransfcrrcd to CAD drawings and CNC
programs. Nlodcls were machined using
aluminum to check the prcdictetl frequency
in relation to the actual frequency. Adequate
correlation and good repeatability of
frequencies were achieved. CNC mtchining
controllc(l tolerances to within .001” over a
set of 17 segments. 2

The first major decision which was
made was to buy all our copper for the project
from Hitachi. (Class 101 OFE) This decision was
based on advice and past expcricnccs of SLAC.
The copper was purchased in a cross-grain
forged condition. Hitachi also agreed to
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rough machine the copper to within .050” of
our final dimensions. The rough machining
turned out to bc a real bonus in that the parts
had one reach in ing operation complctcd
when delivered, and we didn’t have to pay to
ship the extra weight from Japan to the USA.
The copper was delivered from Hitachi to
Copper & Brass Sales in Oakland, Cal.. From
there, wc had the Main Cavity section
shipped to Pyromct Industries in San Carlos,
Cal. for annealing. The Side Ccmplcs were
shipped to Fcmlilab wi[hou[ being annealed.

Upon arriv a: at Fcrmilab, the copper
parts were inspected and then shipped 10 the
CNC machine shops for the next phase of
machining. The accelerating and coupling
cavity components vcrc machined to prc-
calculated d imens ions dc tcrm incd by
e xpcri me nta I mod cis and Supc rf ish
calcu Iations.

The Main Cavity scctic.,ls were brought
to the tunin.~ !ab at Fcrmilab after machining
and etich halt CCII was inspcctcd, Iabclcd, and
[hc frequency mciisurccl. From there the
Main Ca\’i[ics went 10 our nlachinc shop for
tin initial coupling slot cut.

While the Main Cti\’i~ics were going
Lhrough these s[cps, the Side CoUplcS were
being inspcc [cd after thci r first machining.
They were then packaged in specially made
loam shipping containers and shipped to
Pyromct for the brazing of the two htilvcs.
This braze was accomplished using 35-65

britzc alloy, A ,002” foil was placed bctwccn
the halves, and a .030” diameter wire was
placed in the groove on the outside. The Side
CoupIcS were then returned tO Fcrn~i]ab
where they were leak chcckcd and scn~ to an
outside reach inc shop to have the vacuum
port hole machined in the top of the Side
Couple and the scallop machined by F.DM in
the bottom. The tolcrancc on the arc was held
to +/- .001”.

Five Main Cavifics and Side Couples
WC.C staked on a $pccial Iixturc and the Pi/2
fmqu cncy was measured. Onc to two
additional CU[S were nccdcd to achicv~ the
final slot depth. All the rcmaining cavity
sect ions und bridge ends were machined to
[his depth.
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The Bridge Ends, Tcr,nil.~ling Ends, and
Bridge Side Couples needed special attcn(ion.
Because of their non-repealing geometry,
they require a different frequency than an
interior cell. The frequency change was
accotnplishcd by rcmoving material from the
side wal I. The exact frcqucnc y W ilS

determined when
for slot depth.

The Bridge
Fermilab in its
joins the Bridge
Couple is placed
the Bridge Side
several reasons.
couples the two

the stack of five is checked

Side Couple is unique to
design. The tlangc which
Couple to the 13ridgc Side

just above the tuning stuh in
couple. This was (lone for
It illlowcd the tlangc which

parts to tccomc very simple
in geometry. thus, permitting us to usc a
rather standard type of copper ~iiskc[ which
acts as a vacuum seal and as a current
carrying device. Another reason why the
ilangc was located in this position, was [o
allow the tuning stubs to hak”c a similtir shape
as those in the Side Couples. Thus, the Bridge
Side Couples con bc finely tuned af[cr the
Cavities are assembled to the Bridge Couples
by simply pushing or pulling on the stubs.

After all the tuning steps arc complctcd
in the specially designed stacking fixture, the
parts are packed into an air ride cushioned
box and shipped by an air ride van to Pyromct
Industries in San Carlos, California where
they are kydrogen furnace brazed.

The Bridge Side Couples, and the Side
Couples have previously been britzcd with 35-
65 brtizc alloy tit [his time. The first brazing
s[cp was to braze the Sidc Couples to the Main
Cavities at the saddle joint, and to braze the
s[ainlcss steel vacuum port to the Side Couple.
This was accomplished using 50-50 braze foil,
.002” thick and a 50-50 powder mixture filict.
Af[cr brazing. the joints were visually check
for vacuum integrity. If there were any
questionable areas. the joints were filled with
72-28 CaSil povicr mixture. The Main Cavity
joints were lapped to mak sure that they
were absolutely flat for the next brazing step,
After lapping, the jo]nts were brush silver
plated. The c~vity was now stacked to it
specific stacking order which was dctcrmincd
by matching the frcqucncics of the half CCIIS.
Hiiving stacked the entire cavity, a .030” dia.
bri~~c wire of 72-28 CuSil wire was wrapped
around each joint bctwccn ca}ity sections.
The cavity was placed in the hydrogen retort
and brazed. After tile brazing operation, the
cnti rc structure was vacuum leak checked,
packed in[o the same shipping crate that it
came to Pyromct, and returned to Fcrmilab.

R e fe re n ces

1 The Dc;cm~ination of the 805 MHz Sit’s
Coupled S~ructurc Dimensions for the
Fcm]ilab Linac Upgrade. T, G. Jurgcns.
1990 Lirmc Conf,, These proceedings.

2. Tuning Methods for the 805 MHz Side
Coupled Structure in the Fcrmilab
Upgrade. H. W. ,Millcr. ibid.
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Abstract

In order w achievethe proper frequen~iesand
couplingin Side Coupled Accelerator Structures, it is
often necessary to mode] the cavi:ies. In order to re-
duce the number of modeling steps and hence reduce
machine shop Iime and cost, wc have drawn hea~”ily

upon previous L A M [’F txperiencc and present day

numerical calculation programs. ~sing a few alu-
minum cai”itymodels at selected machine energies, we
hale been able tcIpredict the frequency and coup!ing
of ou r structures wi1h good accurac }. This paper will
describe the steps used to determine t!)e cavit} di-

mensions thal meet our structure requirements.

Introduction

Thv FermiJab Linac L.”pgradeProject’ will in-
crease the energy of the existing 201J Me\’ Linac to

400 Mel” by replacing the last four drift tube cavities
oft he original Linac ult h higher gradient side coupled
(SC) cavit} accelerating structures. The determina-
tion of ca}.ity dimensions required the svnthesis of
numerical simulation data and aluminum model mea-

surements. hfec hanical kbrkatlon issues also played
a role in the structure”sdes]gn.

Design Constraints

The overall constraints placed on the design of
Ihe L1>”AC cavities deri~es from the power, beam d}-
fiamics and initial accelerating ca~”it}”analyses. These
constraints result in a machine which accelerates the
beam from 116 Mel” to 4’)0 Mev with seven indepen-
dently powerea SC mmiult:. Beam dynamics consid-
erations leads to the separation of the modules into
sections separated by quadrupcdes. Each of the sec-
tions has 16 identical accelerating caviti:s (of length
9A/2), and the SC Linac sections are designed at 28

——
“Opcrawdby the Uniwrsitim Re5earch Association under

contract with the U. S. Departmcrrt of Energ~.

Qw.

.

Figure 1: Segmented SC Ca\”ity Design

different e,lergies. The probram SUPERFISH was
used to optimize the shape of the accelerating cavities
for high ZT2 and reduced surface electric field.2 The
unslotted accelerating cavity frequencies, /5F, used in

these SU PERFISli runs were determined as outlined

below. The major cavity radius of the accelerating
CCNSwas held constant at 13.45s cm to simplify their
manufacturing.

Design Choices

Fermilah has chosen the L.\ IUPFsegmented ccm-
struction for the new SC Linac. In tile segmented de-
sig~, two half accelerating cavities are machined from
roughed-out copper cylinders of length ~A/2. The
side cavities are also made from roughed-out c}”lindri-
cal pieces, These two half accelerating cavities along
with one full side cavity consitute a basic segment
for the Fermilab design. This design permits higher
speed lathe operations due to the symmetry of the
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Figure 2. S(’(” Slot Leng[h is Nearest Neighbor (%u-

pling Cc,nslanl. k:

cavil y parts.3 I“hc Fcrmilitb wgmcnterl design is il-
lustrated in Figure 1.

The nexl goal (If the design is an SC structure
w hich has a constant nearest nrighbur C.-IIIp]ing con-
stant Al. a flat electric field from cell t~i cell on t ht.

beam axis anci is simple tc man~fact urc. %ncc the

acceleral ing cavi t \ shape is no~~ fixed. 1he side cal’ity

shape and lc,cat ion with rrsp~ct to t hc accclc:at ing

cal”i t ies can be usd i(-! ensure a constant k ~.

4
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Figure 3: LA 1! Pl_ Side Cat”ity Length vs Accelerat-

ing Cavit,v Length

In order to belter understand the desi~n of side

cat.ity structures, a stud}” of the design of LA \l PF4
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Figure 4: /5F \os!? for the Fermilah S(’(’

was carried ouI and aluminum SC”cavi t,v mf~dvl+ u“crc

cunst rrrctcd and mrasll rcri. (“ombi ning LA Ii 1‘} drtta

wit h thc alum inure mc,(icl data ret .~nls t bat the gc(,-

Mct:lr par:t mcl rr u.hlr}j o ,(7.-!.?1,.c CI,IC-CI f, L. ;’ I ~::,.

slot length. sh~)wn in Figu rc 2. The I.A311‘1. riat;i.
ill ust rated in Fign re 3. shows that the sirlc cat”it t
length increases )~ith increasing accrlcrating catiti

length (and rncrgy) in a strp-likr mann~r. “1’hestvp-

likc changes in I hc LA 31}’ }’ sidr cali I t leng; h ciilj~(,

the slot lcng[h and hence k1 IC.varj wilh d. IIIthc
}“crmilalzS(. :a~”itvdesign these variaf ;mrs in k] arc

eliminated Lv con: inuousl r ctl;l vq!ng I ht. siric ca~.itv
length with 3 in such a wa~ as to kt cp the slr,t Icngth
constant. ‘rhc centcr to ccrrte: dis:ance betN[cn 1hc
,accelcratlngand side cirvltICSiInd thc sI:ie ritl] (V ril -

dius arc held cwrstanl for all fis,

Accelerating Cavity J,$}-and Slotting

1P SC ca~ity structures the side c~}itics arc in-

ducl .ely coupled to the accclrrating cavit ics via a

slot. The resonant frcquenc}” of :ht unslot ted accel-

erating cavit}., ~Sf, drops when it is slot ted. “J”hcat-

tachment of a side cavit,v ICIthe slr,t ted zrcclcrai ing

ca~”ity pieces creates a basic scgmen t. Aftcr SIacking

the basic segments and tuning thcm, the resulting S(’

module resonates at a rncd:’s frrq uenc} ~, 17 equa]]i ng
8(J5 hl}lz.fi Therefore, \sF needs to bc known before
slot:ing and stacking takes place. lnltirdl}. the Js ~
was determi]led by taking the fsf vs 3 graph for

LAM PF and shifting t}lc curve for dirncnsioniil dif-

ferences Le$wecn ;hc Fermilah aluminum cirlit\” mod-

els and LA M PF. SU bscqrrent]},prototypr copl)cr Ca I.-

il y sections were fabricated and measured. This ncu.
data led to a revision of the initial /5F curw. }“lgure
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Figure 5: Aj : -lcenttr vs :3 fc,r the Fermiiab SC’(’

4 showsthe i r,it~al and mc,dified curies.

The fr~quer,cies ~Sr ~cre cht,scn so that for a

slot iengi h cf ! 1.l515 cm k i r-quals (I 05. 1n pracl icr

the slot is n<,! cut t< thr full Ienglh. rather ii is CUI

10 approx im aI (.]v ] (J -I33 CrII. This slot length corrc-

spurtds I(, & slot dcpt h6 of 7.264 inches I’inc t uni ng

of j~;2 is acc~,mplislled b} ~ligh~l~” ~arving the dot

length. This results in kl = 0.048= 0.001 (see Figure
51. The variation i n k I for L A \! P 1’F was 0.04 ? ti)
(1.052.

The accelerating cavity sections are ~crminaterl
u.it h end ca Ii t ies whow elecl remagnet ir prc perics arc

different from interior cavities.6 This difference arises
frum the fact that the~ either posses oaIl\” one COU.

pling slot. in the case of tcrminatig ends, or one oft he

t w“oslots couple iniu a bridge ccruplcr with a kl = 0.1.
During tuninga material is ?cmovecl from the outer
wall of t hc tmminat ing ends and juct Lelow the slot

of the bridge ends. F igu rr 6 sho *“s t hcse cu tou IS.

Summary

The combination of numerical electromagnetic sim-

ulation programs, a fel!” key measuremcn (s of proto-
tj.pe ca~i~.v structures and numericall.v controlled ma-

chining hzs allowed us to fabricate SC’C ca~”itv mod-

ules in an accurate, repeatable manner. This paper
has out!intd the rationale bthind the dimensions of
the Fermilab SC Li,;ac.
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T~:~iNG ~ETHO~S FOR THE 805 MHZ SIDE-COUPLED CAVITIES IN
THE FEFNINLABLINAC UPGRADE

?larold W. Miller, Thomas G. Jurgens, Quentin A. Kerns,
Rene Padilla, Zubao Qian

Fet-mi Notional Aceeltrator Laborator)~ “
Bata\*itl, lllinois 60510

A b st ra ?t

The fabrication and tuning of Side-Coupled
Accelerator Strucwres (SCS) are strocgly inter-
related. Consideration of mechanical tolerances and
fabrication sequences can reduce tuning steps that
require re~ated machining. With available CNC
rr,achiles and numerical calculation programs, it is
px.slble 10 machins cavitias to a calculated shape.
Accelerating celis are tuned by control of the depth
cf coup;ing slots rather than trimming the nose of
accelerating cel!s. Predicting the correct frequency
ofi-sets !O use at each manufacturing stage produces
a brazed structure of proper coupling with a minimum
amount of tuning.

Introduction

Our structure consists of sixteen accelerating
ceils and fifteen coupling cells brazed into an
acceieraiing section. There are twenty-eight sections
in seven rf mcdules of the Linac upgrade.
Construction schedules require that one section be
completed every two weeks. Structure tuning and
assemb;y must progress rapidly’. Reducing repeated
!uning steps was one goal. An automated
measurement system is being implemented. [1]

Optimization of the structure was the result of
many contributors. Nose cones were carefully shaped
to insure minimal sparking. We decided that we would
mdChine the noses once. including ends, and not trim
them to adjust the cell frequency. This reduces the
chance of scratching the high field region. End
frequency adjustmen~s are made in the ‘inductive-
regions lcavity wall) of the cells. Field variation
along the structure due to nose cone differences are
el imina~ed.

Our SCS consists of 2 stack of 15 ‘interiur-
—.—

“Operated by the Universities Research Association
under contract with the U.S. Department of Energy

sagments !erminated with a bridge coupler cell at
both ends or a bridge coupler cell and terminating cell
at each end. For initial tuning. ends are terminated
with flat plates. Basic interior segments consist of
two accelerating half cells joined through a coupling
slot with d ccupling cell. This half terminated
asserr.piy s~pports a x/2 mode. The mode is higher
than for a fuily terminated interior cell and as cells
are stacked the ti2 frequency is reduced. A plot of
the rrJ’2frequency vs I/n (the number of half cells)
will project the correct 7t/2 frequency for an infinite
stack. This frequency of the structure is maintained
when fully terminated.

A coupling slot IS cut into the accelerating cell
body after machining the half cells to a
SUPERFISH(SF) calculated !requency. f(SF). The depth
of the slot is adjusted for the desired 7r/2 frequency.
Increased depth of the slot lowers the frequency and
incraases coupling between accelerating and side
cells. The length of the coupling slot is estimated for
50/0coupling with f’111slot depth as f3 varies for each
sec!ion. LAMPF data was used to estimate early
values of f(SF) and coupling slot dimensions.
Subsequent construction of RI through R4 (sections
of a prototype module), and aluminum models have
allowed us la refine the values for f(SF) and given us
reliable Af values as the slot depth is changed. [2]

A standard five parameter model is used to
describe the dispersion of the field modes in the
passband. An adequate description is gwen in ref 1.
Finai tuning of the structure makes use of the fact
that all accelerating cells are tuned to a frequency al
and all side coupling cells are tuned to a frequency 02.
When actually measuring the cells, the frequencies
are not the same as the values calcu!ater.f by the
dispersion equation. Any method of shorting adjacent
ceils shifts their frequency, Probes inserted
consistently provide controlled offsets in each cell.
With cells at the same frequency tuning k straight
forward. Wo start with the x)2 frequency low and
just move all the accelerating cells up the amount of
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the error. If the stop band is off we move all the
coupling cells the appropriate amount.

Individual cells are all identified and numbered.
Frequencies are measured using an HP 8753C
network analyzer and recorded on an Excel spread
sheet. Temperature, barometric pressure and
humidity are recorded !or each measurement. Excel
IS used IO correc! frequencies to vacuum at 25 C. and
for statistical data.

SUPEKFISH Measurements

I The CNC prcgram is verified both mechanically
I and electrically on a sample part. Sevenleen [Iwo

spares) accelaraling mlerior cells without coupling
s!ots are machined to final SF calculated dimensions
and delivered to the tuning lab. They are inspected for
mechanical defects, and cell length IS measured and
recc:ded. The rim is lightly lapped with 15 micron
altimlnum oxide coated mylar on a granile surface
plate to verify flatness and remove copper oxide
from the contact surface. Mechamcal tolerances are
met within 1 m:l. Cells are clamped in a special
flxturc with f!at copper terminating plates. We
c:ec!ly measure the SF frequency and O of Ihe half
cells. Our goal is for an average and spread of
frequencies within z 300 KHz of calculated SF values.
Table ? shows our Prototype R machining experience.
(frequencies are in MHz.)

Table 1
Prototype R S~erfish Machinl~g

~Sec!ion ; R4 [ R3 —~ R2 I RI
‘ Target SF ! 820.20 ] 820.39 I 820.59 ! 820.80
r Mach. Avg. ] 820.32 I 82021 i 820.50 ; 820.62
‘ Off-set ! +0.12 ; -O.18 j -0.090 ~-0.18 ]

Spread I a.657 i 9.535 ! 0.398 ] 0.365
- Std.Dev~.1 0.193 JO. 108 ! 0.102 1G.086 ~——

Stacking Order

High and low frequency half cells are paired in a
stacklcg order to best equalize the interior
accelerating ce!ls. The goal is to have frequencies
within f 30 KHz. High and low frequency half cells
are p!aced at the ends where their frequency errors
are incorporated into the terminating end tuning. Cells
midway between highest and lowest are reserved as
snares and can replace any cell in the stack. The
paired results of sefective stacking aro shown in
Tablel.

Slotting

The slot depth is made using a cutter arc
identical to the inside radius of tho coupling cell. Tha
c.“’ter center is spaced relative to the center of the
accelerating cell. A 7.2441 inch center spacing
between the coupling and accelerating cells gives full
penetration for the slot. We adjust target SF values,
which range from 821 59 to 815.71 MHz with 11so
that the pre-brazed stack is at 804.900 MHz when
the cenier spacingis 7.264 inches. Tyc)ically, the
fr~quency change, AflAcenter ranges from 27 to 17
KHz per O.OO1=.A minimuln ot f340 KHz frequency
aojustmenl and associated coupling kl of 4.7f0.l OtO

over a 10.020= center spacing variation is expected.
If the SF frequency drifts out of the adjustment
range, we have three options. 1) Continuously
correct Target SF values as sections are fabricated.
2) If cells are too low the slot can be backed out at
with small reduction in coupling 41. 3) High cells can
be remachined 10 correct their frequency. We have
successfully used option I for most sections. in
section R2 where an unintended .002 inch taper of the
web thickness from outer to inner radius caused six
half cells to be 600 KHz low, we used step 3) to bring
them back into range.

We determine the exact slot depth by a sequence
of three cuts in the first five accelerating cells of the
stack. The paired average SF frequency of the cells
is compared to the target SF value and the slot center
spacing is adjusted to the expected value for 804.900
MHz. We increase the expected center spacing by
.020- and cut the first slot depth. The five cells are
stacked in order and the ti2 frequencies measured
and plotted vs the number of half cells to establish
the infinite stack x/2 frequency. A second cut made
half way between the measured and final expected
value establishes a verification of the Af/Acenter
for the cell. We calculate, cut and verify the third and
final slot depth cut. Finally bridge end cells, followed
by the accelerating cells, are slotted to the final
depth.

End Termlnatlons

End cells are tuned lower than inlerior cells.
Material is removed at the outside radius of
terminating ends and below the slot in bridge ends.
Cut-out dimensions are determined by c!amping the
ends on the stack of five completed cells while the
machining of the remaining cells proceeds. End cell
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frequencies are lowered to the projected rr/2
frequenc}” by capacitive loading of the gaps. Balance
is established by tuning for minimum enargy in the
adjacent side cells. Loop pickups inserted through the
vacuum ports verify that there is little energy in all
side cells. Cells adjacent to the ends are shorted and
Ihe end cell frequency is measured. The capacitive
!oading is removed and the resultant ,\f is
determined. A SF graph of Af vs cut-out is made
ahead of time for each section. Dimensions are simply
taken from the graph and parts taken to !he machine
snap.

Pre-Braze Measurements,

After final machining the full structure is
clamped together on the stacking fixture. Each
accelerating cell and the R/2 frequency are
measllred and recorded in a spreadsheet. For
individual cell measurement sho:ts are placed in
adjacent cells. Shorts in side cells have appropriate
spacers so Ihat when the cells are re-measured after
brazing on vacuum ports they are re-inserted to
exactly the same position, Shorts on adjacent
accelerating cells is accomplished by a centerless
ground rod .002 inches under the bore size slid
across the gap. This capacitively shorts out the
desired cells. There are no fingers to scratch or fall
off in the bore.

Post-Braze Measurements

After final brazing, welding on flanges and
mounting the structure on a permanent cradle the
frequency of accelerating cells and the rr/2 mode are
checked and compared to the pre-brazed condition, An
assessment is made of the amount each accelerating
cell must be increased to bring the structure up to the
desired n/2 frequency. Checks here are intended to
determine shifts In brazing and handling and to guide
us in determining if 804.900 MHz. is low enough to
insure all cells will need to be raised.

Section Tuning

Accelerating cells are tuned in a first pass to the
same frequency and for a rt/2 frequency of about
804.970 MHz. Indentations machined into the cell
walls are pushed in with a punch to raise tile cell
frequency. Side cells are equalized 10 805.030 MHz.
Threaded studs brazed on the side cells allow their
gap to be pushed in either direction. With our probe
designs, cell frequencies can be equalized to i5 KHz.

End cells are adjusted by moving the end wall. A snap
ring type groove in the end wail and special tool allow
gap adjustment in or out. The frequency shift is
about 100 KHz. per .001 inch. Ends are adjusted for
minimum energy in the adjacent side cells. A “tuning
cell” with adjustable nose pieces is mounled at the
flange of the bridge couphng cell. The tuning cell and
the end accelerating cell are tuned together until
them is minimum energy in both the adjacent side
cell and bridge coupling cell. Next the bridge coupling
cell is shorted with a band of copper wrapped around
the nose. The cell frequency is raised about 160 KHz
with this configuration. We load the gap capacitively
and measure all thirty-one modes in this
configuration. A dispersion program IS run and the
frequencies, couplings and stopband are determined.

Vacuum Measurements

The section is put under vacuum and the modes
are measured. The rr12frequency and the stop bznd
are determined and compared to !he first pass tuning.
From experience we ffnd that the x12 mode
measured under vacuum is about 18 KHz lower than
when it is corrected from afmosphenc conditions.
The stopband moves down 280 KHz due to defection
of the side cell walls. With measured offsets we
retune the structure to 804.966 t 0.01 MHz with a
stopband of +150 KHz under vacuum at 25 C. Each
section will have an indeperder, ily controlled water
loop and differential tuning between sections will be
adjusted thermally.

Conclusion

We have developed tuning techniques that, in
concert with mechanical fabricators, has lead to an
efficient fabrication process and allowed the major
machine work to be done by industry.
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~I~E COUPLED ACCELERATINGSTRUCTUREAUTOMATED
MEASUREMENTSYSTEM

Peter Steven Prieto, Jim Crisp, Tom Jurgens and Tim Savord
Fermi National Accelerator La60mtot&

Batavia, IUinoi.s60510

Abstract

A computer controlled, network analyser baaed
measurement system waa developed for evaluating the
side coupled accelerating ctructure (SCS), which wiU
replace part of the FermiLab linear accelerator. The
SCS wiU booat the Linac energy from 200 MeV to
400 MeV, contributing to the reduction of beam emit-
tance providing a higher intensity beam. The mea-
sured parameters include uhunt impedance(Z, ), elec-
tric field(~-o) the total voltage(V), and transit-time
factor(T) of the accelerating structure. Aloo, the
etopbmd, frequency, and Q value of the Ir/2 mode
are determined.

The tit -et of parameters (Z,, J?o, V, T) are
mezumred using a bead-pull perturbation technique.
The automated measuring system W- designed
around an IBM-AT compatible computer, (AST 286),
controlling an Hewlett-Packard (HP851OB) network
armlyser and a Galil (DMC-400) motor controller,
with the National Instruments GPIB interface card.
Programs were developed under TurboC (version 2.0)
wmbler debugger environment. The dispersion
measurements are carried out using a sub-set of the
above mentioned instruments.

Introduction

The upgrade to the Linac wiU bring about an
increaae in beam kinetic energy from 200 MeV to
400 MeV.Thia will be accomplished by replacing the
hat four drift tube tnrk in the existing Linac with
seven modulea of the sid~coupkd structure design.
The aeven rnoduka break down into four sections
of sixteen accelerating cells and fifteec. side coupling
celb. The aectiona are connected through bridge cou-
plera[l]. Thae structures will operate at 805 Mhs,
four timea the preaent operating frequency. An au-
tomated system waa developed for tuning verifica-
tion and parameter rharacteriaation of the structures.

‘openhed by the Uaivenities ResearchAmmiatio&
lmdexContxutwiththe U. S. Departmentof Energy.

Inc.

The rceaaurements are divided into two chines, dis-
pemion curve and bend-pull.

Dispersion

The goal of thismeasurement is to aaseas the stop
band of the r/2 mode. A chain of N coupled cavities
will have N cavity chain modes. The re~onance, or
mode, occurs at the frequency which provides a t-
tal phaae shift along the chain of nu radians, where
n is limited to O,I,...,N-l. The mode which has x/2
radians of phaae shift per cavity, or ceU,is chosen
because of the coupling efficiency of the biperiodic
structure to the beam and its unique field stability
with variations of beam loading and manufkctunng
inaccuracies.

A sufficient model for analysing the SCS aasumes
aU accelerating cells and coupling cells are identical.
The dispersion relation relates the N mode frequen-
cies with the phase Aift per cell. Using wi as the
resonant frequency of the accelerating cells, Wathat
of the coupling cells, KI the coupling coefficient be-
tween accelerating and coupling cells, K2that between
accelerating cells, and X8that between coupling cells.
The dispersion relation can be written as shown be-
low [5].

In the above equation w represents each of the-N
mode frequen+s and v the phuse shift per cell. The
dispersion equation has two sdutione at w = x/2,

w=‘&’I‘mdw = ‘~. The difference infre
quency between theae two aohttions is caUed the stop
band, A sufficiently small stopband insurea field and
phaae uniformity along the SCS. !n order to deter-
mine the stopband, the frequencies of the 31 modes
are measured, then the w, p pairsarefitto the disper-
~on ~uation(l) ~i~g the leastquares method[4].
Figure 1 ia an example with a typical stopband of

114



21Khs. Meaaurernents are pexformed using full celI
terminations which provide a phase shift of ZVx~
where n=O,l,...,l-l.

Bead-Pull Perturbation Techniaue

The god of the perturbation measurement is to
characterise the field distribution along the beam axiII
of a module. The phase shift caused by the bead
ia meaaured and the fractional detuning computed
(cq.2). Then the squareof the Electric field per total
energy(U) along the beam da is obtained from the
fractional detuning and bead volume (eq, 3).

8W tanAp.=—
(#O 2Q

(2)

(s)

From this, the voltage across the complete structure
can be calculated.

(4)

Finally, the shunt impedance per unit length per total
energy is computed,

z. VaQ
uz=~

(6)

where L is the length of the tank in meters.

Hardware

The automated measuring system was designed
arcund an IBM-AT compatible computer, (AST 286),
controlling an Hewlett-Packard (HP851OB) network
analyxer and a Galil (DMC-4OO) motor controller
with ~he National Instruments GPIB interface card,
For both dispersion and bead-pull measurementti the
transmimion coefficient (S21) is measured betwee~
magnetic field probes placed in the terminating cells
of the cavity chain. The cignal picked up from the
-rity is ampliiied by 22dB to improve the meuure
ment accuracy.

For the bead-pull,a mechanical gantry was made
which attaches to the end of the cavity support cra-
dle. Positioning arms can control the head position
along the beam asia with an accuracy of oneone
thoumndths of an inch. A kevlar thread, holding a
bxaas b-ad, is run through and over the structure.
The bead diameter uBed for the teatis 0,166 inchea
and ia pulled with a DC motor controlled from the
AST 2&6through a GALIL motor controller (DMC
409). The bead pusition ia provided by a quadrature

shaft encoder, 4000 pulses per revolution, mounted
on the DC motor, Limit mvitchec nre mounted on
the positioning armn to provide home reference and
travel limits.

Software

The software was developed with the TurboC
compiler, version 2.0. Both dispersion and bead-pull
tasks were developed in two separate modules+with
a third module holding functions common to both.
Two complete, otand-alone applications were created,
The common module aupports functions such ac an
input data parcer, Q value function, 3dB point mea-
surement function, network analyser parameter up
date function, GPLB communication functions and
system error functions. All major variablesand pa-
rameters are organised under appropriate structures
in the common module and the taak-specific applica-
tions.

For the dispersion cutve measurement, the op
erator identiflea the center frequency of each mode
by placing the marker on the peak and then presing
enter, Once all peaks are identified, the mystemopti-
mises the frequency and amplitude scale to accurately
obtain the frequency and Q of each mode. With
these measurements, accelerating cell and aide cou-
pled cell frequencies (wl, Wa), coupling coefkients
(~l,~x,~a), and r/2 stopband are determined using a
least squares fit to the dispersion curve. The results
are corrected for temperature, humidity and pressure
to predict the behavior of the structure with vacuum.

The bead-pull bases its results on two measured
values, phase and bead position. The speed protlle
of the bead is dependent on the number of sections
being me~ Sredand the step resolution chosen. After
the set-up parameters are entered, the Q value is mea-
sured and the structure is driven at the x/2 frequency
of 806 MHs, During the pull, the system reads the
phase shift from the analyser and the bead position
from the shaft encoder, Once the bead is out of the
structure, L%/wo,~, E; and Z~are computed. The
raw data and the results are displayed using EXCEL
veraion S.0, a commercially available spread sheet.

Discussion

The hardware is completely in place and tested, ex-
cept for automated rending of temperature, humidity
and prcsaure. The software has been tested on Sec-
tion 3, of Module 1, of the SC Linac upgrade. Data
validation haa bccu done against manual meaour~
mcnts and results arc within 10 KHs for stopband
mcasuremerd.

The raults obtained during a bead-pull follow
closely-with those obtained from other analyxcrs and
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#huntimpedance values correspond to those predicted
with Su~erfish. The value computed for section S is
35 Mfi/m compared with S8 Mfl/m based on Super-
fish (derated by IS percent).

The software was not designed to account for
misi-identifiedpeaks or baseline drifts due to tempera-
ture changes during the meumrement, A second ver-
sion of the software could incorporate error-correcting
algorithms. Further tests must be carried out with a
fu)l module to evaluate the performanceof the system.

1,

2.

s.

4.

5.
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Figure 1: Dispersion curve of se~tion 3. This shown
the distribution of the modes about the r/2 mode,
values for the K’S,stopband and corrected fundamen-
tal frequency for accelerating cell and side coupled
cell.
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Figure 2: Phaae shift produced with a 0,217inch di-
ameter bead, sampled in 2.60 mm step increments
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STABILITYOF FIELD DIS?!RIBUTIONIN COUPLEDCAVITyS2RUCT~ES

L.V.iiravchuk,G. V. Romanov
Institutefor NuclearResearch,Moacow,USSR

Abstract
The generalpropertiedo.fcoupled cavi-

ties structures are studied and tho co~di-
‘iontIof maximal atabjlity OS acceler&tlng
tielfi distribut >n in re~pect to the ran-
dom errorsof manufacturingand tuningare
determined.To describethe biperiodic
atructureawith Btrongcouplin~euch as
DAW atructurea coupledoscillatormodel
with coupllngs of two typea - elaatlc and
inertial- is used. 1t is shown t~t the
fielddistributionstabilityin the multi-
coupledcav”ty8tructure8depecdanot only
an the frequencyreparationbetweenmodes
Of structures spectrum,but also On the

fielddistributionand amplitudesof these
modes.

introduction
In order to increaeethe field diatri-

b~tioc atability in the high energy proton
linac-the biperitidic atructurea operated

Jt/2 standing wave mode were develo..
;:d[l,2].The main instrumentfor investi-
gationof the fielddtatributiocstability
in such atructlmaais a coupledoscillator
model.The biperiodicchain of o8cillatora
wi~h Eeare8tand next neighbor couplinga
waa succeaf~ly ui3ed in many caaea [1,3 .
for example] . But thia modei doea not gi-
ve a good agreement between calculated
opectrumof mode frequenciesand experi-
mentalspectrumof the multicoupledbipe-
ri~dicstructure(DAWstructurefor exam-
ple) and does not adequatelydescribethe
fielddistributionin such structuresin
fdl[41 . The chain of the oscillator
with the two types of COUp~IngE - elaatlc
and inertial- is the solutionof thia
problem. The condition of the maximalfi-
eld distributionatabilityIn the accele-
rator!structure were specifieduaing the
developedoscillatormodel.The remlta
were uaed and provedexperimentallyduring
tkz linac acceleratoretructureof Moscow
meson factory(MMF ) tuningprocedure.

Coupledoscillator model
?he Small free oacillation~of

v~:iveeyatemof coupledharmonic
torsare describedby a 8ystemof
ona:

or in a matrix fore:

Gi-A/Y; = 0,

con8er-
oacllla-
equatl-

(1)

(2)

This matrixequationi8 consideredhere a8
a model describingthe atandillgwave atru-
ctare- a chain of multiply-coupledre80-
catore.The rigity 9..and the ~s8 m,,
of the i-th oscillatordetermine~he eigen-
freqaencyof the i-th reao~~or~, ‘g, 1~,, .

The ela8tjccouplingsand the inertial
ones (nond~gonalelementaof C and /V )
characterizethe coupling~between mag-
neticaud electricalf:eldaof the reso-
.natore.The amplitude-x,h ( the i-ii.cq-
mpocent0! the vectorx, ) is som~ in-
teuralcharacteristicof the field in the
i-th reaonatorin the k-th mode of the
chain.It togetherwith .9,,and M,,
determine the 8toredefiergie8of the ma-
gueticac< electricalcomponentsof the
fi~ldIfithe I-th re80nator.The golution
of the equation(2) 18 N eigenfreqvefi-
Cie8 of the oscillator8ystem J2~ = //~,
.repreeentingthe frequencyspectrumof
the acceleratingstruc~ureand N M-ort-
hogonaleigenvector8 Xk ‘le8cribing
the fielddi8tribktionat ;resuencyAh .

The model parameters(the~lementsof
matrixes C and /’? ) may be alway8 de-
terminedif the full spectrumof the ac-
celerating8tructureand the fielddist-
ributioe~of all modes are known.L!sually
only thz acceleratorSpeCtrUm18 u8eci for
the model parameter determination.But
basing oiI the 8pectral theorem [5] and
using arty orthogonal9y8temof vectorswe
can alwaya finda matrixwhich ha8 tigi-
ven frequencyapectrum.In auchapproach
we have uncertaintyin the describingof
the fielddistributionand loose the phy-
aical❑eaningof the model parameters.To
avoid this disadvantagethe properstruc-
ture of the coupledoscillatorsystem
mu8t be chooaed.For periodicaccelera-
ting 6tructure9with half-celltermina-
tion there18 a 8impleand reliable8ign
of the properchoiceof the model etruc-
ture - the eigenfrequencie8of the model
with number of oscillators(X+l)mu8t be
equalto odd eigenfrequencie8of the mo-
del with numberof Oscillators(2N+1).
The knownmodel IIJ 18 a canoriicalform
of the equation(2) and doesnttsatisfy
thi8 conditionin every case becauaeof
the propertiedof the matrixM-v<Gff-u*
or matrix P7-~G .

For DAW 8tructurethe coupled08Cilla-
tor system8hown in Fig.1 had been sug-
ge8ted.The oscillator “a” and IICIIhave

. .
..—

..

nam

Figol
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the eigenfrequencieeU’=9elnand U<2-3 /mc
respectively.The subscript“~ “ aigns the
elasticcouplingcoefficientand the sub-
script“m” - the inertinlones. in the
caae of half-cellterminationthe ens os-
cillators‘a” have the rig.ity90/2 and
mgss .s./2,The neighhouri
“c” - (% ● Kc9 ) arid~ ‘sclllatorBrnc 4 U,m )
respectively. The numerical’valuesof the
model parametersare determinedin gene-
ral case by means of 9 fittingprocedure
so thax the rms differencebetweenthe ex-
?erimeatalspectrumand the calculated one
(or between the parts of them ) is minimal.
The procedure of the parameterdetermina-
tion fo~.the differentmodels,including
nonperlodicones,are given In detailin
[61 . The eigenvaluesand the eigenvectors
cf the oscillatormodel &z-efoundby meane
of the numericalsolutionof the equation
(2).The differences betweenthe calcu-
latedand experimentalfrequenciesdon’t
fixceed0.05%.

It is convenientto representthe spec-
trum of the biperiodicstructuremodel as
the eolutionof the sequenceor the equa-
tiont3[71 :

(3)

for z?veryint~esting 6A . 0 - 17/2 . The
eigenvaluesA, and A; are above and
below the operatingfrequency respective-
ly. At the operatingpointa phase 8hift
of a spatialharmonicbetweenthe oscilla-
tors is equal to-X and betweenthe osci-
llators‘an - J(/2,

In rhe equation(3) the matrix

and the matrix

In otherwords the kiperiodicchain of os-
cillatorsfor every Ok is consideredas
two oscillatorswith the eigenvalues

/k’ ‘%/fl@i, i 4k=G(6%#@h~
and coupledwith the coefficients~~~$$k
and2fmcos@&The Fig.2 showsthe frequericy
spectrumwith a atopbandof one variart
of the DAW structure.

The propermodel structureis more im-
portantfor adequatedescriptionof the

.(22,

----1
P

---
‘.

1,0
/’

0 J7/2

Fig.2
fielddistributionthen for the exact re-

producingof the experimentalspectrum.
In thia sense the developedmodelgives
an entreating]Sesult.Let the eigenvec-
to~p o~ ~:e model is expressedin form
z~=O”uk . For an id@ structurewith

half-celltermination% -ffR’coJ~6~@k
for the oscillators“an (j is odd). In
general.case of the multicoupledbip~rio-
dic a+t,ruc:-urethe model ahows thatL%#%-
and ‘k *Da and there ia no completecom-
pensationof the nonoperatingmodes in
the perturbatedacceleratingstructure[~].

Field distributionatability

Ba8ingon the smallperturbationtheo-
rem it ❑ay be shown that in the cast of
the frequencydetuningof the accelerator
structureresonatorsthe perturbedf&eld
distributionof the o?eratingmode
is expreaaedin the terms of the unpk
turbatedstructurea6

where A 18 the matrix mall perturbati-
ons. The expre86ion(4) characterizesa
level of mutual compensation of the upper
and lower (withrespectto A. ) nonope-
ratingmodes In perturbatedaccelerator
structure.It is clear from (4) that the
worseningof the compensationis possible
a) becauaeof an as8ymetz’yof spectrum-
- l&”~;(*lA4-J;l ; b) becauseof a dls-
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ba:ance of the nonoperating mode amplitu-
des - ak”tO~ ; c) because of an lnequa-
lit~ o< the fielddistributionshapea-
-q*q- ,

For the periodicand biperiodicstruc-
tureswithoutthe nixed and nextneighbou-
ring couplingsa stopbandand a separati-
on of mode frequenciesplay a main role
ic the fielddistributionstability.The
increasingof the couplingbetweenthe
resonatorsof an acceleratingstructme
in order to increaaethe stabilityleads
to an appearancecf the mixed couplings
and the fiextneigh50uringcouplinga.They
cauae the amplitudemisbalanceand the
asymmetry of the spectrum(eimultaneoaly
or separately).For ingtance,in the DAW
structuretanks of MMFlinac the amplitu-
de misbalancereachesthe valueo~~-~ 1.4
and the width of the upper part of apect-
rum is smallerthen the width of thg lovl-
ex part approximatelyby a factor4. So,
the DAW structurebnaicallyhasn’tthe
conpletemutualcompensationof the ncm-
operatingmodes in the firstorderapp-
roximation.

An influencethat or anotherfactoron
the stabilitydepends8180 on an accele-
ratingstructzrelength.For the long
structuresa atopbandiala main factor
because :he value 1~.-~~I is very small
aniO**L? for the nearet3tto ~. mode
frequencies.For the short structuresthe
asymmetryar~dthe amplitudedisbalnnce
may be importa3t.In some case the 3top-
band may play a positiverole compensating
ths misbalanceand the agymmetry.In the
reai structuresthe inequalitygf the
fielddistributionshapes Uk’+V*- because
of the local perturbation (detunedend
half-cells,for example)may worse the
stability.F’orthe systema,con~iatingof
smallnumberof resonators,the resonant
frequenciesof which are different(four-
-tank acceleratingmoduleof MMF) this
factormay be important[8] .

Conclusions

‘TheconsideredSactoreeffectingupon
the acceleratingfielddistributiofista-
bilitywere observedexperimentallyand
takeninto accouritduringthe accelerator
systemtuningat MMP. Inapiteof the ab-
senceof the completecompensationin the
DAW gtructure,this structureis much less
sensitiveto the tuningand fabrication
errors then otherbiperiodicatruc+tirea
[9]. The strongcouplingsof the DAW

structure providedgood frequencysepara-
tion of the spectrumof the 4-tankmodu-
les. But in order to ayoid the instability
due to the Ineqalityof the fielddistri-
butionthe specialtuningprocedureWa8
developed[lOj .
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ABSTRACT

Thu systematic error for the bead pull
measuram,nts \n drift tube cavities and disk and
nastier structure is analyzed. The error is caused by
the nonuniformity of the RF field distribution and
mirrcr effect of the spherical bead, The method for
error determination is provided which was verified
for accelerat~nq system o{ the Iloscon lleson Factory
Linear Qcceleratcr iLf$ tl?lF1. It is shown that the
error must be taken into account ?W the RF field
flattering procedure in drift tube cavities. Nso
this kind of errors is importmt in
structures.

INTRODUCTION

The stringent requirements are
accelerating field E distribution

x

coupled cell

imposed for
for a high

current proton linac like meson factory. The field
distribution needed is achieved by ●n accelerating
cavity tuning. It is known ● sevoriil techniques for
the field distribution measurements. For high
qualitv (Q = 104) cavities the bead pull measurement
[11, which use a 6aall perturbing object, is
preferable . For the field measurements in Lh MRF
tanks sphericaI perturbing objects are used . Both
technique random and systematic errors, and
systematic errors, caused by ● discrepancy between a
real accelerating field distributions and
●ssumptions of ● smalI perturbation method, effects
m measurement ●ccuracy. In order to decrease
technique errors it is needed to increase the
perturbing object - so increasing the shift in
c.vity reconant frequency 6f, but this way give rise
tn a systematic error effect.

DETERMINATION~ T& SWIEtlATJ~ERROR

At tbe field E= distribution measurement in

multy-gap accelerating structures (drift tube
cavity, disk and washer or 6ide coupled tank) the
spherical bead size d, which is needed for a stsble
6f measurement, m~y be - first of ●ll for a low f3 -
co~arable with the length of acceleratir,g gap. It
is known that the field distributim in ●n
accelerating gap is nonuniform, ●nd therefore the
bead is placed in ● nonhomqenews field. This is
first eource of the systematic error. The second one
- the mirror effect - is diaplaed when the bead
diameter ts comparablewith distance to drift tube,

The string sag - the bead displacement from axis -
Me taken’t into ●ccount becaust! usually special
supports are used to avoid it. The error is displaed
in fall of the relationship &(d) from cube for
different values d. we propose the followlng
procedure for the determinations of error$

let us calculate changes in frequency for n
values of bead radii Rf,R~, Rn~

changenin frequency we represent ast

n

I
j

6f.= a.R.
t JL

jzd

from system of equations

j=i
. . . . . . . . . . . . .

(1)

(2)
n.

I6f = ●.QJn ,n
jai

find a value of a. coefficient and estimate

methodical error as:

6E
J

6f i

T=
— -1
a~Ri

●
(::)

Realizability of the procedure proposed depends
critically on the accuracy of frequency f

n
calculations. After consideration, modern numerical
code ttULllWIEIE[21 uas choosrm.

&TIHATIOPIQEMFREWE NCY CALCULATIONACCURACY

The code llULTIMODEwasdevelopedwith using finite
elements method and is ir!%z5ed for frequency
calculations at axiallysymmetric cavities.
Construction elnments, disturbing an axial
symmetry, for example, supports in drift tube
cavity, are preeented in an accelerating structures.
Nevertheless these elements are choosed such that
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Lengths of periods and accelerating qapm in the
drift tube cavity ●re extnnding. For OXaqla, in

first DTL tank of ~ MMF length of the gap rises
from 15 ●t the beginning to 133 ma at the end. The

field distribution measurement error depends on the
gap length critically. From Fig. 4 for first DTL
tank LA tlRF MU can see, that for gaps in the
beginning of the tank the error ● highly great,
because it is need to use spheries with a largrn
radius (> 5 mat). It is knoun, that for accelerating
gaps mth large length tat high @ ●ccelerating
field distributim along the axis has two maxima,
placed symmetrically from the gap center. In this
case the 6EIE error changem sign as the radius of
perturbing sphere increases, see Fig. 5. This
dependence permits to recommend for field unflatnesm
measurements in cavities with ● high length of gaps
● large enough spheres in order to minimize both
randoe and systematic field measurements error~.
?fore detail information about 6EIE dependencies Otl
si:e and placcmen. of perturbing sphere for LA HtfF
accelerating tanks is given in Ref. [31.

IC

5

j,%

R=7mm

\I

R 6mm

=5 m

4.

\ \

Fig. 5.

\
\\

Dependence dt 6E/E vs sphere radius in
fifth UTL tdnk ior displacements from the
center 1 - b16, 2 - G/;.

The orocedure of the systematic error estimation of
the “accelerating field distribution measurements
~ith using ● perturbing sphere for bead pull
te:hnique is propnsed. It is shown, that is need to
tako into account tha systematic error for drift
tube l{nac cavity tuning if ●n accelerating gap
length is comparable with a bead size. At large
accelerating gap lengththe systematic error changes
the sign as radius ~f a perturbing sphere is
increa6ed. It permits *O choose a large sufficiently
size of the pcrturb~nq sphere, thus decreasing both
random and 6ystematic errors. Results of this uork
●re 6uitable for diffQ-ent llnac ficceleratincj
structures with geometrically aimilar elements near
tha beam ●xis.
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not dinturb thQ field distribution for m mm-rating
md8. Testing calculations were done bmcause there
Isn’t possibility to obtain analytical ●mtinations
for the calculation accuracyfl He consider tllm
spherical cavity with small ●stdllic sphere in ths
cmnter. An analytical soiution fw frequency and
electromagnetic field distribution in spherira:
cavity is knowz. Considering ● s-all sphere as ~ad
and calculating the frequency changewe can e:,tizate
the accuracy of the proposedpros.dure. Calculation
&w, tb~t la range 04 spheres radii relstlon from
0.006 t~ 0.036 product of relative frequencv shift
due to small sphere on error of this Bhift
calculation is equal (0.S-1.01910-7. In order to
Obtain reliable data ●bout 6E it i6 need to have the
ab~lute error of 6EIE determination not worse then
10 and, therefore, the perturbi~g sphere must give
the relative frequency change not less then
5.0$10-4, that is limitation from below on the
perturbing sphere diameter. To obtain a high
i-curacy, the special procadure of calculations and
data process was develnped, which is described in
detail in Ref.C31. Leaning izn testing results, we
considered for calculat~oms ● perturbing sphere with
such size, that provides accuracy of 6E1E
determination about 0.1% for DfW structure and 0.3%
for dri$t tube tank. Comparism nf calculated
systematic error with ●xperimental rcwlts (Fig. 1)
for several first gaos of fir%t DTL ;an; LA MtlF
smw6 a good dgreeSWt fOr SUCb preCISe meaSUreSIentS
?.id cai~lilatims.

I
I

~- r !, 1 1 1 I I 1 r r

.

“’ 5
~ ~

15 ~

F~g, 1. Calculated (solld lines) ●nd experimentally
estimated (golntsl systematic error of the
field dlstrlbut~on measurements in first DTL
tank. n - IvMber of the accelerating gap.

With us~ng of the procedure described, the error o+
field measurement in cell cias calculated both for
the bead sphere posit~on at the center of an
accelerating gap ●nd for sphere displacement along
the beam ●xis. E, field distribution becomes mere

quietly as flf increases ●nd therefore the error
decreases. Decreasing of &Z/E is ● most notice for
large R>O.5a, (R - radius of the perturbing sphere,
a - radius of aperture), see Fig. 2 . The error is
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0.4 0.6 008 Iou P

Fig. 2. ilependence of 6E/E vs ff for measurements
the DflWstructure. Perturb~ng sphere is
the center o: the accelerating gap.

minimal at the center of an accelerating gap and
maximal ●t the edge, see Fig. 3. Usually tanks

in
In

is
of

acct?lerating structures m high P consist of cells
with tne same (3. !f so, the error ts the same for
all cells and not effect substantially on results of
RMSand tilt accelerating field determination. lhe
dependmce 6E/E from sphere placement can exert an
indirect effect for finding of the accelerating gap
center. It is obvious that 6E/E is determined by a
relationship betwen the sphere size ●nd dimensions
of accelerating structura elements near beam axis,
which are chmstd for achievementof maximal shunt
impedance. Therefore, at thm same frequency
dlmensims of ●lements near the beam ●xis fb- the
DAMstructure are ths sameas for ●nether high -fi
structures ●nd results of 6E/E calculation are
suitable for thea.

/
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Fig. 5. Uepenoence fif &lt V5 displacement of the
bead sphere frmm the center of the acce-
lerating gap in the DAWstructure. G IS the
length of the gap,
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Abs&ti

A mmpact drifttube will be usedfor the drift-tube
linac (DTL) which is under development for the Japa-
nese Hadron Project (JHP), The methodsare bridly
dcyxibcd for holdingthe permanentquadrupo!emag-
net freed into the drift-tube cell and for aascmblingthe
drift tube onto the DTL cavitytank.

rntrdfi

The 432-MHzdrift-tubeIinac(DTL) for !k Jaoa.
nese Hadron Project (JHP)’ is about half as small as
conventional XO-KHz DT’L”s;the inner diameter of
the tank is al mm, the outer diameter of :he drift
tube tIl mm, and the bore diameter for a beam 10mm,
Thisrequiresthe developmentsof moreprecisema-
chiningof theircomponentsand moreprecisealign-
mentof theirquadruple magnets(Fig. 1). Among
various technical developmentsfor thispusposewe
brieflydescribethe followingthree interesting
techniques:

(1) Fixationof the permanentquadmpolemagnet
into the drift+ube inner cell.

(2) Insertionof the innercell into the drift-tube
outer ceU.

(3) Assemblyof the drift tubeonto !he DTL tank.
Sincestrongpermanentraagne~ suchas SmCoand
NdFeBare used for the DTL, specialcare is neasary
to take into accounteffa%sof the strongmagneticfield
andpropertyof the magnets

.Asad&g pmtxduruduia %

The drift tube comprising●permanentquadruple
magnet,zn innercell and an outer cellwith a stemis
assembledas foflows.First, the permanentmagnetis
heldfreedinto the innercell. Second, this innercell is
insertedinto the outez cell and madevacuum-tightby
the aid-shrinking method. Finally,the drifttube thus
completedis assembledin the DTL tank,by inserting
its stem into a tapered hole in the tank. In orderto
maintainthe highqualityof productsit is importantto
eliminateany applicationof machiningor surfacefmlsh

after assembling,fn otherwords the planof the as-
semblingprocedureshouldbe formedso as t~ com-
plete all the machiningand surfacefinishon eachpart
priorto the assembling.

Mrsss&g Ruadurcs(# kmaMM Qua&up&

A permanentquadmpolemagnet comprisessixteen
piwcs with the same dimension, whose magnetized
axes arc respectivelyorientedto their specifieddirec-
tions (Fig. 2). All the piecesare mechanicallyassem.
bled togetherwith eightshimsto fomnthequadruple
magneLand held tightby a coupleof spot-welded
bandsagainstthe magneticforce, For!he prcci.scalign-
ment of the magnetpieces into a drift-tubecdl, it is
important to measurethe dimensionsof the picccs as
preciseas possiblewhichare 1A to determinethe
shim thickness.Also, special care is necessary in order
to take into XCOUn:mmpfica!edeffectof the magnetic
force iu each uembling process.

The mountingprocedurethusdevisedis as follows:
(1)

(2)

(3)

The magnetpieces areclassifiedinto two’&oups
(Fig. 2). The first groupcomprisesfourpieces
whose magnetizedaxes are in the radialdi’cxtion,
Each pieceof this groupwill be refened to as a
single”pieceunit. The other twelve piecesbelong[o
the secondgroup,characterizedby an attractive
force benveen three neighboringmagnetpieces.
Taking advantage of the attractive force, we ad-
here three neighboringpiaet togetherinto a threc-
piece unitwith epoxy resin.
A jig a holdingdevice illustratedat the rightin
Fig. z clampsthe foursingle-pieceunitsandfour
three-pieceunit.
A jack in the jig diives each unit towardthe center
of the ji~ untilthe tip of the unit touchesthe sur-
faceof a centraljig pan whichsimulatesthe inner
drift-tubecell. This is a placewherethe unit
$hOIJ~ be held fw~. E~h unit was machinedso
that a gap shouldappearbetweenany two neigh.
boring units when all the unitsare thus placed.
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(4)

(5)

(6)

Sincethe gap was preparedfor beingfilledby a
shim,the next step is ro measure[hesizeof the
gap in order to determine the appropriate shim
thickness.
FOIthis purpose,two single-pieceunits facing
across each dmr are pushed further inwards,
where openings are prepared in the central jig
part. Measuring how far the two units can be
pushed inwards, we can calculate the appropriate
thickness of the shim, assum~ng[hat the angle of
the arc of each single-piece unit is correctly ma-
chined, This method of the measurement of the
gap should be very accurate.
Two shimswith the thickness [hus determined are
attached to each single-pieceunit wi:h an adhesive.
All the units are reassembled in an inner drift-tube
cell, by use of the same jig as used in (3), and
tightly banded to secure.
The completed inner cdl is illustrated at the center
in Fig, 2.

Inscr&m& the Innexcdl into the Ikit%Tnbe
OutexCeN

We have been developing the cold-shrinkingmethod
in order to fit the inner cell into the drift-tube outer
cell for the followingreasons. First, a silver-brazing
methodcannotbe used,sincepermanentmagnetscan-
not stand hightemperatureduringthe silverbrazing.
Sccowi,an electron-beamwelding(EBW) is difficult,
since the strong magnetic field of the magnets bends
the electron beam. Third,anelectroforming method
requires very elaborate careto preventthe electroplat-
ing fluid from leaking into a drift-tube cell during elec-
troplating process. Othenvise, the leaked fluid would
erode the permanent magnets. Finally, both the EBW
and the electroformingmethodrequiremachining
and/orsurfacefinishingafter the assembIy.This is a
verypainstakingprocess,sincethemagnetcontained in
the drift tube easily attracts m~gnetic microdusi, giving
rise to scratches on the surface. Thus, the
mid-shrinking method being free frcm any of these
troubles seems to be most stsidde for mass production
of quality drift tubes.

In rhe aid-shrinking methodthe innercell is cooled
dfiwn prior to the fitting. The condition of the cooling,
the surface roughness, and the optimum fi!ting allow-
ance and the fitting shape have been determined
th:ough a series of experiments. In particular, it is
proved that the vacuum seal functions satisfactorily
well.

In order to apply the cold-shrinking method to the
assembly of drift tubes the inner cell should be posi-

tioned accurately with respect to thuou!er cell and
quickly inserted into the outer cell. During the oroccss,
dewing should be eliminated and good heat bakmcc
should be ensured. [n order io mee! these
requirements we fabricated .; prototype of .m assem-
bling device shown in Fig. 3. The device is a case filled
with dry nitrogen gas in order to prcvellt the inner CCII
from being dewed. A Iiquid-.lilrogcnvessel is used for
cooling the inner cell, a holding rod for holding the
inner cell, and a vertical rail for guiding the rod. A
base plate made of ceramics is equippccf%“ithholes in
order to vcn: the cvapora:ed nitrogen.

Although we have obt~ined qttiie satisfactory results
for the coid-shrinking method, there remains a prob-
lem to be solved: the inner cell was shifted in !hc asiai
direction with respect to the outer cell by a few mi-
crons to a f:mvten microns, At present we are attcmp[-
iag to soh’c this problem, supposing that this phenome-
non is closely related to an t=ffect of the thcrmai
conduction and transfer in the holding rod andlor the
base plate,

v-m ~-~m= & the Bift Tubeonto&cmb+.#
theIXL Tank

Another importan: item to be developed is how to
mount dlift tubes to a DTL tank, ensuring both
vacuum-tight RF contact and precise alignment of the
drift tubes that c~n stand long-term operation. If neces-
sary, the drift tubes should be replaceable. In order to
meet these rcquir~ments, attempts have been made to
use a taper fitting by iapering both the stcm of a drift
tube and the hole of a tank. Needless to SG!,2 is very
important to keep the accuracy of the taper in micron
order, requiringa uitra-precisionnumerically
controlledturningmachine. Fur the tapered hole in the
tank, we are developing the method of roller-burnish
finishing.

If we use the same material for both the stem and
the hole in the taper fitting, mutual wedgelike slips
between the tapered surfaces will aiise from seizure
and adhesion $Ile to the securing pressure, resulting in
vacuum leak. Thus, we m attempting to electroplate
!he,upper part of the tapered stein with hardmetal
such as chromium and the lower part with sof[ metal;
the hard metal will prevent the surface from seizing
due to the friction, while the soft metal wil?help qual-
ity of vacuum seal.

1.
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For the high-duty operation of the JHP linac it
is inevitable to cool the nose-cone bv conducting
coolittg water to the nose-cone region, Then, we must
drill the water-cnoling channels in the ~all between
the accelerating cell and the coupling cell, req~ir-
in8sctne thickness of the wall, Howe\er, as thenll
beccmesthicker the RF coupling between the
acceler?tirig and coupling cell decreases. In order
to compensate the decrease of the coupling, we taper-
bored the edges of the coupling arc frc+n the couplirm
-cell side.

Machining

~t firs!. an OFC ingot is forged into the
required half-cell profile. The forged block is then
rough-machined : one side into an accelerating half-
cell. while the other into a coupilng half-cell,
incorporating vacuuntpumping channels. The block,
thus rough-fmchined. is mealed in order to remove
the residual stresses xhlch Would otherwi$e be
released during finish-mchining. This process is
important for obtaining the accurate finish-machining.
The anneal 1 bIock is then finish-machined, including
the water-cooling channels in both sides, four coupl-
ing slots and dimpling holes. The internal surface
and the brazing surface are finished with an ultra-
precisiml nunerica!lv controlled turning mchine (see
Fig.2:.

Since annealed OFC copper blocks are
soft and ex.il} deformed,Speciai care is
for accurate finishimchinlng. First. we

extremely
necessary
require

~.-.’ .rt.,-
!mw”.””..:.,., .~’ ... ,’. ,.

very hard cutting tool : w? use natural diamond
bites for the finish-machluing, Second, we develop-
ed special fixture tool forrmchining in order to
Prevent cells frcm being defornwd whcp clamped.
‘#e could machine profiles witha surface roughness
of 0,1 to 0.2~m R “,, [peak to peak) and
dinmsional tolerances of z 5utn (plane surface
to brazed requires flatness less than 10 gmafter
pre-braze tuning, ) Quality of the surface finish
can be evaluated by measuring the quality factor of
a cavity. The measured Q-valve was96%of the
thoeretical value, indicating that the present
surface finish was sufficiently gocd. Here. a
single cell ‘m used without coupling slots for
comparison with tnc calculated value.

Pre–braze tuning

Before the brazing process, all cavities are
nnchined bv using a ultra-precision lathe. until
their resmant frequencies are tuned within 100 kHz
of the designed value. If the measured frequency of
I half-accelerating cell is lower than designed. the
nose contour is mchined. [f higher. the ridge
circunfcremtially prepared in the inner surface of a
cavity is rmchined. Similwly. the coupling half-
cells are tuned by removing material from the cell-
center gap.

Brazing

The half-cell uni’s are stacked and brazed in a
vacw’nfurnaceas shown in Fig..t. The brazing
procedure is schernaticallv shovm in Fig. 3. [t is
seen
three
check
detec

cocdi

hat the assembling process is divided into
steps. Each brazing step is followed by the
of brazing-joint quality using helium-leak
or.

t is important to optimize the brazing
ion, since the braze-joint quality regarding

the vacw’n tightness is dependent upon the brazing
condition. lnorder to minimize the running-off of
the filler metal on the interior surface of a cavity
or to the inside of ~ater-cooling channels, the
joint clearance should be kept as small and as
uniformas possible. Also, it is important to
prevent the parts frrxn being overheated and to keep
the brazing tinw as short as possible.

Fig. 2 ACS half-cell showing both sides of the

find nachinedcaviiy.
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Fig I X$ slack arranged for the brazing
proccsi

1: i na 1 t UII i II=

If tt.r the [ i n~] brazing. 1i]r f r~quenc i es of

accelcrat ing and CLIUPIing ccl Is arc measured.
1f Oect,ssar}. i t is ,mssi hle [0 tulle e i Incr of ccl Is
by di’mp]ing the outtx ca~ i Iy #al i : the thin copper

waI I a t It!? bol IIHnof a hoIu is pushedInwds io a
dupI h near 1“v i r,t t’r i or surf act’ of I hc cdi i IL.

Ttk i r, J si zc uf Ihc t,r idiw Coupll:r dll ~.ril,!IIL+

the w\cg~lde C(NIP1iii? cr)t’ff ic iwt 10 the acwl~ra
(or structure. Ihc iris s Izu IS M iustcd [~)
(Jb!a i n II)u gUIX! 3Rr~LWr[l I f!t’[ALL.0 [hc IIX”:ISUh’d~ld

dl%i slid coup] i rig cuuf f I CI cnls.

Cc)rlc 1 \ 1S i 01) S

.~hot mod!,! of (he 4.(S has hut::, >I,cccssful 1>
fN,r Lcatcd for WC f i rst t inw. hjiing lhc cuurse of
dl,,c ! lJ~lF2n f. fir hait oh[ai rid imr}! :(,] i:jb Ic
product ]fJn ILoctIli Iflurj M ich hi I I t),) 11Sn IJS1’!II]fOl”
fat,r i cat :ng ott:cr t} pcs of st ruclm.

In order to sa\c IN: I ]r.d of turi ing procrdurco
w must dc\’clop appropria!c Iuni ng f I xturcs, Ai th
W ich the RF ntasurclm t of ha I f ccl I urli Is 1s
POSSi blc on a fmchni og fii !urv.

L?C 1-e “e 11c es

1. }“. Yanuzaki and M. Iiihara. “Cbuwlovmt of the
High- Inlcnsi 1}”Proton l.i:lac for Ihe .Japaflvsc
Hadron Project”, this conference.

2. T. tiagcyama CI al.. Part. .Acccl. ~, 33 I.13WII

3. T. Iiageya.m et al.. “A High }’o\\ur Wdel of the
ACS Ca\’il!’. “ !his conf~r~ncc.
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EVALUATION OF RF SEALS
FOR RESONANT CAVITY APPLICA’1’IONS”

B. Rusnak, J. Rose,** G. Spalek, G. 0. 1301me,N. 13ultman,
A. Klapetkzy, 1?.L. Kemp, nn.d J. E. Stovall

Los Alamos National Laboratory, Los Alamos, NM 87!545

Abstract

radio-frequency quadruples (RI;Q) and
Iinacs (I)’rI, ),electricity seals are requil cd

at mechanical interfaces to preserve the cavit}’
quality factor (Q). Studies determined the response of
copper-plated C-seiils to continuous w~~ve(cw), high-
field operating conditions. In idrfition, Iow.power
evaluations of’lni~cilit~ed-sltt”f”~ce,knife-edge, iridium
wire. C-t}’pe, and multi Ium seals were done tit room
temperature and cryogenic (25 K) temperatures. h’or
the high-held tests, the C/ as well US seal temperature,
was r-neasurcd w“ith power. i~or the low-power test,
the Q was measured M a function of ten~pcriiture.

introduction

Resonant-ca\’it}” accelerittion structures that
require mechanicitl assembly often hi~t’e ph}sical
separations in electrical current paths, TWO
structures of this type urc the drift-tube Iinilc 11)’1’1.)

and the radio-frequency quadrupolc (I{ E’Q).Ph}sical
separations hti~”e it deleterious effect on the
operation I characteristics oft he cal”it}’.Speciflcall}”,
interruptions in the current path cause ~tructuri~l

power loss, which results it: a low cat”ity [{uillit~’
factcr IQ), poor efficiency”,and high heating in the
area of the joint.

~~~ri~us forms of rf seals can prevent power

loss b}’ to pro~.iding a good current ~ilth, ;Is well as
mcchan icil1 detiichabi lit}”. Some common t}”pcsarc
~heC-~~iilfor spring-loaded compression in the joint,
and the iridium wire sci.11and the knife .edgc Sciil for
deformation flow to !111 the joint. [n either of these
tlppt”~jit~hes,the rl”fcc:il’encssI)fthe joint is ii i“unction
of the ph}”~icalprop~rtic:; of the mtiting surfaces, the
degree I)!” real compression, ;lnd the eIcwtrical
charactcrist ics of the sci.Ll.

The c!”fectitzness of ii seal as a function of’
numerous \“uriables, prompted ir study o!’ certain
seals in seIcctcd appl icat ions. ‘l’he goal 01”the stud}
was to cstabl ish that the seirIS WI)UId purform ils

*Worl, supported and f“umh:d}J ‘ the L“S Ilepart ment
/of D(:f”ense,At-m}.Strategic h cnse Comnlilnd,

under the aus Ices of th~:L-SDcpqrtment of I“;ncrgy.
*+G!ummtinlero5!)aceC,)r~),)t-i,ll(,n

expected in their respect iI’C ilp])liCilt ions.
Specifically, two types of tests were done. ‘[’1)0first
WilS ii t(!St Ofii copper-\)li Itc(lC-SL!ill ilt CW ficId 10V()IS
at imd iil)ovo” thitt of”present (Iii}’ R!o’Q applications.
This test provided information about se\criIl topics:
the effect on Q of putting a ~ciil in a c;lvit}’, the
hei~ting of’the seal up to 7500 A/m, and tie clectricul
properties of the seal as il f“unct.ionof power.

The second test wits it low-power ev~iluiltion of
a number of different sci~ls as G !“unction of
temperature (20 K to ’298K). 13w~us0 it \viis (IOIIC ilt
low power in ir coaxial test Cil\’it~, this tcsl was a
more “gcner ic” study of power loss in lhe sw 1 than
the first test.

Experimental Configuration

The high-power C-seal test was done in ii

rectangular ~i\Vit}’(Fig, 1), rcsonirnt in a m-01 1
mode at 502 111Iz. ‘1’hcilpproi~ch it’ils tomiikc il f“ully
bri~~udstructure first and m~iisu]-c its piit”al)wtct”s iI[
power. \“ext, the bottom WiIScut of”fand modified to
accept the t-f :~nd vacuum Sciils. IJinully, the ciIvit}.
Wiis run ag~in and rtl(?i\sured. ‘1’~k ing ad\”i.tntilgcof
the rectangular geometry of the cav it}’ allowed the
rnodiflcations of’the cavit}, to t)e iiccounte(l for in the
(J,, analytical}, iitld direct comparisons to be made.
The cavit}, t~iis driven to 110 kW cw with an unloaded
Q (Q,,)of approximutcl}’ 2$000.

4
0.26m

J’

x
-.02.,-1:-,.-. \

Fig. 1. Sketch of the high-pov:cr seal test cavit~.

‘i’he lowpower cryogenic seal test was dorm in
ti cmxia! ca~.ity?,resonant ilt 425 \l I[z fi)r the f-~JO1
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mode. “l’his mode has [he currents crossing the
midplanc of the center comiuctor, where the SON!\vils

located. \leasurements were cione wi~h a network
;inaI:~zer,and the s}.stem was cooIeciwith a nmcii~leci
cr}wpump cold hewd. The [est Moals NVrU the
machined-surface. kil ife-e{ige, indlun) wirc, C-L}pe,
and multiliim seals II;ig 2)

Center
Conductor-1 r Sealjoint

P
(a)

Matingsurfacesm..:.
seal

plll~-~
;-

Indium wire,C-seal,
knifeedge

Mulfilamseal

E@=!
Nonmatingsurfacas

(b)

Fig. z. a) coaxial cat”ity configuration. b) Various
seal se! -ups,

Results

In the high-power seal test, it was necessarj’
first to determine how the seal a!”fcctetithe ca~”ityQ,,
at low power. The Q,, of the hrawcl structure w.a~
measured and compared the thcor{tical ,alue, ‘1’hc,n
a coupling iris was mw:hinec! into the catitj’, anti a
loss term for the iris was unt’oltier.ifrom the unloaded
(-/s Ii)r the caiit} hefure an(i after the coupling iris
wiIs in place. Combin ir g the ioss term wi[h the ncw
theoretic;ll Q., calculated t“rom the changed
dimerisions, gate an o~erul] tkcorctici] I C/, for ~he
mociifled ca\”it}. The o\cr:lll \ illue presumai]l>.
represented thf: cav it}? C), with no +~;ils present.
Comparing this ~’alue with the measured ~~[ue for
the unloaded Q gave a difference of 1. 1%, which
i nd icatecl that t.h~: seals at iow power did not
introduce a greater loss in the cai. ity than the wall
itself.

Mcasuren!cnt 3 J. cre mil(lp of the loaded Q, the
coupling coefficient, an(i the tumperalurc of the wall
;~n[tthu +eiil tit the tiiv ity mi(ipli\IN. ‘1’IMxwdat~i WCIOC
used toCillCUl:lt(? the llllll)ii(i(’(i Q 1“C!liltWi to power in
the ctitity [!‘ig. 3) iin(i to c:ilcultite the \vi\ll w-d SCUI

I

tL!lllpf2f’iltUI”L!Srelated to the Iliiignet ic field i~t the wai 1
4)

35 I I I I I I I I I

30

25-

20“

15 -

10-

5 -

olJ—1~~
O 10 20 30 40 50 60 70 80 90 100

Fewer h Cavity (kW)

Fig. 3. .i~.w”ageun!oaded Q as iI function of power in
the cavit)..

50* I I i I 1 I lls&’

o-
--- !hal temperature .U’”

Q —- Walltemperature ,8

~ 30-
3
@

!;: : A-:

~~
012345678

Magnetic Fieid (A/m) (x 1000)

Fig. 4. Seal and wall tcmpcruture related to
magnetic iiold at the wal 1.

The cavity Q, droppe(i h)”9 2% from low to high
power, a loss accountcti for 1).vthe corresponding rise
in tI]IJcui’i t}” :e mpera t urc. This finding indicil~cs
t}liit Up to 7600 ,%’111( i39k W c\\’) ~t thl: wiIll, the se~!’s
electrical perforrrlancc dcterioratc(t I)nl}?in the form
of ohmic he:tt ing i~ con(t it ion increaseti res istiv it?”,
There ~~”i~sno indication of miiting surfaces changing
and contributing [o the electrical loss.

‘1’hctemperature of the St*iil rose steadily with
increased power, as did the wall temperature.
~\pplying linear regression to the data obtains the
following relation:

Running the cavity at power then determined
the response of the stIal tt) higtlcr wal! currents.
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TABLEI
UnloadedQ Data for Sealsand Ratio@

Plain Bar

Solid

Machined

Knife edge

Iridium

C.Seal

Multi lam

Stepped bar

Solid

C-seal

Q.
,~98 K)

7452

7418

7512

7655

7346

6212

7’268

6691

27170

25030

!25330

‘27325

24802

20791

24875

23189

Q.@ 2SK

Q. SF’

(-949

0944

0.956

0974

0.935

0.791

0987

0.909

Q. SF

3.46

3.19

3.22

3.48

3.16

2.65

3.38

3.15

P,,,l @25K

f’b,, + ,,.1 @ 25K
(%)

7,9

6.8

-0.6

8.7

23.5

6.6

‘ f,, = 424 MHz (fundamental mode);plain. bar SL”PERFISHQ, SF = 7857; plain-bar SUPERFISHQ. cf
SF = 7857: stepped-bar N“PERFISH($ [SF) = 7362: cold-temperature values taken iIt T = 25 K.

The tests run at power indicated no
degradation of the seal physically to the field levels
indicated at cw power le~”elson the time sci.tle of
hotirs.

In the cryogenic se:.1 test, t’arious sedls were
installed at the midplane of a coaxial resonator, and
the Q was m.easureti us a function of temperature.

\’ariou:. ratios were used to determine the
performance of the seal under test. Specifically’, to
estithl ish the effectiveness of the ~~~itl. the room
temperatlll.e Lj,, wits compared with the \xlue

obtained [rem SL- PERIJIS1{ with no Senl
Determining the characteristics ()[ the SCUI tit
cr!wqcn ic tc mperatu res (25 KJrq uired the fl~1low i ng
compitr i.+~ns: cnmparing the cold (/,. with the
S~.I)F:RI;ISII ~’alue git~e ii Q, cnha,wemcnt (actor
Compuring enhancement !ictor with the value for Ihc
sol id h’lr gave a m asure ~~fhow wei1 [he seal
ma inta inml elect rical contact down 10 low
temperature. F“initll}.,it \.alue \vits obtained of what
percent of loss in the bar ussernhly is due to the seal.
‘rahie I shows the Q data and ratios for the test seal.

Conclusion

131
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electrical performance of the seitl from its low power
value could he accounted for hy norm(,l ohmic heating
of the seitl. [Jttrther, there was only o small (less than
2q(, ) difference in the \viill 10SSot’ the cavity caused hy
the presence of the setil, compared to a solid with.

For the cryoq:!nic, low-power seal test, the
machined- filce, knife-edge, iridium wire and C-type
seals all had seal loss iiilues of less than 9?0. The
multilam $eal, likely resulting from a poor
configuration geometry, gave ii hISS Of 23.5Gh.

‘rhe indiurn wire seal gave e~ccptionally good
results, equaling the solid hi{r within experimental
error. This could he accounted for hv slight surface
diffcrunces between the copper hilts. Generi~lly, till
the s~iils tested, except the multilam, maintained
good electrical properties dow’11 to cryogenic
temperiitures i.tt low power (less than 1 mW).

The iridium ti.”!re~eiil gave exceptionally good
rrwults, equa!ing thf so[id har within experimental
error. ‘[’hiscould he iLccountcdfor by SIight sur!’ace
differences hetween the copper bars. Generttll)., all
the seals tested, except the multilam, maintained
good electrical properties down to cryogenic
temperatures ut low power IIcss than 1 mW).

—



I
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H. Derujter, Z. D. *’arkas, H. A. Hoag, K. Ku, N. Krnll, (;. A. Low, IL Mitlw, R. Il. Pidmcr,
J. M. Piit~r\on, K. A. Thompson, J. W. WOIIE, 1’. IJ. Wihlm

Stanfurd Linear Accelerator Center, Stanford llniversit~, Stanf~~rd,(U~~ ~~-~o~

.4b!;trac t and Introduction

This p:ipcr rt*portsconlmuing work on accclcralnr
slrutlurvs ftw l’ulurv TcV llil~iil Lxdlidcrs.~k%t SiNCl UR9S,
in Ati[iun [0 ha\ing 10 operate al high grildiClllS, must
nlinimilr lhc Cl”fucls01 Wakctlcl(imndcswhich m’ induced
by rf bunch lraims. T\v(> IYWS of’ mndilic(! disk-l(ul(lcd
W:l\18gUl(!&i:IR8UIldL’rirlVL’\llg;lli(lIl: d~Ul)pL’d\tIUclurL”\1 in
which Ihe w;dicliehl po\\cr is c(urplcdout In ]nss). regions
lhr~wghradialslotsin the disks:ur41/(w:izinmthalrvckmgular
u ;I\”cguidl”s, wtwrchy IIIC cxlerrurl @ of the undcsir~b]c
}{Ehl ~~rll(~c is l(>\\L.R*d10\.~ucs twlnw 20. iLfl(i Llmrncd

struclun’s in which the llcqucncics of Ihew modes :wc
modilicd from onc A to the other of’ coch scclion by
- l(}~i. thL’rLhh>,scmmhiing thClr~fkXX (Vl (hL?hL’iUll. Reanl

(t!mrnics calurlwinnsindicolethat the.wtwo :Ippnmchcsare
roughly cqui\alcnt. MAFIA. ARGIIS and (JRMEL COdL’s
h;i;c beenusedcxlcmsivclyin c(]rljurlctionwith Iow-power
tcslsml S- and X- handmodcis to itkntify mode patterns,
dispersioncurvesandQ vaiucs,andto dcmnnstmlcdamping
or (Ictuninyof Ihc HEM modes. RcsulIsof c,ah.rlationsid

mcasurerncntson the various structuresarc prcscntcdand
e\”dUOtL’Lf.

Damped Structures

ai Ra(liall\ SIOIICJdisks with rcctanrzularwavcxuidcs.
The first structure invcstiga!cd is best thoughl of as a
c(m~”entimraldisk-loadcrlcylindricalwavcguidcin whichthe
disks arc divided into tour quadrants by [our rwdiogunid
rtidial sl(>ts. The slotted disk quirrlriu]tscontinrrcrirdiidiy
outward pwd the w’alisof the cavities, tranxfomling into
dnuble-ridged wavcguirics. These wavcguidcs arc
dimcr~sioncdso their 7“E]~ mock cuIrdT is bclnw the
frequenciesot’ail rcsormncesof the acceleratorcuvitics. Tllc
I“umlamcntal ;!ccclcrating mode of Ihe structure is
ncvcdrclcssunr.hrnpcdbcciJu.scits symmetry is suchthat it
docsnotcouple10the 7“EI0mode01”the wavcguidc.

An cxplodcxtview of a single-cavityvcrsiorris shownin
Figure 1. TiIis simplified SUUCIUK’is abic to supportnnly
the O and K rnorlcs. which l“aciiitates understanding its
behavior. Figures2 and4 shownctwnrlranidyzcr,SZ1pints
obtainedwith coaxial E probesinscticd in the dcsigrmtcd
cn(l-plalch(dcs(Figure 1).

With pr(,besin (“ ,arr(i1), the () and K resonancesfor the
first IWtI brwrchcsof the dispersinrr(li;tgr;\n] (TM~j and
}iEM11) MCshownin Figtrrc 2. The lklds we orientedso
sothatthey do not coupicto tbc ridged wwrcguides. When
probes arc insertedin A and f3, the ficlrh;for the dipolr!

——.
* Work supportedby the Dcpiutmcnlof Energy,
contractI) F.-AC(I3-?6.’’H)O515.

I

/“
DmnetmlWawguides

TMOI HEM,,

-27

-87

0s! On

2.4 4.4
Im Frequency (pdZ) a?l?.la

Figure 2. Single-cnvity rcsorvrrmsexcited through pr,,tws(“ or D
sothat they c;umotcmuplcthroughthe ridged wavcguiclrs.

x-mode cnupk tn Ihc wavcguidcs which, when shortul at
equalradial rlistanccstrmn the smucturcaxis, Ihml a cnuplcd-
cavity systcmwith multiple rcsomrnccsahovcand below the
fixed diprdcO-nmdcrcsormmm.As the wiiv~gukl~ Icr]glhs (l))
m shortsarc dccrmscdor incrcwgd, the resonancesmnve up
or down in frrqucncy, rcspcctivciy. The cxlcrnal Q (Qc) and
resonant frequency (J;.Jof U cavity crrnncctcd[() matched
w;wcguidcsciank dctcmlinedlrom thv frequencyLfcpwdcncc
{)f Ihc systemas a function nf f), i~sshownin Figrrn!3. ‘IIIc
ctafculirtinnyichls a viducr)f Qe of X.1 * I 8% and il viduc01’
fr of 3939 MIiz t 0.570 (:XC Ret’wwx I ). When the
wavcguidcs arc Icft npn tit lhcir oulcr ends, some powur
rtidiatcsOUtWiM(t, Iowcrillg the Q nf the rcsnn:mccs. WhLVl
IIK*wwcguih am tcmtin~tctl,the rwonanccscimnolheseem
on the display(Fij.jurv4).

A si:.~ilarexperiment WAS ped”ormcdaI X-band with
two full ca.”ilics and two hidl-ones in which 0, r@, 2K/3
iuld rr-moks ~.::u!dbe excited. Basicidly, the sarnc gcncritl
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resultswent obtained. Tim. it can be concludedthat this
stnrcIutccanclfectivcly damphe undesirabledipolemodes.

I I 1 I 1 I

o 4 8 12
on D (cm) 11,?.s

Fiyxc 3. Mccwcxt Single-covity~ilit~~i(tc ltsoniin~~ frequcnciw
(dcsigrmtcxtby +) as n function of wavcguide length D. Sulid
lines.arvoblaincd h) cdazhtinn.

-“2.4 4.4
●W Fmq.mey (~Z) 6712AS

Figure 4. Singlc<aviiy rcsnrmrrccsexcited \hroughprohcA or B
sn Iha! the dip[~le rr mode can couple 10 Icnniniilcrt rirfgcd
waveguides.hu[ the ()-mode is trapped.

in paraflcl with these low power ICSIS.a frmr-ciwity S-
band model was built wilh four S1OIS(without radial
waveguideoutputs)to examine the effect of the disk slotsat
high power (See Figure 5). After gradual RF processing,the
breakdown-limited gradient that was obtaifi~d and the
crrrrcspondingexperimental conditions arc summari?cd in
Table 1. It wasde!crminedfrom MAFIA that the riuo of the
surfacefichl (E.$) to the axial acwlcrating field (fZuc.~.)was

incr-ewcd8% by the presenceof lhc slots.

For Ihe correspondingtraveling-wave slructurc,/Z#Eacc
would be cquid to 2.55, yielding a maximum accelerating
gradien[limit of 124 MV/m.

b) Azimuthal wave~uide structurc~ The second
structurethat has been Irxcd is the azimuthal wavcguirk
smucturc which can trap the fundamental mode while

——--------------------

Figure 5. High power sloncd.disk stmclurc.

T;Ihl~ 1. Bmak&>wn.linlil~dgradicnlfor ~rr/~
slmtcd-tliskstructurv

—

Frrqwrn”y
his di:rrwlcr
Tocrl IcngIh
Filling tinlc*

Pulselength
Pcdr power inpul
f%
E@XC fnrSWstruuhzru

MHz 2R57
lzm 3.6
Un 21
p.% ().87

p 1.5-2.5
MW 2 I .5
MV/nl .315

Slot

● Aswming criI icd coupling
t IIIC WIIUC ot Imccd frnm MAFIA was 4.86. }Inwcvcr.

sIJPERFISH heing more nccumtc. WCmuhiplid thi; vnhrc
by n firctnr of 1047. IIIC ralio of the virlrrescnlculalcd fnr irn
unsln!tut.disk structure (4.73 with SIJPERFISHand 4.516
with MAFIA).

coupling mrt dipole am! higher-rwdcrmodes. Ile slructurc
shown in Figure 6 tms four guides fom~ing a cross but
another variation of this design with three mrlputs at 120
dcgrccs is also under consideration. The Ihrcc-orzlpul
s[mcture has the advantage that a grca!cr fraction of the
cavity wall is available for tuning.

The gcomclryof thisstfuclurupossiblyh:lsIhc tidvimlagc I

over the radially slottedstructurethat it is easierto fiIbricalc.
The wavcguidcwidth andthediamclcrof lhc small mmtiinin~
segmentsof the cr?ntrafcylindrical cavity must bc chosen
carefully so that the waveguidc7-EIo nmdc culolf Iics itbovc
the frequency of the fundamcrmd accelerating mode and
below the frequency of the undesirable HEM I I mndcs.
Figure.7 showsthe n%onancc%nbtaincdwilh a single cuvily,
with the outer ends of the rcctangultirwavcguidcsshmtcd.
The rcsonanccpatterns am intfcpcndmrlof coupling prnbe
positionsin the cnd-pk!s becausethe crossedwuvcguidcs
couple 10 all mode orientations. Again, a multiplicity of
KM)~U\ ab~vcthc frmdarnmrhdO.w]dX-MASS ii~ (lb.~S~~d
becausenf couplingbetweenthe shoflcdwmwguidcs andihc
central cavity. With Irrngcr guides, the nurnbcr nf
nxmanccs increases. When the gui(lcsme tcmlitliit~d, lirsl-
ordcr dipole rrx-manccs above IIIC fundamental pair arc
hcmrilydamped,M shownin Figure 8.
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1

Figure 6. .Amnuthai wavcguide structure.

boo Freqwncy (GHz) W&Mll

fi~urc 7. Single X-band cavity resonanceswith four
m.avcguidesshorted.

-IEEEEka
9 15

bw Frequwrey[GHz) aWM!’z

azimuhd

Figure 8. Single X-bard cavity resonanceswith four azimuthaf
wavegui&s lenninafed.

Detrmed Structures

Anotherapproachto minimizing the effect of the
HEM I I dipole retie is to design and build a disk-loaded
wavcguidcstructurein which tk frequencirxof thesemodes

vmy over the kngth of tvwhscctirmby some pcrccntagc.
Cirlculatirms[SCCFigure 9) show that a frequencysprrwt Ilt’
;Ihout i ()-CIfrom inpu[ 10outputof eachsectionis sut’ticicnt
to idIo\v multibunch opcril[icn for ir bunch spitcingof
42 cm with esscnti;dly no lriU1..VCrSCdisplacement from
bunch-lo-bunchirt the en:! of’ ir 3 km mnchinc. A simp!c
cxwnplc of such it St,uctun’ with il [imwr group vclocily
VMiilliO[l i.similar 10 Itw cor~stallt-grd(liclll~csign of tllc
SLAC S-biUId s(ructure) h::s been CitlCuliitCd with UW
charx!cristics shown in Figure IO. Thc resultshm~ VCKY
promising and would of crwrsc lcod to a structurvwith ii
much simpler geometrythan the diunpcddesignsdcscrihcd
earlier It remains trr hc .secni! Ihc Iongihldillid luOr.M
which cwrscbunch-to-bunchwrcrgy differencescan ids~be
sufficiently scrambled t.} make this approach entirely
misfactorj.

0.05

‘E
g
so
Cl
x

~

-(J.05

am

1 3 4
; (m) 81$1AS

Figure 9. W.akefiehtbehind it bunch, m a function of I,mgihrdinrd
distance:. The frequency of the furrd,amr.ixaltmnsvcrsemode is
detuncdto 25 differcnr wducs nlnng cnch secrirm. Thc weights of
the different frequenciesare given n truncatedGaussianttistributirm

with Iotat widh = 50 and u = 2V0.

a(cm) b(cm)

1.15

1.10

1.05

1.00

0 0.2 0.4 0.6 0.8 1.0

%w 21t OI11A18

Figusc I(J. Design exrunplcnf iurX-rmmf ].5 m accclcrntorsection
showingthe variationsof nnrrrmhzedgroup velocity v./c, b, a and
shuntimpedance r w a functionof nm-snaliz.edlength rJ/.
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HEM1 I MODES REVISITED*

J. w. Wang and G. A. Loew
Stanford Linear Accelerator Center,

Stanford University Stanford, CA 94309

Abstract

(’oIIcern with crnittancc growth in Iuturc multi-bunch
Iinc;w colliders }Ias rvkindlmi interest in HEM 11 dipole
ni;~l~s(solilctimcsUISOcnilcd “Thll l-like” or “TEl l-like”)
in disk-lludcd w;~vcguidcs, me availability of modern
cumprlcr C(KICS([lRhlEL. MAFIA) makesii p~ssiblcto gain
;1dccpcrundersl:uldingof thesemodesand lhcir properties.
This fr:tpcr prcscnls m-~ disfwrsiotl ditigr;lnls, field
c(mtigur;uions and lr:lns\wrsc shunt impxtanccs for the
HENI 1I modesM ir I“unutirmof iris ;qxrture. The transition
hclwcenfm-wwdandb;wkwanlwavesof thev;wiousbmnchcs
iscsplorcd. This infmmaliun scrvM asbirckgroundnvmviid
Ior another paper M this crmfcrcncc \vhich rtports recent
work on !inac structures in which these modes aru dampd (:r
dcluncd. I

I n t r o d u c t i o n

lrl IIIC c;wly 1960’s. following the ftwruulirtionof the
P:tnnfsk}-W’cnzcl Ihcorcru2 in 1956, Ihcproperties of
HEf$l, , dij-mdcmndcs(sometimescidlcd“TM1 I-like” i~d/or
“TF.,1-Iikc”) in cylindricaldisk-lnwhxiwwvcguidcshccarncir
subject of’ intense reseatch in high cllcrgy physics
Iuhor;itoricsall over the world. This fturry of interestwm
triggcmd by II:C USCI”UIapplicationsof these modesto RF
scp:ir~tors. RF rkllcctors irnd micrnwirvc bcarn position
n\rmitors, M well as by their deleterious beam-induccrl
CI”I’IXISresulting in cmittancc growth and beam breakup
insl:ihili!il’s. Authors SUC}IiLsH. Hidm at BNL. Y. Garault
tit orwry. Frwrcc, I. A1cksandrov,V. Krrtovand V. Vagin M
SCrpUkhOV, IISSR and others ntlcmpmd to calculate the
properties of these HEM, , modes by various anidyti::

Icchniqucs. A fairly complck! bibliogrirphy 01”the early
work up to 1963 canbe Ioumt in Rcfcnmce3.

Interestin HEM, ~modes hw rcccnlly been rekindledby
concern with cmittarrcc growth in mulli-bunch clcclron-
positronIinc;u uollidcrs. In thesemachines,I\vo transverse
effcutsIA:Cplace, oncshort-range,the other long-range. [n
Ihc short-rwrgcc1”llxx,the hcirdof a single bunchof fini[c
lmrgth.if slightly offsc[ with respectto the acmlcrirtnraxis,
excites HEN1I I dcffccting wakcficlds which cause the

particles i~ its tail 10 experiencecmittancc growth. in the
long-rangec!fcct, the rlcllccting wakcliclds Icft behind by
the Iirs! clectrnn bunch produce increasingdcflcctinns of
later clcctrou bunches which cimnot be corrected.
Ultimately, these deflections result in losses in the
luminosity irI dlc intcruclion point because the electron
bunchesand their positron countcrpads do not properly
rwcrlap. In the short rwrgc effect the time crmtants are
——.
* Work supportedby the Dcp&rnent of Energy,
contractDE-AC03-76SFO05 I5.

very short md only focussing can countclacu Ihc RF
dctlccting lorccs. In the Iong-ringe eft”ccl,it is possibleto
damp or dcIunc the HEM1 I modes so as to rcducc [heir

cumulirtivc[rwrsverscform.d However, lwforc wc iINcmpIM
(tiullp or dc”tuncthese modes, it is important thirt wc Iir.st
imprnvc our undcrsmmlingof their prnpcrtics. Illis is Ihc
purpose of this paper. Modcm computer codes such M
URMELard MAFIA we usedto cidculiIIcthe(o-~ dispersion
dingrams of lhcsc modes, Ihcir field contigurmions and
lransvcrscshunt impcdimccs in rcgulw unperturbeddisk-
Imfcd w;wcguidcs,Thc iris cfiamclcr(2iI) is variedto cxplmc
thegridual tmmsitionfrom forwardto buckwiudwave.

“transversely Deflecting Modes

From the Piurofsky-Wcnzci fom]uliltion2, it is ilpp~~~]t
that trarr..vcrscde[leclions can result only from cumulative
intcrictions with RF modcsin which the InngitudinalE-field
has it transverse gradient. Thcrr, over ii !cngth /, the
transverse nmmcnhrm pJ, imparted in the x-direction 10 a
synchrmmuspmticlcof chiugcq by irmodeof frequencym is

where A is thc free spiIccw;wrlcnbtihilfl(t [he duromimrtrrris
the RF power lost per unit length.

f (MHz)
8900 r 1

0 LL-_-” –_———_—J

1,3 \\d ,):,.!
Rgurv 1. Dispersiondiagramsof TEl I, TM()] ~d
TM 1I modes in smm-rthcylindrical witvcguidc.
The length d in this case is arbitrary. For
comparisonwith the example shown in Figure 2, f
is given for the casewhere b = 4.13 cm.
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DispersiondiagramsandE-field configuralir)lL~ofTM~l and IFf-.4II modesasthe b-dimensionis kept
3 cm) andhe ratio a/b variesbetweenOand 1.
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Now considerfirw a smoolhcylindrical wtwcguidcof rmhus
b in which the Iowcst modes of interest am the TEl ,
((C = f).293c/b), the TJv$)l (fc ==().~8~c/h) and thCTM, ,

(fc = 0.609c/b). Their dispcrsinrrdiagrams are shown in
Figure 1. It can k shown easily that for all thesemodes,
the quantitiesin the aboveequationsare mro. However, as
the cylindricalguidesarc made intodisk-loadedwavcguidcs
of periodic length d and ins radius a, thesemodesbecome
perturbed. It car be seen intuitively that as the disks arc
added,some E-lines {enninatc on the disk edges(a) rather
than on the waveguide walls (b), TEl, and TMl, modes
mix anda “hybrid” HEM 11mode is born. The patterns am

no longer pure and tbe configurationschangeas onemoves
from lhc Oto the rc--mde fiquency.

To facilitate understandingof this process, Figure 2
showsthe entire evolution of the o-~ diagramsand E-field
conllgur~tions as the b-dimension is kept fixed (4.13 cm)
ml the mtio ~ varies between O and 1. We see t.batthe
upper HEM 11 brimch keeps its TE1 I -like identity
throughouttbe band from O to n-mode in the range of a/b
from Oup to 0.35, andsimilarly,he lower HEM I I branch
keepsits TMl l-like identity in this raogeeven thoughit is

a backward-wavemode in which phaseand gmrp velocity
are of opposite sign. It is particularly interesting 10
examine the region which is shown in further detail in
Figure 3. Note tbat for a/b between 0.38 and 0.41, tbc
w–~ diagram has a minimum in mid-band and the ne!
power flow throughthe iris cbangesdirection. Tbe original
CERN RF separatorstructuresuseddimensionsvery close
to theseaml resultedin a w+ diagram with a minimum in
the middle which seemed puzzling at the the. The
URMEL program is now capable of so-ting out all thex
details. Also, note a similar reversal in the upper HEMl 1

branchwhen m exceeds0.7.

The reason ii is useful !O vndcrstand this pattera
evolution is that most linear accelcmtor and RF separator
structuresare designedto operatecloseto the transitionzone
of Figure 3. On the other band, tbe structure designsfor
linear colliders teird towardsIa:gcr a/b vafucs(-0.45) than
for example tbe SLAC consmnt-gradienldesign (0.235 to
0.3 14) because of the riced, for single high-intensity
buncbes,to minimize Icmgi[udinafard trai~;versewakefields
which vary afrfnu.ximatelyas(afb)-2 and(a/b)-3 t=pectively.

Table 1 gives a summzry of calculatedtransverseshunt
impedancesas a firnctionof @b usingtheoreticalQ-values.
For reference, note that the originaJ SLAC RF separator
operating at 2856 MHz (with a/b = 0.386 and 2rc/3 mode)
had a transverse shunt impedance of 16MfMn, and the
Dansverxesbuntimpedanceof h beam-breakupmodeat the
input of tbc SLAC 3-m long section(~ = 0.314, closeto
rr-mode) al 4139.4 MHz was also about 16 MJ21m,
awuming an experimcntatQ-value of 8000.

The information presentedin thispaper b~ hecnu.scdto
work OUIsomeof W designdetails neededtit keferencc 1.
In the future, it will alSO be useful in the designof ncw RF
sepiirator~:planned for so-cdlcd
fw Iincar ~.ollidcrs or B- fxtorics.

“crab-crossing”schrmcs

1.

2.

3.

4.

5.
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Figure 3. Dispersion diagramsof ){EMI I modes
in transitionzone.

rl. (MQ/m)
* LOWER BRANCH UPPER BRANCH

0.28 29.3(WWIC) 1.5fl(3rt/4-mwlc)

0.35 2 I.qrr--mlxic) 0.54(4rd5-mfntc)
0.375 18.9(rr-nldc) ().29(4rV5-mOde)

0.51 8.3(rr-mOde) 0.2S(5@&n0de)

Table 1. Transverseshunt impedancefor HEM1 I
modeswith Vp= c asa function01a/b.
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Structure Design for a 500 GeV S--Band Linear Coilider

P. Ha.LtI,N. X. qoltkanlp. R. Klatt, 1’, \17eilamd

Technzsche Hochschuk
Fuchvbtet Them-w Ele.k?rwnagnetzscher Ftdde~

.;chloJ?gartenstr.

Abstract
cc,rl~t~n:~~~d;~ljtStru(lrsresit.l[ha~ac,eimating gradient

of 20 k!e”\” per meter arc l:onllncmiy used with S -band fre.
quenc::. [he well known fe~turcs of these travailing waw
tubes pro\ide a Ariicat cd desIgII for their use in the rmx:
generation !inea: collider. Some ~f the :equlred design p;,.
r~meters ior this tubes arc prese:wcd v.”ithin the w’nole con-
cept cd ~his .mllder with ar. JCLiw Iccgt k O! about 30 km.
The choice of these paramt’tr:j IScxp!alncd and ,“alculations
concerning the Structure are presented.

Introduction
[n order to haie a realistic ,ieslqr for a XJUGe\ e+ e--
collider for the near future. almost cent’elnionai rf-technolo-
g}. h= to be used. This leads to an overall list oi parameters

for Lhis L;”peof coliider. which is presented iu ~r]other pa-
per ~1~ ilulti. hunch operation with crxren: pukes much
longer :!san one filiing time of the iscceleratln~ [ULf3, peak
uouer !imjtation~ from, the !tI}”stron.sand beam breakup .:or..
sideratirm~ are t’nc strongest restrictions. which haiw a great
Iniluence 011the design of thew trakeiling wave tubes (twt ).

The bunch population is 7 109 parcicies per bunch with

approxlrr~teiy 170 bunches per pulse (s 10Cm.+! and a rf-
puise length of s3Psec. fVith a low repetition rate of50 Hz a
luminosity of L = 2.4.IOUcm-z see-] will be reached. With
these values the boundary conditions which come from the
generai list of pu-eters (1] are summarized.

General Layout
se~.e:ai reaons iead to cmr decision to choose j-band fre-
quency for the Linear Collider aeign. If;ake fields impose
s:ro.ng Ilmita:ions cm the number of partic!es t!lat can be
iicceierated. Trans\.erse wud!efields are waling with .J3 and
Icmgitmlinal wake forces are proportional to tJ2. This ac-
complishes the design of a ‘.er}” high frequency ~ccelerat-
ing structure. because for e~’er}”cavity in the tube tr.mts-
verse mode damping is unavoidable i2] due to L!re scaling
laws given above. Preliminary calculations hau’e heen dol~e
witb a gmmetry identical to the S!,AC cell nr. 4.5. For a
~ = 0.1 mm long bunch the longitudinal wzite potential has
beeu computed [31 and is shown in Fig. !. The maximum
wake potential within the bunch is 260.74 V/pC/m ieading
to a kingle bunch euergj’ spread of 1.7 YO~4], which stays
within the acceptance of tbe final focus. IDue ro the sma!i
bunch- to wavelength ratio, the energy spread can not be
reduced by acceleration on the slope of the wave.

Having fixed the operating frequency ofs 3 GHz, due to
scaiiag, a set of parameters can be derived within an accu-
:acy of a few percent. For exampie, the shunt impedance
per meter will be z 53 Mil/m and the Q-vaiue of the cr,?per

d. 61OGDarmstudt

#- ~ I
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-26,*,3,2)J
0.0 0.001

cavities is = 13000. The maximum length of c.ne twt which
can be fed by one hi}’stron is !2 m and given by the peak
power I,mit. This technical lirmt today seems to b{:s 130 ,Mkt’
per klystron with a :f. puise length of s 3 ~sec provirfed bv
the mcxiuiator and the Pulse Forming Setw.ork ( I>FX ). -

.Xccuaily a structure !ength of 6 m is chosen [o incrca.cc,
the average shunt impedance due to the smaiier iriu hoies
and ~ a consequence, ;he smaiier requiredgroup velocit}..
At ieast wt!y tt,e attenuation parameter ~. ;iefined in t~c
foilowing way:

P— z .Y-l’OU1
Pm

(11

is variabie. r relates the input peak prove: for one twt
to the outgoing power and as well tictermines most of the
properties of the accelerating structuie.

Peak Power Requirements
Ob\iousiy, for a givezj gradient in the structure, the required
electric energy which has to be providedbythe klystronspm
pulse shouid be iowcreci in order to minimize operatlo~lid
costs.

The energy per pulss [an be devided into the energy
which has to be delivered during the Iilling time (Tf) and
the energy required during the current pulse of icngth ‘UI.
The first part is wasted in the sense that it can not be IISC:I
for acceleration of particies. Therefore a low repetition rate
and iong current pulses are preferred. In terms of the
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0.9 1.2~: k.neruyper puke andrpermeter, which tlm to

be prwt~dcd by the k!ystron GSa function OJthe attenuation
,ourtr:riete: - jor u S-hucef structure with u louded gmdient
J]’ 1~ \k\.,’nl

For other propcsed :-chemes(e.g.: JLC, NLC!, VLEPP
etc. ! I he currtmt puls~s art much shorter than one filling
:Ime whirh is one re~~on for the smal!er envisaged attrmu -
atirm parameters of 7 <11.5. Short accelerating str,lctures
and nigh peak power Iet”elsfor :he klystrons are some of the
consequences. For a loaded gradient of 100 Me\’/m, typical
current pulse length’sof 10nsec, a pulse current of S 1.3A
and a 0.7 m longstructure with a frequencyof 11.424CHZ
the same c:.lculacionis shown in Fig. 3 (current injection
before the structure is complete]i filled to reduce the bunch
to bunch euerg}’ sprvad. is taken into account).

The minimum IS Atainsxf for r % O.%, which would re-
(?uire a peak pO\verof S ’270 .l[\\’l’In f~lrthis t>.r.e of struc.

1=~20 /-
/-

/-
/--

10

... -.
“--- -------- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

0
0. I 0.4 0.7

Figure 3; Energy per pulse and ~er meter, as a junctton
of the uttenuahon purumrter r for a short hiyi-gmdlcnf,
high-jwquency X-bund structurr with u louded-yrndielif of
100 \le\:/rr].
cure. In contrast :0 the S-band Iinac with long current
p~lses during opt’ration, most uf the energy is ~issipitted
whi]e the structure is tilled isee it.f in the tigurcsjand 0111}.
the minor part is used to accelerate the beam.

Structure Layout
Starting with the parameters listed in equation (?) and with
an attenuation of 0.7 neper, some more general cilaracteris -
tics for the Iinac and the structure can be deducted. The}’
are presentaf ir, table 1.

One t}”pe of strt!cture we used for the cal~ulations is
shown in Fig. 4, but first without the banana like coupling
holes above the iris. A twt with a 2rr/3 accelerating mode

Start Parameters
tot. RF input power/pulse ‘aI ~5050fj I \fw
acti~’e length
average shunt impedance ;;~*l i ;Q,,n

a~”erage radient (unloaded) iS.4
b

MeV/m
sverage 13000
current 100 m.~
averageRF power = 3s M\\’——

Structure and %nm Parameters
O current energy
loaded energy (100 mA) ;;; ~;$
trans. beam loading 4’
peak power per twt j;; i’! w
power loss + load >Iw

Table 1: List ofpummeters for the .$-band Colhder

and a length of 6 m will consist of z 1S0 cells. with a vari-
ation in iris diameter of d = 3.07-2.09 cm to provide the re-
quired decrc~e iri group velocity along the structure.

[n order to save one input coupler per klystron, the pos-
sibility of using a combined for.~~rd- and Lackward-wave
structure ,s investi ;atcd as well. Filling from both sides
through one coupling eel; avoids ;~hase- and amplitude as-
ymmetries and can also be done with less couplers in this
scheme. The input coupler is placed in the middle of the
structure, to provide tilling towards both ends of the tube.
In the backward wave twt the tmergy f?ow is up-stream.
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k’]gure 4: Backwunf-ruarr J-ceil cotvty with bunana hke
Acprd holes ubovr the II-ISIn or-+r to pruvldc sh-vng mag-
crtic ccup[tng from i.fll tL:c~ll.

while the PII?SPof tilt. w.aix,1+s}.llchroncmswith the Lunch,

Therefore A IIegat Ii’e group “.’ehxlty is neccss.wy and r.g.
pro~”icfedb} b~nima Iilw !WIVS ahu~v the irises (Iwmparr
l-’i~.~). “1he ho’e is placed IIc,ar the. rna:<imum of the mag-
netic tield. in order to incre,me the magnetic un; p!ing from
cell m cell which int”er[s :he slope of the dispersion re!a-
!ion in ~he Brillouin diagram t=specially for the accelerating
moce (compare Fig.5).

\Iodes hicil are not azimuthal s}”mmetric split up into
Iptiw or ,,lore curtvs I e ending on their s}nln)ctrj, ilnd 011

the tlirectiou of polarization of these modes. For the HEM
(or dipole ) tnociesthis can be seen in Fig <as well.
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Phcsecdviince per Ceil J;tIl”deg
Figure 5: M-iltouin d:ogmm for a forward- and a backward-
wave cowty unth a’!spersionrrlations for the accekmting and
!he ~“rsf HE.M modes.(ace. jorwanf: , ncc. backward:
.--.... -., HL”.lf forwurd: -- – -, HL’.\l 6Award II:- — -,
HA-Mbuckrcard L; - — .)

Beam Breakup Considerations
Oneob~’iousmethod against cumulative beam Lr-eaAupis, to
randomly distribute the HEM mode frequcwcies in different
sections of the Iinac mer the entire length. in a backward-
wave structure, pact of this is doli(~ (!ue to the splitting of
the curt.es in the Brillouin diagram. In order to really ran-
domize the HEM frequimcies, a simple method for detuning
them is required. The disk thickness has been varied in
a forward-wave structure by I mm, which changes the fre-
quency of the first [iE.Mmode by =10 MHz. Because the
accelerating mode is shifted w we(l, the group velocity k
to be readjusted in order sta}. with ttle constant gradient

4.45

4.25

f I GHz

v =C

.. - ——

0 60 l~o 180
Phoseadvcnce per Cell 3S deg

Figure6: Brillouin diagnamfor the first HL’Mmode. Due to
uamation af the disk thickness (1 Inrnj the curues (we splifted.

conditions. The splitting is shown in Fig. 6
Preliminary beam breakup simulations have lwen done

reguding on!y one H Ehf mode frequency driving the trans-
verse amplitude of the bunch train. k’or the calculation a
simple FODO focussing schcmw with a phase advaiircc of
90° per FODO-ce!l has hcen chcsen. One 6 m lwlg struc
ture is thought to he one cavity. ‘[’he bunches arc injcctcd
with an energy of 3.1 Ge\’ ( :!le damping nng e:mrgy ) into
a perfectly aligned linac with a transverse Inj* ction jitter of
0.1 mm. The dynamic hw bcwn simulated ovu a icngth of
1 km. With a random distribution of the first HEM mode
frequency of A 5 MHZ, the breakup disappears, as shmwi in
fig. 7.

0.5 -Ix ‘ ‘m I

I m
● 9 em m ● I

-f) .5 ~ ● I
10 1 ■ ■ 1

o.p+’;_._....-
.lo.l–—~

6(I 120 180
Figure 7° X-oflset versus bunch number after beam breakup
simulation over a length of I km unth (above) and unthout
(below) mndom dwtribut:on of the HEM rnodcfrequencies.
Summary
Calculations made up to nrsw, have shown, that S-htcf

twt’s can be used tn build the proposwf linear collider. ‘1’hu
severest problem, the beum breakup, seems to be control.
Iable.
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MACSE : ACCELERATING ELECTRONS AT SACLAY WITH SUPERC(JNi)UCTING CAVITIES

Ph. LccontGB. Aune,S. Biihler”,L. Cardman”*,J.MJCavcdon,J. Fago4J. Gastebois,J.F. Gournay,
J.M. Hkdeur,M. lablonka,M. Juillard,T. Junquera , E Klein,A. Mosnier,~ A. Veyssi&e

D4partementdePhysiqueNuchire
servicedesTechniquesd’AccMWion Supracmductrices
DPbN/STASCEN SaClay,91191Gif sur Yvette,France

Abstract

h orderto masterali the tcchnologirxdaspeztsof
superconductingRF auelcration, a Et facility for fully
equippedacceleratormodulesisundercompletionat %clay.
Fk.t awelerated electron beam is expectedby the end of
thisyear.

Introduction

Since 1986, the D@rtememt de Physique
NuclthiIv at Saclay has stand an R&D prugram on
superconductingRF cavities.State of the art cavitieshave
beenprodux.dl. Fundamentalresearchisalso beingdoneon
supacon~ucting su+ace RF properties such as field
ernissio:i, surkc resissance~. dtin lay= sputtering
tezhniques3,heat transfermodels,and physico-chemistryof
iNb oxides. T%e underfunding of the physics of RF
superconductivityand tk htow-how on cavity making,
howeveressential, must be implemented by many other
technologid skills.bcfoseone is ableto buildandoperatea
superconductingax.elemtor.

‘Ilk is the aim of the MACSE facility, Tk.e
cryomoduks, with different types of cavities, will
successivelybe builtand submittedto full testwithbeam,so
as m gain expmise, to have opexationexperiemccand to
improvecost effectiveness.The designvaluesfor the 5+eU

cavities of the fmt step are an acalesating field
Q= 8 MV/m anda quality factorQ = 6,109 at 1.8 K.

I%e projecthasstartedon dy 1989.The MACSE
f~~ity is Ming set up in the tunnel of tk .%iciayAM
700 McV electronmekzator, whichhas beat shutdownon
June loth 1990 and partly disassembled.First beam is
expaed by the end of 1990. One year will then &
dc.di(%ttedto 51WCCSSive tests of differentprototypecavities
andCryOMdUhS

Generalset-up,beaminjectorcnddiagnostics

Figure 1 shows the complete beam line : the
10GKV, !00 @ electrnnbeaminjector,thesuperconducting
capturt section,k intermediatetuning point and beam
~ysis, the 4<avity cryomoduleand the high resolution
(104) beamanalysls.

l%eelecmminjcctofl~hasham lcmtby University
of Illinois.It consistsof a low emiuanceelectrongun, two
choppingcavitk and one bunchingcavity. llsese copper
cavities have km made by LCJSAlamos Accelemtor
TechnologyDivision.

l%e capture sectionaccelemes 100!teV electrons
to about2 MeV. Thiscannotbedone by a stzdard, ~ = 1,
cavity.A shortex@ = 0,84), S-cellsupcrconduc:irtgcavity
hasbeendesignedfor thispurpose,ILis housedin a specific
cryomoduie.

Figwe 1 : LAjosuofMACSE.
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Cavities

The designof the S-cell cavities(figure 2) is
derivedfmm the CERN profile.The maincouplerportis a
pipe with a VXUUMseal flange.Two IS% HOM couplers6,
spcdkdly designedfor 1.5GHz, we weldedon the beam
pipe,

l%e cavities are fabricated by ATEA (France),
They are hydroformed out of 2 mm shrws of Nb
(RN? = 200 to 300). ‘he chemicaf etching is done at
Saclay,as weflas the finafRF surfacepreparationin a CIUS
100cleanroom.

Other typesof cavitiesan?underdevelopment.Two 3-ceU
cavities with much simplw HOM couplers have been
tested. lhey withstand accelerating fields as high as
16MV/m ; this already gives the same energy gain per
cavityas theS-cellprototypes.

Developmentsam under way for co.aing copper
cavitieswith a thin layer of a superwnductmof higherTC
andof low SUlfW4?rCSiStZUl~.

Cryomodules

Cryomodufe# 1 (Rg. 4) containsfour 1.5GH.z,5-
txAJniobiumcavitiea.11is fabricatd by ATEA (Ram).
l%e setof four witics is preparedby pairs in the clean

m

room. ‘Ile fti assembly is done in a clean tent. &ch
cavity is themequipped with two frequency mners: a

! I medankd one, xtualed by a stepping motor, and a

i I

Figure2 :5-cellcanryprofile.

Six S<ell cavitk have already km
individuallytested in vcnicalposition.l%e fmaf

built and
IIMJUIIS ~

shown on figure 3. Previous ematic results huve been
discarded.hey have af.fbeen mmd back to inadequate
coolingconditions: the coolingspeedII, the 200 K -100 K
range was too slow. T%isis now known7to increase the
surfaceresistanceby a factor50 in theworsxcases.

IEII ‘ —~

‘“~
o 3 s 9 12 19 18

Figure3 : Q(E)for thefusI sti5-cell cavitiesfor MACSE.

magnetoatrictiverod. Bothare immersedin theheliumbath.
lle frequencytuningrangeis 1.5MHz,wi!ha resolutionof
1 Hz. TIM4 cavitiesasscmblyis then slid into the helium
tank on a pair of aligned shafts. me hefium@ is rigid
emoughto emure i@IITICIIL

here is no feulthmugh betweencold heliumand
vacuum.AUcavitygasketsart!of Helicoflext~, madeby
Cefilac(France).

me main coupling lines are of caaxial t~. A
coaxial quarux-wave choke provides the proper RF
continuityand an excellentthermalseparationbetweenthe
coldand Warmparts.

Cryomothdes# 2 and # 3 wi!lhe designedto house
othertypesof cavities.

Figwe 4: Crms-sectionofha(facryotnodule

RF powerswrces

Thepowexsourcesare 5 kW klystronsresonatingat
1497MHz. ‘Ilwir efficiencyis 35%. They are made by
71tomson-TE(Han@, RecrangufarL-band wave guides
withcirculatorsand 5 “:Wloadsconnectthekfystronsto the
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cryomcdules.hem are three fedbaek Ioopsb: the two
fastezones Imk the phaseandtheamplitudeof thecavity;
tie slowonedetectsthephaseshiftbetweenklystronand
cavityandtunesthecavityfm-quency.

Heliumrefrigerator

A commercialHeliumliquefierhasbeenpurchased
from Air Liquide(France).Togethezwith a pumpingunit
anda 4.2 K/l.8 K heatexchangw,thesystem isexpcctd to
providea coolingpower of 60 W at 1.8 K. In a secondstep,
a cold mmpressor and heat exchangerswill double the
coolingpowex.This SW-upis designedand twmbhxl by
Saclay/DSM/DPhPWSTIPE.

Conclusion

Ali the main parts are presentlybuilt, and mostof
them are under assemblyand qualification.This technical
effort brings together the experience of 20 years of
opetion of the W kac, the expenise gained by
successful construction and operation of 50 superconducting
cavities for he heavy ion booster of !$rday, and recent
efforts in R & D on cavitiesfor eiearon weleration. When
successful,the presentdevelopmentwill add one stone to
pavetheway formodemacceleratorfacilitiesof thefuture.
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HIGH GRADIENT EXPERIMENT BY ACCELERATOR TEST FACILITY
FCJR JAPAN LINEAR COLLIDER

Seishi Takeda, Mitsuo Akemoto, Hitoshi Hayano,
Takashi Naito and Hiroshi Mtstsumoto

National Laboratory for High Energy Physics
Oho 1-1, Tsukuba, Ibaraki 350, Japan

Abs tract

High gradient experimen\ by using a [raveling
wave structure in S-band frequencies is presented.
Discussions are given about the dcpt!ndcnce of dark
currcn[ and structure length. As one of the
parismetcrs indicating the quality of the swuclurc,
the multiplication factor q has been proposed.

Introduction

For the C+c- linear colliders in TeV energy
region such iis the Japan Linear Collider (JLC), the
accelerating gradient ‘#i;I be one of the important
parantetcrs affecting the over all design of main
Iinacs. The gradient determines the accelerating
structures, RF frequencies, peak power, AC power,
to[iil length and cost. The gtadiem of 130 MV/m is
dcsiratjle m construct a 1 TeV linear collider with
tic reasonable Icngth >f 10 km. For the existing high
energy linacs, the gradients are 10 to 20 MV/m,
and 2.856 GIiz is utilized as the s[aridard RF
i!cqucnc y. The experimental studies on the
nlaximum attainable accelerating gradients in
standing-wave structures have been performed by
sc~cral authors.1-z; The expcrimen~al results show
:hat !he measured maximum stirface electric field
F-smsz is a function of frequenc;l for 1.5 to 4 As RF
PUIS12Icngth,

E,~al ~ 195 I f(CHz) 11~.

.For the traveling wave structures, the ratio of Ine
wrface field and accelerating field is 1.9 to 2.2. 7’he
maximt~m accelerating gradient FI.~.~ at the RF
brcakdoum limit is estimated to be 150 MV/iT at
;!.856 GHz. The higher RF frequencies are prcfe:ablc
IO obtain high gradient. The frequencies of 1‘,.424
GHz in X-band ha<e been chosen for main Iina(.s for
the JLC project. The peak power of 120 MW is
required to prd:~~ the gradient of 100 MeV/m in
0.7 m-long X-band waveling structure for the JLC
main linacs. A prototype X-band klys!ron has been
developing to gencrat.e30 MW peak power with 1 }!s
p Iisc duration ~j

RF Sources for

Experiments
utilize the standing

High Gradient Experiment

reported several authorsi -2)
wave s:ruc[ures of one or a few

cavities since the extremely high power RF sources
arc unavailable, However, the understanding of
dark current phenomenon in long tritvcling
structures is necessary to determine the marcimum
gradient that can be obtained and used realistically.
In ;Jrder to produce the gradient of 100 MV/m, the
rcq”Jircd peak power per uni~ length is 300 to 350
MW/m at S-band frcqucncics and 150 to 175
MW/m at X-band ~icqucncics. AL present, such
extrcmcly high peak power can be (Ibtaincd at S-
band frequencies.

Experimental Set-~?

Figure 1 shows ihe experimental set-up. The peak
power of 100 MW can bc produced by a 67 MW
SLAC-5045 klystron or 85 MW Toshiba-E37 !2
klystron at 450 kV cathode voltage and 1 MS pulse
duration. The peak power of 200 MW can be
produced by mcarts of is 3 db coupler combining the
rf power from two klystrons. The accelerating
gradient of 100 MV/m can be obtained in 0.6 m-
Iong traveling structures tit 200 MW rf input.

The 0.6 m long constant gradient disk-loaded
structure with 17 cells and 2 couplers. The diamcicr
Of disk aperture 2a is decreased from 19.0 to 15.9
mm along the structure. The average shunt
impedance is 61.2 Mt2/m and figure of merit Q is
11,600. The attenuation constant t is 0.37 and the
filling :ime tf is 0.47 ps. The material of the structufc
if, 1st class OFHC. The surface roughness of both tie
a:sks and cylinders are 0.02 ~m except lhe rounded
irists where lhe surface roughness is 0,2 ym. The
gradient of 100 MeV/m can be ootaincd at 200 MW
RF input. ‘I’he ics~it of simulation by SUPERFISH
shows that the peak surface electri~ field around the
rounded iris is about 2.0 times higher than the
average accelerating gradient. The klystron
modulators are operated at 5G Hz rcpctilion rate
and the average power dissipation in the structure
is estimated to be 5.2 kW. The cooling water fiow
through the pipe drilied in the cylindrical wall. The
structure without water jacket gites Iise to precise
alignment of the structure. The axis of disk
apertures can be estimated by measuring
position of the outer wall of the structure.

Faraday ctips and current transformers
utilized for measuritlg the dark current at both

the

arc
[hc
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downstream and upstream of the structure. The
energy spectrum of the dark current is meitsured
by an analyzer magnet.

The X-ray bursts due to the dark current arc
measured by ten plastic scintillators installed on the
surface of the structure and photo multipliers and a
S channel oscilloscope.

RF Processing

The gradient was increased by rf processing
controlled the rf power to maintain the vacuum
pressure below 1 x 10-7Torr by a computer system.
The accelerating gradient was uchicvcd to 35
MeV/m after 60 hours of rf processing. The field
cmi[[cd current except low energy region decrcascd
after 90 hours, and gradient of 50 McV/m could be
attained after 200 hours. The total dark current
gcncra:ed in the structure is measured by the
Faraday cup. The fieid enhancement factor ~
estimated from modified Fowlcr-Nordheim plots
decreases from 90 10 66 by the rf processing of 300
hours. The accelerating gradient of 90 MV/m could
be obtained at 160 MW rf input after 800 hours of
rf processing.

Dark Current Measurement

The trmrsicnt analysis of the dark current has
been rcportcd,d)The cxpcrimcntal rcsu!!c show that
the bursts of boih the current waveform and X-ri!y
are dctcctcd simultaneously with the RF fro,i.
arrival to the output coupler. It seems to bt
considered that the RF breakdown duc to
multipactoring is produced near the coupler iris.

Figure 2 shows the energy spectrum of Io!al
dark current. The main portion of the total dark
currenl is gcncratcd in the output couple:.
However, lhe dark current from the structure can
be obtained rJy c1imi nating the low energy
components of the energy spectrum.

Figure 3 shows the field cnhanccmcnt factor ~
estimated from. modified Fowler-Nordhcim plots. For
the total dark current. cnhanccmcm factors (~ = 66)
itgrcc with the measuremc]lt by rncans of Faraday
cup, The field cnhmtccmcnt factor in the structure
cxccpt output coupler is evaluated to hc 39.

fl
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Figure 1. Di2grarn of the expcrimermd set-up.
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EnergySpectzutnof the Dark CurrertL
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Figure 3 Fowler-Nordheirn plots and the field
enhancementfactor ~.

Multiplication Factor q of the Dark Current

There has been an interest in the relations
between the dark current and structure Icng[h. A
permanent dipole magnet is set on the outside of the
structure to trap the field emitted electron~ from
the upstream and to eliminate the downstream
current at the magnet. FOC the dark current, I;Ie
structure length can be decreased by moving the
dipole magnet to the output coupler along the
structure. The dark current except the IOW energy
electrons generated in the output coupler is
ohtained from the energy spectrum. Figure 4 shows
the logarithm of dark current against number of
cells between dipole and output coupler. The figure 4

shows that the dark currt?nt ld will increase as q N,
where N is the number of cells in the structure. II is
reasonable to consider that the field emitted
electrons f:om the upsuearn cells are multiplied in a
ceil and the multiplication factor (q = 1.63/celI) is
constant along the structure, [t is predicted that the
totitl dark current Id will be decreased, if the
structures of low q can be realized.

DarkCurrerIlw StnKIureLength

,0421 , 1 J
o 5 10 15 20

N*rof ktwerating M (StfuctureLength)

Figure 4. Dark curmmt against Ihe number of cells (stmcwc
Icngth).
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X-BAND ACCELERATING STRUCTURE FOR JAPAN LINEAR

T. Higo, M. Takao, M. Suetake, K. Kubo and K, Takata

KEK, Nationai Laboratory for High Energy Physics
Oho 1-1, Tsukuba-shi, Ibaraki-kcn 305, Japan

A bst rise t

The mam Iinac for the Japan Linear Collider adopts X-
hand accclera[ing srrucusrcs.This high frequency and therefore,
J small accclcra[ing structure for a long Iinac causes severe
w~kc field problcms against emI[tance prcscrvalion. To
,Jicrconlc the prohlems especially in multi-bunch operation, a
J.smpcdstructure *“ith IWOslots in each disk is designed whose
c\ [mud Q ialuc of the scvucs[ mode (TM 11O-x) is damped
,iuuri below 25. The c$alua[ion of tic uticr higher modes arc
.I!m dcscrlbtxt.

I ntroduc tlon

1 hc key issue of 3 high energy !irwar collider such as the

l~p.in Linc~r Collider (JLC)’ “z is to get a high mergy barn
w Ilh tcr} low cmit~ance using a rcasonahlc amount of wall

plug Pou.cr. Tfx JLC adopted 11.42-$GHz X-band accelerating
s[milure operated a[ a gradient of 10OhlV/m for the main Iurac
:() <C[ J 500G12V t-warnper a Iinx within sev~id kilometers
u~lng a wal i plug power of less [han 200hlW. This high
,lpcr~[ing frcquurcy and dte rcsuhing small beam aperture were
<Il(lscn [0 reduce a wall plug power. Hcviever, the wskc fie;d
bc:omts wxy large for the structure with such a sma)l beam
.ipcr[urc. Therefore, special cares should be laken to maintain
[hc longi(udirml and transverse emittance along the Iinac. To
Incrcissc [hc lumirwsily without increasing total wall plug
pruer much. 10 bunchesare accelerated in an RF period in the
JLC. Then, Lhc longitudinal and trarrsicrse emiwancc of each
bunch should be prcscrvcd by reducing LJICeffect of dre long-
:mgc w.2kcfields.

[n this paper, the basic pUUTSCLerSof the disk.loaded
>tructurc are first prescrmedas the starting point to study an
xlual accclerming struc[urc.Then Lhepresent paper &scribe-s a
:r,cchod to cure the multi-bunch wake field problems while
.lct~ils of the design consideration of a single bunch wake fieid

wc trmtcd clscwherc.3

Basic parameters

T}plca] p~ame[ers4 rcla[cd to the accelcraLingslrUctUrc
of the ma)n linac for JLC are lisLed in Table i. If certain
(dnctlona~ expres$ions5 of tie wake field are assumed. Lhe

~,ncrgy spread of 10.3% necessary fo: the BNS damping to
rcrfuce the single bunch transverse emitLance growth can be

obtamcd for the S[NChSrf3 with a/~ =0.14 irr the case of JLC.3

The disk thickness of 2mrrt was chosen [o locate LJICratio of
[kc surface field IO the accelerating onc near broad minimum.4

Tht paramc[crs related to the wall loss were assumedto be dre
>amc as those cafcu[ated.

Table 1 Parametersof JLC linac
Accclcrating gradien~ G 100 MeV/m

Particles in a bunch N l.fj ● 1010

Bunchesin a train b 10
Bunch spacing Tb 1.4 nsec

RF frquency

COLLIDER

Frf 11.424 GHz
2rt/3 mode, Csrnsramimpedance, TravcHing wave

Beam apernsre afk 0. I 4
Disk tiickncs$ t 2 mm

Total attenuation K ().5

ShunLimpedance r 93 hlojrn
Group velocity v /c~ 0.~J2525
Elastancc s I oloV/pC”/nl”
Strucrurc Icngth Ls 0.fs97 m
Filling time Tf 92 nstc
Power for a suucutrc Ps 12I MW
All the suwcturc.rclaLcd pisranwk!rs arc those culculotcd by

SUPERFfSH.6

E\’uluirtion of wake fieid

The disprsion curves of the suucturc wirh J/).=(). l-l were

calcula[cd istng a frequency domain cssdcURMEL7 urld Jmu n
in Fig. 1. fltc pwsbancfsin the following discussionarc msmcc!
fo]h?wicg LhOSein the figure. Bccuusc a component Aovc Ihc
cutoff frequency of dlc beam pipe cscqxs OULof the slruclurcw
a speed of iw group velocity, the actual wake field shuukf bc
evaiuirtcd [aking this effect inlo accourrl. The amounls of Itw
wake fieids were actually cvaluated for a realistic mulli-ucll
structure with a beam pipe radius the same as the hcam hole

radius of tie acceleratingceil using a time-domain code TBCI,8
becauseiLis difficult to evaluate thcm using URMEL for a iong
structure. Obtained wake filcds were fouricr. mmsformcd 10
discuss wake field probiems by dealing with Ihc wake field
from the viewpoint of the higher modes of tic struc~urc. it wus
found tha[ the wake field below cutoff frequency of !hc beam
pip is saturatedas dtc number of the cells incrcascsdwe 16.
Fig. 2 shows LJIefourier transform of the wiskc flcltis for [hc
64-cell structure. Ilc amplitudes of the typical higher mrxks
rhusobLairredarc prcscntcdin ?ablc 2.

Fig.
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Dispersion curves for disk.loaded strucrvx for JLC.
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Fig. 2 Fourier transform of wake fields in structuresfor JLC.

T~b]c 2 Wake field in the suucture for J1.C.

hhlde Frequency Lng. W&e Qm Qo %

(GHz) ~olsv,c,m

TA101O 11 0.5
T.M020&Ol 1 26 0.05
TMo21 36 0.09 270
TM030 36 0.03

hfode FrequencyTransv. wake Qm @ ~

(GHz) 1017V/C/m2
Thll 10 16 15 -0.2 ~(&.25

TE11 ! 21 :.:3 70 16-30 -0,8
TM I 11 26 0.18 38
Thl120 32 0.06 72
TM121 36 0.12 61
TM130 39 0.05 96

Qm: Maximum allowable Q vsduc.s.

QoS2rr Q values for [he optimized structure.

Criteria on Q values

* shown in Fig. 2, the transverse wake field is mainly
composedof the TM 110 mode. By the arrival of the following
bunch, the amplitude of the component decays by a factor

Exp(-(otT~Q), where U1 is the angular frquency of the mode.
Therefore, if the Q value of dte mode is less than 15, the
cmimsnce grrrwdsoriginated from the injectiori error is limited

within a factor of W and also the cavity misalignment
Iohmnce increasesup [o 80~m for tie case of JLC.3 Maximum
allowable Q values esr;mawd in the same cri[erion as above are
listed for the other higher modes in Table 2. [f the frequency of
some mode is rmed ~omchow, the mlerarxe for the mode
becomes loose. “-fowever, tuning of all the components of the
wake fields is actually impossible. Therefore, the reduction of
the Q values for the transversehigher modes down [o the values
listed in Iable 2 is necessary.

The energyspread among 10 buncha due [o tie beam
loading induced in the accelerating mode can be reduced by an
order of magnitude compared to a single bunch beam loading
and also a single bunch energy spread, whife sacrificing a net
accelerating gradient by abou[ 79”. Those due to dre other

Iongitudirrafhigherm?des can also be reduccrt10 the same ICWI
if the amplitude of the wake ticld at the next bunch driven by the
preceding bunch is an order af magnitude smaller than Iha[ of
the fundamental acccksling one. Among the mode Ii.wcd in
Table 2, the Q vahseof only the TM021 mode should he rc.iuc:’j
down 10270 to sa[isfy the condition.

Q values of damped structure

The severest higher ride m the JLC accelerating
structure against transvcrs~ ~mittance preservation is Ihc
componem of the wake field which locates in TM 1I O
passband.Thc phssc diffe.. :CCbe[wccn the CCIISof the mode

is very close [0 ;(. Therefore, the optimization of Ihc

~u-imcuy was performed to rcducc the Q viduc of the TM I IO-K
mode for the s?wtcci disk-loaded structure, which is thought to
be very cffcctivc to damp the mode.”’ 10Q11 The struclurc
geometry a:ld the parameters ciwd for the cislcula[ion arc
shown in Fi:\. 3. The cavity consists of two full CCIISwith ~
siot[ed disk ~md two damping wavcguidcs M the ccnlcr of Ihc
cavity. The width of the wavcguidc wg is fIxccl to 11.lmm in
both directions and the slot is ended M L!ICimcrccption of Ihc
waveguide and the accelerating CCII. in an actual structural,
these slo~ should be arranged at right isnglc from disk [ssdisk
as shown in Fig. 4 10 make ~hc slots cffcc~ivc [o damp [hc
transverse modes of both polarizations.

~

Y- view

+

X- View

Fig. 3 Slotted structure geometry. Dimensions uc as follows;
a=~.b, &lo.6, [=2, d=8.75, wg=l 1. I ( uniLsm mm).
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Fig. 4 Conccpmaf tfrav,sng~f an acntal damped structure.

The Qex’s were estima[ed using Slatcl’s tuning curve

method 12* 13 where the rcsonisn~ frcqucncics for visrious

wiweguide Iengks were calculated by tic ctrdc MAFIA.l 4 As
seenfrom thedispersioncurves in Fig. 1, the nearest mode is
TE1 11-0 mode, which appears in the boundary tmnditinn to
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calculate the Th! 110-rr mode. This mode is separated from the

TM 110-rr mode more thas. the width of the Q value if the Q

value is larger than 10. Therefore, the Qex of the TM 11O-IT
mode was estimated from the steepestyirtt of sheutning curve
assuming that tie Qex’s of both modts are larger than 1!).

w shown in Fig. 5, the dependence of tie Qcx’s on the
slot geometry shows s broad minimum at the slot height h=5.5
and slo~width w=5. O. [n this opdrnurmgeometry, the Qex is as
low as 14. Even if any fur.her modification was introduced
such m slotting shedisk through the beam hole or extending a
disk as a ridged waveguide into some point in the damping
port with or without a laper srrucrure,the Qex was found only
m increase. If the width of the damping waveguidc wg is
reduced ircsm11. I mm KS10.3mm, the minimum Qex increases
10 atmut 18. Therefore, we can expect Iowcr Qex for wider
damping waveguide pom However, the cutoff frquency of he
,Aaveguide with wg= 11. lmrn is already 13.5GHz and the width
of the port camoc be simply widened to make the accelerating
mode UCI1 confined within the accelerating cell, Therefore,
this geometry is thought an optimum one at present as far as
this kind of slotted smsctureis conccmcd.

Oex,-- —-7-—---- -r-———— —
s. ; h1=5.75 ,’6 j

## 1

Fig. 5 Dependenceof Qex ofTM110.rs mode on SIO[ width w.

&/
● ..

●

●,....
20 30 40 50 6Ci

Guide wavelength (mm)

Fig. 6 Typical tuning curves. Solid curves are the results of
fitting with two resonances.

For the optimized smtscmre, she Qex’s of [fie higher
modes wererriedIOeva!ua[e.Becauselow Q resonancescoexist
in a smafl region of frquency, it was found important to zpply
the SIater’s formuhts

dirccdy and 10 fit many branches ~f the usningcurves at once,
where ma is a resonant frequency, d a distance from the

reference plane to the shorting one, Ag the guide wavelength
and n a number of the nodes in lhc wave guide. Fig, 6. shows

the tuning curves for the case including TM110-rr mode. Solid
curves are the rcsul~ of the filling wirh uscparamclcrs of Qcx’s

and roa’s of Iwo rcsonanccs,TEI 10-O at-d TM I I O-rt, and the
position of a referenceplane commonm isll branches.Th~
disagresmcntat high frquency side is becauseof the neglect uf
the TM111 -0 mode in the fitting. The Qcx’s dlus ohusirrcdarc
hsted in Table 2,

I)lsc usslon

The Qex of ICSS than 25 fur LhcTM 11().11mmfc in JIl
optimum structure is radrcr high for the JLC. Ilrcrcforc. other
srrucusrcssuch as those with four S1OMin a disk or ltmsc of

crossed guide structure 15 should probably be examined.
However, it is alsc important to study how m analyze the
tuning curves P: ok:ain tie Qcx reliably cnmrgh IO discuss the
optimization of tic geometry for tl-,ecisscof low Q modes will)
frequenciesclose with each odrcr. The evdualicm of lhc Qcx of
such modes as TM 111, TMO1 1 or TM020 is also nccslcdwrd
can be performed by a bcucr fllting and more uccuratc tuning
curves up to higher frequency.

The passband width of the accclcra[ing mode for Ihc
optimized structure was found ! ,290 from [hc calculation by
MAFIA. This value was smaller t!san that of 2.790 for the
strucnsre without darnping slots and ports. 77.is reduction is
due to a magmetic coupling through the slots. The Q values of

G artdrr mode in the fundamental accelcrafing passband were
also calculauxf to be 0.91 and (3.76 of those without tbc slots
and p~rts. This reduction of Vg and Q value considerably
changes the parameters of the simple disk-loaded suwcturc in
Table 1 m the worse directions. optimiza~ion of the geomcrry
on the parameters of the accelerating mode should also bc
performed.
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A HIGH-POWER .MODE!. OF THE ACS CAVITY

“1”,Kageyama,Y. %’lorozuml,Y. Yamazakl, and K. Yoshlno
KEK, NationalLaboratoryfor High Energy Physlc~ Oho 1.1, Tsukuba.shl, [barakl-ken 30S, Jnpun

Abstract

During thelasttwo years.wehavedevelopedthe four.slotAnnular
CoupledSuucnrre(ACS) for rhchigh-~ coupled<ell Iinacusedfor the
1-Ge.Vprotonlinac of the JapsmescHadron I%jcct (JHP). In orderto
study the performancein high-power operatiom a i296-MHz high-
powcr mo&l of the four-slot ACS cavity has been designed and
constructed.The cavity has been successfullycmditioned up to the
designedvalue.This repnrtpresentsthecavity design,ticrmal analy-
sis for ap:ismzirrgthe cooling-water circuits, UseRF properties, and
rhcrcsu!rsof the high-pwer tcs~.

Introduction

Tlw standing-wave rV2-mode operation of a chain of coup[cd
cavities hasadvantagesover the n-mode operation; 1) a highdegree
of cell- to<cll uniformity in the acceleratingfield againstceil-to-cell
frequencyerrors,2) a highdegreeof stability in tie accclcradngfield
betweenCCIISagainstturbulenceby heavy krrr loading.

For a rrL?-mo&coupled-ccl: structure,acceleratingcells are lo-
cated alternately with non-excited coupling cells. A disk-load
smscmreoperatedin rherr/2 mode’ is a simple exzrnple;it isrcfcrr
to as (%-axis Coupled Stnscrure(U-S). However, for the OCS, I
shuntimpedanceisreducedowing lo thecouplingcd!s locatedon t
beammis. The side-coupledstrucrurezwasinventedinordcr 10avc
thislossby placing thecouphrtgwllat tiesideofdle sccelcra[ingcc
thaI is. off from tie hewn axis. Another possibility is the Annul
CoupledStructure(ACS), which hasan annularcouplingccl] arou
sheacceleratingcell insteadof a pillbox-type ccl].

.Whough severalsmdics]’s usingcold modelshave beenmac
noACS cavities havebwn developedup to thelevel for practica!w
Difficukics in developing ACS cavities arise from RF properties
rhcarmulsrcouplingcelf; theannularcell hasthehighcrorder mod
of TM119andTMZIOin theneighborhoodabovethecouplingmode
TM.,..

.,” 4 5 on tie Ac~ (wi~ IWO Couplhg ’10
The previous studieso

bci~cen rheacceleratingandannularcoupling cells) can be summa-
rized asfollows. 1) When theslorsfacecactiotherwidr respectto Lhe
centralsynrrsctricalpianeof theannularceli (cell-lo-cell slolorienta.
[ion = 00), tie TM,IO mode intrudesinto the x cekratirtg passbandas
thecouplingfactor incrcass 2) When L!ted-to-cdl S]otorientation
is90°. theaccelcrahg modeexcitesaTMz19.!ikemodein theannular
cell, resuking in the reductionin ‘he shunttmpcdance.

Developmentof Multi-slotACS

Wc haves[udiedon the IWO-SIOACS byusirrgthecomputercode
\lAFlA6. and obtained dre following results’. 1) The difficu]ti~
regardingthe two-slot A(3 aiise-sfrom the breakdown in theaxis!
symmcuy by opening Iwo SIOIS.Compared with the mode spacings
amongtheTMOIO,TM1le and TMzlOmodcs,thedcgreenf breakdoum
is noi small, resulting in pcrturbativeeffects suchasmode mixing.
2) The difficulties carsbe cured by increasing the number of S1OIS
(muhi-slotconfiguration) andreducirrgrhcsizeofeachslot. @atis, by
recovering the axial s)mrne~.

k order [o study tie possibility of the multi-slot ACS, we have
made4-slot and8-s101cold modelsandmeasw~cdrhcirRF properties.
From the measurements, wc have obtained the following results’: 1)
she difficulties regarding 2-slot ACS are cured by 4-slot configura.
tionswiti cc]]-ro-cell orientation = 0° and45°; 2) ,10improvements
were observedby increasingthe numberof slotsfrom 4 to 8. AS the
numberofcoupling slorsincreases.thestructuralstrengthof rhccaviiy

becomesinferior. Thcrcforc, Use4-slot ACS is probably onc 01 uw
mostpracticalchoices.

Accordingto Ihe nleastsremcnlof a4-s101ACSm~dclcavity with
a coupiing factor of 0.05. the Cffcaiw shum impedancehas ~kcI,
reducedby 20~0owing m OSCcffectof couplingSIOISandby5% owing
to shesurfaceimpwfectism. Since the 4-SIOIACS is mnrtadvant~.
geausthantheSCSregardingIL$axialsyrnmwy,wcsmt thedesign
andconstructionofahigh-powcrmodclof tic 4-S1OIACS (cell-tn-ccl]
orientation= 45°) in the summerof 19s9,

High.Pnwer.Model

Overall Design

As shownin Fig. 1 and2, tic hi?h-pnwcr model comprisesapuir
of ACS cavities coupled via a iwidgc cnuplcr. h is cksigncd as J
prototypefor thecoupled-cellaccclcralingstrucIurciII 1$=0.78of !hr

,,U!4!“.”,Am,,-
.,.

~..~ .... .. ... # . . -10’ ‘:r, -. ~“
s . . ‘. . . . .

. ... . ... ., 4 . .

Fig.1.A schematicdrawing of the high-power model.

Fig. 2. The high-power model with wavcguidc in the [csthcnch
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JHP1-GeVprotoniimc. Dcsignparwne[ersforAChigh.powermosfcl
arelistedinTable 1.The shuntimpedan= andQ values;aTablc 1 are
thesecafcu!atedby SUPERFfSH8. which doesnot incbdc %e effccl
of couplingSIOIS.ForeachACS caviry-unit, five acceleratingcellsare
amnged afummtel~ with four annularcoupling CCIIS.For the bridge
coupler, it was &slgned [o be a 5-cell disk-loaded ssrucrurein order
m avoid themode-mixing betweentheTMOl andTEl, modesin a long
cylindrical CW+ity. The ACS caviry andr.hetxidge coupler is elccrro-
magneticrdlycouplcdviaa side-coupledpillbox cavity. The RFpower
is fed throughthe ins at L+ecentralcell of LIICbridgecoupler. Details
on the disk-loaded bridge coupler arc &.scribed in Rcf, 9.

In orderto generatetic designedacceleratinggradientof.1.5 MV/
m. a @ RF power of 27 kW is rcquirexi.consideringthe reduction
(>[ Z()-X% in tic shunt imgeh.lcc ~mu~ed wi~ L~c~~rc[ic~
\alue. Including the wall lossin the bridge coupler, the high-power
rr,o&l requiresa pk RF power of 300 kW in toml.

TABLE 1
DesgnParametersfor the ACS High-Power Model (~=().78)

frequency 1296 MHz
accclcr3tinggradient .$,5 MV/m
shuntimpedance 54 MWm
tramd time f.vxsr 0.80
Q value of acceleratingcdl 2.4X11Y
Q value of coupling cell 9.6xl@
peak RF power perCCI1• 27 kW

● usingrheeffec[ive shuntimpedance(80% of
llw theoretical~duej

Structure of the ACS Cuvlty

The ACScavity isabrazedasscmblyof eightmiddlesegmentsand
two end scgmcnrs(Fig. 1). All shesegmentswere machined from
oxygen-freecopper(OFC) by a super-precisionlathe,andassembled
by vacuum-furnace brazing. Further particulars on the fabrication
[echniqux arc found in Ref. 10.

Figure3 showsthemiddle segment.The shapenf theacceieradng
CCIIwas optimized for the shunt impedance by using the computer
cmie SUPERFISH’.Theannularcoupling cell is Iikc a resonantring
of ridged-wavegui&. The cross-sectionafshapeofridged-waveguide
wasadjusredin order to make shediamewr of SheannularwI] assmall
aspossible.Fourcouplingslotsaretmredthroughtheseprumbetween
tie xceleraring andannularcouplingcells. Accordingto shethermal
analysisdescribedlater, a minimum seprumthicknessof 10 mm is
requued in order to drill cooling-wawr channefsin it. Therefore, wc
refinedthedesignof tie couplingslotboredduoughthe 10-mm-tiick

Fig. 3. Middfe segmen[of the iligh-power model of the ACS
cavity. The accelerating-cellside is shown in the left
and the annularcmsphrrg.cellside in the right.

sqrtum. In order10make boti thenuignctlccuuphng dficwm 3ruI LIX

src-length of sheslotassmall aspssible, tmrhradial sidesof tie slot
were mptr-edged, The slot size was dctcmlinwl to bc 32.5” in arc
length iffld 26 mm in radial length by mcxwsrcrnenlof haff-sctilc
models.

The micidlc-scgmcmthave eight circular holesaroundtheisnnular
cdl (Fig. 3). Wlwmall thesegmentsarcstackedandbriswf, thesetwlcs
form pumping-ou[ ports running Umr gh Urc ACS c~vity in ti)c
longitudinaldirection.An axnularvacuummanifold isauochcdM the
cnd of each ACS cavity (Fig. 1 and 2).

Thermal Anai@

The time-avcragxf pawr dissipationamnurrtsto aboul I kW per
acceleratingcell as can ham seen in Tdrle 1. In order [n make tic
thcrmafdetuningassmall aspossibleunderhigh-duty qscra[ion, WC
haveoptimizedlhc arrangementof Cauiing-wa[crcircuiL$by cisrrying
nut troth thermal and suwctural fitiic clcmcn[ anal}SIX fm [tvu.
aimcnsiormland rhrccdimcnsional s“ncwrcs try Lhccnmpuwrcode
of Integrated Structure Analysis System (ISAS2)11. The thcrnud
analysisindicates shutthe lcmperaturcrise at the mssccone urnuunts
1035°C with circumfcrcntia!coolingcircui~ only, giving rise10a100
large frequencydc[uningof abm.n-510 kHz. This is duc 10k ptx)r
thermal conductivity M tic s,:plum he[wecn tic accelerating and
annuksrcoupiingcells, wherefourcmsplingSIMSarcboruf.ThcrciGrc.
I;ICnoseconeregion musl be cooleddirectly by water ilowing in lhc
disk. Figure 4 stiows the find c!csignof cooline circuits, which
requireschanrielsdrilled in theseptumfor waterinletsmdoudc[s.The
temperatureriseatthenoseconewasdrasticallyreduced[o3.!°C with
5 Ifmirtof cooling wislcrperdisk, resultingin adcnsningof -1 IOkHz.

COL1sl1%1,‘..A,.11Y

COO!.I?+GclllculTs 1:

Fig. 4. Cooling-Wa[er Circuils for Ihc higk-power model.

RF Properties

Prior 10 brazing, individual CCI!Swere tuned to the design fre-
quencywithin *1OOkHz by fme machining, For theacceleratingCCII,
either thenosecone 01the inner surfacealong tic lint of Ia[itudewas
machined, For the annularcoupling ccl], the height .,f :hc riJge was
adjus~edb). fine machining, After brazing, if necessa.., indivisfuaf
cells can be tunedby dimpling the thin-wall parts from outside.

Sirrcerhesegmentsma-deof OFC are softandeasilydcfomicd, wc
can not pressstackedcavity-segmentsuntil its Q vn!uc is santra[c~
without causingconsi&rab]e deformation. Therefore, the rwfuction
in theQ vafuedue tothesurfaceimperfection wasestimittwffrom the
resultof a haff-sc:~esingle-cell cavity ( f = 2600 MHz ), lhc inncl
surfaceof which wasmachinedunderthesamecondition r-sthehigh.
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BEADPOSITION

Fig. 5. A distribution of the acceleratingfield tm the beam axis
obmirtedby bead-perturbationmeasuremen~

pwer model.The measuredQvziue wassmall by4%ccmpcred with
the theoretical value. Crmsideri.rrgthe skindepth dependenceon the
RF frequency,thererluctionforthehigh-pwer model(f = 11’.96Mi-fz)
shouldbe Icasthan4$0,

The coupling factor was measured for all the rrti?l!e-segrnent
pairs stacked with ceU-to-ceU uientation = 45°. Th* ‘e$-dt of k =
0.0551 t 0.0002 indica!es !har the high awuracy ws ke;x ‘vith a
numerically cxmtrolledcutterduringmachining afl the :oupling slots.

After the constrtsctitmat the MHI Mihara Work.’” completed,
severaf [ow.level measurementswere carried nut at the hi~h-power
restbench in KEK. With a waveguide duct and an RF window, tie
loaded C ‘IIP md t;,: coupling ~ of the high-power model were
measured“ $.8x1(Y and 0.98, respec~ivel)”,mdic?~ingthat Lhe
urdoadcd~<.. : was 1.9xlCF.Tinesmre4cn:rgy in thehid;ecouplcr
is7.1% of the m17, andits thcoreticafQ value is 2.5xl&. ‘llterchre,
witi an erro~of 1’%0,rimQ value of the .MS cavity itself shouldbe
1.9x!CS’,which is small by 21~0 ccmpared~ ith thetheoreticalvafue.
Suppnsingareductionof 4% arisesfrom thesurfaceimperfection,the
restof 1790 shouldbc due to the effect of the coupling slots.

The accelmakg-fielddk~ik~ti~n on thebeamaxiswas.measurcd
by using rhe bead-perturbation te:hnique. h can been seenfrom
Fig. 5 tha[ the obtained field dtitribution was sufficiently uniform.
Thus, we decided to make no tuning of individual celfs by dimpling
rhe tiin-wafl pm-s. Since the gap length of the middle-ceU was
enfarged by 5% compared witi that of rhe ad-cell in order to
compensatea frequency decreimeby the coupli~g slors. the electric
field in the end-cell is larger than th-z:irt the middle cell by 4-5%.

From the field distribution data for a middle-cell, the R,~ value
wascalculamdw lx 201 Q/ceil. This vafue is in goodagreementwilh
thetheoreticalvalue t,f205 fl/cell by SUFERFFH’. Using theQ and
R/Q values obtained from the measurements. the effective shunt
impedancewase.wimatedto be42 MS2i.m.The reductionin the shunt
irnpeda..ce is 22% compared with rhe theoretical valLe, reflec:irrg
on~ythe reductioniri rheQ value.

High.PowerTest

ThefrrstRF conditioning was carried out al a low duty factor of
0.2%, whereRFpufses were200-Lsdurauon at 10Hz. Ile savityW=
evacuatedby Lwc300-1/sturbo-molecular pumps attached m the
vacuum manifokis at bott ends.The kc pressurewas 1.5x10”’Torr
when the RF off. Keeping *.e vacuum level below 2xI06 Ton,me
condi~ioningwas progressedcominuously. Through a pumping-out
pom the annular coupling cells were monitored by a TV camera.
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Fig. 6. The historyof the f’ustcxmdi[ioningala duty ‘actor of
0.2% ( j:n VS, 10 Hz ).

During conditioning, no light emissionsdue to electric dischargeor
arcing w’e:eobserved. Figure 6 showsthe histo~ of the first condi-
tioning. The plaleau of the history wrvc at 170 kW is probably tiw
csmditiwthg of the RF window. In pmcecding on Lbepla[cau, blue
Lght emi$sionswere often obsmmf aroundthe RF window rhrough
aTV camera.Thecavi~ wascunditiuncduptothesk,.n RF pawer
levei of 306 kW in 10 kouts. After theconditioning,rhcbzscpressure
wasimp(oved iimvn to I.2x10”1Torr.

Conclusions I

The high-power model of tllc 4-s101ACS cavity hti beendcvcl-
oped.Theeffecti*eshunt impedancewas78’70ofthc thcrtrelicalvafuc.
Without tuningof individualcclfsafwr brazing,asufficiently uniform
accelerating-ficid distributionhasbeenobtaiswd.The modelhasbeen
succ=sfully Com+i!ionedup to thedesignRF power Icwl of 300 kW.

The RFczmditioningwillbe carriedoutatthc full du[yfac!orof3%
in thenearfuture,where the RF pulsesare600-ps J uarmn al 50 Hz.
The designof a ACS cavity for a low (1of 0.5 is aisoin ~ro~rcss.
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3.
d.

5.

6.
7.

::
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MULTI-CAVITY BRIDGE COUPLER

Y. Morozuml, T. Ksigeyssmrsand Y. Yamazsskl
National Laboratory for High llnergy Physics, Tsxskuba 30S, Japan

Abstract

A muhi-cavity bridge coupler ws designed for power few!
I,> co~pled.cal, iV accelerating ~anks 01 the Japanese Hadron
;+ojecl hnsc. A high power model of the coupler, Iogdrer %rth a
pur of nc.celera~ingtanks, was fabricated and was successfully
comhtiorrd up [o a ratedpower of NM kW.

Brldglrsg of Acceleratlud Structures

The final accclcr~ling seaion of tie Japanese Ha&on
Project (JHP) linact is planned to consist of newly developed
1296 hfH7 annular coupicd structure (ACS) cavity mnksz with
focusing magnets in between. A bridge coupler is a useful device
for power feed and uansfer anmng such a train of accelerating
tanks.Itiscomposed of a pair of coupling ca~ities side-ctiupled
:0 two adjacent accelerating tanb axld a bridging cavity also
jldt -coupled to the coupling cavities. !ooking as if it were a
bridge over she magnets. Power is fcd through a vacuum-light
N’R-650 wateguide window imo a bridge coupler and cansfcrrcd
:~ a srninof accelerating tanks coupled wi~l bridge couplers. The
bridging met!!od no[ only saves microbvavccircui[ pSSLSbut also
promisc~ iwtoma[ic phase mistcnirlgand conserves tic symmemy
of the accelerating fields. A power source and a group of
accelerating tanks are cor.(,~cred by a single brm-wnless
wateguidc system. The coupicrs nnd the accelerating strucu,tres
make a @.-mode coupled-resonatrr chain and keep a consecutive
phase relation. The accelerating csvity is free from field
tieforrmationdue to a iarge input co.Ipling geometry which is in
ct,ugc of the bridge coupler.

Bridge Cuupler RF Power F!ow

{
Bridging Cavity

Ccupling Cavity \ Waveguide

l-i “ ~

/’ N“indod

1 4-*
~ 00 ~- pl

AcccleratirrgTank h!agnet

Fik. 1 Bridgd accelerating tank cb~n

Design

The original example of the bridge coupler is four-d in the
LAMPF coupled-cavity linac. where a long cylindrical single
CJ!;ry w“asused as the bridging csvity ~d operated in the TMOIO
mode. Firsdy the ieasibdity of a higher-order mode, for example
~}.eTMo;2 mode, operatior, fc.r higher slability was investigated
on this simplest sr.ructure.A simulation of tie bridge coupler by
the code MAFIAwas auempmdbu~ led 10 the conclusion that a
stable and controllable operation of this conventicnul bridging
cavity cannot be expexled in any mode because Of a modal
mitinp with dm ncigtboring modes). The eigenmodcs in such a
)ltn~ I.,IVII) we dc~cncralcl} ,lIISC ill frvilucrrcy (Fig.2) and the
presence of M,: 11111~11111~III ~ltlltt.tieru~vily I Itkc the coupling
t OVilv ) rIX~lly illtllll,~a 1111d~~i L IIU~.Il~IIp fchIlllilI~ in complicated
‘ l:! ~1.llll!rll$. t IPIXCIJ modes (Fi~ 3). llc modd mixing ts

suppressed hy %rcd disks portioning the bridging cavity inio
cells. A similar slructure WIXSalrcad;# npplicd’ for anodtsr
purposein order to ensure isstabie opc:~:lws bv the TMO1O ru2
~nodeww)r a Ititgc imer.cell coupling.

1s00 q— —..—
I

o 2 4 6
hkldc N’Jrnbe7

. .
,lg. 2 hfodcs in ii long cylindrical cavity *IL)] the diwnctcr

19 cm and Ihe axial icngth 80 cm.

.., ,,, ... ~~~. -- 1ThfmoMsxdc. . . . . . . --- *=---
. . , , , , . . . s* +---- Mixed with TE414hhxde
. . , , , . - - - . - -----
. , , , , , . . . . . *--- I

i. . , , # . . . . . . ,-~1
I- ------ - -
,------- .

Fig. 3 Electric fields simulatmf with a haJf geometry of a
single cavi[y bridge C.xuplerunder the electric short
condition or. the cen[er symmetric plans. lhc rrcwd
systemshows a more confusing pattern becauseof
additiorlal mixing with even modes such as TMoIi,
TMo; ~,TEIIS which appear tsndcrthe open conditimr.

TTETTT3.. . 1---..----Thlmo m~ hfOdC
-. . - --- . -.-e-L..---..,---..---,.~-....,.-

Fi6. 4 Eluxric fields in a muhi-cavi[y bridge cxrup!crfree f
rom modal mixing. The bridging cavity is dit idcd
into short subcavitics (cells).

The !rridgt coupler for the JHP was cfcsi~rwdm this multi-
cavity s~ucture on the following principles.
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1) TtSCoperation mode is separated far from the other modes in
frquenc}, heing lice from mixing with sny other mode.
2) The inter-cell coupling is strong enougb :0 gain s Iargc group
velccity frjr sta’bilizatiom
j) ~c pwer loss m tie bridgt coupler ;s possibly small.

.l) The frequency shift arising from dimensional mot in design
and fabrication and SISO Irom tkcrmal dcfornuticm during
operation is comperrsa:edby a tuning s},srcm,

The cavily ridius is roughly de[crminctt (- 9.3 cm) from the
Jriv ing frr.1jenc) allhough modified by the disk loading
condition. A short disk spacing Icss ~han tic radius gives s
sufhcicnl mtv.ie separation hc[ler rhan a fre.qucncy ratio of 1 5
(Fig. S). The disk spacing was chows 10 lx 8 cm. A large .Ii.;k
bore maks a large inier-cell coupling bm UN Iargc a tmre allows
a modal mixti!g iigain. The uppm limit of the bore riidius is about
55 % of tile ciwi[y radius, tha[ is S cm, am! tic concsponding
coupling coefflclem amounts 10 12 ~C ;Fig, 6). The power loss in
the hdging cavityis reduced with its large coupling uccfficienl
to the coupling cavi~y compared with that of dw accclcraut!~’

40

TM 111,TEN11
2
$

JO - TE211

TMOI \
.

.. . 20 “
TEI 11

g

10-

#- TMO1O
0 1 1

0 1 2

(RfL;2

.Cig.S Deprderrce of mode separ~tionon cavity shape.
Eigcrursodesin a cylindrical cavity %ith tic radius R
and the Iengrh L are presmted.

1).srser

Imo Y I 1

two

Wo

1200

is=6cmTEI I I

a=6cm TMOIO

a=%m TMO1O

a+m TMO1O

o 8
Pie Shift ~~cl! ~ I@

Fig. 6 Dcpcndcnccof dispersionnn dd ‘boreI.adiusa of M
tl.cell cylindrical cavity witi the radius 9,25 cm, tic
length 80 cm, and tic disk thickness 1 cm,

ciwi[y. Assuming the cquivslcnce of a bridging cavity ccl] md
dn accelerating cavity tie ratio of their slorrd energy is drc
inverse square ratio of their cmspling coefficients m (Iw
usuplmg cavity. The ra[io of coupling cocfficiems w,asset 2 : 1
and tius the ratio of power 1 : 4. Since the number of cxcikxf
cavi[ics is 3 for tfw bridge couplerand 10 [or the ACS tanks,
inputpoweris sharedbelween them in the
ratio 3 : 43. For the present purpose of an off. beam cxpcrirnen[
the wavcguidc should be in the criticaf coupling with tie bridge
coupler and ACS ~ank system. ii~cly. the co~pling facior IS
unity. The coupling factor tn the bridge coupler aksncshould be
43LI on the above assumption. The required ;is radius was
cafculared at 65 cm on tht basis of the preparatory cxpenmcn[.
The l~gcst available tuning plungers 5 cm in diameter were
prepared in order to acquire the witfesl possible tunable range,
The tuner covers a fr~ucncy range of at least 20 MHz for tie
bridging cavity alone swd 1,4 MHz for rhe lotal systcm. ‘f_IIc
coup:ing cavities were also quipped with tuners for adjusurrcnt.

Disk

b’

211\Accelerating Cavity
—

/

Whegutde

Input his

10 cm

I 8

Fig.7 RF Structure of bridge coupler with S-cell structure bridging cavity.
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The designed values characterizing the RF strwture are as
follows.
Component Cavity Frequency 1296 MH7. * 5 MHz
lntra-Bridging Caviry Coupling Cocffici<mt 12%
Bridghg-Coupling Cavity Coupl.hg Cocthitn: 11 %
Coupling-Accelerating Cavity Coupling Coefficient 5.5%
fnput Coupling Factor 1 .0* 0.1
The slightfy loose allowance covers the difficulty in dctining

the frequencies of the mutualiy side-coupled ca}”ities, Such a
srrongly coupled non-periodic asymmetric cavity structure lacks
well-defiicd elcctromagzreticboundaries, which gives rise to dse
ambiguity in frequency. On the odwr hand the large coupling
also allows a considerable lolcrancc. The cavity dimensions
were determined from the computation with the codes
SUPERFISH and MAFIA. The essentialpartof RFstructureofthe
tesl5-cell coupler is presented in I:ig. 7.

The bridgecouplerwasdivided into 3 sectionsby ccntcr
planes of the 2 unexci[ed ce!ls. Bodr end sections are joined 10
ACS tanks. They were corx cctcd with double-bite vacuum-
sealing and RF-confecting fknges. The heat generation in the
bridge coupler N quite small, which is less than that in an
arceleraling cavity of the ACS tank. It is enough to cool the
periphery of each disk by a single [urn of cooling tube. The parts
were cut OU1 of specially processed high-grsdc oxygcn~free
copper and precisely rmishcd. They were brazed in a vacuum
furnace with gold and silver falling alloys. Details are described
elsewhcres. Photo shows the assembled whole systcm of bndgc
coupler and accelerating ranks.

Pm Assembled bridgecouplerandacceleratingmnk
system

%lerssuremeutand Tuning

During md af[er fabrication [he flcq~ency of each
componerr[caviry w= measured ro tune 10 its design vahses.The
demni,~g plunger method was applied to the frequency
measurement. The frequency of Lhe component cavily was
measured dctuning the neighboring cavities by conduc~ive
plungers “xidr some cor:cztion based on compuwr simulal.on.
The acquired frquencics agreed within tie allowance and the
coupling coefficients differed by no more than a fcw pcrcenr. fire
tuner effect on frequency shiftwasrcduccd to 7.1% when the ACS
[anks were coupled. Accordin~ly &,c hridse coupler and ACS
IAs shm~pwer in ~C I~~o 7 : ~~ a121u5)CqLlul I;, ~C ratio 3 :

43 cstirnatcd~eviouslyowhichjustifiesthe assumptionthal a
cell of the bridging cavit!” is almost equivalent 10 an
acceleratingcavity. The dispersionrelation of drc bridging
cavity is shown in Fig. 8. The theorcticxf dcspcrsionequation
was fi~tcdto theda@yieldinga coupling coefficientof 1I,8 %
in ogr-ment with the designed and the separately mcawrcd
values, The couphrsgfactorof wnvc guide to the whole cavity
system was measuredto be 0.99 and the quality factor of she
system W.M9,9 n l@ when the system WU NKSd ICIthe driving
frequency by the tuners under the operl]tion condition. rt;e
unloaded quality facmr is, therefore, 2.0 x 1&, which is
ansislenl wit ..: qualiry factor 1.5 x 1P of shebridge coupler
itself loaded with the wav:guide accounting dre above pwcr
sharing ratio.

1400 I 1 1 I 1

1350

- /[

I

I 300

1250 1

I
d-Tll-rl-!r-

0123456
PhaseShift / 7s/6

Fig. 8 Dispersion of the S-c:]] bridging cavity with a fiucd
curve.

Power Test

The bridge coupler and ACS [ank system was moun[ed in a
test bench surroundedby a radiation-shield. 1[ was quipped with
cvncuation pumps and a cording syslcrrr, and was linked 10 the
waveguidc from a klysrron, Turbomolecular pumpscvacuatcdtic
cavity systcmto xn ultimatepressureof 1 x 10”7 TorT. The
lempcraturc was set 25.4 “C and controlled wirhirr t 0.1 “C by a
refrigerator-aidaf water circulation cooling systcm. The cavily
system was driven by pulsed i296 MHz RF power with a 200 VS
width and a 10 Hz repcthion,and wm conditioned up to 300 kW
in about 10 hours. Frcquem breakdown tcmkplaceat 10 kWand
170 kW. Both cases were accompanied widr rapid rise in
pressure. They ore assumed to be due to local discharge.
Particularly in the Iauer ca:e lightning was observed in rhc
waveguide between rhr RF window and dsc inpu~ iris from the
viewing window. There was nothing wrong elsewhere.The result
is cncouragirig.
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DESIGN FEATURES OF THE INPUT COUPLER FOR THE DTL

F. Nait@T. Kate, }“.Moroztsmi,E. Takasaki,Y. Takeuchi
and Y. Yamwski

Nationallaboratoryfor Hi k EnergyPh sicssKEK
E d1-1Oh, Tsukuba-shi,1 araki-ken, 5 Japan

Abstrec:

Anrfinputcoupler foradrifI-nsbe hrmcwasdcsigncdandstudied
with thecom utcrc.ode.sandtic Iow:Wwer models.It comprisesfour
pw~:adwr-~obuwitiq mrfwtiowoftieccrnicdsk, ashen
uansforrrm of the csmxiafwavrguide and WI rf loop coupler. The
rcliahiliry of the dcaign aided with ccmputcr codeswas Confmcd
W“lrhthe model tc.st.

Introductfwr

~ .$~~.hfHz&if[.~& finac(DTL) ~a~~~c]cru~~~h~H iom10
!sohfe’~wi~.~ COISSUUCIOAassput of 1.&’4 injcclorlhacfurIIrirlg
.suxleramr of rhe JapaneseHadron pmjr~”t(JHP)’. The rank of the
DTL u drivca with anrf powcsof 0.92 fvtW ard a dury factorof 3%
(600mscc kc length and 50 Hz rqsetition rrr[c). As a high-poww
5.4-MeV #L fmalowena~t.:mt~t isujl&rcomuMti.m an
mpu[ collpler fcslthe LYTL.is prcpsrcd for OMhigh.power and Lam
[cSK.

An rf input coupler is one of tie must importantparrsof a Iinac
for the srable operation. Since a number of uoubics during the
operariotl of a Iinsc have been rclwcd w an iqsu[ ccruplcr,rhc
rcllabili~. of a ILIKsyslcm is Iargclydcpcndcnton tiltt of an inpu[
:oupler.

‘I%c ou[pst coupler of the 508-,MHz kf)stron that feeds .UI rf
powerimotbecaviry of rhcTRLSTAN workswirhtughsnbility urrdcz
UICqxrtilonof 1.2 MW and IOWO duty factti, being 1.3 tirncsand
33 timti asIwge asthoseof L\: DT~ rqxxtivelv, Its designsh{luid
be useful form input couplerof rhe432-hlHz D~L.

Fi~ure 1showsshecrosssectionof thcoulput muplcrof tic 508-
\lfi: klystron2.h is composedof three rrsnsillonseclkms.
(1)The fWtsection U thetransformerbetweenrhccoaxialwaveguide
of ‘&cWA77D and tia[ of tie WX 152D This junction alsc worksas
I shield of the rf window and a supportingdisk from an inadiatitsn
C.IUSCd Wllh L~c be~ In lhc CW Ity.

~2) The semrd sa.uon is a coaxiaf wave guide oi WX 152f.) with a
ccrarnlc+fuk wk.cbw. inside- andou~sirfc-diarnclcrsof UICrf window
uc 166 and 3ii n-m, reqxcti.~ely; Useshickncs.sis 10 mm. A relasivc
JIclecrricmmrtanror he ceramic disk is about9. The impedanceis
marchedwith the choke strucrure.
13)The third ~rjon is tie door-knob transitionbc[wrxn drecoaxisf
wave tuder of the WX 152D and rhcrecrangulw WINKguideoflhc

!~VKl 00.
Since rhe

r
rarionn.ffrquency 432 MHz for !Y,c~L is differ.

cm from theT STAN, thedimensionsof eachtransformermusttsc
rcadjusmxfin or&r tomatchtheirnpalance al 432 MHz. When it isnot
M.Sy [o make a refiable quivalcn{ circuit for a transformer, the
tri.msition sectionis designedwith ●number of “cutandtry”’in the
mndels. In this pa~r. the mmpuuzr codes. SUPERFISHJ and MA-
FfA’, are appficd to thedesignof the transitionsectionowing lo the
following Sdvanragcs.
f I ) The appfitition saves the numberof the“’cutand try.”
(2) Since tk field distribution is iffusrras~ it is possibleLOimprove
thedesignin order to avoid a IOCSJstrongelecrricfield thatgiv~ tic
[0 tie “weakdown.

‘llredesign principle for thea ficationofthecomput~ codrxis
swmarizal in thenext-tion.~dcraifsof the design for each
uansition sectionare describedOOrcreafter.

The steslgrr@ncipleofthetransformersection
onthebaskofthecomputercodes

With the compu~wcodes, SUPERFJSH and MAFJA. WCcan
obrainrhcsranding.waw:aohstissnofa cavity unclesagwenkundsry
condi[ion. Since the taauelingwave cm be de~ibcd in ternssof a
linear combination of IWOindcpendcutstandingwaves, thesecom-
putercodescan SJSObe applied @ the traveling wave problems,as
follows.~~
I)hrcrnducethe boundaryplanesS, andS2in tie psm-1 and port-2,

respectively,asshownin Ftg.2. CaJcularetheresonantfrquencics O(
rheuansformerboundedwith ~t md S underIwo independentc.ascs

dC andCloflhe boundarycondltmns; eno~ thcresonsmfrqucnclcs
{tr theWX.SCl ar.dCj by f andf2,r~pectively. Furexample, tic C:UC

Cl may Lllply shor~bound’sryconditionsfof horhtic S, md S1,wtulc
thecaseC may imply o

r
conditionsfor both. It is notedthal ohv

cascscsn~choscn as ar = rhetwoc.iscsarc independent.fc.it!l
orher,
2) Adjustoneof rhcpitions of rhcS, andS,, for example S1,un[il f,
becomescquidto theopcradonaffrqucncy fOanddenotestic adptcd
position by P ,. ALso,readjus[ the Posillon of the S,, until fz=fOis
tsbtaincdand&note i[ by P,.

K3)lf the trsnsfonncsis m~lc cd, the posuion PI, is the sameusP,l.
4jln themiwmuchedcasq rhercfhxtion cocfficl~mtcan & csIimaId
for thedi-ffcrcnce“w[wcenPll andP,z.,

Ike procdiue dc.scribd above u .rpplicd [o the design (,( A
Lransfwr-ncr.Theinput gcomcrry of Lherransfomwr is oprirni J4d SII
that 11mcclsIhercquircmcrrl of silualinn 3). Il}e frrotxdcrc will Ih,
particul;ulyUSC(UI in lhc case r)IJl no rcllablc quividcnlcirc,ull CX!J1.
Thecmfe SUPE1/flS}l k apFlird toUW~xtallys)wuncuiccast imddw
code hlAFIA for tic as:lmnwrric c uc

l-he transformer bc~.wcuntbv rwsxkd wute Nuklcs

A short1rtiSSfOrlll~ri-sSufficicnl l,>nl.i[ch Ihc lko cwsxi,d Itncs
that have the wrne impdncc but different dlamc[crs’. Since it 1>
dlffi.~h 10Cafcuhle lhc matchedconditionof ljrcUMISfOrmCSwi~ WI

2
uivalcn[ circui~ the above.rncn[iomxf pro~,dure with [hc C(XIC

S PERFfSHwasapplmftotic dcs!gnofthe [ramfwrncrbclwcmtill,
C(MXid wavcguidcOfWX77D rndht ofWX 1521).Figure3 she%~
Ihcconfr~mrationof LJscuansfwrncr ffw loud lcn@r of 11:.[ram
former ~ held fixed m 44.7 mm during c?!culisriwr.,~, varIJMc
p.iramctcr ISk Icngth L, of the [irpersectionof .m in~idec}lindcr
shownin Fi .3. Figure 4 sh:)wstie elccu;c field paucrm ralcu[dm!

iwllh SUPE FfSH for Iwo boundnry conditions. [n Fig. 4. q both
planes of S1andSZhave theopentwundarycondition. while ‘Acsi,,m
boundq’ cwrdition in F[g. 4-b. The former co:rcsponds M tiw
condition of tie C and the Iancr crrrrcspondaw (}IU of the Cz. TIN
position of S and Sz arc oplimiuxf kr mdtz LOadJusta rcsonisul
frequencyto&c f,.

The conditionf =fz=fO(=432MHz) wasobtainedwiti the L, Ui
30,7 mm. ~igure 5 s’twwsthe depcndenccsof drcresonantfrqucn.
ci~’ f, andf on thepararne[crL,. The mcrssurcdVSWR of themodel

itman.sformcrc5igncdonthebasisrsfthisc~!culalirmwssl~s than I .05
at432 MHz, supportingthereliability ufthedesignmcrhod.

The rf window of the ceramic dfsk

An rf window of the ceriunic disk is instsflcd in the coaxial
wavcguidein orderto hold t)le vacuum in the LYTL.Al fm~ Wehave
studiedtherf window with U.esamesizeastharof 50# MHzk)ysrron
Theclectricfield [tcrnofmerfwirsdow withtlrcchokcsfnrctrsrcwas

rcalculated with UPERFISHandis shown in Fig. 6. Since it has a
mirrorsymmetry on theccntcrof tic rf window, hsffof thesrructwc
wasusedfor thecafcuf.ssion,holding virtusf boundaryplane S1 fixed
in tie midd?eof therf u’indow. The boundarycondicicrjof rhcplane
S1 isopen. while thajof S shor~ for the caseof C asseenin Fig. 6.
~.i~::2 hasthe oppsitekundsry condition to A: C, as shownm

v~ttblc paramclcrsarethethicknessI oftherrlsiJcchokead
rhedepVS1,oftheinsi& and theoutsidecho~es,There are IWOsohs-
tions.Om”.ssgivenwiih t =6mm and1,43 mm, ‘flreothcr isgivwrwids
t =5 mm and 1,-40 mm.~c elrxtric field pa[tcm of the lattercase]~
s$rxvrsin Fig, 6. The frequencieswere adjustedwith changingtic I
keeping 1<constamThe frqucncy f,on the boundaryconditionCl ,i~
indep.ndentof thclcngth Itbeeausetheclcqric field doesnotexis[ m
thechoke.

One of the advsmagcsof the ctrrskecoupling is thsi outJctsof
cooling air arc Ioca[ed in the choke where no rlcctric field exisls.
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lkrefore, he sized shspeof the air outletcan be ea.wlydmigrwd
ThedisuIvanrAseJarethsidrewrtsctureb~om= complicatettJldthat
rfreelsxxricfieldnormaltotherfwindowisinduced.’flreekcuicfield
normalrotherfwindow givesrise10themultipactonngdtatrcsulrsin
tie br~down.lltus, thegapstibetwm theceramic endthehasd
of thechokeshoukibe&terrnird carefuUyinorderto ~voidthebrcak
down

The impedancemdtirrg oi anrf windowcastalsobeobtied
Withrk Srmcslxe of anuncles-end/oranover-cutof thewave$uide.
TSerfwin&w oftheunrkr-cutstructufeisinoperntianforrheh@wr-
modcdam~oftheacderatin~cwityofTRKfAI@.Therfwindow
wit!!bothover. ad umier-cumngswasdesignedby referring to rhe
shapeof the higherader mode damper. h can be seen from dte
cl-tic field pa(!ernshownin Fig. 8 rhal thedirectionof tie electric
field is afmoatpuallel to the rf window. l%is is more advsruagems
thanthechokesrnscrureregardingthestsppressionof mukipaclorirtg
andalocalheadrrg.However,theairoutleuarelocatedontheslope
ofundez-andoveractingareawheretheelectricfreldexists.Thus,
$pe.CISfcarewiubene=wsry todeterminerhesizeandtheship of
rheoutle.&consideringthecoohn8of Lherf windowanda field
dmsrbmce.

Figure9showstheexperimentaidatAof VSWR of dtcmodelsfor
tie rf window, designedwith thepresent ocedure.l%e VSWRfor

Jrhefrquenq rangingfrom 382 to 482 Hz is lessthan 1.05 for all
tie srrtmureaarudied This data also supportsthe reliability of rhe
designwith theresent procedure.

The door-knob transformer

The rbor-knobtransforrnerwasdesi8nedwith thestarrcard’’ewt
snd u-y” method. in Fincip}e the computer code MAFIA can be
appli~ lo sheskign of shedoor-knobtransformer.However,dte
~.~~ablema num~ ofMAHA was not sufficiently large for she
design.

The basicdimcrtsionwasdeterminedwirh ascalingof thesizeof
t!!e couplesof 508-MHz klystron. The tuning parameterswere the
positionof the moving shortplane and M thicknessof the sp~er
betwast the door-kt;ob extolthe wave gui&. Figure 10 shows the
dimensionof thedoor knob.The measuredVSWRof dtedoor.knob
model is shownin Fig. 11.

Sirws the maximum number of the meshes in MAFIA has
recentlyb immxsd to IV in KEK. we xppliedMAFIAtotJiedoor-
knobscudy.l%eekctricfield paKmr isshownin Fig. 12.Itcsn beseen
that ‘h field pattern changu from a rectangtdszwave8uide mode
flEOl) to a coaxial wavegtide mode (TEM) smoothly, leaving no
strongektric field Iocaliz.af.

Corichssbrts

The irrpu~couplerofrhe432MHz DTL for theJapaneseHadron
Projectw~ designed 11isconfiiui Shaltheimpedancema~hing of
the transformercould he obtained withtheSUPERFISH-airfcdde.
sign.l%cdoor-ksmbtraruirionwas&signaf widsthemodelstudy.Its
f’reidpmsmr wasch~kd with thecode MAFIA.
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Fig. 2. Model of two prm rransfornier.

Fig. 3. Configuration of transformerfor joining two coaxial lines.
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Fig. 4. Eiec!ric field peitcrnsofthetransformer
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Fig.5.Resonarrtfrequenciesf, (openqezt)andfl (shors+hort)
ofthecoaxiaifinetransformer.
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HIGH-POWER HYBRID AITENUATOIUkPHASE-SHIFTE R SYSTEMS

S. Ohsawa, I. Abe, M Yoko@ Y. Ogawu,
S. Anami, I. Sata and A Aaami

National Laborativ for High Energy Physica
Oho, Tsukuba-shi, Ibaraki-ken, 305, Japan

Abatmct

Two kinds of waveguide systems which can
change the attenuation and phase independently
ha”.?ebeen newly designed utilizing 3-dIl hybrids,
and manufactured for the prebuncher and buncher
of the 2.5-GeV Photon Factory injector Linac.
Measured data show the expected characteristics,
The principles, structures and characteristics are
described.

Intxmduction

In an electron linac, beam bunches are
produced by a prebuncher and a buncher. Since the
shap(? of the bunches greatly affects the beam
characteristic, it is very important to optimize the
microwave puwers and phases in these devices. For
the optimizing process, a system comprising an
attenuator and a phase shi!ler is necessary for each
of these devices. However, the former high-power
variable attenuators have a problem in that a phase
shift is introduced as the attenuation is varied.
This feat,ure made it complicated to search for the
optimum parameters oi the prebuncher and
b~ncher. .Accordingly, new systems were designed
in order to solve this problem.

The old system for the buncher was
pressurized with SF6, so that it required windows
which sepa~ate the gas from the vacuum, Bored
holes with small cracks were found on the vacuum
sides of the windows in the Spring of last year.
Fortunately, the holes still did not reach to the other
side. In order to avoid this kind of problem, the new
s}”sternswere designed to he IIscd ~lnder vacuum

Principle of new systems

Although ~he new systems have the same
functions, they look quite different at first glance.
It might therefore ~e better to explain them
separately.

Systemforthe pxwbuncher

We firstly discuss the attenuator & phase-
shifter system for the prebuncher. The microwave
power required in the prebuncher is usually less
than 10 kW. Within this power range a dielectric
substance is usually used for varying the power or

phase. Therefore the microwavs phase is
inevitably shifled as the attenuator is changed.

On the other hand, the new system has the
configuration illustrated schemnf,ically in Fig. 1.
It comprises a 20-dB d~rectional coupler as a power
divider, a 3-dB directional coupler with two short
plungers which move independently md a dummy
load for termination. The power for the prebuncher
is provided from the m.kin line for the buncher by
the 20-dB power divider, Then, the power is dividud
again by a 3-dB directional coupler into two parts,
each of which is reflected by a short plunger at a
different position; the NOfields are then mixed by
the same 3-dB couple].

B /\ L.-L

,( -
OL1”I”I)U’l”

Fig. 1. Attenuatm & phase-shifter for the
prebuncher

We now consider the output power and the
phase of the system. For simplicity, power hwses
and reflections due to imperfections of the devices
are neglected in the discussions below, When the
inpllt microwave field is AI r/II I. i I IIt plane A in
\ \\, \ ,111 ,Ily Iii:l::;:;,,,:;::;;;,::,: ‘

,’ , . !’~,) 111

whnre
f) = lc I ~,

and $= d I ~,. (2)
Here, ~ is the wavelen@-h in the waveguide.

It can be seen from Eq. (2) that both 0 and @
depend only on lc and Al, respectively. This
means that the output power or phase can be
ac@stid independently by moving the plungers in
the opposite or same direction by equal amounts,
respectively. The output power is changed without a
phase shift over the full range from zero to the input
power according to O; on the other hand, the output
phase, 0, is given by the average phase of the two

159
I



fields before being added. Thus, the new system
has functions both of an attenuator and a phase
shitler, as mentioned before.

The backward power returned to the input port
is mainly absorbed by a dummy load connected at
a port of the 20-d13directional coupler. The part of
the power turns back to the source through the 20-dB
directional coupler. This is, however, less than -40
dB of the main line pi,wer, because the returning
power to the source passes through the 20-dB coupler
two times. Hence, this becomes negligibly small in
practical use.

Although the plunger control becomes
complex, because it is necessary to shift two
plungers independently and simultaneously, the
new system is both simpler and more compact .

System for the bw ,cher

We next consider the attenuator & phase-
shifter system for the buncher. Though the system
for the prebuncher mentioned ahove has a simple
configuration, it js not suitab]e for the buncher.
This is because :n the buncher system it might
usually be impossible to use a very weakly coupled
poweI divider as the 20-dB coupler in the
prebuncher syst’:i[l. Without a weak coupler, high
power might turn back to the source and destroy it.
Even if a circulator is inserted in the circuit, the
transient parts of a pulse might be turned back to
ths source.

,,:::::),,~[,-;:~jq
1’

1-l
~- ‘ ..\

. .i.. .’

<-

.- j’
, I I I ,“ ,, ‘ .. . - - -
*-— .“ . .j~~

.1-

Fig. 2. Attenuator & phase-shifter for the buncher

Accordingly, another type of attenuator &
phase-shifter system was newly designed for high
power, so that any excessive power is perfectly
absorbed by a dummy load and does not turn back
to the source.1) The new systen] is illu~LliL~~d
schematically in Fig. 2, It consisI.; of four 3-dB
directional couplers combined ill [1}Mdy,two sets of
jointed short plungers, and two dummy loads.
Each of the joined plungers can be moved
independently. The system, comprising a 3-dB

coupler and joined short plungers, is a well-known
type phase shifter.

We now look at how the new system works.
Let the input field be Aexp(iwt) at the plane A in
Fig. 2, same as in the previous case. The input
power is divided at the first 3-dB coupler into two
parts. After passing through the corresponding
phase shifier, the fields are mixed by the next 3-dB
directional coupler. Then, the final field, EO, in the
output port is given at plane C’ as

EO = Asin@sin(ti+tV, (3)
where

e = [C1 ~ + 6+ 6’,
and ~= & / ~. (4)
The phases, 6 and 6’, correspond to the electrical
lengths between planes A and B and planes B and C
(or B’ and C’), respectively.

I
II

Fig. 3. Field addition in the new and old systems

We now compare the characteristics of the
new system with those of the old one. Figure 3a
clearly shows the features of the new system when
the 2ower is reduced to half. The added fields before
and after being attenuated are shown by arrows A
and B, respectively. The rtsultar. t amplitude is

changed from 2 to ~ withc .d. nr.y phase shitl. On
the other hand, in the old s?stern, not only the

resultant amplitude is changer. t’rml~2 to fi, butthe
phase also shif?.sby as much as z/4.

Chamcteriatieaof manui%tumd ayatema

Finally, we describe the characteristics of
attenuator & phase-shifter systems which were
manufactured according to the principles
mentioned above. Figure 4 shows the microwave
characteristics for the buncher system. It exhibits
phase shift~ ove:. a frequency range when
attenuations are changed: the phase shifts nre
showu in the upper part, and attenuations ill Inwrr

J

part. Figure 4 shows that the p nse shifts uro smnll
over a power range of O- -W U, At u fr(NIIIItIHI}I III
2856 MHz, the phase shills are less than t 2“, ilti

shown in Fig. 5.
The output of this system should obey Eq. (3).

Figure 6 shows this relation between $ and
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, c

: .3

I 1 1 1

a 1 1 1 1

.20 !6 12 8 4 0

Attenuation (dB)

Fig. 5. Phase shift vs. attenuation at 2856 MHz

attenuation: A solid line indicating measured
data and a dotted line given by Eq. (3) agree with
each other, except in the range of larger
attenuation. This disagreement comes from device
imperfections: The power divide ratio of 0 (1lt
directional couplers were carcftilly UIljIIIt I I,,

tuning buttons; as the result, i II1 dir~,~ti~lf ‘“
(Icgraded to about - 25 dll. /\c.coJ~l!, II .1

Iicld contains elements which ha~ , IItIl 111111,1“,1’(III

with the plunger positions, nlthollgll ttlt;, are very
s m a II. ITOrtun;~ Lel}’, i t is IJOSs i }II t: to make the

I(. , m. ~‘ . I ach other IJJ illutitis of choosing
i tit: I I~)1,11 ~JIII L I l“i& ~) ; the performance of the
S}SI<,II) is III,t very impaired. Although there will be
110 problems in practicai use, since the buncher is
never used w“i?ha power level decreased as low as -
20 d13,the characteristics ,lf the system are expected
to he much improved by slightly changing the size
of the 3-d B directional couplers in order to rnise
directivity. We did not, however, do it because of a
iack of time.

Figure 7 shows the characteristics of this
system when it is used as a phase shifter. It
indicates that the p6-.verchange is as small as -0,2
dB when the phase is changed by 2x. The data were
obtained under small attenuation.

The system for the prebuncher has similar
characteristics. A micro computer controls the
short plungers by using pulse motors, and
measures their positions accurately with linear
scales, The system for the buncher has had no
problems under high-power testing,

Two waveguide systems which can change
the attenuation and phase independently were
newly designed and manufactured. The measured
data indicate that they h%ve the expected
characteristics. The entire systems are scileduled
to be used from this September. Both of the two
systems have the distinctive feature that they do not
introduce an rf phase shift as the attenuation is
varied. Hence, it is expected that the process of
converging on the optimum phase and power
settings for the prebuncher and buncher wi!l be
greatly speeded up by the new systems.

1

I;
25 1 I 1 I I

9 ?0 4C 60 80 1I-JO

Angle (deg.)

Fig. 6. Attenuation vs. @ofthe system for buncher

),, n !,1, F , 191nx . .-!,, h .S.t C.cn 900 6.4,

.. .. ...
c., ! z, :hn 2 056.000 000 H,. t 6Pb1. n 000 000 vr+8
,:+2 .,, , 100 PAG L’ On/ : 0 an a O(J43 00

~z$l%

i..

...
. .

Fig. 7. Characteristics used as a phase shifter
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R&D ON AN X-BAND KLYSTRON MODULATOR
FOR JAPAN LINEAR COLLIDER

Tetsuo Shidara, Mitst.ro Akemoto, Masato Yoshida, Scishi Takeda,
Koji Takata and Linear Collider Study Group

KEK, National Laboratory for High Energy physics
1-1 Oho, Tsukuba-shi, ‘-lbaraki-ken, 305 Japan

Abstract

Design considcrations of an X-band
klystron modulator for [he future JLC (Japan
Linear Collider) project are presented. This
modulator has becII designed to produce pulses
that are 200-ns wide, 600-kV, 1200-A peak
current and a short rise time of -90 ns; it is
based on magnet ic -pul se-compress inn
techniques with a very high peak-power
capability and a rc;’. ‘tion rate excccding 200
Hz. R&D on amorphous core materirils for
magnetic compressors and solid-state dcviccs
(such as GTO and MAGT) for a discharging switch
to realize an efficient and reliable modulator are
currently being undertaken.

I n trod uction

As a post-TI?ISTAN project, an e+ e-
lincar collider in the TeV region (JLC: Japan
Linear Ccllidcr) has been proposed 10 reach

cncrgics beyond that of LEP.1$2 It requires an
accelerating gradient on the order of at least 100
MV/m for the facility to be of rcasormble scale.
Achieving this high field gradient requires
high-power microwave sources with a peak

olltput power of about 150 MW at a frequency ot’
! ; .4 GHZ (SCCFig. 1).3

To realize this high-power microwave source the
development of high-power X-band klystrons

using convcntir)nal tcchuology was started. 4

Although the studies of a two-beam accclcru[or
(TBA) scheme using free-electron Iascr

technology were also started at KEK,5 X-ixtnd
klystrons could be in use at the first phase of
the JLC,

For a prototype X-band klys[ron wc expect urr
output power of 30 MW at the maximum design
voltage of 450 kV. The diode model of this Iuhc
was high-voltage conditioned using onc of the
modulators prepared for the KEK test accclcramr
facility (TAF), which was established in 1987 to
pursue R&D technology for futur~ ]incur

co II iders. 6 Processing with l-ys and 2-Hz
pulses has increased to a voltage of 450 kV,
which corresponds to it beam power of 81 MW.7
Although this processing was succcssfut,
development of an X-band klystron modulaLor

using magnetic-pulse-compress ion techniqucs~
was initiated in order to supply very short
pulses (-2C0 ns), since the required pulse ffat-

X-bandKlystronX-bondKiystron
f50Mw IWOns 150MW,400ns

KlystronModulotor
& r~ KlystronModulator I.—

8m
Fig. 1. Conceptual drawing of the JLC microwave distribution systcm.
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top is on the order of 100 ns,
band klystron modulator are

Details of ~his X-
described.

Mod uIator Specificat ion

Spccificiltions of ihc X-band klystron
modulwor are listed in Table I. Although the
impedance of the prototype X-band klystron is
on the order of scvcml kfl, the impedance of the
modulator was designed lo be 500 (2 for the
following reasons: 1) Since wc are in the very
first R&D stage of usil;g the X-band klystron, we
have to prepare for any change of its design.
Therefore, the lowest probable value of the
kl}stron impcdancc should be [aken into account
for [he modulator design. 2) Since a rather high
impetlzncc (several kf)) results in a longer rise
time (more Lhan 500 ns) duc to the estimatctf
stray capacitance (-150 pF) around the output
circuit and klystrorr socket. a lower impcdancc
is pre!crablc for the cfficicnt production of
short pulses (-200 ns). 3) Simulmneous power
feeding to several klystrons by a sing]c
morlulalor is being considered for the future
Iincar coilider in order to reduce construction

costs, resulting in a rclirtivcly low impedance.

TABLE I
Specifications of the X-band Klystron
Mod uIa tor
Output pulse voltage range 400 - 600 kV
Output pulse current (max.) 1200 A

Output impcdancc 500 n

Rise time c 100 ns
Pulse Icngth (flat top) > 100 ns
Pulse height deviation from flatness *1.0 %
Pulse amplitude drift <2 %
J it te r <5 ns
Pulse repetition rate 200 pps

The rcquircmcnt for an ~cccptablc phase
modulation (-5 0 ) of tic microwave source limits
lhc pulse-height dcvia[ion and pulse-amplitude
drift of the modulator. Although, the microwave
circuit design of the X-band klystron is
tentative, a relativistic bcarn voltage of -600 kV
Icsscr?s the requirements an the pulse-top
flatness and amplitude s!abiiity.

Circuits of the X-band Klystrou
Modulator

Two types of modulator designs using
magnct ic-pul se -compress ion techniques are

considered bccausc of their very short rlsc -I imc
capabi! ity and high reliability, since thcy

consist of only passive components, such us
saturable inductors, capacitors and B]umlcin.

Semi-conventional Type Mod UI ato r

A scmi-convcn~ional-type modulfitor (u
combination of a pulse-iorming network (PFN),
pulse transformer and magnctlc swilchcs) htis
been intensively studied bccisusc of its cusc ill

adjusLing puhc-Lop flatness (SCC Fig. 2). The
stored energy of cirpaciLor CO is triinsfcrrcd inw
another capacitor (C 1) through it thyratron, then
successively to the PFN capacitors by incrcasing
the voltage through a l: 15 step-up transformer,
and finally to a klystron through is 1:4 step. up

transformer. The compression factor of cuch
sLtgc is ]/4. Assuming a stray capacitance of
-145 pF at Lhc secondary circuil of the fir.ul

sLcp-up trilnsformcr, the output vol Lagc of ihis

circuit was simulated (SCCFig. 3).9 A rise Lllllc

of -90 ns is cxpcctcd. I“hc rcsuil Of Lhc

simulation is very encouraging rcgai”ding the usc

of the X-band klystron modulators.

Fig. 2.

2“. ;<On,

Simplified diagram of the X-band
k]yswon modulator using i:FN. pulse
transformer and magnetic ss”ilchcs.

; 89ns 1227s

IFn--’””1,,Il?‘Y. ‘\
\

Fig. 3. Simulated output voiLagc of the X-hand
klystron modulittor.
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Blumlein Type Modulator

A Blumlcin-type modulator (see Fig. 4)
seems to have some advantage, since the
impedance of the Blumlcin is half that of the
kly”stron load. The location of lk.c magnetic
switch and the charging reactor is important in
order to eliminate any undesirable voltage

during the charging process.l 0

51H-.2 ?.Im,,”.,,.,,,,-,,

(Insulated Gate Bipolar ‘~ransistor) and MAGT

(MOS-Assisted Gittc Turn Off) thyristcrs, arc

good candidates. 12 Wc have started R&D on

sniid-state switching dcviccs (MAGT) capable of
Iargc di/dt (5000 - 10000 A/ys).
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Fig. 4. Simplified diagram of the Blumlein -

tyoe modulator.

R&D Items

Although lhe simulated result is very
hopeful, there are several R&D items required in
order to put into use this lype of modulator for
the future linear collider.

Amorphous Core

Since the required pulse-repetition rate
is 200 Hz, a temperature increase caused by
power loss at the inductor core is a key issue
regarding this type of magnetic compressor.
Although a low-loss Co amorphous core is
sufficient for our modulator use from a technical
point of view, Lheprice is a problem. Since more
than 2000 X-band klystrons are used in the JLC,
R&D cm a low-cost amorphous core (for example;
Fe amorphous core with a very thin
,hickncss I 1) sui~able for our use is inevitable.

Switch Device

If wc endure [he replacement of failed
switch devices for the future JLC modulators
several times per month the lifetime of each
switch device should be on the order cf 10’ 2
shots, which is much beyond the present
technology. Therefore, R&D on a switching
device with a longer lifetime is a key point in
realizing the JLC project. Solid sate devices,
such as GTO (Gate Turn Off) thyristers, IGBT
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MICROWAVE
LINAC

SOURCE UPGRADE OF THE KEK 2S.GEV
RELEVANT TO B-FACTGltY PROJECT

Tetsuo Shidara, Hiroyuki Honma, Katsumi Nakao,
Shozo Anami and Akira Asami

1-1 Oho, Tsukuba-shi,

Abstract

The KEK 2.5-GcV linac is planning to
upgrade its microwave source ;clc\”ant to a B-
factory project. The B-factory will usc 8-GcV
c;cctrons and 3.5-GeV positrons where each
injection energy from the linac is 2.5 and 3.5 GcV,
respective]y. The increase in the injector Iinitc
energy from the present 2.5 GcV necessitates the
rcp’laccmcnt of existing 30-MW klystrons wiih ncw
60-MW units. A doubling of the klystron output
power requires a modification of the modulator
systcm. The 00-MW klystron requires a 350-kV

beam VOh3gC pUISC. A new pulse transformer with
it step-up ratio of I: 15 will be ncccssary 10 deliver
.he increased voltitge. The modulator, with the
exceptian of its pulse-forming network, will bc
unchanged while producing tnc required power
increase. The discussion will cover the upgraded
modulator specifications and its test station using
the 60-MW klystron.

1ntrod dc t io n

TRISTAN at KEK has entered a new phase
(phase-II : Ium inosity run by employing
superconducting quadruple magnets’) in order to
achicvc an inlegra!cd luminosity of 300 pb” until
1995. What comes next? An asymmetric B-factory
two-ring collider is considered to bc phase-Ill of
[hc TRISTAN project. The required beam energy
and design luminosity arc 8 x 3.5 GeV2 and 1 x
1Q34 /cmz/sec from physics experiments.2 BCaM
currents of 2.6 A for the 3.5-GeV positron ring
and 1.1 A for 8-GcV eleciron ring are necessary in
order to attai r: the design luminosity. The
existing two injectors for the TRISTAN main ring,
the KEK 2.5-Ge V linac (see Fig. 1)3 and the
accumulation ring (AR), are also used for the
injectors of the new B-factory rings.

The requirements from the B-factory project to the
Iinac and its present stat~s are summarized in
Table I. Since the required injection energy of
positron and electron beams for the B-factory are
3.5 and 2.5 GeV, respectively, the energy of the
Iinac should bc increased from the present 2.5 Gek.
to 3.5 GeV. Since the particle loss rate of B-
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factory rings is rather high, the intensity of
Iinac should also be increased in orr,tcr
compensate for pariiclc loss.
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Conceptual diagram of the prcscn[ KEK
2.5-Ge-V Iirmc. -

TABLEt
PresentStatus or Ihe Llnac and Rcqulremcnts from Ihc !{.
raclory

I present I ti .f3c[orv
for AR 1 for PF for AK

Ie- 2ns e+ 2ns e+ 40ns :- ~+

Energy (GeV) 2.5 2.s 2.5 2.5 3.5
Charge accumulation 22 5 ] .5 12 30 25
ralc (x 10-8 C/rein) 75) (75 )
~ulse width (ns) 1 1 40 50 50
Penk current (mA) I I so 10 2 2 1.b

(5) (5)
Pulse repetition 25 25 25 50 50
rme (pps)
Energy spread(%) 0.s 0.5 -1 -1 -1

This paper describes the upgrading of the KEK
2,5-GeV Iinac, especially its rnicrowavc system, in
order to meet the dcmands from the B-fitctory
project,

Linac Upgrade

A working group of the Iirxtc upgrade wiIs
organized in June of 1989 and has laid OU!scvcr~l
linac upgrade designs.4 The following plan wits
tentatively adopted in order to satisfy the
requirements from the B-factory project: I) In
order to increase the positron intensity (1)
positron beams with pulse width of 50 ns arc
accelerated; (~) the 1o~ation of the positrorl

production target is moved down to the 750-McV
point of the Iinac (see Fig. 2) since the positron-
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Fig. 2. Location of the positron production target
in the upgraded Iinac.

production efficiency is proportional to the
injection energy of ;he electron beams; and (3) the
positron capture eff,,cicncy is improved by
enlarging the acceptance of the focusing sys[cm,
11) [n order to incrcasc the energy of the lirmc to
4.25 GeV (750-MeV electron beams + 3.5-GeV
positron beams) all of the present 30. MW
klystrons are being replaced with 65-MW high-
pcrwer klystrons. The resultant accelerating
gradient is 14.4 MV/m (SCC Fig. 3), which is
sufficient for the Iinac with a iolal accclcraling
structure length of 300 m,

r

KLYSTRON

POWER.21MW-b3MW

rq.+~--?-L3
5Mw-15Mw 5MW-15MW 5~ti--15MW 5M’+A-15k!w

ACCELERATORGuIOES

(,iccELERdl~lR~~~~~ 8 j?;vmz,q’~ll,m )
Fig. 3. Upgrade scheme of the power feed system

to an acceleration unit.

Upgrade of the ?dicrowave Source

Klystrott

A:corditlg to the SLC operation, 5045-type
cIystrons 5 are quite successfully supplying 65
MW of rf power. Therefore, we are planning to
introduce this type of klystron as our new
microwave source. Table 11 shows the
specifications of the original ana 5045-type
k 1ystrons.

Modulator

The doubling of the klystron output power
requires a modification of the modulator system.

Conrparlsou of the Orlglnal “-e,ld :!peradcd KIyS[~,,ll
Speclflcatlons

Modcl desigrxlion
RF pak wtput powc (MW)
Beam voltage (kV)
kW pulse withlr (~:)
Repclilion rates (pos)
RF gain
.Micro-oerveancc

Mi;subi$lri PV-303tJ
33

‘2’1o
3.5
50
51
2

sI./\c 5045
65

350
TJ
50
52
‘1.

Since the total modification of the n~odul;lil,rco,:s
too much, th~~output voltitgc itn~ avcr~gc ~~~.. cr c>!’

tile modul a[oi have rcmai ncd ur ~nisugc(!,
Cmtsequcntly the 80 kV incrcasc in klyst~t)i) !icm
voltage ~ould only bc ohtainrd by incrca~;?: iii.:
pulse trwtsfcrmc: step-up ratio from the prcwn I
1:12 to 1:15. Accordingly, our ncw modulator IS
required to genera:c pulses with a 23.5-liv pc~k
voltage, 6 150-A, “pcitk current and 145-MW pc~k
power. Table 11’1shows the specifications of lu~[h
the original and upgr~ded modulators.

“1’At3LE liI
comparison or the 0rlglno16 ●nd Upgraded $todulator
Speciricallons

~

Maximm @ power(MW
Maximum avertgc power (kWJ
Transformer slep.up ralio
Oulput pulse voltage (kVj
Output pulse current (A)
PFN impedsncc ((I)
PFN 10uI capacitance(AAF)
Pulse width (ps)
Rise time (ps)
Fatl time (ps)
Pulse rcpctilion ilk ‘op3)
Maximum pulac height dcvialion
from flauccss(%)
Maximum pulse amplhJ#t
drif; (%/hour)
Tlryralron anode voltage (kV)

Original
84 —

I 4.7
1: 12
23.5
3600
6..0
‘3.3
:.5
0.7
1.2
50

0.2 (ptmk10 peak)

0.3

47

Lpgradc{
] 45
14.7
1:15
23.5

6:50
3.6
0.3
~,~

08
I .5
50
0.5

0.5

.$7

Since the output irnpcdancc of the yuisc-forming
network (PFN’) has been reduced from [hc originul
6,0 U to 3.6 L2, [hc PFN pulse width has alscr been

reduced from 3..5 to 2,2 IIs. Taking into accoun:
the pulse rise time of 0,8 LS and fall time of !,5 PS
for 6.5-MW r.” pldses, a pulse flat. top of 0.7 ys is
expected titCi” the modification. Since the rf
filling time of the acceler~tor gui~e is 0.5 p S, ,1

200-nt beam will bc the 1~.lgest case, This is i!;c
main reason why wc have ~dop!ed lhe SO-sis !)cam
f~: the B-factory project. A significant incrc~sc
in the PFN discharge current is compenswed using
two Pb?! capacitors irt parallel (see Fig. 4).
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Fig. 4. Simplified diagram

Test Station

A new test station using a 5045-type
klystron was established in order to confirm the

above-mentioned modificar ions. This klystron is
one of nine 5045-type klystrons which have been
delivered from SLAC to the test accelerator
facility’ of the Japan Linear Collider (JLC) study
group under the US-Japan collaboration program.
The klystron has already been set at our test
station (Fig. 5). A high-power test of this
klystron using modified klystron modulator will
start soon.

Fig. 5. 5045 klystron and tank assemblies set at a
new test station.

of the upgraded modulator.
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ABS~ACT

To achieve the acceleration gradient of 100
MeV/m necessary for Japan Linear Collider
(JLC), an RF power source of more than 100 MW
w’ill be needed. As a first step for the
development of 100 MW class X-band(l 1.424
GHz) klystrons, a 30 MW !:iys[ron named XB-
50K was designesd and fabricatcci. The fir:t
RF power [est was carried out at the cnd of last
August, IApto the cathode voltage of 350 kV. 11
MW RF power of 70 nscc pulse was achieved at
[he rep-rate of 2 pps. and the efficiency was
measured as 28 %. Up to this power the test
results showed a good agreement with the
simulation results obtained by the FCI-code. An
RF window ceramic was fatally damaged while
conditioning around 11 MW RF output.

L~ODUCI’ION

As the main linacs for JAPAN LINEAR
COLLIDER(JLC). X-band linacs in 11.424 GHz
with the accelerating gradient o]’ ;!30 McV/m or
more are the most probable candidatc( 1j. To
achieve ;his accelerating gradient, RF power
sources which can produce :k,e peak output
power ctf more than 100 .MW will be necessary.
As a first step of the R&D LO 100 MW-class
klystrons, 30 MW-class klystron, named XB-50K,
was designed, fabricated and Iestcd.

KLYWRONDESIGN

Prior to the design of the XB-5(?K, a Pierce
type electron gun, named XB-50D was already
fabricated and tested up to the ca[hode voltage of
480 kV and thc test resul [s showed good
agreement with
use of E-GUN
The design and

in REF(3). The
in Table- 1).

the computer simulation by the
code by W.B.Herrmannsfeldt(2).
some test results were reporwd
gun parameters are summarized

TABLE-1)
Cathode Voltage 450 kV
Beam Current 170 .A
Maximum Surface Field 260k V/cm
Perveance 0.57 micro
Cathode Diameter 50 mm
Cathode Spherical Radius 60 mm
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To reduce the maximum surface field
strength compared to that oi the XB-50D, the
geometry of the c~[’,.~deand anode were slightly
changed and the inaximum surface field strength
is reduued down to 260 kV/cm at ~he cathode
voltage of 450 kV(3). Fig-1) shows the focusing
magnetic field distribution along the beam axis.
The maximum field strength is 4.6 kgauss and on
the cathode, 37.6 gauss was used in the bcmn
[:ajectory simula.;on by the usc of E-GUN cxrdc.

Fig-1)
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The beam trajectory obtained by E-GLN code is
shown in Fig-2), a:ld the iocusd beam revealing
some sealIopmg could travel through the drift
tube of 8 mm i:] dia.meter [o the downstream of
the oul~dt cavity which is located at 488 mm
from t!le cathode ccnttr.

Fig-2)

The RF simulations were performed by the
use of FCI-code(Field Charge Interaction)
developed by T.Shintake(4), and the results arc
sumlrlarizcd in Table-2). .4t the cathode v-Atage
of 450 kV with the bctim current of 170 A, P.F
output power of 36.2 MW with the efficiency of
47.3 % was obtained. The bl:am snap-shot ptcturc
of this simulation is also shown in Fig-3).
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Fig-3)

~. I
This result shows that the beam could travel

through tie output cavity with the beam aperture

of 8 mm in diameter.

TABLE-2)
Beam Voltage
Beam current
Drift Tube Diameter
Cathode Diame:er
Magnet Field(Bz,MAX)

(Bz,Cathode)
Number of Cavities
Frequency
RF Power
Gap Voltage(Output Cavity)
Maximum surface Field

(output Cavity)
Efficiency
Gain

FABRICATIONOF XB-50K

The first XB-50K was
fabricated by TOSHIBA
Corporation in accordimce
with the ordinary
fabrication method of the
pulsed klyst:ons. The
cathode material is an Ir-
coated dispenser cathode
supplied by TOSHIBA
Corporation(5), and the
normal operating
temperature is around
1000-degree Celsius. An
overall view of XB-50K is
shown in Fig-4). At the
down stream end of the
WRJ-10 wave guide, half-
wave Ien gth alm inum
ceramics AS brazed inside
of the rectangular wave
guide flan~es.

The cross sectional

450kV
170 A
8mm
50 mm
4600 Gauss
37.6 Gauss
5
11.424 GHz
36.2 MW
531 kV

102 MV/m
47.3%
53.5 dB

Fig-4)

dimensions of this
ceramics Ire the same as the WRJ-10 wave-guide,
with the thickness of 4.55 mm. For the input
window, the same window is also used. As shown
in Fig-4), the gun structure and the materials are
almost the same as those of XB-50D which is
alresdy tested and reported(3).

m RESULTS
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Prior to the RF processing, DC conditioning
was performed at the repetition rate of 2 pps,
mtil rather stable diode operation was achieved
at the cathode voltage of 250 kV. After this
preliminary processing, RF processing was
started with the input RF pulse length of 500
nsec. Output RF power was moni:ored through the
63.2-dB directional coupler located at the
upstream of the dummy Ioao. After 20 hours. of
processing at the repetition rate of 2 pps,
saturated RF power of 9.2 MW with the pulse
duration of 140 nsec was reached at the cathode
voltage of 338 kV. During this processing the
input RF pulse length was shortened down to this
value. Above this level, the input RF pulse was
shortened down to 70 nsec, and the processing
was continued up to the cathode voltage of 350 kV
with the saturated RF power Of 1 IMW. At this RF

power level, due to the serious window discharge
which emits a bright white and yellow light, the
processing could not be completed until the
stable opration of the tube was achieved,

The diode
. . . Fig-5)cnaracterlstlcs or

XB-50K up to the
cathode voltage of
350 kV are shown
in Fig-5). Up to
this voltage no
serious break
down or trouble
were observed as
long as the diode

character istics

are concerned.
The pulse wave-
forms of a
cathode voltage,
beam current and
RF output power
observed during
the RF
conditioning, are
shown in Fig-6).

2oo~ q I

~

za 100
t
5
E .................................,..,,..,,,;.............
:
m

...........................,.,,,...,.,...,{....,........

.......................................................-

5
200 500

Cathode Voltage (kV)

The RF output pulse duration and peak power
were 140 nsec and 9.2 MW. respectively.

Fig-6)
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Fig-7) shows the relations of cathode voltage
vs. saturated output RF power and efficiencies up
to 350 kV of the cathode voltaee.

Fig-7)
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The efficiency and the simulation result by the
~se of FCI-code are ako shown in Fig-7), The
measured RF power and the efficiencies showed a
good agreement with the FCI simulation results
up to 350 kV cathode voltage and 11 MW RF
output. The measured input vs. output
performance with FCI simulation results are
shown in Fig-8). At the cathode voltage of 250kV
and 300kV, each measured curves are fairly good
agreement with the FCI simulations.

Fig-8)
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While conditioning the tube around or over
11 MW with the RF pulse duration of 70 nsec, the
light emission from the window ceramics became
brighter than before and the pressure burst in
the wave guide increased up close to 1•1O-6 Torr,
At almost the same time RF output wave form
became unstable and RF power level had to be
decreased. On the ceramics surface of the
atmospheric side of ihe RF window, a serious
damage, which is apparently caused by the RF
discharge, was observed and the window had an
air leak fatal for a vacuum tube through the
ceramics. On the surface of the ceramics,
discharge marks of sputtered metal film was
observed and inside of the waveguide, fine
powder of the chipped ceramics was found.

SUMMARY

A X-band 30 MW klystron was built and
tested. Saturated RF output and efficiencies
between 250kV to 350 kV of cathode voltage were
in good agreement with the FCI simulation
results. As long as the diode operation is
concerned, no significant trouble was observed.
While processing at 11 MW with the 70 nsec
pulse duration, the half wave-length aluminum
ceramics output window was fatally damaged.
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Abstract

“fle Kl}’strr-mModulators with HV common-bus for tie

‘‘ ;“ i lap Line%-Collider) have k-en designedand consrsucbxi.
1.., ~i,~lcjn co:.$lss of IWO modulators witi a 10 or I ~ sec[i~n
,’I~jI_.s~“[i)rming l::[worii and a 45 kV DC power supply capable cf
,:,br:]gS mdu!alors, The nmdulalorsare OperaIedfor SLAC-.W45

L+:T0SH!2.A-E-~”.” 1‘ kl>s.trons at a rnalimum pulse repetition rate
.,: j[) ~u~$/5K ~~ ~ f~l]owing iwo modes; 1) 67 MW in a pulse
Ju:ation of 7.0 gs with a flat top of 4.5 ps and 2) 100 MW in a
pulse Juration of 3.5 KS with a flat top 01 1.0 vs. The design,
spccif_lcationsand results of performance testsof dre systemare
,Imribed in thispqx~.

Introduction

A TeV electron-~sitron linear Collider JLC (1.IpanLin,
Collider) hasbeer prop~=i in KEK~~.It requiresthe Sband Iinac>
m L.54 GeV dampine ting injec[orsz),4 GcY’ electronand pusi!ron
Pr?accekratom for me bunch IenS[hcumpre.ssl~mand IO.?I1 .\’
clectror; iinac for a pO>i ”JOll production. Tnc rf system .,CSC
linacsre(nr~-esseveralhundredkfys:ronsw.,.va peak p i 100
.VW at a t%xpency of 2856 MHz. Therefo, afw~ 1 JnlbCr
of klysrr.m modulators are .1ccessary. IL IS c“ IJ Jevclnp
kl}’i~n mmhdakrrs* icha smsll size by a 104 r modulator
s}sicm of that a large pow. r supply provu IC to many

modulatorswith HV commcm-busis r-me: f ‘4c ~ smchds m
reddce a cost and size. In ordc: KU>tudy ,~”modtrlalor
s}’stem, we have designed and construe” . . svstcm which
consistsof :WOmodulators with a pulse tti[I .ctwork (PFN)
ard a hig!r voltcge dc pow :r supply whict ;~rovidedc 10 8
moduidum, in tie AccclcrarorTe.s[Facilir> :, for theJI C.

Design a,~d modulator spec’” atlons

SLA(”50453) andTOS!:!flA-E3712 zlystmns areusedas
the S-band RF sources of ATF. SL?. “.51 klystrons used at
SLC are oper.m[d at 6- Mw pc:dcpoweI 1.5 MSffal topped
pulse duration The pe.aApower can be inc. ed up to loo MW
peak jmwer if me pufse duration is decreased i KS.TOSHIBA-
E3712 klystronscan pw!ltce the peak power I>f !00 MW at1MS.
Table 1 showsthe @l lcationsuf =712 t .tTorr.

Table 1. Specificationsof E3712 k ron

-i Jperaoon mode Long Pu1se
P ak Rt- power 80 MW :;”*
kr DUk width 4.0 !AS 1.01,
B~ $“Ok3XC 375 iv 450 kk
Be-amcurrent 460 A
PeakbearsJx)wer ] 73 m“ g.~

Effrrency 4n % 39%
Perveance 2.0 pAV”~~ 2.0 pAV-3iL
Avaage beam pwa S6 kW 48 kW
Rcpttiorr rates 50 pps .50pps
fl-ive RFp 300w 375w
Gah 54.3dB 54.3dB
Frequency 2856MHz. 2856MHz

The.. klystrons are operated ai dre following two modes; (1) 67
MW in a @SC duration of 7.O KSwith a flat L’Ipof 4.5 w ( long
pulse mode for a RF pulse compression I, (2) 100 Mw in a pulse
durationof 3.5 ys widra flatrop >f1.0y, (shortpulsemode). The
klyswon modui; [ors with HV common-bus consist of two

modulatorswith a 18 sec[irsrpulse forrnt.g nc!wurk (PFN) and a
45 kV DC rmwer suwly capableof driving !+moduiatursM shnwn
in Fig. 1. Two klystrmr mod:]l~tors arc pmvidcd with powcI by
means (If 20D cable\ tmm :1dc ~wcr supply. These mmiul~[ors
conrrectcdwi”h HV ccmmon.bus rcucivc dscsam ●xllIugc. Each
modulator is of a line-rylw Wilh a 18 section PFN. Kcgulation of
the ou:putpulseVO]U18Cis pcrforrrd by :+c dc QIIIg ctr.uil which
ccrnuuis[he char~ing voltag~ of tic PFN IISoutpul pulse volmgc
is swppmiup to 15 hmcs by a pulse ~an; ‘uTlnt$r.Thu }xwcr supp$I
and klystron modulators are remotely xwr[r~~llcdfrom the main
con :11room. The dc’~ils arc dcscribcd in IIW fnllow mg sections.
Spwiticadonsof themtxhtlator urclistedin T:,blc 2.

:LJSH4ME]rtz

SLAC.w45

Mrw,lalor Klystron

G-
66 I(V
1*

y— :

‘-+

>
[—WC

; cold MM,

m
Fig. 1. Klystrwr modulatorswith H\’ commonbus

ModulatorsN3-#8 will be ccmstruc~din nearfu[urc.

Table 2. Specificationsnf drcmodulator

‘-fin nude L41 puke Shml Pulse
(8;~W) (100 MW)

peak fxlwer Ourput 17d~
Averav rxswezoutrruI 60 kw 44 kW
Trartsf&rer rado “ 1:15 1:15
Outputpulsevohage 25.0 kV 29 kV
ourpu( pulseCullen( 6?)30A 862S A
Outfastimpedam 3.6 (2 34 fl
Pulseflat top 4.5 y,s 1.0 p
R“& time ().8 ~S 0.8 p
Pufseheightdevistlion
mm f%tness I. O%(p-p) i.wo(p-p)

PuI.w vi~piitudc drift
Stlorl Ierm <0,5 70 <0.5 ’70
Len::Ierm <1.0 ~o <1.0 ~o

Repetiticmrates 50 pps 50 pps –
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4S kV dc power supply

A simplhied diagrsm of he & powezsupplyis shownin
Fig. 2.

I “i

—. ..—.. ~–l I ! 1

I
cc-—.. —..—

C3h102LO~CX

Fig. 2. A simplified diagramof thedc power su@y

The line input is 6.6 kV ac, three-phase and 50 Hz and t’cd [o
receiving temninal board. A vacuum circuit breaker (VCB) is
equiprxd [o disconnect from the line for maintenance purposeas
well as interlocks of ovrr current and voltage of rhecommon-bus.
The VCB discomects the line witin one cycle of ~ voltsge (20
msec) what tie interlock is worked. An inductionvoltagereguh.or
(IVR) is used 10 regulate rhe sc line voltage in a range oft 10%.
The ourpst voltage of the IVR is control!d wids an accuracyof i
1% by ii fdback loop to the ac input line. The stqsped-upxc is
resritlcd to dc in 12-phasefull wave scheme.Tfsevolt~c level Cm
be changedby selectinga ?rimarytapof thereclifiertransformer.
TheK filterdecreasesshevoltagerippleanddeterminesthevoltage
drop due to the puLseload. A capacitanceof 20 yF make shisdrop
7.5 % for the operationof two modulators.h order to reducemsh
current in charging the cap~irance, a Iimiwrof 1.5kfl resisteris
prepared.which is by-passed after suitable chnrging time. A
d~.harging-switch which is closed when the high voltage is ofi is
installed as well as above mentioned limiter-switch ~~ the filter
cabirwx.TIE specificationsof tie dc power s@y are listed i-t [able
3. The rectifier tmsnsfonner,rectifier and choke are housedin the
sameoil ti

Table 3. Specificationsof 45 kV & power supply

%ctstlcariorr rrsedmd 12 ph~ KJI-wave rectdwr
Regulatingrangeof fl”!? * 10%
Maximum outpstvolrnge 45 kV
Maximum OU~I msmertt
flmice of nusdoutputvoltage

23A
16,19,22,25,29,34,39,45 kV

Klystron modulator

The klystron modulakxs eompaed of a char ing unit with
h, a triggera de-Qing circuit and a discharging unit with tie P

circui~ thyratronand an mverse-clippsngshuntcircuit as shown in
Fig. 3. Each modulator connects with HV common-bus and
receivessheHV from the & power s.@y through to 20D cables.
The PFN capacitors are resonantly charged through a charging
transfcmrter. The inductance of the charging transformer was
ckrrnined @ dsercssmtsntchargingfrequencyandIotal ~itsrxe
of the PFN (0.9 @). The repetition rates is 50 ppa and charging
Limeis chosento be 10 msec ftralfof lhe maximum repetitiontime).
A &Qing circuit in sumrrdmyof thechargingtransformerregulates
the vok.age applied to the PFN. A step down ratio @f25:1 was

chosen to employ ● silicon-castzolled rectifier (SCR) switch. A
simple series connection of the rcsis~or md SCR switch was
adopted. In this system, !hc common voltage is supplitxi to the
modufatsrrs,The klystronsshouldbe opezausdat different voltageto
obtain the samerf power from each klystron sincethe perveanceis
slightly differnt. The regulation of the de-Qing circuit is chosento
be 15 % !O realize the f!exibilit> of adjustment of the klystron
voltage.

*rn
,0 on II XCllou

Fig. 3. A simplified diagramof tiremodul~r

The PFN consistsof 18 sec~ionswith fixed capaci~xnsand
tunableinductors.The capacitorsare specified m be 0.0S @ and70
kV opelating voltage, The capacitorsare composedby amdermer
paper, polypropylene film and aromatic hydrocartmn. As [he
inducmnceof each PFN coil is small, il is necewiry to minimin tie
residual inductance of the capacitor. A special low inductance
capacitor5Jwasdevelopd for the PFN. The residual inductarm of
e.xh seclim is 1sssthan 100 nH. The tunableimhsctorsaremounrcd
on the capacitor’s high voltage bushing stub. Fine adjustment is
madeby varying the insertiondepthof an aluminum cylinder in the
coil. The inducmr consistsof 7.5 turns of copper rectangularwire
(2 mm X 45 mm) wound on the epxy bobbin (97 mm diameter)of
variable length with an aluminum insertion cylinder (89 mm
diameter, 520 mm IengUs). The inductance of this PFN ail is
variableinarsngekm 0.4 to 1.4 vH,correspondingtoarangeof
thechar~teristic im@ance of the PFN between2.8 (l and5.3 Q.

Control and monitor system

The dismrrcebetween the dc power supply and klystron
modulators is ●bout 100 m and each control equipment is
distributed in ● wide range. [n order to operate this modulator
system, the intensive control and monitoring system is
indisperwable. The modulator control system is schematically
shown in Fig. 4.

Main control
,.—

I $“b.,..,,d
t Ilvit Po.*f mod,)

I I

I

—

I(l,*yMr

r~
;—.—J

Fig, 4. Block diagramof the mdulasor control system.
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It consistsof a main rxmtrol and ssit-control equipments.
The main control equipmentremotely controlsthe& fmwexs

wandaUof eight mcdtdatsm.It is nmesshtyto upcratetherrmdud
systemas a unit for a maintenanceand testopern[io~ and make i:
easy.The subanfro! equiprmmt mamzallycontrolsawh modulator
in tie local rode. It is lc-=ntm near the mrdulalor and h~ the
controlpanel which cu.~k;~>all the necessarycormols.mcfers,snd
iiiterlixk dispi~}’~io ~a-t the modulator.The mnote control and
data collection am Perfcrrned by a progrrurm,abie sequence
cormolle: (PSC), wl”l:h hsve s CPI.!, digital in ui/output. AIX,
f).$r and so on and act with reliabili!>. The k, of the st~b-
conrroi are cw-mei[IA to mam mrtlrol with optical-fiber cables.
The PSC of the main conuul is alsocm!,ected to the ATF control
systcm consisting of CAMAC and : J microV AXs w’hich arc
,.tmrmted to ‘AeKEK rrerwork,

Performances

Pr;or to be pw.ucd us-e of Orcmochdu.orfor klysrr~ it L~
iesredby feedingthe outpui powcvLO* dumusiyload (4!il) using32
ceramic:csistors-O.After adJwing drePFN inductances,theouqxst
poke waveform is shown L~ Fig. 5, which is picked up by a
. umentaamfomrer in the ckmmy load. Its expanded trace of the
OULSC~mpis rdscshown in Fig. 6. The pulse top is flti within A 0.5
>’,

Fig. 6. Expandedpuke top traceof fheoutputpdse cunent aI the
dummy Iosxf(500 ns/div).

For “drehigh-gradient studys.g) of S-band dkk-loaded
suucrures,this modulator system is used to operate SLAC-5045
andTOSHD3A-E3712 irrshortptdsemode ~ ubtain a peak power
of 200 MW, using a -3 db directional coupler. The out~trt pulse
wavefo~s of E3712 Mystrcmin the oper.wingare shownm Fig. 7.

Fig. 7. outpt wuvefmm of E3712 klysrron at 100 MW
H: 1 @div
Uppertrace:kirrr volmgc(444 kV)
Middle trace:Beamcurmtt(535A)
kwer trace Outpitl pov:er (l fX)MW)

Summary

1norder 10study the ntodtslatorsystemof a lmgt dc ~O. m
supply feding many modulators.we have desi~pd the nmdulakrr
systemconsiAng of a HV dc power supply &nde!ght modulators.

Tire HV clc pawer supply and two modulators have been
constructedandusedto op :ate SLAC-5045 andlX3SHfBA. E3712
klys~ons successfullyto obtain IUOMW fm eachklystron.
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A LONG-PULSETHYRIS’IWA-S1$’lTCHEDMOIWiL.4TOR FOR THE JHP PROTON LINAC

S. Ammi, M. Kawamura,T. Kibo, K. Kudo, M. (ho, E. Takasaki and T. Takermka
KEK, National Laboratory fm High Enemy Physics

1-1 Oho, Tsukuba-shi,Itwruki-ken,305, .Jtipi{n

S. Og:ma and S. Koseki
HiWhi W’orks,Hitachi, Lid.

Saiwaicho,Hitachi-shi,Ibaraki-ken,317, Jitpan

Abstract

A long-pulse,high-dutyklystronmodulatorwhich was
fabricatedas a p:ototypcfor the JHP 1=cV proton linsc has
bea operatedat 15MW pd power, 400 PSpulsewidth and
50 Hz repetitionrate13)~~ ~~u]ator is of a line typewhich
has a pu!se formingnetwork switchedby two thyratronsin
parallel. From a view~int of reliable operb:i(mand long
lifetimeit seemsthat th)ratrocs are unsuitablefor our use of
hmg-ytlse and high-wmge currerws(now, 15 A at 40UPS
pulse width and, final, 2? A at 600 ps); thereforewe must
develop tbe use of SCP. or LiTO l!l>’nstorsin place of the
thy.ratrons.Prior !Ot!!econstructionof the full rate thyristor
switch, the SCR-StaCktild t7T0-stack moduleswith a 10 kV
hohkff vohagewerebuilt and testedin the mcdulatorwith a
klystron load dtrough a pulse transformer. The design
considerations and the ttit results are reported.

Introduction

The l-Ge\’ protonIinacfor tneJapaneseHadronProject,
whichis no\vunderdekelupmentat KEK, requir~s36 L-band
kly.!rons and modulatorsin its high-f3scxtion.Althoughtile
klj’stronswill be operatedat an rf outputPowel ot 4 MW at
uns’’tumted level, the power capability is required to be about
6 hlW in order to achieve the reliable oparation; the flrst-
fabricatedprototypemodulator,whichisneededfor testingthe
develo~d kl~”strons,mustproducemaximum15 hfW pulsea.

The performance of modulators is a key point for
successfuloperationof ~herf system.We had decidedto adopt
a line typefor tie prototypefrom a standpointof our great
experiencein cpemtion.Themainswitchusedfor discharging
a pulseformingnetwork(@%)is the mostimportantdeviceof
a line type modulator, For its opmtional reliability and
maintainability,it is apparentthat solid state devic-asuch as
SCRandGTOare suitableratherthanthyratronsforextremely
highduty factorand long-pukeoperation.

Prototype Modrdator

A 6-MW klystron requlr~s a modulat~,: with a 15 MW
pulsed power and a 140 kV anode vc!uge, where the ‘f
conversion:fficienc ml theperveanceare estimatedto be WI

?% and 2 x 104AN ‘, respectively?’.Taking account of the
characteristicsof thyratrons, which is tentatively used as
switchingdevices,we determhd themodulatoroutputvol’mge
to be 20 kV; it meansa pfn chargingvoltageof 40 kV, w that
the step-up ratio of a pulse transformer is 1:73).When the
pul.wwidth is 600 ps and repetitionrate 50 Hz, the average
outputpower becomes450 kW]t.

The designvalue requiredfor the prototypemodulatoris
summarizd in table 1. Wideningin pulsewidth increasesthe
pfn size and cost, and z very high duty factor mkes it
difficult to perform s~ble operation. Tbus, at tbe first
constructionwe had decreasedthe pfn puke width to 2i??ps,
and then, after the various test operations, iocreasedit up to
4(?!2ps. This prototypemodulatorw~s desibmtxiso tbtx the
output puke wiutb can easily be increasedup to the 600 ps
only by addinga pfn section.

A circuit diagram of the fabricated and upgraded
modulator is shown in Fig. 1. 7?w output voltage is
continuouslyvariable from 2.0 :; w 10J % by rotatingthe

TABLE 1
BasicParametersof the PrototypeModulator

Pwk Power 15 MW
Average Power 300 kW ( * 450 kW )
Pulse Voitage 20 kV
Pulse Current 750 A
PulseWidth 400 @ ( * 600 PS )

Pulse Rise Time < 20 ps
Pulse RepetitionRate 50 Hz

( Symbol* indicatesthe final objective)

l————— “’ ‘“” ‘WY ~“-’’J”’”’ ~- WN d D,dwly cot..!
-i

Fig.1 Circuitdiagramd’ the prototypemodulator.A dashedbox indicatespfn comp,i,:nts ~ Ved al final ph=.
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r e ctnmsfonnertaps and the IVR, and regulatedby a de-
Q’ing circuit. A short circuit current in th? event of a main
thyratronfautor HV circuitarcing is limitedto no more than
JO rimes the normal full load current by the IVR and
transformerinductanceof 10 %.

At first we used two ITT F-175 thyratronsin parallelas
the main switch for 200 ps pulsewidth operation,but it was
foundthat theycauldnot withstandthechargingvoltageabove
30 kV underour operstianconditions.immediatelyafter that,
we replacedtwo F-175’swith one F-259, whichwas recently
developedby 11’Tfor very high duty use (50 kV, 10kA peak
and25 A avecage).Whenincreasingthepulsewidthup to 400
ps one more tube was added in parallel in order to be ready
for the 600 KSoperation.

Turn-offof Switches

In very highduty line-type modulators it becomes
impossible to turn off the main switch, because the time
necessaryto recover it after conductionis insufficient.The
following methods can be considered to overcome this
problem:

1. Short-circuitingtheoutputforproducingnegativepulses.
2. Triggeredcharging(comrnandcharging)for delayingthe

chargingof the pfn.
3. Using GTO thyristorsfor turningoff the anodecurrent.

The output short-circuitingmethod is adopted into our
prototjpe modulator, in which a crowbar thyratron clips or
short-circuits past of the first pulse tail or the positive
mismatchedpulse to ground by proper timing of its firing.
However, since the reversevoltagepulse does not appear at
the anode until the shorted puke transmitsbetween the pfn
frontand end, the chargingcurrent fromthe dc power supply
is bypassedby the main‘Ayratronsduringmorethanonepulse
output, resultingin loweringthe circuit efficiency.

The coremand charging is the most conventionaland
useful method. By replacing a charging diode with some
1A:.iw.which can be triggered, it becomespossibleto control
the chargingSLWI,and thereforeto use even such SCR’Swith
long recoverytimes as main switches.

SCR Switch

High hold-offvoltageSCR’Sgenerallyhavehigh current
handling capability and high critical rate of rise of anode
current (di/dt). However, the allowablevalueof the di/dt for
repetitiveoperationis not openedby devicesuppliers. If the
initial rate of the anode current exceedsa certain value, the
SCR may be eitherdestroyedor permanentlydamagedowing
to the excessivelocalizedoverheating.

In order to obtain the di/dt capabilityand to predict the
lifetime under our required operating condition, we tested
general-usetypeof SCR’S(HitachiCSP300AG35;300A, 3.5
kV). As a result of the test it was found that the di/dt value
allowablefor the long term use was estimatedto be 100A/ps
at the repetitivepulseoperationwith 750 A peakcurrent, 600
IJSpulsewidth and 50 Hz repetitionrate.

A circuit diagram of the SCR switch designed for the
prototype modulator is shown in Fig. 2. The SCR switch
consists of the 5 SCR-stack modules connected in series
througheach anode inductor for suppressingthe rapid di/dt.
As shown in Fig, 2, one SCR module is composedof a 6-
SCR’Sstack with the circuits.of RC snubbers and balance
resistors, a ga~dnve circuit. and t~sformer, aqd ~
insulatingtransformerfor supplyingac power. Characteristics
of each SCR, turn-on time, off-stateleak currentand turn-off
stored charge, are ranged within certain valuesby selection.
The circuit parameters were determined according to the

r
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Fig. 2 Circuit diagram of the SCR switch designedfor the
prototypemodulator(45 kV max. fonvard voltage,
750 q peak current).

conventionaltechnologyestablishedin the industrialfield of
the high voltageelectricpower. These SCR moduleswill be
operatedat a maximumfmvard voltageof 9 kV, whichmeans
an appliedvoltageof 1.5 kV per SCR, correspondingto 43 %
of the maximumallowabledevicevoltage. The whole circuit
is now being constructed and the first test will b~ done
withouta cornmand chargingcircuit.

Test of SCR Stack Module

The 6-SCR’Sstack modulewas fabricatedand testexlto
make sure of the switching performance in an actual high-
powerlevel.The SCRmoduleincorporate into the prototype
modulatorwas operatedat a pfn chargingvultagc oi 10 kV,
and producedoutputpulseawith 6.3 kV peak voltageand 130
A @ current. The modulatoroutputwas terminatedwith a
klystron load through a step-up transformer. The observed
waveformsare shown in Fig. 3(b), together with the ones
obtainedby the thyratronswitch for comparison(Fig. 3(a)).
In these waveforms, there is no differencebetween output
pulsesobtainedby the SCR and the thyratron, but there are
slight differencesin the anode currents and voltages:a little
reversecurrentappearanceand lower forwardvoltagedrop of
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the SCT

GTO Switchand its Teat

As rneutionedabove in the case of high duty it comesto
be aditantagethat GTO tbyristorscapableof self-turningoff
are used even for hm:-type modulators; however, it is
dangerousto turn off a ““tighcurrent flowing throughcircuit

(a) Thyratron

(b) SCR

(c) GTO

componentswith reaiduidor lumped inductances.Sincehigh
powe; GTO’Sgenerallyhave very high, but uncontrollable,
rate of fell of the anode current (-1000 A/ps) and result in
inducing very high vohage at the falling time, very careful
considerationsmustbe givento the circuitdesignand the gate
timingcontrol.

A GTO stack switch was also tested in the piototy~

modulatorto observethe turn-offtransient.The GTOusedhas
following characteristics: 8kV repetitive off-state voltage,
1000A controllableon-statecurrent, 300 A/Ps criticalrateof
rise of on-state current and 300 A tum-o~f gate current
(MEIDENSHA G1OD8OYNH).A circuit diagram of the
tested GTO switch is shown in Fig. 4. Resistor and diode
series circuits, called the flywheelcircuit, were equippedin
pamllelwi’h the first pfn inductorand the filter inductorfor
absorbingand suppre.ssmgovervohagesinducedduring rapid
current falling. The ob=rved waveformsare shown in Fig.
3(c). The test conditionswere the same as those of the SCR
module: 10 kV chargingvoltageand turn-off triggeredat the
same timmg as the crowbar trigger.

Fig.4 Circuitdiagmmof the GTO stack module.
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Fig. 3 Waveforms.Upper trace-sare klystroncathodevoltage
{2S kV/div), middle traces device cathode current
(100A/div) and lower tmcesdeviceanodevoltage(1
kV/div): Horizxmtalsales 0.5 rrddiv.

176



RE1.ATIVISTICKLYSTRON SIMULATIONSUSING RKTW2D*

R~ber! D. Ryne and Simon S. Yu
Lawrence Livermore National Laborato~, Llvermore, CA 94550

Abst7act

\l”carc devclortig a two-dimensional,time-dependent
compu[cr;.~dc for L$Csimulation of relativisticklystrons.
we will ~,,cuss the main fca[ures of o~ code. Wc
will also present an examplesimulationof a rcla!ivistic
klystronwith both a standing wave output cavity imd iI
triivclingwave output structure.

Introduction

Relativisticklystrons(RKs) that operale at high en-
ergy and with multiple exLmc[ioncavities are expected
[o be able to achieve high efficiencies. We arc initi-
ating experimentsat the Advanced Test Accelmzitcrat
Lawrence Livermorr National Laborato~ to accc$s this
regime. The goal of this research is to develop induc-
tion Iinac-basedRKs that producearound 1 GW of peak
power for high gradientacceleratorapplications.We are
developinga two-dimensional,t.ime-depcndciltsimulation
code call RKTW2Dto supportthis research.

Description of RKTW2D

RKTW2D followsa train of RF bunches, one at a
time, through a klystron. The code has the foliowing
features:

1. 2D (r,ij azimuthallysymmetricfields
2. self-consistentspacecharge (mdialand longitudinal)
3. self-crms;stentbeam-cavityinteraction
4. treatmentof standingwave (SW)cavitiesand travel-

ing wave (TW_)wructurtx
5. time-dependentcavityexcitationmodclledusingcou-

pled circuit equat.mns
6. cavity fields obtained from the RF cavity code

SUPERFISH1

The basic equationsused by RKTW2Darc the sin-
gle particle equationsof motion and the coupled circuit
~uations governingcavityexcitation.The singleparticle
equationsof motion are paraxial approximationsto the
Lorcntzforce equationsusing the longitudinalcoordinate,
z, as the indcfxmdentvariable:

‘Workperformedunder tic auspicesof the US Dcpar[mcntof
Energyby the Lwrcrsce LivcrmorcNationalLaboratoryumtcr
W-7405-ENG-48

(1.C
— = v=/v: ,
(i:
(/y—= Uy/ [J: ,
[!:
:/l/)—= b“/u:,
(1:

(h)= ( )qE+iix 17 ,—=—
d: ~111 z

(1)

(ivy – .-.!?-(~+<~Gx-– j’”,, \ )Y’
dy—= -%, ,
d: IIICJ

where I!!= ~’t. Bear:)inducedca~ity excitationis basea
on a circuitequation(or coupledc;;umionsfor TW struc-
tures). Ass.,mingtIsingiccavitymodeis do!i.:mmt,let the
electric field in the nti cell of a travelingwave structure
be given by

-En(F,t) = f,, &(I~ e-’u’r, (2)

where&J denotesan cigcnmodcwith cigcnfrequcncyw,,.
,\lso, let w denote the drive fiequcnrv cf the klystron.
Then it is possi!ic to show that the excitationsf,, arc
governedby the followingcoupledequations

co J

whereQn denotesthe qualityfactorof then* cell, 1{:- 1
and 1(; +l denotecouplingof the cell n to cell n – 1 and
cell n + 1, rcspectivcly,and J; dcnoms the RF current
associatedwith the beam.

Simulation of the MOK-2 Relativistic Klystron

The MOK-2is a MuhiplcOutputKlystronthat con-
sists of an input cavity~thrccg~n cavfics, a SW oulput
cavity and a W output strucmrc.2The klystron oper-
ates at 11.4 G1-Iz. It was developedas part of a joint
LLNL/SLAC/LBLcollaboration in RK research. The
MOK-2achieveda maximumoutputpower of 330 MW
(30 MW from the SW wtput cavity and 300 MW from
the TW’structure)usinga 1.3 McV,600 amp beam. The
RKTW2D results shown below are not meant m show
a careful comparisonof the code with cxpcrimcnt,but
are simply illustrativeof the code’s capabilities. A prc-
cisc comparisonof RKTW2D with experimentis being
carried out at lhis time as an ongoing part of our RK
research effort.
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Figure.1 shows the input lxx?menergy and cw?cnl
for [he hlOK-2 simulation. The 40 ns pulse has a 5
ns rise the , and 30 ns flat top, rind a 5 m fatl time.
l%e input cavity was driven at 1 kw and W* assum~
to have rcachcd a steady staic prior to the arrival of the
beam. Figure2 shows the voltagein the inputcavi[yas a
functionof timeand exhibits~}~icalbeam loadingeffects.
Figure3 showsthe powerplmhtcedby the SWcavityand
Figure4 shows the powerp:cduced by tkc TW sIruch.ml
The SW’:~vit}”producesmuchIcsspov”c!bccauscthe RF
currentMlower there. Figure 5 shows that RF currentas
a functionof diskmccalong the klystronassociawdwith
an RF bucket 25 ns into the beam pulse. Thougit f.hc
SW outputprCJ(hIcW littlepower, it providesbunchingso
the RF current Mlarge at the TW s~cluic. The cxtcmal
magnctscfieldusedin thissimulationis shownin Figure6;
it is not the sane as thatused in theex~erimcm[but i[Joes
illus!iate the code’s ability to treat a vtiiilkk magnetic
ficla. Figure 7 shows the ims beam radiusas a function
of dist.amcat 25 ns into the beampulse.
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Figure 1 Beam energy (uppercurve) and currem
(lower cttme) versus time
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Summary

Wcarcdevelopinga two-dimensional,time-dependent
simulation code call RKTW2D to support relativistic
klystron research at LLNL. Initial studiesshow that the
codegives resultsthat arc similarto experimentalresults.
Weare carryingout carefulcomparisonsof the codewith
experimentat this time.
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USING TRAVELINGWAVESTRUCTURES TO EXTRACTPOWER FROM RELATIVISTICKLYS”rRONS*

Robert D. Ryne and Simon S. Yu
Lawrence Livermore National

Abstract

The purposeof this note is to analyze the exciLltion
of Uaveling wave (TW) oulput struchms by an RF cur-
rent. Suchstructuresarc beingused in rchttivislicklystron
experimentsat LawrenceLivermorcNationalLaboratory.
Firstwe willpresenta set of differenceequationsthat de-
scribes[heexcitationof the cellsof a TW srruc[ure.Next
wc will restrictourattentionto struc[urcsthathaveidenti-
cal cells,exceptpossiblyfor the firstand lastCCUS.Under
these cucumstancesone can oblain diffcrcnccequations
that ttavc constantcocfticicnts,and wc will present the
generalsolutionof theseequations.Last]}’wc wi:l apply
our results to the anatysisof a TW outputstruchsrc.WC
w’illshow that, by appropriatechoice of the quality fac-
tors(</s)and eigcnfmqucnciesof the firstand lastCCIIS,it
is poss]bleto obtain a travelingwave solutionfor which
there is no reflectedwave and wherethe excitationgrows
linearly with cell number.

DifferenceEquation Formulation

Considera TW structureconsistingof N cells. Let
the electricfield in the n Ih cell of tie strttcturcbe given

b)’
(1)

where & denotes the eigcnmodeof the nrh cell with
eigcnfrequcncyw,., and where wc have assumed that
~’n = mL. h is possible 10 show that, in the steady
SKNC,the excitationsan arc govcmcd by the following
differenceequations:

(2)
where n = 1,..., N, and whereyfl = yN+l = O. M the
above equations,K;- and J{;’ 1 describethe coupling
of cell n to cell n – 1 and cell n + 1, respectively,The
quantityQn denotesthe qualityfactorthe nfh cell. For a
klystronoutputcavity,J: denotesa componentof the RF
cwent associatedwith the bunchedbeam. It is important
to note that the powerextractedfrom the TW structureis
pro~rtional to ~a,~lz.

Below we will show that, by appropriatechoice of

Q!,QN,LJIandWN. it is possibleto obtain a solutionof

“Workpcrfonnedundertheauspicesof theUSDepartmentof
Energyby the LawrenceLivermoreNationalIAoratory under
W-7405-ENG48

Laboratory, Livermore, CA 94550

the diffcrcnc. equationsthat rcprcscnrsa wavcling
whr)scamplitudegrows Iincarlywith cell number.

To simplifyour anidysis, wc will supposethat

wave

(3)

Then the differenceequationshave the fcllowingform:

( .,.-,. l)iww,,
LJ: — 7)1-W - 1—

c?” )
?/,, .- A-(V”- 1 + y,, +1) = 1,,,

(4)
where n = 1 h’ and where,. ..!.

!/[1= Y,\’+1= 0. (5)

Now supposethat, except for fhc first and last CCIIS,the
quantitiesQ,, and LJnarc the same for all CCIIS:

Q,, = Q“ (n = ~, ~ð..,N – 1),
~ = WV (n = 2,..., N - 1).

(6)
d

We will allow for the possibilitythat Q1 and W1may
be different;this wouldbe rhccase if, for example,there
were a couplinghole forpower input. Also,we will allow
for the possibilitythat QN and GA,may be different;this
would be the case if, for example,there were a coupling
hole for power output. It follows that the difference
equationscan be wriuen in rhc followingform:

y~+,- 2y,,Cmn + yn-, = j,, (n= 1,..., N), (7)

where

1

(

.mkxdv
CosCl= ~ w:

2A
—m2w2 - t —

)Qv ‘
(8)

f.= –In jK, (9)

and with boundaryconditions

where

Yn= /JYl,

YN+l = ?IYNs

1

[(z. )( )1
w; -i= - w;- i%’ ,

[(12 .mwwv

)(

.mwu~

F ‘“ - ‘~ - )1
w~ - 1— .

QN

(lo)

(Weusuallydeal withstructuresthathaveQv >1. In this
case a has a small imaginary pan that can be neglected
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if the total number of cells is not too large. In view of
equation(8), the quantity~ti is the frequencyfor which
lhc phase shif[ per cell equals ir/2.)

The importantpoint is that we have obtaineddiffer-
ence equationswith constant Loejftcienls (attineexpense
of more complicatedboundaryconditions). These equa-
tionscan be easily solved. The generalsolutionof (7) is
given byl

Yn = e’an“[” 1=j.e-’or+~,+
r=l

[“ 1
(12)

e-ion
*jreiOr+Q ,

r=l

where c1 and q are consrants. in the above expression,
the foliowingis assumed:

$j *tor =~e o. (13)
r=l

Also,we assumethato is not equalto an integralmultiple
of 7.

Applicationto a Tra”#elingWave OutputStructure

Now we will apply these results 10 a TW ouiput
structure. suppose the drive terms, ~~, haveconstant
amplitude,but that the phase of ~mincreasesby o from
cell co cell:

f,. = fe’on. (14)

It follows that

h is easy to show rhat the solution of the diffcrcncc
equationsis rwx given by

[( ),-i
Y. =ei”n —2 sin CY 1

nj+ - -tc~ +

[ I
(16)

e- ian

-- ‘c’ “

Sincewe haveassumedthat tile fieldsvary as e-imk’(,the
firsttermaboverepresentsa wavetravelingin the fmvard
direction (from n = 1 tO n = A’), and the second term
representsa wave travelingin the backwarddirection.

Now wc must apply the boundwy conditionsgiven
by (10) and (11). After some manipulation,the condition
relating y,, and yl leads to tic following:

(17)

. .—

The conditionrchting yhI andy,v+ 1 is morecomplicated.
However,we shall itssumcUMt

In this case wc

1/=

(18)

(19)

Equa[ions(17) and (19) arc simultaneousequationsin c1
and C2. Their solution is given oy

-I\’f (1 - pe-io)(q - eiti)
c1=

()=— 1– jfr] ‘
A’f (1 - pe’~)(q - c;’=)

()

(20)

C’J= —i\~il~z[~ 1– /11)

Summarizing,the solution D our problcm is given
by equation(16), wherec1 and C2arc given by (20). The
solutiondependson the quantitiesNand q. Assumingthat
Q. andwuarc given,theqtrantiticsp andq are dctcrminti
by the choice of Ql, Q,v,WIand IJh lhrough(11).

Matching Condition

By appropriatechoice of p and II it is possible10
obritina solutionwhichconsistsof just a forwardtsaveling
wave. (This is what we mean by a “matched”structure).
Referringto (16), thebackwardcaveling wavewillvanish
when

Jeio‘~ = — .
4sin2a

(21)

Substitutingequation(20) for C2,we obtain the following
matchingcondition:

A’(I - peio) (7) - e:o ) = ( 1 - pq)eio, (22)
or

()

N – 1 h’ + 1
pe’a - Pv ~ + qe-’o = —.

N
(23)

lt followsthat the soluiionof Ihc diffcrcnccequationsis
given by

fe ion

y“ = —

[

n+ ~ :::io].
2i sin a

(24)

Thc above equationshows that the excitation grows lin
early with CCIInumberm a matchedTW structure.

Now considerthe amplitudeof the excitationin two
cxwcmccases, ii = Oand p - W:

Thiscorrespondsto thecasewherethefirstccl]has
thesameQ andw as ceils 2 LhroughN. In thiscase,
the matchingconditionrcduccsto

()N +1 eia1]= —
N“

(25)

Whenp = (I, [J. constantterm in squarebri~~kc~in
equation(24) ~thittis, lhc term thtitis indcpentlcmof
n) equalszero. In otherwords, the quantityin square
brackets is qual to n.
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I/f/ -+ cm Summary

This correspondsto the case where Q] << 1, In this
case, the matching~ondi[ion itduccs [O

(26)

WhenII{I - .x-, [hcconstantwrm in (24)approaches
–1, and the :csulting quantity in square brackets
approachesn - 1. Thcrcforc the excitationof the
~th ~ell is reduced from the If = ~ vdtlc by a factor

(n - I)/n.

Obviouslythe true value of p wil! lie between the
cu.remesdiscussedabove, Since the powtr producedby
the structureis proportionalto ly,\.l?, lowering the Q of
the first cell wili reduce the power output by it factor
of at most [(Ar– 1)/:\’]2 from the maximumobtainable
~i = 0) value.

‘IW purpose of this note has been to analyzethe
cxcil~tionof TW output structuresfor use in relativistic
klystrons,First we prcscntcda set of diffcrcnccequations
thi~tdcscribcsthe excitationof the CCILof a TW struc-
ture. Next wc restrictedour attention m structuresthat
have idcnt.icalCC!IS, cxccpt possibly for the firstand l&st
cells. Under these circumstances,wc were able to ob-
tain diffcrcncccquafionsthat have constant cocffkicnts,
and wc prcscntcdthe general solu[ionof theseequations,
LasllYwc appliedour rcsuhs to the am!!ysisof a TW out-
put structure. We showed thi{t,by zppropriatcchoiceof
the quality factors and eigcnfrcqucncicsof the first and
law CCIIS,it is possible to obtain a travelingwave sohJ-
tion for which there is no rcficctmtwave and where the
excititticmgrows linearlywith CCI1number.
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STUDYOF HIGHEfficiency LINEAR ACCELERATORSTRUCTURE

acce
This
the

l.Sato and Y.L.Wang

National Laboratory for High Energy Physics
1-1 OHO,TSUKUBA-SHI,IBARAKI-KEN,305 JAPAN

A new type of traveling wave linear
erator structure has been studied.
accelerator structure is b;ced on

disk loaded structure increasing
coupling slots on the disk. it has high
shunt impedance, high Q value. high group
velocity and low attenuation. Therefore
this accelerator structure with the
traveling wave resonant ring has high
efficiency. Specially, for CWlinacs or
for the large beam current linacs, using
this accelerator struc:ure its efficiency
can be reached as high as 90%.

The study was performed by means of
computer codes SUPERFISHand MAFIA.The
theoretical anti experimental results of
this study are presented.

Structure and Calculation

it is well known that for a disk-loaded
accelerator structure parameters of shunt
impedance R. group velocity Vg. Q value
and attenuation d are functions of
apeature 2a. They are shovn on Fig.]. If
one wants to reduce apeature very small
to get high R. it is impossible because
of ‘lg and O( changing rapidly that the
energy can not propagate from one cell to
the next cell. Our idea is that we punch
some coupling slits on disks to increase
the coupling. l! makes the structure have
the high shunt impedance R, high Q
value. high group velocity Vg and low

attenuation o(. Its structures are shown
on the Fig.2. At first we calculate the
type (a) using SUPERFISH code. The
sy~bols a, b, D and t are as usual . rc is
the radius of the center of the coupling
slit and Ar is the width of the coupling
slit. The Fig.3, Fig.4. Fig.5 and Fig.6
show the results of calculation.
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Fig. 1 Parameters of disk loaded
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Fig. 2 Structure of test cavities
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7ig. 3 ;50ws :he shunt inpedance R as
functions of a. ~r and rc. R increases
with riecrea~ing a: R has a minimumwhen
the cuupling slit located at the middle
.‘f the disk a:l a ~iximum when the slit
!ocated at The side of the disk; when Ar
Increasing R decreases ~xcept that R is a
cons .!nt nearly when the slit located at
the side of the disk.

From above results we found that the
structure in which the coupling slit
located at the side of cavity frc=h-Ar/2)
~s the best. !t has high shunt impedance,
high group velocity, high Q value and low
attenuation. The accelerator using this
structure has high efficiency. So we call
it :I!LAS (High Efficiency Linear Accele-
rator Structure). The parameters of HELAS
are shown on the Tau;e 1.

Table 1. Par~fieters of HELM

mv

& L
2.5 3.0 77. J’2 0.204C O. 00824 17760
4.0 3.0 75. 10 0.2040 0.00821 17760
6.0 3.0 71.$2 0.2058 0.00818 17790
8.0 3.0 66.60 0.2083 0.00806 17820

10.0 3.0 61.30 0.2126 0. 00?87 17860
, ~, o do 56.08 0.2198 I).00763 17910

Because SUPERF[SH can r,ot ca ICUlat e
the three-dimension cavity shown on Fig. 2
1}’pe ! b). ‘#e use MAF 1A code to calculate
1t. 1n order to compare we calculate
three types cavit Ies ( i ncludi ng type (c )-
d isli loaded ). The rcsul ts are shown an
the Table ?.

Table 2. Resul ts of Calculat ion

Type (a) (b) (c) Code
Vg c O.2348 0.0078 SUPER

o. 1904 0.2400 0.0035 MAF1A
R 75. 10 62.2 SUPER

51. 3(I 33.5 51.5 UAFIA
Q 185iO i J 900 SUPER

12200 12340 9990 MAFIA
d O.0069 0.23 SUPER

0.0124 0.0103 0.86 MAF1A

Frcm Table 2 we can see t hat t here are
some IIi f ference r es II1ts between by YAFIA
and SUPERFISH ca 1cu Ia r i on. Accord i ng t o
MAFlA calculation the sl;unt J ,npeddnce R,
group ve 1oc i t y Vg and Q \a 1ue :1r e 1ower
than that by SUPERF1SH ca 1cu 1a t i on.

Results I: t he . iper i Lent

A set of t es & cav i t i es : *vpe ~a ), di sks
support ed by di el ec 1r i c pol us, A r = d mm,
a = 4mm) has been ma[Aufac t ur (’d. Thc ra t i o
of the sh ::nt impedance R t o Q , Q va 1ue
and frequencies of various modes .~re
measured. The res U1ts are shown 011 Fig. 7
and Tab1e 3. Wecan see t haI R!Q, u va 1ue
and frequencies measured are iiKreea b1e t o
that ca 1cu la t ed b}” SUPERFISH code. only
Q i~l ue is 1ower than ca ICUla ted. The: e
are some die lect r i c 1osses. [t is
“easona b1e..

1f we use the HELASwith t ravel ing wove
resonant r ing to design a CW 1i nac, the
ef f i c i ency c f the ac ce 1era t or can get as
high as 90%. It is very useful.

J
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Fig. 7 Bri 1loui n diagram of HELAS

Table 3. Results of experiment

ROIQ vg/c Q
SUPERFISH 4057.2 0.2348 18510

4204.9 0.1924 [ 12200
I Measurement 3982.9 0.2300 I 13250
I MAFIA
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OPERATION OF A 47SMHZ PULSED KLYSTRODE POWER SOURCE
W. W. MacKay, F. R. Huson, C. Kronke, D. Sun, and J. Zeigler

Texw Accelerator Centert, 4802 Research Forest Dr.,
Bldg. 2, The Woodlands, TX 77381.

Abstract
A IOOkWpeak rf pow, I source was huilt using an

Eimac 2KDW60LA klystrode at 473MHs. ‘I’heNystrodc
has been operated at e. peak power le~el of 104kW with
50ps pulses ata duty fact,u of O.5’%O.The mewmred effi-
ciency of the tube operating in this mode was 56~0, with
a gain of 23db. This jystem is to be used as a power
source ihr both a sparking cavity and a 50ukeV RFQ for
H- ions.

Introduction
The inductlwe output tube [1] or klystrode [2] (see

Fig. 1) uses a combination of a cathode and grid to pro-
duce a density modulated electron beam which is accel-
erated with a high s oltage and passed through an output
cavity as in a klystron. Recently the klystrode has been
revived as Fcompact and wry eflicient UHF powersource
{or TV transmission [3;.

In this paper, we describe a pulsed rf system using
a TV klystrode, the Eimac 2KDW60LA, which w= de-
signed to provide a peak-vf-synch output power of 60kW.
The klystrode is to be used for two purposes: 1) to power
a sparking cavity [4]for testing voltage breakdown of rua-
terials, and 2) to power a small RFQ [5] for accelerating
H- ions to 500keV. This klystrode has produced 5ps to
10Opspulses in excess of IOOkWinto a 50fl load with a
repetition rate of 100Hs.

GildSIu
.,,

~

F“‘-

r —
Tulpipc COueulx

I-*,3

=

+“”’”
- }1.v. +

Fig. 1 Schematic of a klystrode with capacitive coupling
for both input and output. The klystrode uses a grid
to modulate the electron beam density bui uses a cavity
similarly to a klystron for the output.

Description of Apparatus
A pair of Eimac 3CX8007A phi.nartriodes, operated

in tuned cavities, are connected in series to drive the kly-
strode (see Fig. 2.) A small solid state amplifier(50dIf,
10W) is used to amplify the signal from a Wavetek 2520
signal generator to a level sufficient to drive the triodes.
The cw rf signal from the did state amplifier is modul-
ated in the triodes by pulsing the cathode to grid bias
level bc!ween 35V and 4V. By pulsing the bias level, we

are able to use Rlow current power supply for the uode
to cathode voltage; a few milliamperes versus one to two
amperes for cw operation. The second triode is capable
of producing over 1400W in pulsed operation; however,
only about 500W are required to drive the klystrode to
a IOOkWlevel. An isolator has been inserted before the
klystrode to provide a constant load for the output of the
second triode, since the input impedance of the klystrode
varies with power level.

E““”–’\ .- .-l.. , iFulu

I
.— — ——

D (. DE

Fig. 2 A schematic of the amplifier chain. The symbols
SS, Tl, T2, and K respectively correspond to the solid
state amplifier, the first triode, the second triode, and
the klystrode. The modulation is done by pulsing the
grid bias voltage of the triodes. The input to and output
from the klystrode, as well as power reflected back to the
klystrode, are monitored horn the directional couplers
labeled A through E. Here a 50il load is shown for the
output device.

In addition to the klystrode, Varian/Eiruac supplied
the input fixture, output cavity, focusing magnet, Va-
cion pl~mp, grid bias supply, and arc detection circuitry.
The input fixture consists of four tuning stubs feeding
a capacitively coupled resonant cavity with tuned con-
nections for the grid and cathode. The output cavity is
really a pair of tunable cavities coupl~d through a tunable
iris. One section ~f cavity surrounds the ceramic output
window of the tube, and the other section is capacitively
coupled to an EIA 4*” coaxial transmission line. The
solenoid magnet of 250 to 300G is placed around the top
of the klystrode, above the output cavity, to focus the
beam into the collector.

The grid bim and heater power supplies for the kly-
strode are placed in a high voltage coffin and powered
through an isolation transformer. The beam voltage is
supplied to the cathode of the klystrode by a 4kW dc
power supply with a maximum current of 65mA at Oto
60kV, The peak current required for the beam is several
amperes, so a high voltage 0,7pF capacitor waaconnected
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Auparallel with the supply to provide energy storage. At
the 60kW level the klystrode may be operated with a
beam voltage of only 32kV. For aperation up to IOOkW
the voltage must be increaaed to 38kV.

For protection, an arc sense transformer couples the
cathode current to a crowbar control circuit which can
fire Gspark gap in case of a fault. The crowbar can be
fired also by a high vacuum reading in the klystrode or
a high light level in the output cavity. The vacuam level
is me=ured by a Vacion pump controller, tmcl the light
level is sensed by a photo resistor.

A small water pump and beat exchanger cool the
collector, anode, and tailpipe. Additional cooling and
ion clearing is provided by fans blowing air through both
the input and output cavities of the klystrode. The entire
rf power source including the klystrode and all required
support equipment is housed in a movable 3-bay rack
assembly measuring 32”x82” x80n.

The output tr xmnissionline wns stepped down to
EIA 1:” line and four directional coupling loops (two
forwardand two reverse) were installed for merumrements
and diagnostics. After paasing through the top of the
rack enclosure a connection is mad : to either a water
cooled 20kW Bird load or to a flexible l~n coaxial line
(Andrews Heliax 50fi with air dielectric). TLe flexible
line is then connected to the output device to be. tested.

Measurements

Average power levels are measured with a Heivlett
Packard HP438A power meter connected to one of the
directional couplers, and pulsed memmrements are an-
alysed with a Tektronix DSA602 digitizing signal an-
lyser. The frequency gentrator, power meter, and sig-
nal analyser are connected to a Hewlett Packard 200 se-
ries computer with an IF;EE-488 bus. The output power
level is controlled mainly by varying the signal level from
the frequency generator. Additional control is possible
by varying the cathoile to anode voltage of the triodes.
When operating the triodes way below saturation, they
are susceptible to art overshoot of the bias voltage at the
beginning of a puhe. This causes a power spike at the
beginning of the pulse. By lowering the triode anode
voltage, the triodes will run closer to saturation, and the
output pulse is much flatter. ‘&pical settings are be-
tween 2kV and 3kY.

Figure 3 sh =S the klystrode output power vs the in-
put power, measured from directional coupler A of Fig-
ure 2, with a beam voltage of 38kV. The gain versus
output pow:r is shown in Figure 4. The efficiency (see
Figure 5) was calulated for 5@I long pulses with a duty
factor of 0.5% by dividing the average output power by
the dc po~uerprovided by the beam power supply during
the rf pu’se. A typical 50ps pulse is shown in Figure 6.

The x ray radiation from the klystrode near the an-
ode at 32kV was measured to be less than O.lmR/hr.
At 38k”Vthe level increased to about 6mR/hr. With the
cabinet doors closed the zadiation is less than O.lmR/hr,
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Fig. 3 The output rf power VSinput rf power for the
klystrode with nn anode tocathode voltage of 38kV.
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Fig. 4 The gain vs output rfpower for the klystrode with
an anode to cathode voltage of 38kV.
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Fig. 5 The efficiency vs input rf power for the klystrode
with an anode to cathode voltage of 38kV.

Future Modiikcations
A feedback circuit is being designed to sense the out-

put power level and adjust the input to the solid state
amplifier so thnt the output power remains constant. The
signal from one of the forward directional couplers (B in
Figure 2) will be converted to a dc voltage with a crys-
tal detector. This voltage will be tlltercd and compared
with a reference voltage to produce a difference voltage
which will ndjust a voltage-controlled attenuator placed
in front of the solid state amplifier.

Additional instrumentation wii be added to mew
stne the tube’s performance paramc~ters. The feedback
control, high voltage supplies, and instrumentation will
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be connected to a supervisory control computer for au-
tomated operation.
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Fig. 6 A typical 50w long rf pulse at IOOkWlevel.

Conclusion
The klystrode is MI excellent compact source of

pulsed rf power for use in small accelerator systems op
crating in the UHF band. It is compact, and does not
require a pulsed high voltage supply for the anode. Var-
ian/Eimac has developed [6]a prototype 0.5MW tube at
425MHs which in physically only a little larger than the
2KDW60LA.
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MODE COMPETITION IN IIIGIJ POWER GYROKLYSTRON AMPLIFIEM*
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S.M. Miller, and V.I.. Granatstcin
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Abstrtict

Stabilit~”of nwlti-ca~ity g}”roiilystronamplifiers against
~,arasjtic modes is studied. The insertion of Iossy di-
ckctrics into the ca~’ities and drift sections pla}’ed a pri-
[:mrj role in mode suppression in our two ca~?itysystmn.
(’olnparison between thr theory and expcrinmnt of this
IIwthod of mode control is presented. In addit icm, a three
c~~”itydesign that incorporates large amounts of Iossy di-
cIcctric is presented with i1s predicted nonlinear Mkiency
and gain.

1. Lltroduction

,\ serious problem facing the developlnell~ of high pow(’r,
IImlti-cal.ity ~}”rokl}”stronamplifiers is the excitation of un-
wanted modes. l’he modes with the lowest start oscilla-
[ion currents, and thus the hardest ones to suppress, are
tlie whole-circuit modes. These arise when radiation is
par~ially reflected b} the discontinuities associated with
the ca~’itics, the nonlinear tapers, and the output window.
These modes often extend o~”erthe v.Ilole circuit (thus their
nalne). leading to an efflcicnt linear interaction (linear cffi-
ciellcy scales as the third power of the interaction length).

“1’hereare two methods of suppressing unwanted modes:
IWKIthe ca~’ities or decrease the reflections. In thetwo-
ca~”it}.gjrokl}’st ron under dc~”elapment at the University}’
of \lar}land (see the paper in these proceedings by W.
Lii\\”sonct al.), we ha\”e cnlploj”cd both Inethods: IOSS>
dielectrics hake been placed in the drift sections and the
out put section has been modified to re(!uce the rcfkctions
off the nonlinear llptaper, as shown in E’ig.1. In t his paper
we compare t Ilc theory and experiment of l’arious schen]es
for loading the cat”ities and drift sections with lossy di-
vlcctric. \Vc also present a three ca~ity design with its
predicted nonlinear cfficicnc}. and gain, and WCcalculate
IIw rc~luirccianmunts of suppression needed for s!able op-
t.rat ion.

II. Stlppression of Unwanted Modes-Lossy
Dielectrics

The use of Iossydielectrics to sllpprcss unwantrxlmodes
a[>pcarssimple. There are, however, a number of consid-
cr;, t ions. The two most important arc choosing the real
;IIIJ irnaginarj parts of the dwlectric constant and ciccid-
in~ (Ill a ~cllfigurat ic,ll, !$i: all ~mat iII g rings r~fdirlt,cl ric

and met al %-crsus.,olid dielectric. l’or high power tubes,
the knowledge of tl,c dielectric properties o~’cr a rather
large frcqwmcy band, in our case 6-20 GIIz, is esscnlid.
Thus, the issues of nmasurillg hoth the real and inmgillarj”
parts of the dielectric constants and nmdc]ing the systetll
numerically are important.

T~ model the dielectric Ioadcd complex circuit, we have
developed a code b,ased on the scattering matrix method. 1
Our code, “C!ASCADE”, ,assumes cylindrical symmetry
and allows onc region of loss}’ciiclectric Inaterial (e.g., vac-
uum for r < ro an”.i(iiciectric for ro < r < rW where ru,
is the outer waii radius). In addition, we ilavc a part ich’
puslliug cocie Lilat allows us to calcuiatc tile start osciiiik
tion current in a compicx dielectric ioa(ied circuit.

Earij” nlode suppression strategies for the drifl regions
use(i alternating dickctric and mctai riugs, see Fig. 2i\.
Tile dielectric rings t urncd out to be only siigiltiy 10W>
(c = 9.7 +.05i) and tilus we ila(i to rciy on resonant ef-
fects to acilieve attenuation. These altcrllilting structures
workeci well near rcsonancc hut had iinlitcci bandwidtil
(~300 hlHz). Prciirninary iwam tests on tile tW&Ci,\’it}’

system revcaicd ti]at unwanteci osciiintion occurmi fronl 6
to 20 GIIz. Steps to illiprove tile suppression of modes for
t1.. two cavity system arc dcscribe(i in the accon~pan}il]g
paper [\V.Lawson ct al].

To achieve attenuation ot’cr tile range U to 20 (; Ilz we
arc considering a nonrcsunant absorbing s}”stcn] for the
three cavity circuit. t’ig~iiti2 shows tiw diffcrcnct~i~ctwcen
a resonant, Fig. 2a, and nonresonant, 1#’ig.2b, ai~sorhing
s}’strm. fl}f using a singic piect’ of iligil ioss matcriai wr
form an itbsorhcr for w“ilicht ilc at tcnuation pm unit iengtil
is icss frequency depcn~imlt. Figures 3a and 3L compare
the Illeasurcd an(i conlputmi ‘l’El1 at tcnuation versus fre-
quency for a resonant and nonresonant syst.cm. Figure k
shows the attcnuittion of the 6-ring resonant absorber of
Fig. 2a, Lotil from experimental measurement and froln
C~ASCAD1;, ‘rile (iiffercncc in t.hc ;ocation of the rcsonancv
between tiw two curves can bc rcmovcd by changing t.iic
dielectric constant used in the calculation by icss ti]an 5%.
This dif~crcnce is eiti]er (iuc to an error in the mcasurcmcnt
of t, batci~ to batcil variations ill the tiicicctric miitcriid,
and or tiw frequency (icpcn(icncc of tile Inatcrial.

In OUi gyroii]ystron the opcrat.ing n!otic in ali ti)rcc cav-
ities is tile ‘I”Eo11 cavity Illode. ‘1’oisoiiitc the cavit ics, the

TEOI nlo(ic at tC1lUiItiOIl in the firift section Lctwecn ca\’-

it it’s IIIllsl III grrater thiUl t il~ int l’rca~.it.~’gain, witk Ii is
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4(J dll between the input ancf huncher cavities and 20 (ill
hetwcvn the buncher and output cai”itics. To achieve this
w t(~nua~ion in the nonresonant sj.stcnt we place a s]nooth
Ilwtal drift section 1.5 cm long on each side of the input am]
bull,.11,.rca~itics and on thv upstream side of the output
c;;ti t~”,s(’vFig. 4. These regicms also isolate thu TEO1 mode
al !).s5 t-jIIz ill t}jc cavities froln the absorbing structur(.s,
uilich c~]:lld alter the Q of the ea.; itics. At g.ss c: IIZ the
‘l’l~i,l Hiodc is manesccnt in these regions and is isolated
h}” 12 dI1/cIn. Thus, in the first drift region the ncces-
sar} isolation of 40 dJ3 plus a 10 d B safety margin can k
ach ici”ed if the 4.25 cm dielectric region hits at tcnllation

grtater than 3.3 dB/cm. II; the resonant sj!stctn of Fig. 2a
the Ilwtal ring:; used to adj Ilst the resonance also cutoff
tlte TEU1 mode antf thus this s>stc:m ~chieves ~“erygootf
isolat ion in the operating mode.

l’or ot.hcr than the opt?rating mode, ;he absorbing struc-
1ure is designed b}”optimizing the attenuation in the least
at [w:iatcd mode. Depending on the frequency and fiind
d“ dM>ctricused, the least attenuated mode can bc one
of a nunlbcr of hybrid modes which exist in a 10.ss}’dielec-
tric Iirmi tubt. The regions in frequency or liner geometry
where t hew ~l:odcs cross generally give tl~e hcst attcnua-
t ion. Experience with the two ca~”ity s}”stem has shown
t liat attenuation of 1-2 dB/cm for the least attenuated
nIode is acceptable. In practice we measure the attenua-
t i~ll ill tllc least attenuated n~odt’ by ir]jccting the TE11
lllcde.

\\”c used our scattering nlatris code CASCADE to test
dilfcrmlt con~binat ions of t and thickness. \\’e found that
for low Ios.. cfielcctrics such M t = 4.6 + 0.66i the TEol
nmdt~is sufficient ~j isolated on]}?if the thickness is less than
Xllrn. wllerc.~ the least attenuated mode is sufiicicntly at-
tmluated for thickncms abo~w4.5 mm. For a Iossy dielec-
tric sl]ch (asz = 42 + 18i the TEO1 is sufficiently isolated

for ari}”thickness: howe~er, there is no thickness where the
le~st attenuated mode is sufficiently attenuated. fletwe~:]
these extremes there is a combination that satisfies the re-
quircnwnts for both modes: this is t = 6.2 + 2i and a thick-
ness of 3 mm. This ~ is close to the values attainable with
carbon ized aluminum silicate. ? The carbonization process
}.ields a nonuniform t, so it is difiic.ult to model our sam-
ples, howe~wr, the attenuation achie~’ed by these samples
is close to that predicted b} CASCADE.

III. ‘J’hrcc Cavity Design

Figure 4 shows the three-catit>” sj”stem and ‘rable 1
shows the operating parameters predicted by our nonlinear
atnplifier code. This code optimizes system operation by
\“ar}”inggcoinetrie.s and magnetic field. The quality factors
are set relative to start mc~llation current in the operat-
ing mode, assuming the field profiles for an all metal wall
structure. The input and buncher cavities have dielectric
loading and have similar design. The qt.ality factor of the
output cavity is almost completely diffractive. The drift
tabe is Ioarfed with a nonresoilant absorber M described

Table 1: Ileam parameters and operating parameters pre-
dicted by our nonlinear amplifier code.

Ream: Power 80 MW
Voltage 500 kV
Velocity Ratio (0) 1.5
Velocity Spread 6.8%
Ctxrtf!r Radius 0.79 Clll
Chiding Center Spread 0.268 cm
Axial Magnetic Field 0.5-06 ‘i’

System: Frequency !).85 Gllz
Input Cavity Q 225
IIuncher Ciivit.y Q 225
Output Cavity Q 170
Theoretical Hliciency 42Y0
Theoretical Gain (30d13

M7eused a start oscillation currenL code to dcsigll llw
ca~’it.yloading. The code shows that t.hc finite qualit) fiic-
tor of the ca~’ity due to wall lmses will not be enough to
suppress oscillations for both the TEol 1 and 1’E021modes.
All other cavii.y modes are stable for magnetic fields arou[id
the operating poinl of 5.69 Ii(: ‘rhus, the dielectric loadiilg
of the ca~.ity : iloulcf discriminate against the TEOZ1mode.
This will rccfu:C the Q of that l,tcdc considerably whih:
leaving the Q of the ‘l’f?oI1 mode high enough for cfliciet]t
bunching of the beam. The structure which we fountf tb;it
works the best is a simple ring of Iossy diclcct.ric placed ON
the radial wall of t!le cavity”. To operate at 70Y0of the start
oscillation current with a beam of 160 A requires a cavit)”
Q of 320. Figure 5 shows the computed start oscillation]
current of different modes after loading the cavities with
dielectrics. AS shown, the start oscillation current is WCII
above 200 A for the operating mode.

\Ve are in the process of computing the Stail oscillatiul
currents for whole tube modes. The three cavity circuit
will he cold tested in the near future and installc~i in the
GKL system to study its amplification properties in tlw
next few months.
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Abstract
Experimental work is being performed by

collaborators at LLNL, SLAC, and Li3L to
investigate relativisticklystrons as a possible rf
powersourceforfuturehigh-gradientaccelerators.
We have learnedhow to overcomeour previously
reportedproblemofhighpowerrf pulseshortening
arid have achieved peak rf power levels of
330 MW using an 11.4-GHz high-gain tube with
multipleoutput structures, In these experiments
the rf pulse is of the same duration as the beam
currentpulse. In addition,experimentshave been
performedon two shortsectionsof a high-gradient
acceleratorusing the rf power from a relativistic
klystron. An average accelerating gradient of
84 MV/m has been achieved with 80-MW of rf
power.

Introduction
Duringthe past year researchersat Stanford

LinearAcceleratorCenterand LawrenceBerkeley
Laboratory have continued a collaborative effort
with investigators al Lawrence Livermore
National Laboratory to study some basic physics
issues involved in combining linear induction
accelerators with relativistic klystrons. In
previous paperslr2 we have reported results
obtained with three experimental relativistic
klystrons: a subharmonic buncher relativistic
klystron (“SHARK”); a multicavity klystron at
11.4 GHz (“SL4”); and a multi-output klystron
(“MOK-2”:. Theseexpealmentswere performed
usingbeamswith =1.2 Mc.Vof kineticenergy and
=700A ofcurrentwitha =50-nsduration.

SHARKis a low-gain,two-cavitytube driven
by a 4-MW, 5.7<Hz sourceand has outputpower
at 11.4 GHz. The maximum rf output level

● Work supported in part by the DOE, contract numbers
W-740!IENG48(LLNL),DE-ACm765FlX1515(SLAC,,and DE-
ACW76SF0MM8(LEL).
(a)~Wam Uvmore NatiOn~bboratory,Livermore,,CA
%550
‘) StanfordLinearAccelemtorCenter,StanfordCA 94309
@ ~W,pn~ BerkeleyLaboratory,Berkeley,CAM~O
‘d)HairmonRSSeardlCorporation,PaloAlto,CA94303

obtainedfrom S}IARK is 100 MW troina 1.l-MV,
400-A beam. SL4 is an 11.4-GHz, six-cavity,
high-gain klystron. Use of a traveling-wave
output structure7 increasedthe flat pulse to 170
MW. This configurationhad three intermediate
gain cavities, a gain of =52 dB, and about 3070
efficiency.

A feedbacksystem is being studied to help
:-educe the nonrandom rf phase and amplitude
variations for induction driven rf sources . We
havealso beenworkin~ cmcomputermodelingof
theTWoutputstructuresusedinthesesources.

MOK-2 Klystron

MOK-2is a ~ulti-~utput klystron with two
outputsoperatingwith high-gainklystronat 11.4
GHz. The tube was designedfor a 1.3-MVbeam.
The first four cavitiesare the same as those used
in SL4. The firstoutput is a singlestanding-wave
(SW) resonant cavity. This output cavity serves
two purposes:it extractspowerfromthebeam,and
it furtherbunchesthebeam. Thesecondoutputis
a traveling-wave(TW) structure and is located14
cm beyond the SW output cavity. The 11.44X+2
TW structur~ is comprised of six 2x/3-mode cells
w’ithan rf fillingtimeof 1 ns, and a phase velocity
=0.92c. The TW circuit was designedto generate
250 MW of output power when operating under
synchronousconditionsat an rfcurrentof520 A. .At
this power level the average electric field in the
the output coupleris 40 M’V/m,and the peakloss
of beam energy in traversing the ci}cuit is
approximately0.9 MeV.

The highest total power measured from both
structures is 330 MW (30 MW from the SW cavity
and 300 MW from theTWstructure). Thecurrent
through the klystron was 600 A and the beam
.’>ltagewas 1.3 MV.

High-Gradient Accelerator

To study high-gradientacceleration,we built
two 26-cm-long aectiortsof 11,4-GHz accelerator
structures operating in the 21r/3 traveling wave
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n-,odc. The constant-impedance structures consist
of 30 CCIISand have r/Q = 14 kf2/m. rhe filling
timeof thestructureis2Sns and the groupvelocity
is 0.031c. The accclwating field on axis, for
klystron poww- P, is 100 MV/m x [P/(100MW)]1i2.
Powerthroughthe structureis attenuatedby 24%.
The irisdiameterwas chosento be 7.5 mm. Early
cxperirnents were done with a single section of
HGA, and without an electron gun attached, using
rf power from the SL4 klystron. The next
cx~~rimentswereperformedusingan electrongun.
Fina}ly experiments with both sections were
performed using the MOK-2 klystron. The drift
length between the two HCAScouldbe adjustedto
achieveproperphasingof the two sections.

Fieldemissionin the high-gradientstructure
(HGS)was measurcxiin the absenceof any injeckci
becm. Figure 1 shows the fieldemissioncurrent
f~~the_nd HGS. Themeasuremcnt~were~ken
after 500,000 rf pulses. The pulse shapes were
triangularwith about 10 ns FWHM. Levelswere
appreciablyhigher than earlier reported levels2.
Although the surfaces of the first HGS might
have had lower field cmission currents the new
values are in better agreementwith severalother
measurementsmadeon the firstsection.

io:m
●

6 I :
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i:i~ure1. I%.-‘cfieldemissioncurrentfromHGS

Electrons from a thermionic cathode were
injected into the accelerator using a 80-kV gun
pulsed for 5 ns. Prior to installationof the gun,
persistentarcing was not apparent in the HCS at
power Ievcls as high as 160 MW. After
installationarcing became persistent at klystron
power levels in excess of 100 MW. There was
evidence of barium on the surfaces of the HGA
after running with the electron gun. In large
colliders,where contaminationfrom the cathode
should not limit the maximum surface electric
field levels, perhaps higher accelerating fields
can bc achieved.

The beam emergingfrom the acceleratorwas
momentum-analyzed using a spectrometer
consisting of a 40° i~orizontalbend, a 2.5-cm
diameter collimator, and a Faraday cup. The

monwntu:n
donliniltcd
ilCCelCrator.

In the
mmncntum
beam was
17 MeV/c.

resolution Oi the spcct ronwtcsr was
by the Win LioW (It ih~ CIld oi til(}

singie section test thc measured
spectrum of the acceleratedeicctron
nearly Gaussian with p~~iikp =
Computerrnodciingof theacccicrator

beam dynamics u_singthe part;cic trackingcode
F’ARMELAindicates that the injected electrons
slip ilt ~hase relativeto the rf wave, and that for
80-MWof klystronpower, as measured,the totai
energy gain expected is 16 McV, consistcn: with
that observed. The maximum energy gain for
synchronousparticles,calcu?~tedfromthe 80-MW
power level, is 23 MeV, corresponding to an
average acceleratinggradient of 84 MV/m in the
26-cm-longaccelerator.

Resultsof the dual section test are shownin
Figure 2. It was difficult to operate both HCA
structures near their maximum holdoff values
while operating MOK-2 at beam voltage which
would yield useablc phase stability during the
pulse. For a comparablepower level to the test
shown in Figure 2 the first HGA earlier (during
the single section test) yielded 11 MeVelectrons.
Assumingsimilarbehaviorthe secondHGAadded
about 19 MeV of energy; corresponding to a
gradientof70 MV/m inthesecondstructure.

Two unanticipatedfeaturesof the observedrf
output pulses from the HGAs were their shape
(significantlynarrower and triangularcompared
to the input) and the output peak power levels
(only weakly correlated with and sometimes
greater than the input peak powers). Studies4of
transienteffects for short pulses (comparableto
the filling time of the HGA) lead to an
explanationof these features. Understandingthe

0.6

0.4

0.2

o 10 20 33 40

Energy (MeV)

Figure2. Analyzedmomentumspectrumfromthe
dual sectionHGA experiment.
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trtlnsi~’llt b~Jh.l\.iOr ot’ the pulsed ri powc~rin the
tl.}N*~~ihi$h gr,~d ient accelcra tOr plannwi fOr
I;rll*.lr cldliders \\’illbe important.

Future work

\\’carc starting a new set of experimentsto
lookat rf power sources at the Microwavesource
~,lcility. For the iliitial studies woc will be using
t}w t-mistinginjector(3 MeV, up to 10 kA) at the
.A~i\”anced Test Accelerator. The facility will
pro~idc a place to study high-frequency high-
pom.m microwave sources such as relativistic
klystron, FELs5, CARMS, TWT amplifiers and
tww-lxarn accelerators. Researchers from other
institutions will bc able to test their devices and
structures without the duplication of the major
eflort involved with providing the drive beam.
Its rnapr objcctims are:

1. To de~dop induction-linac-baxd relativistic
kl}’strons and FELs into economically viable
powersources.

2. To test key physics issues of two-beam
acceleratorsschemes.

3. TOprovide a user facility for studying novel
microwat’csourcesandstructures.

~. firstrf ex~rimcn~ plannedat the Microwave
Source Facility is the Choppertron (shown in
FiSurc3). The firstw.xtionis a 5.7<Hz chopping
systemdesignedto produce a train of short beam
pukes with a period corresponding to 11.4 GHz
fromthe initialuniformbeam. The chopperdesign
has nxiuced sensitivityto beam-energysweep of
the induction beam. Emittance growth in the
chopper is reduced by operation with an axial
magneticfieldmatchedto the beamemittanceand
thebetatronresonance.

The next sectionof the rf generatorconsistof
two 11.4-GH2 traveling-wave output structures.
The use of high-group-velocity structures with

Figure 3. Schematic of the Choppertron.

short int~’raction regions providc$s a broadband,
phase and tcn~peratllrcinsensitive circllit. “1’hc
chopper is designed to gcnt!ratc about 50[) M\\’ (JI
pulsed rf power at 11.4 GHz when driven by a
l-kA, 3-McVinductionbeam.

The chopper will also be used to gcncratc
high-energy 11.4-GHz rf current for latter
cxpcrirncnts. We want to study the kcy physics
issues involvedwith nmccclcrationof a bunched
beamby inductionCCIIS.We also wish to builda
multiple output section to follow the chopper
whichutilizesinductivelydctuncd output cavities
to increasethe efficiency.
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OPER.4T1NG CHARACTERISTICS OF .4 TWO-CAVITY X-BAND GYROKLYSTRON EXPERIMENT-

\V. Lawson, J. Calame, D. \Vclsh, A1.E. Read! D. IIogan, M. Naiman,
P.E. Latham, Ill. Skopec, C.D. Strififer, M. Reiser, and \:. L. Granatstein

Laboratory for Plasma Research
~lllii’ersit}’of hlar)land, College Park, MD 20742 USA

Abstract

.4t the (;ni~”ersity of \iarJ”land UT have designed
and are operating a high power two-cas”ity TEOI gy-
rok[}”stro[l in the !3.7-10.0 GHz range. The target
beam po~~cr is deri~”wffrom a 500 kV beam with ?
current :angi ng from 120-240 A in 1 ps pu Ises. The
target micro~~”atecparameters for this tubt’ include a
power Ict”el of 15--30 \l\\” with a gain of 25-30 dll.
In this paper we strmmarizc the initial charactcriza-
Iion of t11(selectrm gun performatlce and detail pre-

litlliniir}” tllbc stabilit}” iind nticrow”al-c arnplificitticm
cs pcri IIICIIts.

Introduction

.-\t the l“nit-ersit}cof }lar}.land we are e~’aluating
~!lesllitahi]itl, of ~L.ro~]J.stronanlp]jfiers as RF power

sourccs for Iin~ar colliders. The initial sequence of
:,.xl)erilllellts itl~.ol\.eS characteri~illg a two ca~’it~’s}’s-

teln to address questions of tube stability and am-
idifier t~fficienc~’. \Ve ha~”ecompleted in~cstigations
of our first three configurations an(! arc currently ex-
ami ning our fourth. A schematic of the major sub-
s}’stwns of the two-cat?it.y g}.roklystron 1 is shown in
~-ig. ]. ,\ ]ine.tJ.pc ~lodu]ator supp]ies the main volt-
age ~)llISeand an interrncdia:e tmltagc to a dr-)uble
anode Ilagnl:t ron Injection Gun (ilIG ).2 The beam
is adiabat ical~y compressed in an increasing magnetic
field as it passes from the cathode (0.047 T) to the
circuit (0..56.5T). .4t a current of 160 A, the beam
theoretically achieves a perpendicular-to-parallel ve-
locity M.io of ct = 1.5 w“itb an axial velocit}’ spread
of 7%. “1’hebeam’s phase-space distribution is mod-
ulated in the first cavity b}. a signal from a 100 k\\’,
2 ifs magnetron. Energy is extracted axially through
a coupling aperture in the second cas”it}’and travels
through two non-linear tapers and the bcarn (!ump to
ii half-w”atelength out put window.

“I!’orksupported by the U.S. Department of Energy.
1~h,.sical Sclrnces. Inc.. Alexandria. V.4

Beam Characterization

Our electron gun is tt,e first thcrrnion;c Ml{; to op-
erate at 500 kV with a cathode loading of 30-60(%of
the predicted spaco-charge limit. While the steady-
state simulations predict a high quality beam, various
i\pprOXimat ions inlwli”ing se]f-fields arc questionable
and electrostatic instabilities are not addjessed. C’oII-
smluently, we construe ted a beam diagnostic chamber
in an attempt to measure sel’cral key parameters. In
the beam quality experiment, the chamber replaced
the microwave circuit in the overaH cmtfiguration. Air
core Rogowski coils at the entrance and exit mea: a red
beam current and it:tcrcept!on. Capaciti~w probes
measured line charge dcnsi ty, which together with the
current yielded the aiwrage axial velocitj’. For smafl
wdocity spreads, the beam voltage could then be usd
to obtain the average a. The capacitive probes were
split into four sectors to prov”idcalignment informa-
tion. A diamagnetic loop signaf could be unfolded to
indicate average transl’crsc energy which was used as
a check on 0.

A comparison of theoretical and experimental
space-charge limiting current is given in Table 1.
Numerical simulations converged poorly below 250
Ii\; due to non-laminar flow and experimental values
above 3.50kV could not be obtained due to modulator
impedance limitations. The agreement is imyessivc,
e~pccially since the sinlu]ations predict a ]inijt signifi-

cantly exceeding idealized analytic estimates. A typi-
cal comparison between simulated and measured val-
ues of average o is given in Table 2. The agreementis
quite good for higher curmnts. At low currents a low
signal-to-r. ]ise ratio j.ields large error bounds. Fur-
thermore, the velocity spread is quite large and the
numerical assumption of uniform cathode loading is
poor. An unexpected result, obtained by examining
the time dependence of the probe signals, is that the
average a is approxim;ltely 10Yolarger at the begin-
ning of the pulse.
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Table 1: Comparison of expcrimclltal and numerical
space charge limiting current,s,

1 \’cdtage ] Experimental ] Theoretical

+
(Iiv)
200

L
~~Q

300
350
400
450
500

Cltrrent (A)
84
116
152
192

—
—

Current (A)
---

i 16
153
201
240
300
360

The diagnostic chamber was extrcnwiy susceptible
to microwave oscillations. Below 175 kV, oscillations
at N 12.2 GHzoccurr,~d!or n x 0.5 (it wasfunctionof
current). .~bo~’e175 kV, oscillationsat w 10.0 GIIz
disrupted tbe system at comparable velocit~eratios.
.-lttempts to a~”oidthese resonances by adjusting the
circuit zniigneticfield were unsuccessful, so th? pa-
ranlcter space a~’ailablefor stud}’was quite limited.

Microwave Tube Characterization

A schematicof the first two-cavitycircuit is shown
il~ Fig. 2. Microw’atvx are injected through a slit in
the sidewall of the first ca~’it)”.The coupling loss w“as
about 3 dB. The required input cavit~”Q ( 170) was ob-
tained t)}’placing carbon-impregnated ceramic rings
on the side w’,alls. Computer simulations* indicated
that %“ho!e tube” modes existing between the two
ca~ities would ~Lrupt amplifier operation. An at-
tempt to stabilize these oscillations was made hy con-
st ruct ing the drift tu be w-ith alternating rings of cop-
per and silicon-carbide impregnated rniigncsia. The
output ca~.ity frequenc}’ and Q were 9.85 C Hz and
175, respecti~.ely.

The main microwave diagnostic for the initial ex-
periment was an anechoic chamber after the output
window’. Calibrated crystal det~ctors gave power es-
timates and an HP8566B spectrum analyzer gave fre-
qucnc~” information, Positioning of the horn gave
some mode information. Microwaves could also be
sampled in the input cavity via the coupling slot and
through a J-band horn looking at the bzck of the
electron gun. Combined with local gas pressure mea-
surements, the relative origin of spurious oscillations
could be determined.

Tube operation was hampered by four types of mi-
crowave oscillations. Many modes existed in the out-
put waveguide in regions where the output window is

“rable 2: Comparison, O( cxporinlenial and n(l[t~ericiil
average velocity ratios for ii 150 kV h~ittll.

~

rBeam Experimental Thooretica]
Current (A) o n

. 0.98 0.38
1“2 0.58 —

22 0.32 0.33
37 0.2.5 —.

44 O.lg 0.22

d good reflector. ‘1’hwwmodes are often eliminated by
arnplilkr operation and are of Ii ttlc concern, hlear the
operating frequency of 9.85 C 11:, there is a prcdonli-
nalltly ‘1’I?12mode operating near cutoff in the output
w’a~’cguidcsection hctwecn the second cavity and the
first non-linear uptapcr. ‘1’hismode interferes with
amplifier cqwration, but can he elirninatwl by slightly
tapering the waJ’c~;uideril(iius in that region. The
third t)’pe of mode is the “whole tube” mode, These
occurred at scver,a.1frequencies with a particular!~” dis-
ruptive one slightly above 9 G}Iz. These osc:!lations
were of concern berausp they existed at. current levels
significantly below theoretical start-oscillation predic-
tions. The final mode class invo!ved oscillations in the
beam tunnel downtapcr beforv the input cavity. The
oscillations dcpendrd on beam voltage and current
and circuit magnetic. field, hut would always appear
when the ~’clocity ratio exceeded s 0,6. The modes
tended to severely disrupt the beam and occurred in
two bands: 7.0 - 7..5 GI[z and 8.1 -- 8..1 GIIz (also
m = 1 modes). The downtaper was loaded with lossy
absorbers, but there was an all metal region bctwccn
a gate valve and the taper which is susceptible to os-
cillations.

A stable rcg]on for . mplificr experiments was found
at 80% of the nominal magnetic field at a beam volt-
age of 175 kV and a current of 55 A. Numerical sin~-
ulat.ions estimate the velocity ratio to be a x 0,45
and the axial velocity spread to be about 47c, our
computer simulations of amplifier operation indica; wi
that the gain wou[d be about O dB under these re-
stricted beam parameters. The experiment confirmed
this prediction and output power was thus limited by
the input source, Typical input and output crystal
detector responsesare shown in Fig. 3. The lower
trace is the output signal and its reduced width cor-
responds to the (iuration of the voltage puke.

At the completion of the initial expmiment, the
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! ![GH POWER Rk’AMPLIF1tI:RSFOR ACCELERATOR APPLICATIONS: THE LARGE ORBIT t;YROTRON AND I

THE HIGH CURRENT, SPACE CHARGE ENH.ANCEDRXLATIVISTIC KLYSTRON

R. M. Stringfrcld,M. V. Faxio,D. G. Rickcl,T. J. T. Kwan,A. L. Pcrau,J, Kinross-Wright,F. W. Van Haaftcn,R. F. Hocbcrling,
R, Fachl,B. Car]s[cn,W. W. Destlcr*,and L. B. w~cr

Los AlamosNationalLaboramry,
AcceleratorTechnologyDivision,

MSH851, LosAhunos,NcwMexico,87545

AllSTRACl”

LOs Alamos is investigatinga number of high power
microwave (HPM) sources for their potential 10 power
advancedaccelerators. Includedin this invcstigotionarc the
large orbi[gyrotronampli17crand oscillator(LOG) and the
relativistic klystron amplifier (RKA). LOG amplihcr
devc!opmcntis newly underway. Electron beam power
levelsof 3 G-W,70 ns duration,arc planned,withanticipated
conversioncfficicncicsinto RF on the order of 20 pcrwnt.
Ongoinginvestigationson this device includeexperimental
improvementof the electronbeamoptics(to allow injection
of a suitablefractionof the electronbeam born in the gun
into the amplifier structure-),and computationalstudiesof
resonatordesign and RF extraction. Recent RKA studies
ha}reoperatedat electron beam powers in!o the dcvicc of
1.35GW in microseconddurationpulses. The device has
yielded modulatedelectron beam power approaching300
MW using3-5 kW of RF inputdrive. RF powersextracted
into wavcguidehave been up to 70 MW, suggestingthat
more power is available from the device than we have
convertedto-datein theextractor.

Introduction

Los Alamos has been investigatingnovel high
power RF sourcesfor the past eight years. Includedin this
researchhavebeen variousvircalordesigns.,magnetron-like
designs(includingLhclarge orbit gyrotrrm(LOG),and the
magneticallyinsulatedlineoscillator),and mostrcccntly,the
relativisticklystron amplifier (RKA). Of these, the large
orbitgyrotron,operatedas an amplifier,and theRKAappear
to us to offer the most promise as RF drivers for future
improvementsin particleacceleratordesign.

The Large Orbit Gyrotron

During the past three years wc have investigated
the large orbit gyrotron experimentallyas an oscillator
operated at a frequencyof 2 GJ-izl’2. These resuhs have
encouragedus to begin,during the ongoingyear, tic initial
work we hope will lead to an amplifier based upon the
LOG’sbasic operating principles. The LOG amplifier is
attractive for linear collider appiicatirms,since it requires
relativelymodcs[appliedmagnc[icI“icldrcquircmcnts,only

a fcw hundredgauss,
cyclotron frequency.
GHz or more with
breakdown problems

sir.ceit operatesat a harmonicof the
I

It can operate at frequenciesof 15 I

these small magnetic fields. RF
should be relatively small, as well.

since the cl&ons move to smaller orbits, away from the
walls of the device, as lhcy convert their energy into
microwaves. Hcncc electron bombardmentof the walls,
whichcan Icadto breakdown,is relativelymodest.

The oscillatorwc recently invcs[igatedis depicted
in Figure1. Thedcviccispoweredby a

im

.—

,
uanmauMa

mmaunuumn
FJ-nImrlamlmQ)

Figure 1, Cutaway drawing of the LOG oscillator
experiment,

Marx-Blumleinpulser operated at 650-700 kV, 6 kA, for
pulse lengths of 70 ns FWHM duration. RF power was
radiatedout of the deviceaxially into a chamberlined with
microwaveabsorber. RF radiated ir to the chamber was
monitoredwith waveguidereceivers, either standard gain
hornsor waveguidestubs. The signalswere then coupledto
coaxial cable and RF power was measured with crystal
detectms. Hetcrodyningcircuitsmonitoredthe frequency.

The device operates as follows. A 12.5 cm
diameter annular electron beam is formed in an axial
magnclicfield having a magnitudeof 500-800gauss. An
axis encircling, rotating beam is formed by passing the
electronbeam through a cusp magneticfield at the anode
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pfane. For kse experiments,the ratioof rotationalve!oci[y
to axialvekxity downstmrn of the CUST(.des:gnatcda) had
a value in the range of 1.5[0 1.7.

Azimuthalbunching of the electron beam occurs
through the negative mass instability. A periodically
varyingbotmdaryalong the circumferenceof the resormtor
serves to bunch the beam with a periodkity such that it
interactswith the resonator,convernngbeam energy to RF
standingwaveenergyin thecavity.

A representativeRF outputpulse from the device
operatingat 2 GHz is shownin Figure2. A spatialmapping
was performedof the power rwiiakxifrom the deviee as a
functionof radial positionoff-axis. Of the total electron
beam power available, 500 MW was injected into the
resonator. The total powerradiatedfrom the device,within
the soudanglemonitoredby thismeamremenLwas 35 MW.
This resuft corresponds to a conversion efficiency from
electron beam power U microwavepower of 7 percerw
@nlya portionof the totafpowerradiatedby the devicewas
measuredby this spatialscan, since the power was not zero
in the wings of tie measuremen~far off axis. We were
preventedfrommovingthe receivingantennato largerradial
positionsby physicalbarriers in the chamber. Hence the
true efficiency in this experimentmay be larger than tha[
citedhere. Furtherefficiencyimprovementmay be achieved
by increasingthe ratio of rotationalelectronbeamenergyto
axiafbeamenergyin the resonatorregion. Measuringail of
the currentlygeneratedRF, combinedwith increasesin the
fraction of rotational beam energy, should increase the
efficiencytoasmuchas 20 percent.

an.a

-.maa

-2a. a

lza. ‘ i6ra. aa’a. 7 a4’a.
TIMC (MMw08CCOMDS>

Figure2. SampledownconvertedW for the LOG oscillator.
The local oscillator signaf for tlus measurementwas 1.90
GHz, indicatinga LOG frequencyof 2.0 GHz.

Ourinitialstep indevelopinganamplitlerhasbeen
to examinemethodsof increasing the current fraction
“njectedinto the resonatorfrom the diode, and to properly
position the higher current in the intwaction space.

Computation modelling
particle-in-cellcede 1S1S,
increasing the friction of

has been performed with the
Modellinghas indieatai that

diode current injected into the
resonatoras a rotatingbeamand establishing-afti rotating
beamdinmeter~f 12,5cm can be achievedby launchingthe
beam from a 2 mm thick annularcathodehavinga diameter
of 14 cm, Sucha conditionwasfoundcomputationrdlyto be
achievd by placing the cmission annuhts on a conical
equipotenLialsurface,havingan angleof 22,5° with respect
to the direction normal to the axis of symmetry.
Experimentsarc now underwayto test thesecomputittionaf
predictions.

We also are computationally investigating
approaches to the design cf the LOG amplifier. One
apprcmeh,a two stage device, is shown in Figure 3. The
device ctmsists of a preliminary RF input stage which
initiateselectronbeambunching,anda finalRF outputstage
in which the fullybunchedelectronbeamgeneratesa strong
RF standingwavein an outputresonantcavity, Thesestages
constitutediscrete, separate entities, separatedby a beam
transport section in which the bunching of the rotating
electronbeam developsto a maximumprior to emeringthe
RF outputsection.The twostagedesignoffersthe flexibility
to separatelyoptimizethe RF input and output sm.ions of
thedevice,

/
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Figure 3. Conecptual arrangement of a !.00 amplifier
configuration.

The Relativistic Klystron Amplifler

Oneof the most prcmismgconceptsthat we have
begun to investigateexperirmmfly at Los Alarnosis the
highcurrentrelativisticklystronamplfler (RKA)pioneered
by M. Fricdinmnand co-workers at the Naval Research
Labolatory3. This RKA, as tested by Friedman, hilS
produc~ severalgig~wattsof power with40% efficiencyat
1.3GHz in a 100ns longpulseon a singleshotbasis. Peak
electron beam currents of 13 kA at 1.3 GHz have been
produced.We haveidentifiedthehigh current relativistic
klystronas a verypromisingsourcewithgreatpotential,that
has exhibited very good performance in a very limited
parameter space. We currently are engaged in a modest
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effort to extend the performancecnvclopc ot’ lhis dcvicc
from u 100 ns 10 a 1 ps pulse length, tmd cvcnumlly to
rcpctitivclypulscdopcril[iorriit [hcsc vcv high pOWCrICVCIS.
The attraction 01”this dcvicc for il~~ClcralOrnpplicdlionst
aside from amplifier upcration, is its dcmonstmtedhigh
ef!lciencyof 40Y0,c~cn withoutenergy recovery schemes
beingapplied.

The presentwork has progrcswd WC!land the
relativisticklystronampli!ier shown in FigureI is being
tested.

LOAD

COUPLERR
OLIAlllER.WAVE

CAVITIES
Iuqfl IDLER
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~~. . – -

- — - .-

I-4

ralc capabilityis essentialover the long term, becauseRF
conditioningof the microwttvctubes will t~?ncccssary to
achicvc reliable high power operationon the microsecond
limescale. RF condilionirrgnitshistoricallybeen provento
be a ncccssity for reliable operation of high power
microwtwc IUtk ~d RFcavilyi\&lCrAng struc&cs-

Summary

Work on a Iargc orbi~ gyrorron ampliticr has
rcwntly begun. Computationalmodclling of impmvcd
electron gun designs has been performedto increasv the
fractionof the diode currcm entering the microwavelube,
and to achicvcimprovedbarn placementin the tubeas well.
The rchui~’isticklystron amplifier is in the init.k!sragcsof
cxPcrimcntMion,and has achievedto dale900ns of bunched
beam with a peak currentof 0.9 kA, Efforts10extract this
pmvcrintorectangularwavcguidcarc in progress. The RKA
has hecn designedwith fu[urcrepetitiveoperationin mind,
whcrithe BANSHEEpulscrhasbeen fullyqualifiedfor rep-
ratcoperation.

Figure4. LosAkunosrelativisticamplifier,

This deviceconsisrsof a fieldemissiondiodeproducinga
hollowbeamthaLpasses through the coaxial quarter-wave
input cavity and idler cavity, and on to the rectangular
waveguide output couplei. For RF bcarn modulation
mcasuremeritsthe outputcoupler is rep;accdon rhe beam
line with a beam pipe containinga linear array of B-dot
loops. So far we haveproduceda modulatedelectronbeam
for one microsecondwith a voltageof 350 kV, and d peak
RF currentof 0.9 k.~after thesecondcavity. In somecases
we have obsmcd beam modulation in cxccss of 2
microseconds. The dc beam current is about 3 kA giving
approximatelya 3070beammodulation.The componentof
beampower at the microwavedrive frequency(1.3 GHz) is
approximatel~’350 MW. Pulse widrhsof modulatedbeam
powerrangefrom500 ns to 2,400ns, with the highestgains
at the shon.erpulse width. The RF drive ICVCIis 5 kW
which will result in a gain of 42 dB if one can extract this
power with an efficiencyof 25% (a conservativeestimate).
Effortsto extractthispower into the wavcguidecouplerarc
underway.

Pulsed Power

The availabilityof the BANSHEE pulsed power
modulatorcurrentJydriving rhe RKA makes possiblehigh
power microwave source development in a relatively
unexploredpulse length regime. BANSHEE, which is
describedin detailelscwhere~,is designedto delivera 1 w
pulseat 1 MVand 10kA al a 5 }Lzrepetitionrate, The rep-
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L-BAND HIGH POWER AMPLIFIERS FOR CEBAF LINAC *
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Abstract

The high power portion of the CEBAF RF system
utilizes 34o 5kW klystrons providing 339 separately con-
trolledoutputs. Modulatinganodeshavebeen includedin
the klystron design to provide for economically eff.cieut op-
erstion. The design includes shunt regulator-type modulat-
ing anode power supplies running from the cathode power
supply, and switching thrnent power supplies. Remotely
programmable filament voltage allows maximum cathode
life to be realized. Klystron operating setpoint and fast
kl}-stron protection logic axe provided by individual exter-
nal CEBAF RF contiol modules. A singlecathode power
supply powers a ‘olock of eight klystrons. The design in-
cludes circulators and custom extrusion and hybrid
waveguide components which have allowed reduced physical
size and lower cost in the design of the WR-650 waveguide
cransmissioc system.

Introduction

The accelerator requires multip!e high power RF
sources for injector and Iinacs. A design providing a sin-
gle klystron for each s.uperconductiag cavity was selected
so that required phase and amplitude adjustment could be
accomplished at low power le~.cls.

Conflgurtttion

CEBAF’S two linacs consist of 20 ,.r).omodules, each
with eight superconducting cavities. Individual cavities re-
ceive up to s kW of CW RF at 1.497 GHz. Ir,cluding the
inject-x, a total of 34o klystrons are required. Becauje of
the basic l.inac design of eight cavities per c:yomodule, an
eight klystron HPA (High Power Amplitier) was appropri-
ate.

In operation, varying amounts of RF power wiU be re-
quired. \\”hile a klystron’s output po~.cr is (Iirectly depeu-
dant on dti}.e, one disadvattte+~eis tha’ DC input powerre-
mains constant regardless of the output power. In a system
with 34o klystrons, each with a maximum DC input power
of 15 kW, some method of reducing power consumption
when less th aaximum RF power is required becomes
}.exydesirab,~. It is for this reason that a modulatingan-
ode ivasincludedin the klystron design. This aUows US to
reduce klystron beam cu. rent to the minimum required for
the required RF power.

● This work is supported by U.S. Department of Energy
uuder contract DE- AC05-84-ER40150.

Offers for production of a klystron built tu our specifi-
cations were submitted by several manufacturers, with the
Varian VKL-781 IW ultimately being se!ccted.s Once the
klystron was defined, power supply requirements were alst.
defined. Ripple requirements for the various suppliese were
largely mandated by the klystron’s phase stability with re.
spect to supply variations and the ability of the RF control
module to track these perturbations.

TABLE 1. POWER SUPPLY SPECIFICATIONS.
.———
Cathode

Input
output v

—.— —.--....—.—-

480 V AC 36
-11.6 kV DC, taps at 11.0, 10.4, ~

1 7 kV
Output I
Ripple

Filament
Input
output v
output T
Isolation
Ripple

McdulatintrAn~d~
Input
output v
output I
Ripple

10.6 A UWU. I
0.170P-P I

208 V AC 3fi I
programmable,0-9 V DC
9 A max.
20 kV
2% P-P

I

-11.6 kV DC
pcogrammable, O-(-6) kV
5 mA source, 15 ruA sink
0.1% P-P

—-J

Controh3

Drive to each klystron is provided by an RF control
module, consisting of RF, analog, digital, and 1/0 portions.

TLe heart of the module is an 80186 microprocessor. \Vhile
the module waa not part of the HPA procurement,its in-
teraction with the HPA had to be coordinated. The HPA
had to provide and accept signals that the module would
generate or require.

Early in the design, ithad been decided tbnt “per
klystron”parameters would be controlled and monitored Isy
the module, while “per HPA” signals would connect to CA-
MAC. The moduleis responsibleforprotecting the klystron
horn excessive beam and body currentand reflectedpower,
and also for monitoringand setting modulating anode and
fdament voltages. The HPA’spowersupplies and klystron
monitoring directly interface with the module.

Each system includes eight klystrons along with asso-
ciated waveguide components (coaxial to waveguide trmt-
sition, circulator, direction coupler; snd stuxiliary power
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supplies, so eight modules, located in racks adjacent to the
HPA, are required. The C.lM.IC interface is also located
in these same racks, and takes care of status monitoring
and main on-oiTfunctions.

Figure 1. 0“.-crsdlview of Ihe HPA during installation.

Figure 2. FrJurof eight klystrons installed along
associated waveguide.

with

Power Supplies

k“ith th: ex~eption of cathode voltage, which is tap
set: able only, voltagesare remotely pro~rammed. The mod-
ulating anode setpoint determiucs a hasic operating point
and power consumption for the kiystron. As life expectancy
of the cathode is closely tied to cathodr vmperatures, c re-
motely prograrrmrable fihmxmt p .,wcr supply was incloded.

The fdatnent suppiy is a resonant mods ~wtcher.’ Dc-
cause the klystron filament supply must fht atopthe - 11.6
k\’ cathode voltage, its ferrite switching trnnsiormer does
double duty, providing both step-down and high voltage isw
lation in one compact, tiuhtweight design. Eight such power
suppli:s are included, each a sepnrate plug-in printed cir-
cuit board. The basic desigri wa6 suggested in our specifica-
tions, :huugh ETX Electromatic developed the final design.
The board provides remote read-back of actual set voltnge
and local monitoring of individual filame.it currents. The
power supply initially operates in a current limit-d rnodc,
then converts !Ovoltage regulated.when the cathode nears
operating temperature.

Eight klystrons are powered by a single cathode power
supply. a The m-igine! design included no crowbar, so each
klystron is crmnectcd :hrough a 50 ohm isolatlng resis:or
to provide some protection in the event of kl>stron arcing.
\Ve hat-e sitrce designed our own crowbar cirruit and ha}.e
begun adding it to each of the cathode supplies.

High voltnge relays to allow rcmotel!, isolating bad
klystrons were not included in the r!esigu of either the HP,$
or the eight outputs of the cathode power ~upply. 1n the
event of a rlefeciive klystron, this makes it irnpossiMe to re-
motely isolate a single unit from high vfJ:age. Assuming a
klystron still holds ofi high voltage hut is otherwise dcfec.
tive (say with high body current), t;le modulating anode
can be adjustec” for lower beam current, and most likely
lower body current. In worse cases tbc filament can be
turned off, and in the most severe case u1leight klystrons
would go off-line until planned mnintmmnce.

Rather than a separate power supplj, the modulating
anode supply is a shunt regulator card operating ORa feed
from the cathode power supply. rhc desiga consists of a
series string of .MOSFETS. Again the basic design was sug-
gested by our specifications, w]th ETM developing the final
design. \Vble initial klystron tests had used a standard
switching supply with some success, a major requirement
of the supply was thet it be capable of sinking the modu-
lating anode intercept current, For a standard supply this
required a fairly low resistance bleeder resistor hung on the
output. A shunt regulator was the ideal choice for our re-
quirements since it effectively provided a very low bleeder
resistance.

An instrumentation interface board that, in addition
to the filament and modtt!ating anode parameters, also pro.
vides samples of body current and cathode currentfor each
klystron is included. All “per klystron” signals including
waveguide directional coupler samples, Me fed to the RF
control module. In the event a klystron problem cnnnot be
corrected through manipulation of drive or beam current,
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the module cs& kill high voltage, shutting d,.wn all eight
klystrons in the HPA.

Mechanical

The HPA is almost 133” x 94” x 38”, and in spite
of that, it is about as small as it cartbe made and still
be somewhat convenient to work on. It was necess=y to
mainttitt the requiredmagneticseparation’while mounting
eightklystronsalongwith wavcguidecomponents,filament
and modulatinganodepowersuppliesin a singlepackage.
The design was further complicated by the requirement that
each assembly of four klystrons and waveguide pieces be
movable z 1“ in the x and z-axes, and + 2.5” in the y-axis.
TAis requirement is necessitated by potential misalignments
in penetration spacing and floor height variations.’

The klystron’s 1-5/8” coaxia! output is immediately
transformed to WR-6.50 waveguide. The straight
waveguide pieces were produced from aluminum extrusiou,
cut to length, flanges welded, surfaced, and then iridited for
corrosion resistance. CE13AF opted ft r this route for two
main reasons. Estimates for traditional welded waveguide
came in at about $30/foot, versus $10/foot for extrusion.
Secondly, traditional waveguide houses were, at best, reluc-
tant to produce lengths over 12 feet, which would then re-
quire inaccmsible flanges inside the penetrations. Gas and
RF tight gaskets are included at .dl flanges, and pressuriz-
ing the waveguide gives an indication of potential RF leak-
age through a drop in pressure. To reduce cabinet height,
increase system integrity by eliminating flanges wherever
possible, and reduce costs, the coaxial to waveguide transi-
tion was specified withan integral 40 dB mono direction
coupler.

—.. . - -, - - .- ~ f q~---- –.–,, -- _ ->,
1

. .. .“ ..., *r \ -.-!- 1

Cathode I

Il—

1
r

—————.

L-J; Fi!ament
, supply

setu
sample‘ 1

Power
supply

I!!illl
2345670
——————

7
~1 I

Figure 4. Simplified block diagram of power sections of
HPA.

Final Commenta

One other major constraint on this procurementwmi
that the fir~t units be delivered in a relatively short time.
Some proposals had given 1.5 years M the design/delivery
time, but the contract WM awarded in Jdy, with the first
pair due by July 31. Even with this short time period, both
vendors complet~d their desigm,and the finishedproducts
accordingto schedule. CZJ AF has receivd the first two
units and is now in the process of installing and performing
find tssts on them.
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SLED II: A NEW METHOD OF RF PULSE COMP1l.ESSION*

P. Il. Wilson, Z. D. Farkas. and R. D. Ruth
Stanford Linear .4ccclerator Center, SLdhrd [~niversity, Stanford, C’.l 91309

Introduction k — D/2 –“+ I
In the SLk2Dl method of RF pulse con~pression,

~wo high Q resonators storr energy frcm an RF source
for a relatilcl}. loNg time interval (typically 3 to 5 j~sec).
l’rlggerc,t b}.a rt~icrsal in RF phase, this storcd energ~ is
tht-nreleased during a much shorter int era;al equal to ; he
fillingtimeof the acceleratingstructure. A peak power
gain on the order of lhrew and a compression efiicicncy
on the order of 6070 are tj.picall}. attained. ‘1’heshape of
the out put pulse is, however, a sharply decaying exp~
nel,t ial. In SLED-II the two cak’ities are replaced by two
lellgtt:s of resonant line. forming a Resonant Line SLED
(RELS) and resulting in a flat output pulse. Therefore,

RELS stages can be cascaded to give a greater peak

power gain. tkil?g two stages, a peak power gain greater
than ten can be achie~.ed with a rcasonahle compression
~fllcienc.;. ~lnlike the BEC,? the RELS compressionfac-
tor per stage is not lilnited to two, albeit at the expense
of intrinsic dlicienc}.. Like the BEC, it uses long lines
rat her than short ca~.ities.

Theory

.4 resonant line is a transnlission line terminated in
a short circuit and connected to an input transmission
line ~.ia a coupling network as illustrated in Fig. 1. The
distance between the coupling network and the shcrt
must be an integral multiple of half guide wat.e]engths.
For the RELS, the losses are characterized by the line
attenuation T (rather than b}. QO) and the coupling is
characterized by s, the reflection coefficient when the
line is infinitely long (rather than by Q,).

The RELS theory has been discussed.34 Here we
expard cm the theory using a somewhat diflerent ap-
pr,. ~ch. Let s be the reflection coctlicicnt of the cou-
pling network when the line is terminated in a matched
load, D/2 its time delay and T its attenuation in nepers.
After turning on an incident field of amplitude Ei, the
emit::d field after nD time interta]sisgiven bys

E,(o) = 0,

E,(n) = Ei(l – S2) e-z’

x [1+ se-z’ + sze-d’ + ... + s’”-*)c-(”- *)Z7],

n = 1, 2, 3, . . . . (1)

n= 0, 1, 2, 3, . . . . (2)

8., cl,...

I:ig. 1. Resonant linr firlds.

r I I I I I I I I I I I I I I r

1.5 “

1.0 ‘-
Ee

0.5 –

n I 1 I 1 I I I 1
“o 4 8 12 16

VA TIME (Tt ) C7J9,W

Fig. 2. Discrete and continuous emitted field vs tilnc.

The steady state emitted field is

If 7 = O then E,f = 1 + s. As the maximum
postih!e value ofs is 1, the maximum emitted field is 2,
the same as for S1.ED.

Let t,, be the beginning of each 1) interval,
tn = nD. Substituting n s tn/D and s s e’”s,

E,(t,, )
[

t ID exp
( )1

(,,2r
= E,j 1- s II -—-

D
(4)

[(=E,J 1 – exp
t

–; (
)1

27-111 s) .

Typical continuous and discrete emitted fields :trc plot-
ted in Fig. 2.

The continuous emitted field of it resonant cavit}t is

‘e(’) =o[l-’xp[-$(++i)ll ‘“,
C’ornparing the above two expressions, we ohtain the
rclatim)ship between attenuation and unloaded Q, and
between reflection coefficient and extcrna] Q:

E,f
T u -111 s

= cl, —-
E=m’ D

~ . (6)
= 2Q,

●\\.orksupported b}?Ihpart[nentof k;lwrgycontrac(DE- AC03- 76SFO0.515.
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Fig. 3. RELS Single-stage output field and output
power vs time in units of 7;. Drshed line shows
input phase modulation.

For any piecewise variable input function E,, as
long as the changes in Ei occur at nD intervals, where
n is an integer, the emitted field during each nD time
interval, by analogy with a resonant cavity, is

E,(n) = E,, - [Eej - Eei]s”e-””,

= O,1,2,3... .
(7)

n
Her. , ECiis the emitted fieldat the start of each interval.
Fa the first interval E,, is zero, and fcr the subsequent
intervals it is the same as the value at the end of the pre-
\“ious interval. Using superposition, the re~’erse field is

l?,(n) = Ec(n) - Eis . (8)

The normalized reverse power during each time interval
is

Tc(n) = E;(n) . (9)
The amplitude of the first step of L’, is .L’is.We can ob-
tain the steady state value of the emitted field by plea-
suring Er the instant after turning off the RF, after it
has been on long enough to reach steady state, and ob-
tain 7 by solving Eq. (3).

Single-Stage RELS

We can separate the incident from the reilected
fiela by placing two resonant lines at the two isolated
outputs of a 3 dB coupler, or by m~khrg it a part of a res-
onant ring. We then have a single stage RELS. Let the
incident pulse width Tk = noD. At time t = (no– l)D—
as with SLED—we change the phase of the incident field
hy rr, the incident field Ei = – 1 from zero to (n. - 1)D,
~d Ei = 1 from (n. – 1)D to nOD. Ei chal.ges sign
instantaneously but—unlike with SLED—the emitted
field remains constant for a duration D. The reverse
field during this interval is

Er(no – 1) = Ep = E.(no – 1)+ Eis . (lo)
Here, E is constant for a duration D andi.. theoutput
pulse. }{rechoose E to equal the accelerator section fill
time, T“. Here also, as with SLED, tht maximum ~alue
of EP is three.

TABLE I
One-Stage R,ELS Power Gain and Efficiency

as a Function of Compression Factors
and REL Attenuation.

r = 0,00 r = 0.01
n. s Pg 1) Pg v
3 0.549 2.66 89 2.57 86
4 0.610 3.44 86 3.29 82
5 0.651 4.o~ fi~ 3.81 76

6 0.685 4.49 75 4,21 70
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The power gain, compression factor, and con~prcs-
sion efficiency are

Pg = E: , CJ z Tk/D = rb , Q = Pg/n~
(11)

The power gain and compression efficiency as a func-
tion of compression factor, with optimized s, are listed
in Table I. The values agree with those given in Table 1
in Ref. 3. The output field and output power of a sin-
gle stage RELS as a function of time in units of D for
n. = 5, are plotted in Figs. 3.

Two-Stage RELS

Unlike SLED where the exponential output pulse
shape makes cascading of SLED stages impractical, the
RELS output pulse is rectangular and therefore RELSS
can be cascaded.

Definitions of parameters for a two-stage RELS:

D Last stage RL round-trip delay
n. Last stage input pulse length in units of D
D1 First stage RL round-trip dcla}’
nl First stage inrmt rmlse Icrmth in units of DI
Tk Length o~ RE-LS input pul~e
Cj Overall compression factor

The input pulse to the last stage
output pulse of the first stage. Hencet

D, = nOD .
The Iengm of the input pulse (to the first

has to be the

(1’2)
stage) and the

comprmsicn factor are
Tk = n] D1 = nl nOD ,

(13)
Cj = ‘1’k/D = nlno .

The modulation for a twostage RELS can be obtaiued
as follows. Divide the input pulse Tk into C! intervals
of duration D. Let Eil = -1 from zero to ((’f - nO)D
and let Eil = 1 from (Cj - nO)D toCJD. LetEiO= 1
when n is not im integral multiple of nO and EiO= – 1
when n is an integral multiple of no. The incident field
amplitude at each interval is

Ei(~i) = Eil(~l) EiO(n) . (14)
We calculate the power gain and compression efficiency
as a function of C’j as follows. First we obtain the first
stage output field-assuming single stage modulatiom-—
for a RELSwith a line of length D,. \Vr then diiidc
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Fig, .1, k’irstStiigeFiL_LSili~.ut and @ul\~ut fields.
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Fig.5. RELSSecond-Stageoutput fieldand power.

each constant amplitude inter~”al D1 of the first stage
output wave into n. intervals and modulate each inter-
~’al 131. \\’e apply Eqs. (7), [8) to each of the n. intervals
in succession and obtain th~ reverse field ~ a function
of n. The first stage input and output field waveforms
for nl = 5 and n. = s are plotted in Fig. 4. The sec-
ond stage input fieldamplitude(firststageoutput), the
output field,and the output power are plotted in Fig. 5.

The power gain and compression efficiency are:

Pg = E;((-/’f– 1) ,
Pg(c, – 1)

)) = (15)
c, “

The vallles of power gain end efficiency for several com-
binations of rat and n. are tabulated in Table 11.

The compression factor is the product nlnc, and
does net t!epend on the reiative values of n] and no.
The powergain and compression efficiency also depend
onlj” on the product of r)1n.. Therefore, if ?il # n., then

nl should be chosen to be greater than n. if we wish
to minimize line length, and less than n. if we wish to
minimize switching transitions.

Practical RELS

A two-stage RELS is shown in Fig. 6, Assume for
t}m!4LC a tw~stagc RELS with n1 = .5and nO= 3.
‘1’hrpulse lengt}l rff{uird by the NL(2is 80 ns; thus

TA13LE 11 I
Two-Sttigc R.ELS Power Gain nnd Efficier(cy

as a Function of Compression Factors
and Lint? Attenuation.

nO sO nl S1 Cr r P. ~

3 0..549 3—-71H!) 9 O.iu)o ‘—7.i5 78 ~
3
5
3
3
6
5
6

0.549 3 0.545 9 0.005
0.65; 3 0.54$ 15 O.cm
0.549 6 0.685 18 0.000
6.549 6 0,685 18 0.005
0.685 3 0.549 18 0.005
0.651 5 0.651 ?5 0.005
0.685 6 0.685 36 0.005

6.52 73
9.60 64
11.0 61

10.4 58
g,YJ 54 I
14.0 ,jlj

16.5 46

Tk=nlD1=nl,loTf,Cl =TK‘D=nlnO

+ t- [
L

x
I ;X ~

T,
w L,=; rlu~tVg

LO=+TIVg J! D,=n~D
D=TI

,“

For T!=80as, vg/c=0.091, flo=a:
D=80ns,Lo=10.7rrI,t+=240ns,L:-32.1m,Tk=nl240ns

&a 61:1AS

Fig. 6. Tw~stage RELS.

D = 80 ns. U* a WC281 guide operating at 11.4 GHz
in the Tf201 mode with an attenuation of 0,1 nepers/p.
Because the short k not perfect, the attenuation must
includ~ the power absorbed by the short. The length of
the first stage line is D1 = nOD = 3D = 240 ns. To
obtain the length in meters multiply bj the RL len~th
by the group velocity which is, in this case, 0.267 m/ns.
The RL lengths are 32.1 m for stage one, and 10.7 m
for stage two. The klystron pulse Itingth Tt = 5(240) =
1.2 ps. We expect a gain of about nine (line three of
Table 2).

1.

2.

3.

4.

5.

References

Z. D. Farkas et al., “SLED: A Method of Doubling
SLAC’S Energy,” Proc. of !lth Int. Conf. on High
Energj Accelerators, 1976, p. 576.
Z. D. Fark~, “Binary Peak Power Multiplier and
its Application to Linear Accelerator Design,.’ IEEE
Tran. MTT-34, 1036 (1986).
A. Fiebig and C, Schieblich, “A Radio Frequency
Pulse Compressor for Square Output Pulses,” Proc.
of EPAC, Rnme, 1988, p. 1075.
V. L’. Balakin and I. V. Syrachev, “A New Approach
in RF Power Multiplication,” VLEPP– Note-06/1990
(1990).
P. B. Wilson, “Theory and D*~igrr of Super Con-
ducting Linear Acceleratrm,” Proc. I,inear Acceler-
ator Conf. (North Holland, 1970) p. 1107.

206



RF TESTS ON THE INS 25.5-MHZ SPLIT COAXIALRFQ

S. S!ribuya=, S. Arai, A. Imanishi, ‘I’. Mciimoto, E. Tojyo, and N. Tokuda

Institute f~, i~uclear Study, University of Tokyo
Tanashi, ‘1’okyo 188, Japan

Abstract

A 25.5-MIIz split coaxiid RFQ with modulatetf
vanes has been constructed. ‘l’his liFQ will accelerate
heavy ions with a charge-t~rrws ratio grcatc: than 1/30.
We have finished field nmasuremtmt.sand obtained the fol-
lowing results: the field strengths between neighboring
vanes arc sa[ne within +0.ti~o over the Viinc length; the
distribution of the inlmvaue voltage in the axial direction
is a Iillost fiat. Through high powm tests so far conducted,
wc huvc attained an intcrvane voltage of 110 k‘d under a
pulse operation with a peak power of 70 kW and a cfut.y
factor of tJ.Wo. ‘!’hc cavity is thus alrrrwt ready for accel-
eration tests.

Introduction

Wc have ccmstructcd a 25.5-Mlfz split coaxial RI(’Q
with I[iodulatetf vanes, and will accelerate heavy ions with
a charge-tomass ratio (q/A) greater than 1/30. ‘1’hewhole
cavity consists of three module cavities. ‘I-hc cavity struc-
ture and its design procedure were reported clrewhcre,] *2
and main parzmetcrs of the RFQ are sumrnarizctf in Ta-
ble [. ‘[’he RFQ presented here is a prototype of a real
machine for the Japanese IIadron Project. ‘1’hcoperating
frequency and the length of a real machine under design
are respectively 2.5.5MHzand 22 rn. This real rnachinc will
accelerate unstable nuclei (q//l ~ l/fiO) up to 170 keV/u. ’

Soon after tlw completion of the cavity construc-
tion in October, 1989,the resonant frequency was roughly
tuned to 25.45 MHz.p k’urther fine tuning to 25.5 MHz was
afterward accomplished by using three ind’lctive tuners: a
cylindrical aluminum block ( 188 rnrn in diameter) was in-
serted into each modulr cavity. We obtained expcrirrlcn-
tally the relation bctwmm the tuner length and the resO-
nant frequency, and (fctermined finally the Icngth so that
one tuner increases the frequency by 17 k}lz. ‘!’hcdistance
betwecrt t.l,e heam axis and the Luncr end is now 170 mm.
“l’he :esult.ing resonant frequency is 25.5 MHz, and the un-
loaded Qvaluc is 6400. ‘1’hrough field rnc=uremcnt.s we
obtained satisfactory results, M will bc discussed below.

We are now conducting high-power tds by using a
power supply with the following specifications: 100 kW in

“The Graduate University for AdvancedStudies, KEK, THukuba,
hraki 305, ~apan

the maximum peak power, IOYOin the maximum duty fac-
tor, 50 ps w 3 rns in pulse width. The rf power i~ fctf into
the cavity through a coaxial wave guide (W X-120D) and a
loop coupler cooled with water. Wo have so far attained a
intervarw voltage of 110 kV under a pulse opcratirm with
a peak power of 70 kW antf a duty factor of f).9Yo.

This pa!)er describes rncasurcrncnts of field distri-
butions along the vanes and presents preliminary results
of high-power tests.

TABLE I

It&&t Paraxnctemof the? Pmtotypc RFQ
——

Frequency (~) 25.5 MIIz
(hargc-t~msws ratio (q/A) ~ 1/30
Irrput mrcrgy (’/;,,) 1 kc\’/u
output energy (’f~ut) 45.4 kcV/u
Norinaliztxf crnittanc(! (En) O.fir rnm.mrad
Vane length (L) 2.135 rn
Kilpittrick factor (jK) 2.2
Intervane voltage ( Vv) 109.3 kv”

Mean bore radius (rrr) 0.946 crn
Minimum bore radius (a~in) 0.521 Cfll
Margin of bore radius (a~in/ahem) 1.20
Focusing strength (B) 6.0
I,irniting current (lli~) 2.5 mA’

L

“ for q/A = 1/30 ions.

Field Measurements

We rncasmretf distributions of electric field strengths
in the cavity by means of a perturbation method. When
a pcrturbator comes into a cavity, the resonant frequency
(Jo) charlgea (by Z-!). Fllrthermole, the difference between
the phase of the input wave and that of the transmitting
wave shifts (by 0). These are expressed as:

– tan O = 2Q0 ~ a E2 ,
fo

(1)

where Q. is the unloaded Q-value, and E the electric !ield
strength at the perturbator position. We measured the
above O for the evaluation of field strengths.

W(Sexamined the filedbalance among the quadrants
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by measuring field strengLhsbetwcm vanes. A teffon pcr-
turbator (20 mm in diameter and 10mm in length) was .sct
between varres,FMshGwnin Fig. 1, and movt!din the tax-
iid direction (the pcrturbator always touched two vanes).
‘1he meiuwred fl’s arc shown in Fig. 1, where four curvu,
~c>rr=potldillg to the four pcri,urbator positions bctwwn
vanes, arc drawn. At any axial position, each of four field
strengths deviates from their average value by less than
+0.6%.

Field strengths in the beamaperturewere measured
with a teflon perturbator, 9.5 mm in diameter and 7.5 mm
in length. ‘1’hethick line in Fig. 2 is the result. ‘1’hcob-
served oscillation is due to the modulation of the vanes, u
can be explained by a numerical calculation. From Kq. ( 1),
we see that the phase shift Ois related to the energy of the
electric field in the perturbator region. The field crmrgy
was computed by using electric field components derived
from the Kapchinskij-Teply akov potential function3 and
design wdues of vane parameters at each cell. The int.er-
vane voltage wrM assumed to be constant over the vane
length, as is in the design. For comparison with the above
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Fig. 1. Measured field strengths between neighboring
van= (four curves are drawn) and the perturbator
position.

o
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C
3

Fig. 2. Measured (thick line) and computed (thin line)
electric field strengths in the beam aperture.

uxpcrirncntrd data, the coIIIpuLcd valuesof O were norrrlal-
ized so that the nwsurcd and the computed 0’s arc equal
at the exit ot”the radial ~rlatching srctirm, 30 cnl down frorrl
the cavity cntrancc. i’lIt Lilin Iinc in Fig. 2 is the result or
the r.on;outation. i’rom tlm good agrccnwnt bclwecn the
two curws, wc infer that the intorvarm wdtagc is alnmst
flat over t!m vane length, and that the t+:ctric fichf in the
bcarn aprwllm is CIOSCto the ideal one.

High Power Tests

Measurements of inte rvane voltage

[)uring high-power operations we SI1OUMbe aldc to
rncawrre intervanc vollagc. Two rncasurcrncnt techniques
have hen tricti, and they yielded results conrristcnt to each
other.

Onc of the tcchniqu~ is to rncawrc a voltage of a
signal from a rrronitor loop attached to the cavity side wall.
The sim of thr loop and its angle to the rnagnct.ic flux were
adjrrstcd so that the picked-up sigrlal might have a voltage
about 1/10000 of the intcrvanc voltage. K’orthe calibra-
tion, wc applied dirm-.tly voltage between two neighboring
vanes by connecting them to a signal generator with a ca-
ble and measured the output voltage of the monitor Ioop.t
‘1’hc resufting monitor-loop voltage against an intcrvanc
voltage of 1V w~s 0.1225 nl\~.

The other tcchniquc is to rnc~urc an input power
l~n supplied to the cavity arrd calculate an intcrtanc volt-
age Vv from the following rc!ation:

V. = #l Rp I:n , (2)

Where RP is the resonant resistance of the cavity. ‘J’he
value of RP was experimentally obtaine(!. We applied a
certain voltage Vv to vanes in the rnanrmr same as at the
calibration of the monitor loop, and mmrrureda voltage
Vc acrosr a 50-t2 raristor terminating the loop coupler for
high-power rf feed. We found thereby

()
2

Itp = 50 +
c

(3)

= 86.8 K-2.
The resonant resistance can be derived from anottrcr rtda-
tion. Using rncasured values of the unloaded Q-value (QO
= 6400), the resonant frequency (/0 = 25.5 MIIz-), arid
the capacitance (C = 453 pF) of the inner electrode, wc
obtairmd

(4)

= 88.2 kfl .
Substituting these RP-values into Eq. (2), wc obtained in-
tervarm voltages aa functions of input power; the two curwxr
in Fig. 3 are the remrlts.

In the figure the curves arc compared with open
circles. ‘1’he circles were plotted by using input powers
indicated on a rnctcr of the power supply and intcrvanc
voltages ol)taincd from monitor-loop outputs. The lhree
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Fig. 3. Relation between intervane voltage and input
power. The solid line is derived from Eq. (2) with
RP = 86.8 kf2, and the d~hecf line with ttP = 88.2
kfl. The open circles denote intervanc voltagca
derived from monitor-loop signals .Wfunctions of
the input power measured with a power rnetcr.

results :. e., the two curves and the set of open circles, arc
same within +1. 170.

Cavity conditioning for high-power operations

We have attained an intervanc voltage of 110 kV
under a pulse operation with a duty factor of 0.9Y0and a
peak power of 70 kW. This voltage is high enough to ac-
celerate ions with a charget~masa ratio of 1/30; 109 kV
is necesaary for the ions. ‘~he high intervanc voltage was
attained after a conditioning, where we trained the cavity
under operations with duty factors of 3Y0* ().6Y0and in-
cre~ the input power step by step so that the vacuum
in the cavity might be kept less than 7 x 10-6 ‘rorr.

Figure 4 shows the progress in attained intcrvane
voltage during the conditioning. At the beginning we in-
creased gradually the input power at lower levels, but could
not stabilize the operation. After such a state lasting, the
intervane voltage jumped abruptly to 6 kV, and :’,]e cav-
ity came into a stable operation at this level. AX the in-
put power was increased further, the shape of the sigual
from the monitor loop warped and the vacuum got. worth
rapidly. These phenomena, caused by multipactoring, were
observed at certain rangea of the intervane voltage. The
multipactoring was severer at lower voltages, as indicated
by the three plateaus in Fig. 4. From the observmf mul-
tipactoring levels, we found that the applicable intervanc
voltagea are at present between 6 kV and 110 kV, and that
the RFQ can accelerate ions with a charge-t~mass ratio
between 1/2 and 1/30.

Concluding Ilemarks
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Attained intcrvauc voltage as a function of aging
time, i.e., operation tirrw x dllty factor.

The field meamrcnwnts bawl verified that a good
electric field is generated in ttw huarn aperture. From cur
cxpcricncc with other RFQ’s at :NS, wc consider that the
obtained field balance among the quadrants and t.hc flat
voltage distribution in the axial dirccticm promise well for
acceleration tests to be conducted sum. ‘1%(!issues of high-
powcr tests from now on are 1) increase of the (futy factor
up to 1of%o, 2) examination of tcrrlpcrature incrc~e am! fre-
quency shift under high-duty operations, and 3) mc~urc-
mcnt of the voltage break-down level. After constructing
a test stand, wc will accelerate N; ions.
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A bstract

CloSc-coupltxJrf (CCRF) power systcms
for accelerator applications have been dcvclopcd
and tested. Prolot}’pcs, based on Eimac Planar
Triodes (Y-690 and YU-176) in grounded-grid
configurations, exhibit outstanding performance,
cfficicncy, gain and simplicity. These unils
mount directly on :hc side of the accelerator and
operate in an cxtcns ion of the accelerator
vacuum, thus eliminating marty components of
conventional :f power systcrns such as rf output
rcsormtors, transmission Iincs, and w.~cuum win-
do~’s. Rf power is coupled to the .iccclcrator
through a loop operating at the anode potcmial.
Cooling for the iinodc is provided through the
coupling loop. fiftcr passing through the loop,
the rf currents arc shunted to ground through an
integral rf -bypass capacitor. This same
approuch is rclcvbnt to Iargcr tubes, offering
peak powers in the 0.5-1.0 hlW region, with all
the Sarnc a(tvilnlagcs, including substantial
wcighl sa~’ings.

I ntrod uction

High-strength, radio frequency, clcctro -
magnctic fields, bounded by resonant cavities,
arc commonly used in particle accelerator sys-
tcms to acccleratc, deflect and/or focus charged
particle beams. The rf power required to crcatc
and sustain these fields is traditionally
obtained from external rf power sources con-
ncctcd to the resonant cavities through some sorl
of rf power transmission lines and rf power
coupling dcviccs. These conventional dis-
tributed systems for powering rf devices in
accelerator systcms arc unnecessarily complex
and expensive.

A reduction in the cost a.”.dcomplexity of
these systcms would have a substantial effect on
the viability of accelerator systems for medical,
industrial, scientific and dcfcnsc applications.
Onc approach to this goal would be to dcvc]op a
close-coupled rf power source where the active
clement of the rf power source mounts directly
on the resonant ca~”ity and interacts directly on
:he rf fields within the ca .“ity. This could
elim inatc many components and functional
interfaces of conventional rf power systems,
resulting in simpler, Icss cxpcnsivc, more com-
pact, and more reliable acccdcrator systcms for a
variety of applications.

Close-Coupled RF Power Systems

Close-coupled rf power (CCRF) systems
for accelerator applications are under develop-
ment at SAIC. Prototypes of these systems,

based on the Varian/Eimac planur triodes in
grounded-grid, cisthodc-driven con fig urittiI)o~,
exhibit outstanding pcrformancc, efficiency,
gain and simplicity. These units arc designed to
mount directly on the side of an RFQ linac, in an
extension or the Iinac vacuum, and couplcdpowcr
directly to the Iinac fields through a loop
operating at the anode potential. Cooling for the
tmodc is provictcd through the COUPIing loop.
After passing through the loop, the rf currcnls
arc shunted to ground through a rf-bypass
capacitor, which is an integral part of the
design. These CCRF power systems promise to
eliminate many components of conventional rf
power systcms such as rf output resonators, rf
output couplers, rf power transmission lincst
and rf power windows.

Schematics for both conventional rf
power systems and close-coupled rf power sys-
tcms arc sho .vn in Fig. 1. In the conventional
arrangement, power amplifier optimization and
impcdancc matching to the resonant load arc
based on measurements of the forward and
rcflcctcd power in the transmission line and the
efficiency of the power transfer from the trans-
mission line to the accelerator. They do not,
however, indicate the amount of rf power actu-
ally gcncratcd by the power amplifier or the
amount of power lost in the amplifier output cir-
cu its.
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Fig. lb. Close-coupled RF Power System.
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In the close-coupled itrrttngcmcrtt, there
is no direct way to scptiratc the performance of
the power amplifier from lhc performance of the
power coupling device. The concept of forwitrtl
and rcflcctcd power, bctwccn the power anlpli-
ficr md the rcso.lant load, is not applicable.
Hcncc, al[crnatc t:~hniqucs have been dcvclopcd
for systcrn optimization. The only rclcvarrt mea-
sure of the systcm performance is the magnimdc
~f the resonant fields, which, after all, is the
principal reason for the systcm.

In order to optimize the pcrftrrmitncc of it
close-coupled rf power systcm, there arc several
portions of the system that must bc properly
tuned andlor matched. The datir ava~labic for
these operations incl udc the forward untl
rcflcctcd power of the rf input drive Iinc, the
cuthodc cxcitiition, the cathode bias, the anode
\’oltagc and currcn;, and the magnitutic of the
fields in the output rcsrrnator. The t~ariab]cs
cffcc[ing these data arc the position of Ihc input
rcsormtor tuning stub, the position of the input
resonator drive tap, the cathode bias
(dctcrmincd by selection of zcncr diode), and the
size, shape and orientation of the coupling loop
lhitt couples the anode current to the magnetic
fi,:lds of the rcsonanl load.

The proccdurc for adjusting these vari-
ables to Cffccl the optimum performance
includes: 1) adjusting the rf drive frequency to
the resonant frequency of the rcsonttnt load (or
alternatively, adjusting the resonant frequency
of the load to the drive frequency), L) adjusting
the position of the input resonator tuning stub
and input resonator drive tap to achicvc a mini-
mum rcflcctcd power on Ihc rf input drive line
while maintaining a significant cathode plate
excitation, and 3) adjusting the size, shape, and
orientation of the coupling loop to achieve high
efficiency (z70%) power transfer to the resonant
load and a high power gain (>13 db) across the
power amplifier as indicated by a measure of
the magnitude of the resonant fields.

The Eimac planar triodes (Y-690, YU-
141, YU-176) citn produce peak rf power in
cxccss of 20-30 kW with duty factors in the
Iange of a few percent. They ~-c rated for per-
formance up to 2 GHz. They .:c small in size
(cmc inch i~i diameter and two inches long) and
reasonable in cost. They can be deployed in
clusters for higher power rcquircmcnts. A sin-
gle cluster of 12 of these small tubes have pro-
duced as much as 360 kW of rf power for lirmc
applications,

Planer triodes operate well, either singly
or in clusters, in the grounded-grid, cathodc-
drifcn configuration. This implies that the
anode and the coupliug loop operate at elevated
potential (6-10 kV) and should have consider-
able ..in,.citancc to ground (200 pf or more) for
the ri currents, Using the required electrical
insulation as the dielectric of the required rf
bypass capacitor results in the compacl and

rigid configuration shown in Fig. 2, The anode
cooling wittcr enters the anode bypass capitcitor
ring, passes through the coupling loop to the
anot!c cap, and then back 10 the capacitor ring on
the Way OU[.

Figures 3 and 4 suggest 4- and tl-tube
configurations for powering RFQ linacs. The 8-
tubc configuration cmploys a pair of triodes in
citch CCRF module.
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Fig. 2. Anode Loop Insulation and RF Bypass
Capacitor.

,, .

Fig. 3. Four-tube RFQ Configuration

Fig. 4. Eight-tube RFQ Configuration.
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Each triode or cluster of triodes (2 or
more) requires a cathode excitation circuit,
typically involvi;lg a resonant cavity or an
impedance transformer. The configurations,
shown in Figs. 3-5, involves a three-quarter
wavelength coaxia! cavit}” with the outer conduc-
tor grotinded, a luning stub at the far end, an
adjustable tap for inpul coupling, and the open
end of the ccnler conductor conncctcd to the
ca[hodc. The filament ICMISarc routed through
the center conductor of the input rcsonittor so its
to bc at the same rf potential as the cathode.

Fig. 5 shows a two-tuhc, close-coupled rf
power systcm coupled to a 425 MHz RFQ Iinitc,
The pair of planar triodes (YU-176) can produce
in cxccss of 60 kW of peak rf power for 270 duty
factor.

With many different input cavities, care
must bc takca to drive thcm in the proper phase
so thitt their output pow’crs wiII combine con-
structively They can either hc driven as i.t plu-
ral ity of coupled strip Iincs, a resonantly
coupled chain, or through a power splitter and
cquitl Icngth Iincs. The preferred schcmc will
depend on the details of the configuration.

Appl i:ations

There are distinct advantages in power
ing linacs with a multiplicity of smaller power
units, namcl}’, it is relatively easy to survive the
failure of any one unit by calling on some
reserve power from the rcmaining units, and the
system hardware, being small in size and large
in number, results in favorable design and fab-
rication costs. Most analyses suggest high reli-
ability and substar,tial cost saving for the close-
couplcd scheme over the conventional rf power
systems.

For an RFQ Iinac requiring 100 kW of
peak rf power, one planar triode in each quad-
rant, as shown in Fig. 3, represents a conserva.
tive and symmetrical configuration having ample
rf power for normal opera~ion, with sufficient
reserve to survive the failure of any single power
unit.

i

-.—.—

For an RFQ linitc requiring 200 kW of
peak rf power, a pair of pluncr triodes in each
quadrant, as shown in Fig. 4, would provide
ample power for normal opcra~ion, with suffi-
cient rcscrvc to survive the failure of scvcrtil
units. Each pair of triodes would bc clustcrcd
together M a unit with their outputs combined
inlo it single rf drive loop.

Drift tube linacs (DTLsj, requiring many
mcgawotts of power, could bc driven by clusters
of four planttr triodes conncctcd to cisch drive
loop. These clusters need only bc 4 inches in
diameter. Tcr such clusters could produce more
than is megawatt. Onc cluster every 4 inches
rcprcscnts a Iincttr power density in cxccss of I
MW/m.

An array of small planar triodes could bc
uscti to power cmsp!cd cavity Iinacs (CCLS), even
at frcqucncics that arc ~ypica)ly higher thun
that of RFQs and DTLs.

C onc Ius ions

Close-coupled, loop-driven, rf power
sources, using the Iinac resonator itself as the.ir
output resonator and power combiner, offer
substantial savings :tl the cost, complcxit y,
weight, and efficiency of the rf power smtrccs for
linac applications. By integrating the rf power
sources with the Iinac, much of the mystery of
both entities is rcmovcd. All problcms associ-
ated with the extractionof the rf power from the
power source, transmission of the rf power to lhc
linac, and injection of the power into the linac
are solved, in the simplest way, by (he closc-
couplcd configuration, The systcm co~ltrol is
simplified by eliminating any concern over rc-
flectcd power and standing waves in the non-
cxistant transmission lines. Such rf power
sources arc no longer a constraint on the linac
frequency, since the major clcmcnt of the rf
systcm is the linac itself. The power source
itself is essentially broad-band, de]ivcring its
power directly to the resonant load, The power
efficiency is improved by eliminating the power
dissipated in the conventional rf power output
resonators, couplers and transmission lines.
Systcm reliability is improved by the general
simplification of the systcm, the significant
reduction in part count, and the ability to sur-
vive the failure of some power units (graceful
degradation).
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Fig. 5. Two-Tube, close-coupled RF power
System - Mark 111.
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:. bstract

Exploiting the potentialefficiency gain of a nomml
conductingrf itccclcrwsropcrolcdal cryogeniclcmpmmtrcs
requires careful prcpmtiion of ihc rf contiuctingsurface.
Experimentalapparatus hfis been asscmblcd 10 study the
surtticcconductivityto rf currents:It425 MHz. and 850 MHz
througha tcmpcramc rangefromroomtcmpcraturcto 14K,
The :Ipp:wamsis built aroundan open-endedcoaxiidcavity
with the cavity tubularends below the cutoff frequencyat
rcsonancc. The ccntcrconductorin the coaxialcavity is the
testsurnplc,and theuseof a dielectricstandoff for theccntcr
conductor prccludcs the need for an rf contact joint and
iacilitxcs samplechanges. The rf testingisconductedunder
\ircuumwlLhlow-powerrf. A CTf-Cryogenicscryopump
cokthcadis used(orcryogenictcmpcrtuurccyclingof thetest
ca~’it>. A dclailcd description of the apparatus rind
mc~wrcrncntproceduresarcpre.scntcd.

IntroSuction

The H- acccIcrator for the Ground Test Accclcrator
(GTA)has thepurposeof verifyingmuchof lhespace-t.mccablc
technology for the Neutral Particle Beam (NPB) program.
Included in the space-t.raccabililyis the dcmcmstration of
incrcascxlefficiency and stability of operating normiil-
conduuting, rf accclcra~ing slruclurcs al cryogenic
temperatures. The many different rf componentsin the GTA
acccl?rtitor require varied fabrication proccsscs, and the
undcrstarrdingof the fabricationproccsscsand their effect on
cffkicncy were not WCIIknown. “IlrcCryogenicTest Fixturc
(C7”F)~’as designed and asscmblcd to provide a dcdicalcd
C.xptiimcntal facility for testing the rf structureefficiency of
lest surfaces and other cryogenic components. The CTI~
combinesan rf coaxiafcavity, a vacuumsystcm,a cryogenic
cooling systcm, tcmpcramrc monitors, and the support
diagnostics for mcasurcmcnts dircctcd at this very specific
[cchnologyIssue.

Design objectives of the CTII’

A limitation of many of the surface efficiency
cxpcrimcn[sis msociawdwith theexpediencyof testingand the
capacity to limit the test to it specific uniformsurfticcfinish.
The cxpcdicncy of testing requires that the surfitcc sample

●Work suppor[ed and funded by the US Depsrtmcm of Dcfcnsc,
Army Stramgic Defense Command, under tie auspices of the US
Departmen[of Energy.
‘W(srk supported under Industrial partnership Agreement with
GrummanAcrospacc Corporation, Bcthpagc, NY.

preparationbe simpleand uncomplicated,and th!llinstallation
into the ttpp~iitus and sub.sequenttesting be easy and rapi;;.
Obtainingand [cstinga rcprcscvrtativc,uniformsurface finish
prccludcs the use of rf seals and the tcsling of an interior
surface where machining, itbrtisivcpolishing, plating, itnd
clcctropolishing give inconsistent results. These design
rcquircmcnts goncratcd our decision to use an open-cmtcd
coaxialcovity for our tcslillgprogram. Using the open-crdctl
cavity and dielectric stiutdoffs I“nrsupporting tttc ccntcr
conductorrcsulLs in it test citvitywirh no rf seals and in which
the ccntcr conductor is easily rcplaccd. By using only the
ccntcrconductorM the sample,the test surfaceis mechanically
simpleandall proccsscsarc appliedto arrouLsidcsurf.accwhere
uniformity is easier to achicvc. Furthermore, tic current
densities arc highest across the central region of tht .cntcr
conductorwhere the surfaceuniformityis best,and thecurrent
tiiminishcsr~pir.flync.artheendswherethe fabricationpmccsscs
may change. A drawbackto usinga commonouterconductor
for all testingis that thisconduclor,ncccssarily,hasa different
conrillcliviiy, and only rclittivc rcsr. dtsfor comparisonof
processescanbedirectlymeasured.

CTF Apparatus

The coaxial rcsonanlcavity outer conductoris a 24-in.
long cylinder fabricated from a 4-in. o.d. by 0.5-in. wall
OFE-HIT copper tube. The tube length was sclcctcd from
calculationsand mcasurcmcnts,which guarantee that power
lcalmgcout of the cavityends is far below 1%. Ttrc insideof
the tube witstumcd down to an insidediameterof 3.530 in. as
a compromise bctwccn reducing mass, rcmoval of the
sitcrificitilmctid, mitintaining cavity strcng[h, and leaving
suffrcicntmtttcrialfor mountingthe diagnostichardware. The
inside machining was done with convcmional techniquesto
rough dimensions, and the final three finishing cuts of ICSS
than 0.003 in. were made with a diamond tool at slow speed
and fed. Twoouterconductorshavebeenprepared.Eachol:tcr
conduc[or hm been machined in a similar fashion, but onc
includesa final500C annealand chcmicrdpolishforadditional
conductivitycnhanccmcnt.

“rhc ccntcr conductor samples arc 0.971-in. diameter
cylinrlcrs which result in a 77 ohm (maximum Q)
configur:itionfor the citvity. A smaller diameter would have
rcsultuf in grctitcrdominationof the measureddata by fhc test
S-arnplc;however,the sclcctcddiameterhas greater rigidityfor
consistentmachining. Each cnd of the cylinderhas a 0.25-in.
radius to dimirtish sharp edge effects duringplatingor
elcctmpriishing.Each cnd also has a 1/4-20 tapped hole as
point of attachment for plating, clcctropolishing,and other
processingas ncucssary. The sample Icngthsarc 32,852cm,
32.159cm, and 15.160cm resulting in resonance frequencies
of 425 MHz, 433 MHz, and850 M-Hz,rcspwtivcly.-
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The c’enterconductor is supported iI[ i[s ccrucr by a
0.5-in.thick. wedge-shapedberylliumoxir.fc(BcO) diclcclrit
>Mndoff. BCOwas sclcctml for this applicationoicr boron
nitrik, alun~ina, polyc[h}”lcnt., and ~cllon IXSLXUSCil retains
both high elcc~icul rcsisti~”itymi high lhcrnxdcontiucnivily
;icmss tit.”cmirc trmpcrwurc span Of tcsling. The ccnwr
conducmris held in pluccon the standoffby a spring-lowhxl
BcOposL The spring It)iding is maintainedby t’ivcBcllcvillc
w,ashcrsm.ountulin seriesMaccomnwdutctheexpansionsand
contr:wtionsof thcml:tlcycling.

RF di;~gnos[iusconnection 10 lhc rcsomrnt tilvily is
prolidcdby two mtigncliucoupling probes Iocalcd opposilc
c:ichwhcrwoundtheuircumfcrcwcal the~ilvilylongitudinal
ccnlcr.

;\ s~iinlcws[tk’t,C)’lin(triCillVacuumVCS.W1proviks il
clc:m ~xuum cnvironmcnl (or rf testing und cryogenic
opcratiorr. ln~,ik dimensions 01 17-in. diirmck!rby 44-in.
lengthpro~’i(icwnplc !Cm fur thecavityand olhcrequipment.
ACCCSSm the inlcri(wm cwh cnd of the vessel is pmvidcd by
hinged,wring scald Kmgts whicharc hchfclosedunderhigh
VXUUIN by imnosphcricpressure. These doors give access 10
lhccn[ircin.sideffiamctcrwhenopened. The vacuumVCSSC1is
mountedon a movcablcstandalong wi[hthe followingsupport
cquipmem:

1. A LcybOld-HcrtieusTurbomokxularvacuumpumping
syslcril.

-i-. ACTI-CRYOGENIC’Sgaswmsheliumrefrigcriilor.

3. A LakeShoreCryouonicsdiodethcrmomctcrsystcm.

4. An AC hcawrsys[cmforcavilytempernlurccontrol.

RF Cavity Modeling

For an rf resonant strucurrc, [hc cavity Q is a scaled
factorof the storedfieldenergydividedby the requiredpower,
thusQ isdircdy related“Wefficiency.

Qu . wEstored

Ptotal
(1)

The computedQ fromanrf cavilymodelingcodepmvidcsthe
theoreticalvaluefordatacomparison

An analyticsolutionof the coaxialcavitycan be done if
t.hcboundaryconditionsfor the cavity ends arc clippedat the
cnd of Ihc ccnlcr conductor. The analytic solulion is
informa[ivc;however,the cnd effectsarc cxwnsivcand require
more detailed modciing. The SUPERFISH family of codes
providestheoreticalpredictionsfor the rcsonarufrequency,[hc
cavity Q, and the power distributionLawccn the ccntcr and
outerconductors.The rcsom ; frequencyand fielddistributions
arc firs[-ordercalculationsin SUPERFISHand haveestimated
accuraciesof bcuer than 1%. CavilyQ and powerdistributions
arc second-ordercalculation:”and, as such,havebeen assigned
cslimotcd acculacics of 2%, accordingly. Laboratxy
mcasurcmcnts of the cavity frequency for all thmc ccnlcr

cunduclors agree 10 well wilhin 1% of the SUPERFISH
prcdic[ionbirscdon careful mcasurcmcnLsof the component
dil]wnsions. Aldmugh cml cffccLsfor [hc 433-MHz cavily
r~’suit in an 8% dill”crcncc in frequency bc[wccn [hc
SLJ}%RFISII prediction and the analytic solution, the Qs for
dlctwoc:dcultilionsirgrccw within 1%.’

BcciIuscmost rf slruclurcs arc built 10 specifications
tmcd on SUPERFISH mrxicling, power cslima[cs for
operationarc .~iikd by lhc nlCiLWId Q versustheSUPERFISH
Q. For ihisreasonany CTFQ measurcmcnts,whichare scaled
~gains[ IIIC SUI’ERFIS}{Q, have value in predicting the
performanceOfwcclcrdlorrf struchucs.

Testing Protx!dure

I’k unlwldcd Q is the quality factor of the rf strucmre
irlonc with no cxwrna] perturbations; however, the
mcmurcmcntof Q requirescoupling the cavity to an cx[cmal
s}’slcm.Our IaborumrylliCiMIrCMCnLS, thcrcforc,measurethe
~avilyloudcdQ,QL,andlhcunloadedQ mustbe extractedby

also measuring lhc coupling of the field-samplingloops, ~ !
and ~2. Qu can t.hcnbc calcukrledfromQLusingequation2.2

(2)

FOr our ICSIprogrum, QL is measured by the bandwidth

method,and j3*and j32arc calculated from a rCflCCICdpOWCr

mcasurcmcmof cuchport.

All mcasurcmcntsarc made using a HcwlcUPackard
8753B Nciwork Analyzer. Because lengthy cables are used
insidelhc vacuum10rcducc thermal10SSCS,it k impossible10
calibralc the Network Analyzer to accommodate the cable
Ios.sesat the field-samplingloops. As a rcsuh, il is necessary
to dctcrminc the field-samplingloop coupling by measuring
the ratio of rcsonancc rcflcctcd power to the nominal, off-
rcsonanccrcflcclcdpowerforthatport.

An irsscmblcd coaxial cavity with a test sample is
installed in [he CTF and is under high vacuum for all rf
testing. Q mciwwrcmcnLsarc madeof the firsl-andthird-cavity
rcsonanccmodes for the 425-MHz and 433-MHz cavities;
however, only the firsl rnotk of NV 850-MHz cavity is
measuredbecauseof power leakageuut of the cavityends for
the thirdmode. Q mcasurerncntsarc takenat roomtemperature
prior to Lurniligon the refrigerationsystcm. The cavity is then
cooledto cryogenictcmpcriturcsusingtheCTI gaseous helium
refrigerator. Q mcmurcmumsarc then takenat threecryogenic
tcmperawrcs (tic coldest operating tcmpcraturc, -20 K, and
-35 K) by using the heaters for selecting the given
tcmpcraturcs. For each of the above four lcmperaturcs,the
t.:twcrrkantdyzcrsystcmis calibratedat the connectionport to
the vacuumfecdthroughconnector,thus assuringsomedegree
of mcasurcmcnt crmsistcncy. After compactingihese four
calibratedmcasurcmcnts,the coaxialcavity is againcooledto
its lowesttcmpwmrrc. A sequcnccof Q mexlurcmcntsis then
stwtcd for thedurationof the warm-upcycle w!’Athe network
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amtlyzcrnow underthecontrolof a HCWICUPackardComputer.
Bccausc the region between 15 K and 40 K is especially
interesting,ttpproximmcly[en tcmpcrautrcpoints arc SCIand
stuhilizcdusingthehca[crsup to 40 K, and Q data collection is
iniliatutby the computer. Withouttcmpcrwrc controlbelow
-to K, the temperature rises too rapidly for meaningful
mcirsurcrncnts. Above this tcmpcra[urc region, both the
heatersand thercfrigcrittionarc tumcdoff,anddataiscollcztcd
ona timedcyclefor the rcmaindcr(approximately2 days) of
the warmup to room tcmpcraturc. The network analyzer
s}stcmis uncalibratedfor the mcxurmncn~ made during the
:Iulomit(cdwarm-upcycle.

Copper Surface Preparation Studies

The CTF hits been most cffcclivc in accomplishing ir
surface cfficic.ncy study for identifying the best cavity
fabricationproccsscsfor the GTtl850 IkfHzDTLs. This study
used 17 r.iiffcrcnt sitmplcs to compare various surface
prcpwttion techniquesand the sequence of the preparation
steps. Figure1displaystheQ cnhanccmcnivaluesrclalivcto
the SUPERFISHroom-tcmpcralurc,prcdictcr!Q for tbc
samples. Each row is it different sample for a fabrication
tcchniquc. Acrossmch row is a check nm.rkif a processwits
doneon thesampleor a numericalvahrcfor theQ cnhanccmcm
if the .samplcwas mcasurcxlat that panicular step, I’hissludy
assistedthedesigncnginccrsin selectingoptimalscqucncc.sfor
theDTLfitbricaticmandverifiedthesafeapplicationof some
processesfor thecryogenicstructures.

3.
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3L “

4L

5L “

6L

7L

8L “

g~ .

1oL”

Fig. 1. Q enhancement of the GTA 850 MHz DTL Copper
Surfacefabricationproccsscs.

Conclusions

The utxhxstantiingof the affect of the near-surface
conductive region on surface conductivity and rf strucwu
efficiencyliasbeen used 10tlcsignthe fcatcrcsof rhcCTF. As
a result, the CTF gcncralcs data dircctcd spccificitll; at
wchnologyissuesfor the NPB program.

The CTF htis been it useful facility for the rf surface
testing alrcatiycompletedfor the GTA program. It has been
used 10 verify the suitability of lhc rf surfitcc for the GTA
RFQ,to accomplishan cxtcnsivcprogramof evaluatingcopper
surface prcparittions for the GTA 850-MHz I)TLs, and to
evaluate l?c effect of single rf contacts at cryogenic
tcmpcraturcs. In the future, data from the CTF should bc
applictidirwtly during the rf structuredesign phase to more
itccuritclyprcxlictpowerandcoolingrcquircmcnts.
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VOLTAGE BREAKDOWN TEST AT 473 MHZ”

D.Sun, F.R. Huson and W.w.MacKay
Texas Accelerator Center+, 4802 Research Forest Drive,

The Woodlands, TX 77981

Abstract

RF breakdown test results ~~lth copp..v, titanium, stainless
steel and Si02 coated copper are presented. The results
show that Si03 coating may depress field emission.

introduction

Voltage breakdown is one of the major ~ct~rs to be

considered in designing a high gradient accelerator struc-
ture. Since Kilpatrick proposed his semi-emperical crite-
rion for rt’breakdown in 1950’s[1], se}-eral experiments have
been conducted by various research groups. Figure 1 shows
some of thtse results[2]-~8] and Kilpatrick’s criterion curve.
Obvioasly, these experimental data are widely dispersed
and more data are needed, especially in the region of 425
-2280 hIHz.

In theoretical aspect, many models were proposed
to explain dc breakdown, but few for rf breakdown. Up to
now the mechanism of rf breakdown is still not clear. This
fact nut only limits the understanding of zf breakdown, but
also ti~cts the effort to achieve and maintain higher field
gradients. hlore experimental information is also needed
for theoretical modeling.

hIotivatedby the abovementionedneeds, the re-
search to be described in this paper is aimed to provide zf
breakdo~”n data at 473 hlHz and to test the effect of thin
films deposited onto a Cu surface, especially the possibility
of SiOs coating to depress field emission.

FREQUENCYUIHZI

Fig.1. Experimental data and Kilpatrick criterion curve (
solid line ).

“%rk supported in pxt by the SSC

Experimental Setup

The test setup is shown in Figure2. The rf break-
down test cavity is a zeentrant type resonant cavity which
is in a vacuum chamber. The copper cavity consists of two
remountable halves. The gap and resonant Gequency can
be changed easily by moving two electrodes. The electrodes
are composed of two parts: body and end cap, The end
caps which are made from various materials to be tested
are screwedonto the bodies. A small area of each end plate
of the cavity was coated with Ti to depress multipactoring.
The cavity is water cooled. ‘Ihble 1 showssome parameters
of the avity with different gap lengths which are results
of SUPERFISH.

DIRECTIONAL
colslER

I

11 I

/
LELSCTROCEEm CAP

— ELECTROOE BODY

KLYSTROOE

k
MECWJ’JICAL

LtJz
:0#

Fig.2. Experimental setup

at different positions toTwo rf probes are mounted
monitor rf power transmitted into the cavit~.. Also, the
ratio of the two probes’ measurements is used to detect
other possible modes which may be excited at higher power
levels, Se}”enthermocouples monitor cavity temperature at
various Fositions.

An EIMAC 2KDW60LA Irlystrode v,as used as an zf
power source providing 50 w long pulses with a repetition
rate of 100 Hz[9]. The forward and reflected F wer are
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monitored with a calibrated four port directional coupler.
The }mcuumsystem consists of a wicuum chamber,

a 500 L/sx turbo pump, a liquid nitrogen cold trap and a
mechanicalpump. The t“acuumfeedthroug!tfor the main rf
coaxial transmission line is made using a Teflon insulator
and a k’iton O-ring.

X-ray radiation ~+monitored l~ith a Ludlum model
Iii radiation detector at 2 meters away tlom vacuum
chamber.

TABLE 1
Cavity Parameters

..— —-— . ..—
Gap ~h~m) . 1.89 T

I 4
1.85

Q 10997 11059
L : .—. . ——.——————

Resonant frequency ( hIHt ) 473.512 477.138+
— -—..

Emax ( M\’/m ) 57.3 55.8—-——
PowtDrdissipated ( N’ ) ‘— 3365 “—3315

Experimental Procedure

All electrode end caps were carefully polished to less
than 3 ym finish and ultrasonically cleaned . Two end caps
were made flom Ti and two Gom stainless sieel. Four COp-
per end caps were coated uith Ti ~hin tilms of 100 - 120
nm by sublimation. Eight copper end caps w“erecoated
~tith Si02 thin films by electron beam evaporation. The
thickness of SiUz is 200, 300 and 400 nm. The index of
SiO~ is 1.543,

The length of the gap was measured by two meth-
ods. First, a gauge was inserted into the gap to get accurate
data of gap length and the resonant frequency was mea-
sured to make a Gequency-gap length curve. Second, every
time after changing electrodes and retuning the cavit}”, the
gap length was measured b}”calliper and checked uith the
Geq:,.enc}.-gap length curve.

Before every trot, the Q of the ca~.ity, Sl$’R and at-
tenuation of rf prohes were measured several times with
an HP8753B network anal~”zer. During tests, the signals
from the rf probes were measured with a DSA602 digitiz-
ing signal anal}”zer, The forward and reflected power were
measured with an HP438A power meter. The maximum
electric field in the ca~”ity was determined by the expres-
sion:

l~”hereE,,,nX,tl,,.,.O~l,.Oand P,I,,U are the theoreticrd max-
imum electric field, O factor and corresponding dissipated
power as calculated b}”S1-~PERFISH, and QCXPand pcxp
are experimental ones.

Experimental Results

1. Copper, Titanitim and Stainless steel
The maximum field for these 3 materirds can be maintained

at as high as 120 MV/m, although spark spcts were found
on electrode surfaces after tests, Although these three ma-
terials can reach the same field level, there are differences
among them. It is more ditllcult to maintain stable oper-
ation with copper electrodes than titanium and stainless

steel. There are more and bigger spark spots on the surface

of the copper than on the surface of titanium or st~inless
steel. The staittless steel had just one spark spot after a to-
tal of 8 hours operation. Sparks actually started at a lower
electric field of 60-90 hW/m irreguhdy .vhen power was
increased, The indication of such Ixeakdow % sLtiden a
large power reflection, an X-ray burst and a change of vac-
uum. Since reflected power was very high at the field level
of 120 MV/m, an alternative method to measure electric
field in the cavity such m X-ray measurement is needed
and is planned to establish these results.

2. Ti coated copper

‘II coating did not improve perfor:ilance. At the electric
field of 80-90 MV/m, clear breakdown signals were ob-
served. At such a level, whenever power was increased, the
breakdown occured irregularly ( e~”eryseveral minutes )
within a pulse for 1O-2Ominutes. After then, high field can
still be maintained for a long time. The shape of spark
spots are very similar to those on the ~tirface ,~fpure cop-
per. At every spark spot, the Ti film was brG2en.

3. Si02 coated copper
The purpose of dielectric coating is to isolate the micropro-
trusions on the metal surface from vacuum [l O]. However,
space charge accumulation may become a serious probl~lil.
To our knowlege, there has been no publication about test-
ing SiOz coating. At this initial stage, the 400 nm Si02
coated copper end caps were tested . The maximum ●lee-
tric field used up to now is 81 MV,’in. Since the Si02 films
are only 400 nm, as a first order eppcoximation the formula
(1) is still used to estimate the maximum electric field in
the cavity. Up to this Ie\’el, there wa~ ,~e!~,herindication of
breakdown during the test nor trace of breakdown on the
surface after the test. The Q of the cavity was 6915, The
ratio of signals from the tw”orf probes was similar to that
of pure copper mivity. X-rays were negligible which may
indicate that Si02 ttepressed field emission. Further X-ray
measurement is being planned.

Discussion

1. Although the electrodes of those three different

metals can work at the electric field level of the same or-
der of mc.gnitude, the results show that rf breakdown rind
high field performance of electrodes are st~;l related )~ith
material characteristics which may include the latent heat
of fusion.

2. Si02 can at least sur~ive an electric field of 81
hlV/m. [t mey reduce field emission Gom the copper sur-
face, and therefore may bc applied to protect copper elec-
trodes in high gradient rf fields.

3. Since the secondary electron emission of Ti is less
than that of SiOz, the above results imply that the sec-
ondary clef tron emission ma} not play ur important role
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to initiatt. breakdown in high g[adirnt rf fields.
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NIEASURI?MENTOF RF ACCELERATOR CAVITY FIELD LEVELS AT
HIGH POWER FROM X-RAY EMISSIONS*

G. O. Bolmc,G. P. Boicourt,K. F. Johnson,R. A. Lohscn,0. R. Sander, and L. S. Walling
Los AlitmosNittionaiMxviMry, Los Alamos,NM 87545

Abstract

Energy SpCNOSCOpymcastircmcntsof X-riysfromd
structuresat high pcwcr providean independentmethodof
finding itccclcratmg-gap vollagcs in the multiple-cc~l
itccclmttingstmcturcs. An x-raydetectoris usedto measure
the energy C: the cmittcd x-rays; and the high-cnclgy
endpointof theenergyspectrumhistogramcorrespondswith
the peak-gap voltage in the rf structure.. The x-ray
mcasurcmcntsarc used to provide a calibration relating
@-gap vohagc to rf strtuurc fieldsamplingprdcs. The
arudyzcd x-ray data has been compared to theoretical
SUPERFISH and MAFIA3D prcdic!ions and to bcam-
dymtmicsdata for the multiple-cellstructures. Information
about this diagnostictcchniqucand its valueforverifying
accclcr~tormodelingcodesis prcscntcd.

Introduction

A primary objcctivc of the GTA program is
verificationof theaccclcritlormodelingcodes. Codessuchas
the SUPERFISHfamilyof codesandMAFIA3Dmodelthe
performanceof therf structures;andparticle-dynamicscodes
suchasPARMTEQarsdPARMILAp;cdictbeamparameters
ixtscdon rf structuresimulations.RF powerand measuredQ
have been used to predict the frcldIcvclsby mci.tnsof the rf
structuremodelingcodes:and thesepredictedfieldlevelsare
appliedasaninputto thepanicledynamicsccdcs to generate
the czpcctcd beam characteristics Thus, CxpCrimCntd
vcrificittionof code performance has bridged both sets of
codes by correlating measured beam pammctcrs to the rf
structure power consumption. Our rf cavity gap-voltage
measurements using the x-ray emissions, determine the
accelerating structure electric field levels—lhc
interconnectingpammctcr of these two sets of accelerator
modelingcodes.

A direct mcasurcmcnl of the rf structure fields
cannot bc accomplished because any probe capable of
measuringthe full-ticldIevclwouldsignificantlyperturbthe
cavity. A mcawrcmcnLoftherfstruclurcx-rayemissionsis
nonintrusiveon thecavityanditsoperation;thcrcforc,an
x-ritydiagnosticsystcmdoes,IOCperturbor modify the rf
struclurc. Our diagnostic appcratus is based on an x-ray
spectroscopy system, which racasurcs the cncrgics cf
individual x-rays outside the accelcrittor c~vity vacuum
VCSSC1.The upper end-point energy of tic x-ray energy
spectrumcosrcspondsto thepeak-gapvoltagefromwhichthe
electric field ICVCIScan be cxtmpolatcd. Sets of these data

~Wurksupportedand hsndct!by the Departmentof Defense, US
Army Siratcgic Defense Cornm?nd, under tic auspices oi !hc
thpartmcn[ of Energy.

providethe settlingrelationbetweencavity powerand field
ICVCI,and this scaling relation provides the field level
corrchttion for beam data rclitting cavity power to beam
parameters.

RF Structure X-ray Emissions

High-vohagcgaps in a vacuumenvironmentare wcll-
known sources of x-rays. The rf accelerator sectionsarc
fabricated assemblies of onc or more resonant
clcctromitgncticCC1lS,creating high-voltagegaps that the
beam particlestransit. These oscillating,high-vo!tacygaps
arc necessarily contained within a hi~h-vacuum ‘?CSSC1;
thcrcforc,theacceleratorsectionsare prolificsourcesof x-ray
cmissionsundernormidoperation.

The source of these x-rays is a multistcp process
dcpictcd in Fig. 1. The high W31L3g13across any gap is
associatedwith electricfieldsthroughoutthephysicalregion
of the gap. At tic negatively-chargedsurfaceof thegap, the
clcztricfieldsresultintie fieldemissionofeleztronsintothe

4
x-lay

J

Drift Tube n Z Drift ~ubo n+l

Particle

Btram Axis

Field emission ; Bremsstrahlung
electron ; x-ray production

production ~ by Coulomb coilislon

Lorenlz force

particle

acceleration

Fig. 1. Source of the rf structure x-ray emissions at
high-power.
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*acuum gap. These electronsarc accclcmtedwuhin the gap
hy the fieldspresent;and in transitingthe gap, each electron
mains a kineticenergyassociatedwith almostall of the gap
voltage.Vg.’

T = Electronkineticenergy (1)

= evg

At thePositively-chargedwfficc, tisc accclcmtcd electrons
10SCdicir energy in Coulomb collisions, thus, emitting
Brcmssrrahlung x rays. The x-rayshavea fulldistributionof
crwrgics up to the full kinetic cmcrgyof the accclcratcd
electrons. The angular distribution of these x-rays is
strongly peaked in the forward direction of the incidrw
ckctron; however, a finite number of x-rsys arc cmitlcd
throughoutthe full solid angle.2 1[is these cmittcd x-rays
[hat carry the signature of the gap voltage, and Lhcir
pcnctraticmoursidcthe vacuumconfmcmcntwallprovidesus
with an indirect mmns of measuring the gap voltage without
perturbing the u~vity structure or the fields within.

Apparatus

Ihc x my detection sys[cm is bad ori a !Mberra
l-!PGedetector with a measured FWHM resolution <1%
across the cncrgics of interest. The dctccroranalogsignalis
shimcdby a spectroscopywnpliticrand convcrtcdto digital
d~ta by a voltage-sensitive ADC. In order to rcducc
b~ukgroundand to limitx-raydatacollection!J the rf pulse,
logicelectronicsare txcd to gate AI)C conversionfor x-rays
occurring cmlyduringthe ri pulse. All analog and logic
signalprocessing,as wellas digitalconversions,arc doneby
NIhl clectrtmicmodules.

The data collection,display, and stcragc have been
doneby twodifferentcomputersystems-aDECnlicroVAX
andanIBM-PC.Forbothcomputersystems,theinterface
totheADCSiscrmtrrdlcdthroughCAMAChardware.

Becausemany of the rf structures are rn:,!tiplc-cell rf
cavities, it is necessary 10limit the detectorview to one cell
Of the accelerator structure. 11is desirable to have an
unobstructedview of the accelerationCCH(voltagegap) of
in:ercsttiough a glass vacuumwindow. The glassvacuum
windowaids in thealignmentof thex-raydetector,a.wsts in
verifyingthat the detectorviewis restiictcdto a singlecell,
and allows =100% transmissionof x.-raysabove 20 kcV.
The rf.~e detectoris placedin a lcarishield fromO,S-in.to
2-in. thick (measurement dcpcndatt) in order to block
detection of x-rays from othef struc[ure cells, the rf
amplifiers,or surrounding.matcrialtkt can scatter x-rays,
The detectorar,dlead shieldare positionedas far back from
the acceleratingstructureas gcomet~ permits in order to
further reduce count raLc and background rate. Lead
collimators with aperturesof O.(MOin. to 0.250 h. are used
to restrict the detector view to a single voltagegap and to
controlthe x-raycountingrate. Tin, copper,aluminum,and
leadsheetsare placedover L!?ecollimatoraperturetofurther
controlthe x-raycountingrate as requimi. The planvicwof
rhcdetectorapparatusis shownin Fig. 2.

Accolerafing Cell
(Voltage Gap)

=~ ..”.”Absorbor
cavity I .’”- Sheals Cylindrical Load Shield

.“ “*

&i;;!~*~
Pon Deiector Element Nllrogen

and Preamplifier t)ewar

Fig, 2 Experimcntitlplanvicw for the x-rtiy emission
Nppamlus.

Measurement Procedures

Afterconfiguringrhcapparatusaccordingto Fig. 2, a
133Ba x-ray source is positioned in I“rontof the detector
elcmcnt for energy calibrationof incdetectorsystem.The
cillibrationdataarccollcctcdwithouttherf timinggate until
statisticsarc sufficientfor goodresolutionof the x-ray lines.
Occmirmidl~,a secondcalibrationdata set Mtaken with the
rcquiicd rf timinggate and operatingrf amplifiersto ensure
thai r] noise pick-up is not affecting the x-ray signals. The
calibration is not normally taken in this mode duc to the
cxccssivctimerequiredfor good stmisucsat the low rf duty
factor.

The rf poweris turnedo~to thedesiredlevelandthe rf
timinglogic gtitcis set m windowthe centerof the rf pulse.
Ry restrictingx-raydatacollectiontoa timewinaow21tic
ccntcrof the rf pulse, cxccss background and x-ray dc.ui
assmiti[~ with tlw transientsof rf turn-on and turn-off tic
climirmtcti. ?lc absorber foils and collimatoraperture arc
then adjuswd w limit the counting rate to 0.25101.0 x-ray
for each SO(3wcc of rf pulse duration. Limiting tic x-ray
countingrate in this mannersignificantlyreduces rhe pulse
pile-upat thehigh-energycnd of thedata.spmrum.

With the data rate adjusted,an X-RVdata spectrumis
colkctcd at the fixed rf ICVCIuntil sufficient statistics arc
collcctcd to permit fittin~ to the energy endpoint. An
additional x-ray spectrum is taken with the collimator
apcrmrcblcckedand the remainingconfigurationidenticalto
data collection. This spcctmm represents tke background
withinthe data spcctru,m.If the backgroundcountingrate is
insignificant,a wry shortmeasurementMmade;however,if
the backgroundrate is sizable.a longerme-awemcntis made
10 pcrmii a lime-weighted subtraction of the background
fromthe a-raydatapriorto doingtheenergyendpointtit.

Data Analysis

The x-raydata from the ADC is stored in the form o!’
c histogram of counts versus ADCchannelnumber.Ttw
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I
I 133BtIx-raysourceis used to energyscale the ADCchmmcl

mmlbcr,bccausci[has Sc}x!ral,well-resolvedx-raylinesand
thr two dominantx-ray lines (81.0 kcV and 356.0 kcvj
M:!:kct rhcenergyendpointsof mostof the rf structures. A
lc~u-squares fl with a Gaussian peak is made of the two
dc~mlnantx-ray lines in the spectrum using the code,
CL;RFIT.3 A strcight-line scale of ~-ray energyversusADC
chonnelnumber is calculwd from the peak ccntcrs of the
81.0kcV and lhc 356.0keV x-ray line;

With an energycalibrationfor the x-rayspmrum, the
rf slructurc dala can be fitted for theencrg;~endpoint. If
significant background radiation was dctcctcd, a timc-
w’cightcdbackgroundspectrurr,is subtractedfrom the x-ray
spectrum. A straight-line, least-squaresfit is made of the

x-roy spectrumwith the code, CURFIT,3in order to project
the Iwgcstpossiblex-rayenergy. Sincepulsepi~c-upCrCdCS
a mm up at the high-energyend of the spectrum,a fitting
window is set acrossa linearrcglonof thecncrgcticx-raysto
mostaccuratelyprojectthe spectrumendpoint. A sampleof
m ;f wrucmrex-ray spectrumand endpointIll arc displayed
in Fig. 3.

6iJNCtiER X-RRY SPEC7RLJH
I’me Oet.ecior

la 7

o+—~
0 E SO 75 IM 125 :SQ 175 m

X-ra~ t%ergy (koVl

Fig.3. Rf stmcturcsx-raycmissiondau spccuum.

A single x-ray energy endpointdoes not providean
accuratepredictionof peak-gap vullageas a functioncf rf
power. For this reason, it is desirable to determine the
energycndpcintsfor a minimumof 5 rf power ICVCIS.With
multiple energy cndpoir!ts,a least-squares fit is made of
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endpoints versus powerusingthe known4Xdc ndcncc.
r‘Ihc fit is again mitdc using the code, CLRFIT,” The ~x

dcpendcnccscaleot “Aisfit is nowvsciul in correlatingto the
acceleratorbeamdata, An cxampicof a vohagc-powerfit is
shown in Fig. 4.

BUNCHCRGflP VOLTRGE

oo~t , , I
1s.9 20.0 a.n Yon 33 A-I

COVLty Pwer Iwl

Fig. 4. Gapvohagcversusrf srructurcpower.

Discussions

Becausethecorrelationbetweenkm parameters:md
field level fcr the muhiplc-cell structures is primarily in
beamqualityand Iargclyiridcpcndcntof thebeamenergy,tic
fieldampIituJcmca.cmrcmcntaccuracycannel be dc[crrnincd
from the beam parameters of the mulr.iplc-cc!lstructures.
The best-accuracyestimateof the ATS diagnosticsystemis
made from the beam energy gain/loss measurcmcr,ts of
single-anddouble-ccl]structures.For single-anddouble-cell
stru.turcs, the correlationof the energymeasurementsio (hc
gap vohagc is dcpcndcntonly on the transit time factor for
the beam in the structure and the accuracy of the energy
mcasurcmcnts. The Cryo-DTL sparker and the four
rcbunchcrcavitiesof the ATS funnelexperimenthavegiven
us five indcpcndcntbeam energy correlationsfor the g:Jp-
volngcmwsurcmcnts. The comparisonsfor thesestructures
arc given in Table 1, The absolutebeam energyerror of the
L1NDA4dittais410 5 kcV and the beam energy error of
Phase-Scan5’6“Munknown. The largediscrepancy for the
R3 and R4 data is unknownM is likely due to poor
gcomcuy bctwccn the voltage gap and the x-ray detector.
Based on this informationand the previousdiscus~ions,wc
hrtvcassignedan estimatedaccuracyof *5% to the accuracy
of the x-rayemissiondiagnosticsystem.



TABLE 1
Beam Energy Gain/loss Measurement for Single

and Double Cell rf Structures

X-Ray
Prcdic[ion Measured Diffcrencc

Cavity (kcV) (kCv) 9’0 Diagnostic
mm 535 565 -6 Phase-Scan

197.9 197 <1
:; 157. ! 151 +4 E:
R3 76.2 88 -15 UNDA
R4 142.3 161 -13 llNDA

Conclusions

The x-raymeasurementof peak-gapvoltagesand field
Icvclshas bk,~ applied to all of the structuresused in the
ATS program,all ATS support sparkerexperiments,the rf
Seal Test Cavity,and the BEAR RFQ. For every structure,
it hasbenchmarkedthecavityfieldIcvclsrelativeto rf power
Icvcls.

The field levels mcasumdby the characteristicx-ray
emissions have also provided an important reference fc;
much of the ATS beam data. These measured ticld Icvcls
haveprovideda check on rf structurestability,verifiedthat
sufficient fields were achieved during conditioning for
operation,andprovidd a measuredfieldvalueforcomparison
of beam pararnctcrsto code predictions. As it exis~, this
diagnostic has reached the maturity 10 provide useful
informationforacceleratoroperationson GTA,
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THEORY AND 2-D SIMULATIONS ~P AN RF ACCELERATING CAVITY WITH
ASYMMETRIC POWER FEED”

Thomas P. Hnghee, Thomas C. Genoni, andRobert E. Clark
Mission Research Corporation, 1720 Randolph Road SE, Albuquerque, NM

Abstract

We investigate Lhetransverse wake potential of
a sid~coupled RF accelerating cavity both analyti-
cally and using a 3-D gridded code. We find that
the asymmetry leads to a transverse wakefield which
is rot 90” out of phase with the accelerating poten-
tiai. AS a result, there is a net deflection, as well
as a transverse tilt, of a micropulse whose center is in
ph~e with the peak of the accelerating potential. The
transverse tilt can be reduced to zero using a dummy
compensating stub. The net deflection, however, is
not affected by such a stub, and depends only on
the average power flow into the cavity. The analytic
model predicts values of the ca~”ityQ and the am-
plitude and phase of the transverse wakefield which
agree well with the 3-D simulations. Results for a
1 MV accelerating cavi:j are given.

Introduction

Single-cell RF cavities are being investigated
for beam acceleration in high-power free-electron
]_ers 1,2 Among the advantages a! such Cavitiesover

conventional multi-cell designs are that they match
well to existing power supplies, and damping of beam-
induced modes is ewier to apply.l Like multi-cell de-
signs, the proposed single-cell cavities are fed from
one side, producing a dipole aaymmetry.3’4 We }lave
made a detailed study of the nature of this ~ymme-
try, and its effect on beam pulses. In the following, we
present the results of 3-D numerical wakefield calcu-
lations and an analytic model derived using matched
eigenmode expansicm.

3-D Wakefield Calculations

The gridded 3-D code S0S w- used to model
t5e single-cell RF accelerating cavity shown in Fig. 1.
The geometry consists of a 25 cm radius cylindri-
cal accelerating cavity, which is side-coupled to a
rectangular (40 cm x 20 cm) waveguidethrough a
rectangular (10 cm x 20 cm) slot. Opposite to the
waveguide,‘ve have a compensatingstub of 0-10 cm
in length. The stub has the same transverse di-
mensionsas the waveguide,and is terminated with

“Work supported by SDIO, monitored by W. J
SctiaferAssociates.
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Fig. 1. Geometry of 3-D SOS cavity .~imulation in
(a) the y = Omidplane, and (b) the z = 20 cm
midplane.

a conducting boundary. The grid sizes used are
Ax = Ay = 1.666 cm, Az = 2 cm. The timestep is
At = 3 x 10-11 s, whichis just lessthan the Courant
limit. We makeuseof the symmetryof the cavity and
the fieldsof interest about the y = Oplane to cut the
mesh size in half. Along the top boundary in Fig. 1,
wave-transmitting boundary conditions are applied.

To measure the cavity Q, an ingoing TEIOwave
with frequency equal to the fundamental TM mode
of the cavity was launched from the top boundary
in Fig. 1, and built up the cavity energy over mary
cycles. The TE wave was then turned off, and from
the decay rate of the cavity energy, we measured to
external Q to be Qe N 3,980. This agrees well with
the analytic estimate in Eq. (7).

Asymmetry of Undriven Cavity

Initial simulations were performed to measure
the wakefields in an undriven cavity, since this is the
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case treated by our analytic model. The transverse
and longitudinal wakefields are defined by

x 106 (a)
.“,

2l—---–--”---”’ “—–” —– “—”” \

“(’) = J’[E’(’’++)
+“xB’(’++)ldz ‘1)

Wll=l’’+++)dz(2)

where L is the length of the cavity, and v is the par-
ticle z-velocity. The coupling slot produces only a
non-zero x-component of WL. We will denote the am-
p]itU&sof W,, W-IIby ~X, ~11, respectively. plots
of WX, WIIwithout and with a 10 cm compensat-
ing stub are shown in Fig. 2. Scaling the results
to a 1 MV value for ~11, we find that without the
stub, Wx has amplitude6.8x 109 V: and leads WliLY
A+ * 1.51, which is close to x/2. When the 10 cm
stub is present, the amplitudeof WXdrops by a factor
of 11.5 to 5.9x 102 V, but A# is now1.06, a )argeshift
from u/2. We can understandthis result by writing

WX(t) = W~l)sin wot + W~2)coswot (3)

(2) = ~X sin 4$~1and ‘e(I) = ~X cos A+, ‘X
where Wx

asume W (t} variesas sinwet. ‘1’heterm WX sin u:ot
(4is obtaine from the component of the deflecting field

13Ywhich is in phase with the accelerating electric

field Es. Therefore, the expression Wjl)~ll is pro-
portional to the time-averaged Poynting flux through
the coupling slot, which is insensitive to the presence

(1)of the compensating stub. Thus, WX = const. for a
given accelerating potential. The term WL2)cos~ot,
on the other hand, is obtained from the component
of ~ which is z/2 out of phase with EB, i.e., the
standing-wave component of &. Fmm this one ex-.
pects that W!2) de-pends on the length of the com-
pensating stub, and can be made to vanish by ter-
minating the stub at a position which is symmetric
with the first zero of Es in the waveguide. This im-
plies a quarter-wavelength mub,s which is 27 cm for
the present parameters.

The results in Fig. 2 are consistent with this
picture. The 10 cm stub causes a large drop h: ‘$V!i2),
but leaves W!l) unchanged, so that Ad must depart
from x/2.

., L---- A -,
1.55 1.60 1.65 x !0

x 106

2

1

m
1-
-10> 0

-1

T(sec)

‘)
—-- —.. —--——

‘1. 60 1.65 I .70 I 7:1 -1x 10

T( see)

Fig. 2. Time histories of the longitudinal (solid lines)
and transverse (dotted lines) wake potentials
for cavities (a) without and (b) with a 10 cm
compensating stub. W:’ has been multiplied
by 102 in (a) and by 1Os in (b). Note that
the time scaIe is different for (a) and (b).

Asymmetryof Driven Cavity

When the effect of driving fields entering from
the waveguide are included, Eq. (3) becomes modified
to

W~3) sin~ot + W~2)cos~O’ (4)Wx(t) = (Wp – )
(3) .where WX ISobtained from the componentofELpro-..

(1) =-w~3)duced by the incoming fields. The caae WX
corresponds to the case where the power entering the
cavity equals the power leaving through the coupling
slot. Due to beam loading, there must be a net power
influx to maintain the accele.”atingfield. If the total
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Q of the cavity is Qt~t then, assuming a steady-state
accelerating amplitude, we can write

~(i) -w:g) = w\l)(l– Qe/Qtot)
x

= – w:l)Qe/Qb (5)

where Qb is the effective Q due to beam loading. In
terms of W~llI(21,the deflection and shear (defined ZUJ

the difference in deflection between head and tail) of
the pulse of duration rP whose center is in ph~e with
the peak of the accelerating potential are given by

Od= eW~l)Qe/Qbymc2

$, = eW~2)wOrP/7mc2 (6)

kalytic Model of Undriven Cavity

To obtain an analytic dispersicm relation for the
geometry in Fig. 1, we match eigenmode expansions
of the electric and magnetic fields in the three re-
gions (waveguide, cylinder and stub). An outgoing-
wave boundary condition is applied in the waveguide.
The curvature of the cylindrical eigenfunctions is ne-
glected over the width of the matching regions. The
iields EE and BY are used to do the matching (see
Ref. 5 for details). The expression obtained for the
cavity Q is

Q, ~ (L/g)r5 r@ 2S2

()8kXl dz
(7)

where kX = W~/c2 – Z2/@2 is the wavenumber of
the outgoing ;ave in the waveguide, and S a 1.2.
For the parameters in Fig. 1, this gives Q, * 4,000,
in good agreement with SOS. Without the compen-
sating stub, we find

~ ~ @(woro/c)(d/ro)2Y
x- Wll

Sm3(L/g)
(8)

(9)

where /3 = v/c. With a stub which is more than a
few cm long, wv find

~ ~ 4/3(wOro/c)(d2/rot) 2(k,e)––
x WllS2xs(L/g) sin(kxh)

(lo)

AI$ z ; - kxh (11)

For the parameters in Fie. 1, these expressions
give ~X = 6.5 x 103 V, A# = 1.52 for the case with
no stub, and ~X = {)80 V, A+ s 1.0 for a 10 cm
stub, in good agreement with the numerical results
in Fig. 2. The above expressions also predict that
W~l) s ~X co4A#) is independent of the length of
the stub, in agreement with the numerical observa-
tions.

Effect of Asymmetry on a Micropulae

For WI, = 1 MV, with beam loading such that
Qb = 5,400, the predicted deflection and shear for a
-1= 30, 25 psec micropulse passing through the cavity
in Fig. 1 are

Deflection Shear
(prad) (prad)--

No Stub 13.3 (14.6) 33 (31)
10 cm stub 14.2 (14.7) 2.1 (2,3)

where the numbers in parentheses are from the ana-
lytic

1.

2.

3.

4.

5.

model.
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Abstract

This wrk was undertaken m qrlore the c:ipabilitlcs of
user-fr-wndlywchnohlgym bu!ldlngan cuy.touse fool Ihat could
he applwd m formulate quickly a workable dcslgn for a
radi~frcqucn~y quadt-upc:e(RFQj The tool wIIIhe cxtcncted10
Includeackhuonal:omponents Ths paper outllnes Ihcdcrl~atlon
of w-allnglaws from wh]uhw oblalncd a SCI of self-c~mslslcnt
equations that dcscnbe the tmha}m-wof an RFQ. These equatmns
are re”latms.between accelerator parameters (clectrtc field, rf
frequency, zero-mrrent transvcme and longitudinal phase
adwnces per period) and beam parameters (awrent, e,. rgy,and
emittanu )Ihat actasgrsdu fordesigningRFQs These equations
showthe }anous tradeoffsInvolvedInchoosingRFQdesignsand
help tochoosestartingpointsinparameter spaceforoptimizmgan
RF(2 for a parucular requm!ment Byentering valuesin a simple
spreadsheet, the dalgn parameters of an RFQ an be calculated.
The spreadsheet ISfullydwcnbed.

Introduction

The dmlgn of complexdewces.such as an RFQ accelcra{or
mdule. hasdependedon the useof largedesignprograms\hat are
dependent for Inputon filesof data that are treated hke c:irdfiles.
This Inputmethod Kthe resultofprogrammingin theera ofbatch
cmentedcomputerprccessmg.These 100Iscmtinue 10servetheir
purpose well for detadecl design. However, setting-up these
““decks’”of Input can be tedious and prone to error because the
user ISnot givenhelp as towhat informationshouldbe suppliedon
what “card.” .%lso.the mfcrrnatton that s supplied ISusually
pomtionsenslti!.w.The lmual Impetus for this work grew out of
dwms.sionswnceming the need for a demgntool that addre.wd
the problem of the chfficultyof data entry as wII as a tool that
could be used by someone, phywally removed from the person
whonormally“runs”the desgn tool._llIs led to the ansidemtlon
of creating a tool that could be based on a PCdi.ss machine,
posibly portable. that could providesome ballpark estimates of
the design and cad for an accelerator, and that wwld be
user-friendlyenough that its use umuldbe intuitk. Toexamine
these rquiremenrs an RFQ stmcturc was chosen as a model
because a new formulation of a set a scaling law had ban
derrved[1][2]and a spreadsheet format ws choaenbecauseof the
availability of the spreadsheet software and its inherent
user-friendlyfeatures.The pticular spreadsheetsoftwareused is
Lotus 1-2-3**bawl just on Its availabilityon an IBM PC/A,T*C-

ThISpaper presents the formulationof the scalinglawshorn
the electricalfieldpropertiesof the RF(2.Spaa+harge isincludul
in the formulation.The formulation leads to a =i of quations,
four,whichdescribethe RFQ. There isfradom to chow whichof
the manyvariablesin these equationsare fixedand whichfourare
left t%e to ~ m the four equations are simultaneouslysolved.
There are some tiabks that wuld havelittle meaningto fixand
some,such u beam current oremitlancx thatadaigner mightbe
!oreed or at leas! wrt to fk Finally the spreadsheetitself IS
described.

●Worksupported and hmded by U.S. Department of Energy.
“*Lotus 1-2-3is a trademark of Lotus DevelopmentCorp.
‘*’IBM and FC/AT are tmdemarks of International Business
Mac’nmes

(hctiew of Staling \aw Dcritation

“IIc RFQ[3][4]is itdetict thi)t provdcs Iransvcmef(u.is.lng,
longitudina~bunching, am~accclcrfitulnof beam partlclcs “Ile
RFCYS clcmrul properties are dctcrmlncd by using an
ckctrosta:lc potential functkm which is used m calculate the
ek!clnc fk]d for beamd~’namicsmodchngand yvcs the shapeof
[hc RFQ vanes. The transverse partick motion In ~heRFQ u
modeledby the Mathleuequation and Ihc Iongjtudinalmotmnby
a harmonic Oscillatorequation The Malhwu equJtltm s (,Y
reprc.sentsboth transvemecoordinates)

d2X
~ + [Ar+ Bsln(ks))X = O ,

where s ISa normalized length along the structure (J = 1=one

pcnod) and ~r and B are constants. “Thepararncwr II IS
calculated from the equation for the external alkmatmg gradwnl

forceof the RF(2and Ar IScalculatedfrom!he “mnsvemeextcrna!
and space<harge (Coulomb)Jefoeusmgform. “Thesepammetcrs
dcpcncion the RFQ vane polcntlal (VAthe vane radms (u), Ihe

vane modulation (m} the average beam bunch wloclty(9IJ and

the synchronous phase (’$”) (re:atwe phase betwen the hcam

bunch ccntroid and Ihe cavity rf phase) When ‘$’I= 0, there k

maximum accelemtion wsth no bunching and uhcn @J,= - ~“,
there ismaximumbunchingwith noao%lcmtion.An approximate
solution of the Mathieu equation is[5]

(1)

% is the phase advana per period (represents the average

foeusingforu) and ‘O is a cm.stant set by imlial Conditions.

The bngitudinal motion is modeled by the harmonic
oscillatorqualson

d2Z
— + ALZ = O
&

whichhas the solution Z = Zosin(%z) where

a, = ~ . (2)

IJnearspaa<harge defocusingtermsarecalculatedfromthe
electric-fieldeompcwm for a uniformlychargtd ellipsold[6][71

to give ‘L-~cand ‘7-I’ which add to the constant terms, ‘L and

Ar in the Math”~uquatlon dndtheharmonic oscillatorequation.
These spaa<harge term depend on the dimensions of the

ellipsoid (x-. ‘M-), the beam current (1] the charge-l~mass

mtio [Qe/@@2)], and the rf wavelength (~ ) that acts as a
normalization factor. The Mathieu equation eontal~ a periodic
oscillatingfcree term that isnot pr-nt m the harmoniccxseillamr
quation and that gks “flutter” to the beam. This iswhyw use
X- in51e~ of XN-. TIK ratio of the transve~ 10longitudinal
spaw<harge foras depends on the ratio of the transverseto
lon@udinal beam sizs(X/Z) througha formfactorq7J.Although
flZIX)= X13Zisa goodapproximation,weuse the exactequation.

.—

226



on ~nduLo,whl~t-,arc ~.rn-cmrrcnlphase advancesgenerated by
the RFQ, cf., eqs. (1) and (2J arc nblalrwciby defining the
~pau<harge ~ammclem J’L and .“~ (whichare Ihc negativeOf
the ra!io of lhe spiwe<harge forus to Ihe external focusing
forces) These space+harge parameters relate the longitudinal

and transvemephase ad}anees, % and % , for a tlnile current
beam with spacewhargc (Coulomb repulsion) for- to the

transvcmeand longitudinal phase advances ‘m and ‘fJI, for a
zero current beam (no Coulomb repulsion) The phase admnax
or and ,lL ~n & Mritlen~

1- AL.,< and
~Ll = r-lu~l - .?’L)= ‘~

‘ - Al., ~. (3)
~rl = ~w~l .-yr) = ‘m

Ifw wantslablefocusing,thevaluesfor ~L and ~T must be less
than L otherwise the space< harge forces will overpower the

exlcmal forces. Simulationshaveshownthat the # vrrluesshould
be kept less than 0.8 to minimizeemittance grow~h.

_fle nomralned cmittanees,‘r and ‘L, are !hc areas/m of ihe
beam, enclosed by >hase-spaceclhpses havingsemimajor axe.$
(,%’~,X- ) or ;Z~_. Z’M~) [where ~ = (1/~kfx/dJ et~] and

are [r = Xx-. [L = Zwuz’.uax. me signlfrcanw of th
emlttanu Kthat it describes the volumeof phase space (po6ition
and divergenee)occupledbythebeam particle$and isaconserved
quanuty for linear systems (where X, Y, and Z are decoopled)
whichwe are modeling.

The equipa?itiomng theorem[8][9],which states that the
thermalfree energy is the same for each dimension (transverse
and k.r.~tudfnall and the vinal theorem, which states that the
average kinetic energy equals the average potential energy for
linear systems,are used to obtain tFJT = ~LOL,which relates the
transverse emmance and effectwe focusing force to the
corresponding Iongmdinal quantities. All of the relationships
defined aboveare usedto calculatethescaling-lawequations.

MQ Functions

fJsmg the above parameters and relationships, four
equationsmustbe satisfiedbyanyRFQthatwilltransmita beam
m equ!hbnurnwth the linear forces.

wherex andA dependon a,l%,and Athrough Be&xlfunctions,V
s the flutter factor that depends on the B term in the Mathieu
equarlon and ‘~ ISIhe ratio of the minimum RFQ vaneradius
dlvr&dby the miwmum beam radius.

With fourcquauoru, fourunknownscan be dctcrmlncd. It k
up to the deslfncr to pickjuslwhichfourunknownshc wantsto be
delcrrnined. Ar-mthcrMy of saying this is \hat the job of the
designerat this point ISto pickwhwhparametershe wants10hold
at a particularvalue He musthave a value for all but fourof the
parameters There are three paramclcrs for which one typically
has no intuitivefeeland can takewhatevervalueisdictatedbythe
restof the model.The vanemodulationfactor,m, isone of these.
The other w are the twosigmas,‘~ and ‘la. Allowingthese
three to bc free to vary,one needs to pickyetanother to be free10
vary.Thiscan be done byeliminatingthoaevariablesthat mustbe
fued. For example, one would not allow the particle mass or
charge to vary.One wouldwtmtto fu the ratioof the ekctnc field
to the Kilpatrick factor to get as much acceleration as possible.
l%e synchronousphase is fsxcdbecause the designerknow how
muchaccelerationhewanrsoutof the smscture.Continuingin this
manner, we eliminate all variables except beam current, rf
frequencyand emittance. Pickingone of these and allowingit to
vary means the other two can be fixed 10whatever value the
designerwants.Thus, bydecidi:lgon valuesforbeam current and
emittanee, for example, the equations will determirw the
frequencythat the RF(Jmusthave.

Reasonsfor Using Spreadsheet

Aside from the perceptionlhat spreadshuss arc e~y to use,
there arc several more subtle rcwms that this particular
technologywaschosen and whyit turned out to be a gcmdchoice.
In programminglanguagessuchas Fortran, executiontakesplace
in a linear fashion,that is theprogramstepsare executedone al a
time, workingfrom first to Imt. One of the difficuhia with this,
espaially when considering maintenance of the program, is
findingdependencies.A variable,in the progmm,maydependon
anolher variablewhichobtains a value severalpages awy from
the point of interest. With a spreadsheet each step of the
cxdculadonisa simulaledparallelcomputationof the whok sheet.
Becauseof this, it doesn’tmatter wherecomputationisplacedon
the sheet and thus the calculationof a particular tiable can be
Iocaliti to where the va.riabkappears.Byadoptingsomewmple
rules,suchas alldependenciesappear in the rowcmrespondingto
the wtriabk in qusiion, the organizationof the computationcan
overcomethe non-locaiiaion problem.

Spreadshtits weredesigrwdas a high-leveltool to be applied
to many problems that address themselves to the relatively
computer-illiterate. Beasse of this, toofs are provided for the
spreadsheet designer that allow the budding of menudriwr,
fill-in fomrs that peopk find intuitivt and easy to use. Also
providedart toofsthat allowthe designer,withrelat.iveease,toput
together graphs. Usinga traditionalprogramminglanguage,moat
of a program is built around the user-interfaczand the displayof
the finalanswers.The spreadsheethas alreadytakencat’eofthese
twu problems.Of course,thedraw-backhere is that If youdon’t
like the styleof menu or what a graph Iwks like, that’s toc bad.
Youget what is provided.This has seemed to us a trh ;al point
becausethe user-interfacekinksgoodand thegraphi= are flexible
enough to do what w need. Also, in a traditional approach,one
finds that for an iterativesolution, the user is usuallyrequiredto
input all data r rreach iteration, although moatof ii remains the
same. A programmer frequentlycorrwts for this armoyinginput
requirement by saving this “previously-input”data on the
computer s~tem’s file system. This requires the addition of a
number of program step that are not directlyrelated to solving
the probkm at hand. The menu that the spreadsheet provida
keeps tr.ck of and displa~ the last dues changedon lhe form,
even Mweers sesions.

The spreadsheet approach is not completely satisfactory,
howwer. The PC/AT the machine that the sprcadshed rs
implementedcm,is fzurlyslowand becauseof this, the calculation
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ISnot as fast * it might he. Llsingd sprcadshcct for a Icngthy
calcalatmn h,aslts o~n w: l~fprohkms of Whichan Implc’1wnmr
must be aware. In a stratgtll-fo~ard Implwncntalion,Ihc whole
spreadsheet is recalculatedczchhme a }aluein the spreadsheet is
changed. ThIScan cause hugedelap, a real problcm especially
when maybeone doesn’tcare,at a parmslar point, whclher there
are uptd. ne valuesin the .~prtadsheel.The capabilityhas been
provided to disallowreoJmpulalicmor 10cause recomputation
Lweronly Iirnllecfptions of thespreadsheet.Judicioususe of this
fdcilitycm-igreatly enhance the speed of calmlalion. Ile use of
this facilityrequiressomesophisticationmdctcrmlning]ust howit
works and implementingit properly .Anotherproblem is Ihe lack
of true indirect addressing(asusedin iiFortmn subroutine~ This
makes reuse of cmdcsomewharcumbscm?e.

Another rather specializedp:obkm was inherent 10 this
particular study.As wasnoted above,there are fourcomplicated
functions that require an iteralive method to extract the four
unknowns. “h! Newton-Raphsonmethod wasused to solve for
lhe four unknowm and was Implemented as a spreadsheet
“macro.- This workedrelatwetywll and iwktrcssedthe problem
of preventing realmlation of ihe wholespreadsheet at each step
sln~ recalculation IS d~abled during macro execution. The
Newton-Raphsonmethod hasa fewpeculiaritiesof itsown. In his
book, 77reMathematical7iiurirr[10].Ivars Peterwmdescribes an
area of instability in the soluttonspa= of the NeWon-Raphson
method that will not product a sohsuon at all. We found it
necesary to take i small fractionof the full correction step to
guarantee slabihty in the method.

The maximumelectricfieldthat canbe achievedon the RFQ
vanes without sparking is deterrnirwdby a fwed multiple of the
lblpatnck relationshlp[ll] (vnth praent w’cuum and surface
prepaiatio~ tcchmquea,w cangenerallydesignforeltxtric fields
that are tviiee this criterion) This relationship is such that a
straight-forwardsolutionis not Po&sible.A specializedmacro was
built to compute the Au? of the Kilpatriek field given the
frequency.The relationshipbe-n the twovariables,frequeney

and Kilpatrickfield(Ew ) is as follows:

Knowing!helargestfie~dand thesm&st fieldthat ispossibleand
the frtzqtienciesthat correspond to these fields, it is a rather
straight-fomard use of the methodof bisection to find the field,
given the frequency. A macro w implemented t,usethe
bi.wtion method to solve thisproblem.

Figure 1.showsthe user interfaceto the spreadsheet. Each of
the item~at the top is a commandto the spreadsheet. The first
item,DATA,ishighlightedasindicatedbythe heavyboxaround it.
On the spreadsheet, this meansthat this item isselected. When a
mmmand isselectedanexplanatorylineappearsjustbelow.In this
wv it safi, ‘.Enter New Data” indicatingthat we are in a dah?
entry mode. This formof instructionis abo part of the standard
spreadsheet capability.The other commands indicate what the
spreadsheet will do. For example, //S/S/M indicates that it
eakulation allowingbeam current (1) the two sigmas(S/S), and
the nne modulation factor (M) to be the freely varying
parameters is mltxted. Look allows the user to examine the
spreadsheet at any location to which he wants to move, Pn”nt
provides for printing the third column of the spreadsheet that
contains all the useful numbers, and Quit terminates the
spreadsheet.selectionismadebyuseof the arrowkeys.

Conclusions

The use of a spreadsh~t for the kind of calculation that is
described above seems to haw more advantages than

C3DATA USISIM FISISIM WSISIM [.ook Print t)UII

Enter Ncw Data

D:\”rAENfXY FORM

Mas%(ev) 9 ME +od
Charge No. ( = 1for P)
tirrcnt(am~) o IJ
Emit(tot norm pi-m-rad) 1.~E-06
Em~K field ratio 2
F Enhance fac(1.3-1.4) 1.3
SyncPhase(deg) -85
Fre$ueney(Hz) 5.05L!+ 08
mu-1 0.8
mu-1 0.8
min vane.’maxham 1.2b

Figure L Spreadsheet Data Entry Screen
... - J . .. , .. . . . .auaavanlagea. we nave aemonsmsws tna{ rather complex
calaslations can be performed in this environment. The
spreadshut providesfaciliuesthat allaw the implementor to put
together quickly user-friendlyscreens that arc intuitive to use.
Facilities.to gather and plotdata are alsoprovidedand easy10use.
Tills allowsone to do studies of parameter interactions. Thus,
designcalculationseanbe doneon inexpensivehardwarethat is,at
least in principle,portable.The ealcwlationsare accuratecnaugh
also to prwide real coat figures.One can @me veryclose to the
tmepneeofanRFOthatwillperfomrtogivenspxlfimtions using
an easy-tmx, inexpensiveplatfarm. The down-sideof this is,of
course,speed.One has to be patient whilethe calculation is being
performed.
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DUAL KLYSTRON MO I)ULATOR”

W. Joel D. Johnson nnd Willinm E. Stein
Los Alamos National Laboratory, Los Alamos, NM 87545

Abstract

The tlrst phase of a 40 IIcY”upgrade at the I.os
:!lamos F’rcc I{lcctron [,aser (I:El.) experimental hall
\\”iiS com Ieted during the summer 01” I9S9.

r
The

second p )ii~e of this upgrade w iII ho ~o[li~letd in
So\embcr 1990. flecausc it wi~s nucessar}’ to
conser~”cfi~~il it}” space and expense. the concept of a
dual iil~”stronII)od(lliitorwas concel~’ed. The no!”clt}.
of this design is th:tt ii sInglc swttch tube i~l]dil single
hjgh \o]tLige ~lcctronic ~irctlit ~ll.c Llsed t.
SImultancousl}” , pulse LW’o modulating-anode
kl}”strons. [n ii(idltion, this design con!lguri~tion is
iimeniil)lc to extending the number *ofkl}~trons that
iir~ to be concurrently pulsc>d. In this short pilj.ter wc
report on this modulator design,

Introduction

A new 40 \lek” hi h-brightness iiccelcrator free-
Eelectron laser (1{IB F) fi~~ilit!. is now nearing

com letion at the LOS :\ Iamos > ~t.~~ni~l [.iiboratory
R-( LA. L). The source for electrons IS a laser dri~’en

.Q The RF power neccssilr)”for
~$~to~~~~~~;;~;ct?~” ’s~lpplied t)y t’our 6.5 llW
modulating-anode kl~”strons. AIthou<h some of the
preiious component: from the old ;Ingle kl}”stron
modulator were uti] ized, this dual -iili.stron
modulator represents a new and no~”el design.
Because the cost of buildin a new klwtron gallery

7 f“was prohibiti~”e, a two-k }.stron er one-grided
switch-tube s}stem w-as develo ed. t photograph of
this modulator is shown in ?’ig. 1. l.~iid gl~ss
windows were installed to facilitate high-voltage arc
location. Xote the s}mmetrv in mechanical design.
The modulator tanks are 130”in,long x 49 in. tall x 53
in wide and requires approximate}’ 18 — 55 gallon
barrels of insulilt ing oil.

ih’lodulatorDesign

Referrin to Fig. 2, resistors K’2and R13 protect
c?against mo ulating-anode to ground discharges as

w’ellM modulating-anode to cathode discharges. [n
uddition the resistors limit the cuwent flow to the
modulating-anode cluring kl}stron pulse-on
conditions. Resistors R5 and R6 protect against
cathode to round arcs and are necessitated II ‘ the

% i’duality of L e lnodulator design. Resistors R and
R14 pro~”ide initial protection during ciith~de to

%
round and cathode to modulating-anode i{rcs until

t e crowbar fires as well as dissipate any residual
energy stored in the high-voltage coaxial cables after
the crowbar has been fired.

*Work supported and funded hy the L-SDepartment
of Defense, Army Strate ic Defense Command,

5under the auspices of the L“ Department of Energy,

The 1.4 I{L’ se~ondiir:; OIItput of Lllc klystron
fililment transformer is hoosted \’ii\ ;1 t’oltil~() doubler
circuit to !2.8 kY“. ‘I%is v()It:ige pro~’ icles tho hii~k i)ias
tlf?Cf2SSilr\’t(lkC!f2pthC klystron (Iill”kcurrent helow
ilCCL!ptilhlC! 1~~’l!IS. W“ith il non. iSolilt~d collector
kl}stron, this cw l)ii~k round current could not be

1 0,,1) inferred frotn themeasured directly hu
ollt Tiissing iis lncasurcd 1)>’ihe

“i
:lcuum -ion pump,

Wlt the Increase in I)ias (up from 600 V) the \~i\~utlt~l
ion pump nleasuremtmt dUl”eilS(!d iin order of
llli~gllitll(ic.

one common kl}’stron filament trilnsfot”tller Wiis
used, l.c., one input, three Sccondilt.}. out~ilt+iil 1on a
c?yrnon Iron core. This design presents iinother
({IIflcllltv; yhen one tube iir~s, there is ii iar c

?potential tilfference I)ctw’ecn the three coilincmr v
woumi :;ccon(iaries, Miniutuqe ~~iirk gaps (-2.5 kV)
t~’erepiiiCC({ilC1”OSSiiiitl”ansfortner OUtpUtS, Lhel”cby
mini tnizing these (iiffer[~nces and protecting the
transformer. ‘i’hei~i stron filament tri~nsformer has

ibeen rcxicsigncd so t at each secondary is

r“

.~h~:i~i,llv
se arated !’rotn the other i)y insulating 01 1.I., nor,
co ilnea!”i}’wv)und gn a comInon core. ‘i’h’issecond
gerwratlon duai II{iilllonttt”iitlsli)rnlct.has I)ccn
p{ilccdon order an[i will be used iIs ii spilre when
needed.

‘l’he four ki~.strons iirc powerc(i i) o one high
\’oltii e s}’stcm. ‘The system is comprise dof a power
,icpcforsu p }’,trilnsformer, crowhar, ci\pi~~ltot.bank energy

and high \“oltage triiilsport. Ilecause
ph.j!sicai’ space and reliitbllity is i\ premiutn, the
orlginai 8 pF capacitor bank, made out of 40 kV
capacitors, was augmented with 16 200 kV, 0.5 pF
capacitors whose t~tiil voiutne is 112 in. iong x 42 in.
high x 26 in. wide. These capacitors were iaced on a

fwooden tabie immediately adjacent to t e original
capacitor bi\nk.

Conclusions

The [I I13AF modulators !la\’e wori{ed
continuously since .June 1989 without i~t-t}.problems.
Durin klvstron conditioning and once in a while

%throug out the year, the tubes have arced, hut energy
cieposltion was aiwa s miti ated iind the ki~’strons

Yvhave proven to he wei protec ed.
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Fig. 1. Dual klystron modulator.
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A HIGHLY EFFECTIVE

—.

DEFLECTING STRUCTURE*

~. Leemssnnand C. G. Yao
Contimsous Electron Beam Accelerator Facility

12000 Jefferson Avenue, Newport News, VA 23000

Abstract

A structure is presented that combines high transverse
shunt impedaace (= 500 N(fllm at 500 MHz) with outside
dimensions that are small~nrelation to the desired mode’s
resonant frequency. The basic idea u-as to find a practical
wa}. to resonate a small gap, two conductor, .A/4transmis-
sion line with a field pattern that is locali} very close to
a TEYI dipole mode (apart from irnportanc and essential
modifications at the gap ex,d). Two possible applications
stand out: use M an RF separator (discussed here) or usc
as a high sensitivity microwave beam position monitor.

Introduction

The basic structure. a 1,’4 wavelength resonntor. is
show.:1in Figure 1.t Two rods are placed along the z &ec-
tion. with gaps between the rods and the cavity wall on one
side. The desired mode is a &pole mode, field patterns of
which are showrt in Figures 2 and 3. The gaps are essentiai
to excite this mode.

Y

kx

z

Figure 1. A 3-D picture Ofa 114 Wavelengthresonator,

Figure 2. Field patterns in y - z plane.

—.— —
● This work was s.~pported by the U.S, Department of

Energy under contract D9AC05-84ER40150.
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Figure 3. Field patterns in x - y plane.

rhe rods play nn important role in two nspccts. First,
they cut down the outside cavity diameter. For t“xam-
plc, the outside diameter of a disk loaded waveguidc for
a 500 MHz deflecting cavity is about 800 mm, but with the
proposed cavit!”, it can be as small as 120 mm. It allows
the effective RF separators used for bunch-to. bunch extrac-
tions at CEBAF to run at a frequency of 500 MHz, which
will reduce entittance dilution caused h;” differential hcari-
to-tail steering of RF separators. Seccmd. they compress
the field into the central region of the cavity. S(I that the
fields in the centraf region of the cavit Yare very high which
leads to very high transverse shunt impcdancc R:. Ff,r
example, for a square box deflecting cavity such as the CE-
BAF injector chopper, effective transverse shunt impedance
R1 z 6.8 Mil/m, and for a bipe.riodic structure of current
CEBAF RF separator design R1 = 15 Mfl/m, but for the
described structure the shunt impedance RL ranges from
200 to 500 Mfl/m depending on detailed choice of geometry.

Analytical Study

The cavity under study can be viewed approximately
as a 1/4 wavelength !ransmissior. line, and is analyzed in
this section foUowing a discussion of Larnbertson.z Its left
end is short, snd its right is open, Voltage and current
distributions along z are, respectively:

t’”= I’; sin 2+ (1)

[,2)
z. A

where lb is a voltage across ~nps. Z. is characteristic
impedmce.

At resonance, the stored energy in the cavity i::

J

l/4
u= L12dz

o
(3)

where L = ~ is the inductance per uni! length and c is the
velocity of light. Using equation (2, this hecomes:
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The effective trszcsverse shunt impedance RL is~ (for
3 = 1):

()

2
R& z -+ ~: (5)

*.

where ~~ is qusdit:.factor.~, is angular frequency, and

Using etluations (4) rmd (5). Wefind

(6)

ZCand VAI” are obtained from 2-D calculations. V is
the solution of the boundary value problem having 1’ = O
on the outer shell sznd 1“ = xl; on the rod’s surface of
diameter d. and rod space d.. We are interested in the
area near the origin. It can be approximately treated as
electrostatic problem of two parnl.lel conducting cylinders.
On the line joining the centers of two rods (x direction) we
would have

where ——
b = ; \:’d; _ d: , a = ;(dc - do).

From equation (7) we obtain

.+150. we have

(8)

where Z. is free space wave impedance.
(7) and (8), we obtain

Using equations

(9)

(10)

R& dependellce upon rodIt is interesting to see the ~~
space dC (as shown in Figure 4). When the two rods get
rloser to each, ,ther, the transverse shunt impeslnncc rapidly
inreases.

[ - ,... -1 .-n-v---l‘>. .

0
0 s 10 15 20

,P”?b,,m”. ,dc,,,, m.4.,,m,,4.1 ,u,,

Figure 4. RL/t!Q vs. dC.

Numerical Study

~re use k\A~I~ to c~culate the properties of this type

of camty. “Thedimensions of the cavity under study are the
fcl!owing:

cavity length 1 = IS!) mm

beam aperture d,n = 20 mm

rod dizuueter d. = 21)mm

Figure 5 shows the relationship between the frequency
and gap width. As the gap gets larger, the frequencies of
the modes go higher for all three modes.

i-mlr,----1300 , ‘. .,,
, \

. mul. % 3
~
~ 125$2
*
:.

i ‘“

~k-10 2! 4 .2
G.11. . UII {all)

Iu

Figure S. Frequency vs. gap width.

As gap width is decreased, Q goes down. Since this is a
1/4 wavelength resonator, it is expected that the frequency
of the mode strortgly depends on the rod length (or gap
width) rather than the outside diameter of the cavity.

In some applications only one single cavity need be
used. However, to make this type of cavity useful for the
CEBAF RF separators that require a very strong deflection
effect, it may be desirable to find a way to couple them
:ogether.
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The field patterns i!: Figuie 2 show that the electric
freld is perpendicui~ to the ulane S and the rnag].etic frcld
:s ‘.-cry wed in the region ciose to the plane 5. if the
twe I : wavelength cells are pt’t t,~g~:hcr {string mch other
~ ~hc)wa in ?i~ure 6, and the p!~i~ S is taken away to
form a 1, ? wnvf.lengtbca\”ity ~- modcll the tield pat?<.rn
wiL almost he unsiKected,md its pel formances (frequency,
R:, etc. ) wiil rcmaitt the saxx as a single 1/4 waveie,]gth
Ce!I. Furthtrm~re, WPare abls to couple set-eraf of these
cai.ities together through slots i:l the w“ehsto cmrstitutc a

ructure. This is a struct~~rt with magnetic couplrttg. it
as a backw”arriwave property. Aa increase ill slut size will
dargu the separation of tire :nodes.

—.

\
Eidd In :; . Z Pkle.

l“”
.,

B field in y - z plane

Figure 6. Field patterns in a half-wavelength cavity.

.$fter careful optimization of cavity geometry the eflec-
Ive transverse shunt impedance R4 over the whole struc-
ure, which is 60 cm long and oprratcd at 500 MHz, is
round 500 MO/m. The Q value of the structure is = 10000.
[ this str~cture is used as an RF separator for the highest
nergy (5 Gel:). the required RF power is:

(5 GeV x 10-4 x 1.16)2 ~ ~ ~ ~Wr
P = ‘- R.L

)y comparison, the current design RF separator for the
igliest energy is s 3 m long and requires 10 kW of RF
ower.

It can be seen from the field pattern that a large part
f power dissipation is on tire surfece of the rods and the
reb, and special attention should be paid to cooling these
arts of the structure.

Figure 7 shows the field uniformity in the central re-
ion of the structure. AScan be seen the fields in the centraf
egion are more uniform with bigger rods. The phase space
istortion ca~sed by the deflecting stzactu:e is less than 1%
?the beam size is about 1 mm in diameter. On the one
arrd, the field pattern is sextupole-like; any phase spnce
istortion caused by the structure may presumably be cor.
ected by a sextvpole magnet placed with an appropriate
h=tie advance drrwnstream of the .wparator. On the other

hand, fiehi aberration could be minitnize:i by choosing the
proper shape of the rods.

, J . .. . . . .. . - .., -.--. -., --. .-.-i- . . . . ~-------

!, . C.r,. l.,” !l ..1, ,“ , .4,,.,!!0,!1

d. .’!0 mm .3.. In mm
-. .,

. . - ----
! - .*

.!

1.. W mm JO-31 mm “!t
I
II

Figu:e 7. Field .mifurrnity in central re~ion.
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IMPROVEMENTS TO THE PFN CAPACITORS FOR THY KLYSTRON MODULATORS
OF THE KEK 2,5-GeV LINAC

Hiroy u k i Ho n m a, Tetsuo Shidara, Shozo Anami, Akira Asami and Hirokazu Sahaguchi*
KI?K, National Laboratory for High Energy Physics

1-1 Oh{,, Tsukuba-shi, Ibaraki-ken, 305, Japan
●Nichikou Co. Ltd., 3-1, Yagura 2-chome, Kusatsu, Shiga.ken, 525, Japan

A bs t r ii c t

Some of ;he capa::.tors in the pulse-forming
network (PFN: 20 sec[ions) of 46 klystrons in the
KEK 2.5-GeV Iinac had begun to break down since
i986. Since there is no difference regarding the
upcratl ng conditions b~tween breakdown and
normal capacitors, the breakdown seems to be due
LU Indii, idual caf-mcitOrS. Careful in~esligfitions of
[he breakdown are continuing. Along wi~h these
ln~cstigations, life-span tests have been performed
In order 10 cvalua[e newly designed capacitors.
From [hese results, about 700 new-type capacitors
!la\’e alread}’ been fabricated and institlled in the
kIystron modulators.

Introduction

[n Lhe KEK 2.5-Ge V Iinac, 48 klystron
modulators are suppl}’ing pulses of 22.5 kV peak
1IJ!:age, 3600 A peak current and 3.5 Ps pulse
w1d[h fcr 30-hlW kIystrons. The output pulse
w;t~cform con[ains u wide frequency band ranging
f:om dc [o -10 ,MHz. The pulsed power is formed by
u pulse-forming ne:worh (PFN) which comprises 20
LC sections.

Since the PFN capacitors are used under
severe conditions, compared with normal power
ctipacltors, czreful at.ention has been paid to the
iorig-term varia!ion of Iheir characteristics: tanb
as weil as the irisula[ion resistance and capacitance
of all the PFN capacitors have been measured
periodically e~ery year since 1982 when the PF
!Inuc orrera:ion star:ed.

Figure 1 shows the tantl data (the
maxlmum,minimum.and average values of twenty
capacitors of each ~.odulator) measured in 1987.
We can divide all of the capacitors into two groups
in terms of the large difference in the measured
values. In one group (group 1 in Table I), they
exhibit a great increment of tan6. The intial value
of tan~ was 0.01 70 on the average. In ~5e other
group (group 2 in ?’able 1), they exhibil no
dclcrloration. Some capacitors in the fo:mer group
hid begun 10 break down since 1986. No latter
group capacitors have broken down up to now.
Since zII capacitors were fabricated LO satisfy the

sitme specifications and there is no difference
among the applied volmges for the two groups, the
breakdown seemed to be dac to individual
capac i Iors,

5 7; i i
! Z1*16 ! IZ3SY 611 IZ J4 96 70 !214S 670 I ZJ436 70 : ZJ4 56?8

Wdu101C4 UnitNo
Fig. 1. ‘ihe mitximum, mimmum and average tanti

values of twenty capacitors and the applied
\“oltage for each modulator.

The number of breakdowns corresponds to
2.5 % of all capacitors. Once a breakdown occurs,
it has great effect on Iinac operation. It was
therefore necessary to solve this problem as soon as
possib:e. In this report, outlines of the
investigation of the breakdown and development of
a new-type capacitor are described.

The Results of An Investigation Regarding
Breakd own

The PFN capacitor has the following
1) fifteen capacitor elements ‘nstructure: series

are oil immersed in a porcelain cylindrical
insulator (see Fig. 2(a)). The dielectric of each
element consists of a sheet of mica and two
polypropylene films which are located just next to
~he electrodes (see Fig. 2(b)). To clarify the cause
“.f breakdown, ~he same number of capacitors from
both groups mentioned above were opened and
investigated, Table I shows the characteristics of
the samples, The following facts were found for
both groups:
1. The insulating oil was not fully aromatic. (It is

said ~hat olefinic polymer (polypropylene) can
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.

3.

4.

easily swell and hydrogen gas due to a corona
discharge is nol easy to be absorbed unless it is
used in fully aromatic oil.)
The corona starting voltage (CSV) of elements is
very close to the ra[ed maximum voltage,
The ~alue of the clamp ratio defined in Fig, 2(c)
1s very close to 1f)o ~. This means that the
insulating oi 1 space between Gii ciec[rode and
the dielectric is very thin.
Line scratching along ~he electrode edge,
resulting from ‘orona discharge, ~as observed
on Lhc dielectric film , as shown in ~ig.so

Judging from these facts, it was found that
the electrode-edge region of the dielectric had
deteriorated owing to corona disch~rgc in both
groups. [t iliSO seems that swelling of
polypropylene decreased the cIFmp ratio and

,con;equetltIy . the CSV of the capacitor elements, 2)

[! IS not hnown whether [his de[~riora[ion of the
dlclcctric is related to the breakdown , since no
group-? capacitors have broken down.

Althcug!r the cause of [he breakdown is not
clear. till of the capacitors in the KEK 2.5-GeV Iinac
should be replacers with improved capacitors in
order to prevent any further breakdowns from
o ;c u:ri ng.

7 Elmal ln,cwu
m,N, , Nt , NJ : Momel ofmm

r-1$ + ~ 11!!14
[c) Clomo wo ISI ●

,N, *N ●K,:, 8’!,,4 “m

Fig, 2. The structure of capacitor and element,and
the clamp ]Ztio.

?’ab!e
Characteristics of Sample

lkHz tan6 (%) ---
60 Hz O( 0.52

Capacitor (3V 1.1
element /Rating Voltage

Clamp ratio (70) ---

IAverage i%) I ---
Irlsulaling oil Tan6 (%J I 0.28

7-
14

Txr
---
0.19
I .2

---

---
G

1-r
13

m
---
0,20
I .2

---
---
m

,..

‘8:, ,,,., ,. . ..~;
1, c,,,

~Iti..

..!$’”
,,“.j.“.,

aii&,.-,
,.,;,

...
...;

Fig. 3. Microphotograph (x65) of the dielectric
film.Line scraching is marked along the
electrode edge.

Life.Span Tests for A Newly Designed
Capacitor

Life-span tests, in which a voltage higher
than the rated maximum voltage (47 kV) was
applied (but, of course, it was itiw~r than the
breakdown voltage), were performed at klystron
modulators in the KEK 2.5-GeV linac in order to
confirm new capacitor design. Two types of tests
were designed. The first type (type-A) used mica as
dielectric material and the second type (type-B)
used Iow-densi;y paper and polypropylene. For the
type- A test capacitors (mica), three
levels of electric-field streng;h (70, i10 and 140
Vjp m) were applied, since mica has a large
dielectric strength and is expensive compared with
the dielectric of the type-B capacitors. For the
type-B test capacitors (paper and polypropylene),
three level fields around 60V/wm were applied
according to the result of a preliminary test.

I
Capacitors and Elements.

4

21

c
---
(),3 1
1. I

:163
100.4
0,84

1 I

0.09 [ 0.03 1 0.02
0.21 --- 0.06
0.48 0.04 0.05
I.0 0.9 1,2

L-—

8

25

0.02
---
0.05
1.1

9
-!di 6
!04.3
I.5

9

25

E
0.09
0.13
1.2

IQ
-?833

102
1.2

10

25
.—
0.03
---
0.08
1,1

97
-fd56
I(-11.3
1.3
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In general. ~he shortest life-span(T) of
prJulical opera[ion can be estimated in terms of
E,n.andTO by the euation:

T= Tf) X En . (1)
E: the ratio of the applied electric field

strength of the test to the designed value,
n: the voltage acceleration coefficient.
TO : the shortes! iife span obtained by

the test.
Figure 4 shows (he dependence of the life-

spun for t}pe-A test capacitors re,,miing the
Jppiled electric field strength. From this curve, an
n of 13.! was obtained by substituting E=1.57(the
:~liu of field level. 1IOv/um to 70v/wm) ,TO= 1.35
iIife.span a[ field level, 1IOv/pm),T=500(l ife-span
iI[ iicld level.70v/wm) in the eq.( I). The life-span
ws[ ior [he type-B tesl capacitors gave the shortest
Ilic -span of more lhan ?500 hours.

F] g 4. Life-span dependence of type-A capacitors
on the applied elec[ric-field strength.

The type-B capacitor was adopted as a new
PF\ capacitor. It was difficult to estimate the
sh~>rtcst Iife span of type-A capacitors owing to a
lack of sufficient test da[a.

Tho~&t the mn~ value of the type-B capacitor
:5 l~rger than that of old-[ype capacitor, tke is no
prublem under our low-duty opera[ing condition.
B> substituting E= 1.5, n= 15, To=2500 in eq. ( 1), the
>nur[cst life- spiin of a new PFN capacitor becomes
more lhan me million hours, This value is
>uificIently long LO use them in the KEK 2.5 .“GeV
iIn3c .

From the result of this test, the new- [ype
capircitors were fabricated and installed in the
k1)>tro[l modulators. Over 70 % of the PFN
ti~pacl[ors have been replaced by the new-type and
successfully op:;rated. Figure 5 shows the long-
:erm ~ar:a;iorr of irin~of both the new- and old-type
.’d p3CiIors So deterioration of tan6 has been

>b>c r~”edup 10 now.

f,,1 I Iitm ! !,

0.30‘ !

v.mw

z 020“

z
c0=

I

I
a-1 u,ui f ‘-

g ,
0 0[!00 Icoo ICUX 2CC(

Accunwoleo GDerollonhe I POLs)

Fig. 5. Long-[e: m variation of tant of both Ihe
new- and old-type capacitors.
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COMPUTER DETERMINATIONS OF THE PROPERTIES OF WAVEGUII)E LOADED CAVITIES’
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Abstract
Two recently developed computer methods to deter-

mi~c the resonant frequency ami Qert of waveguide loaded
cal ities are described. Ifre present an apidicatinn of these
methods to a cavity of simple form with a range of coupling
apei ”ures. The methods are found to be in good agreement
with each ot her and o.lso with experiment.

1. Ixltroductio,l

In this paper we (icscribe methods to determine the
properties of accelerator cavities which are loaded by exter-
nal waveguidesdesigned to damp higher orJer beam induced
modes. The met hoJs usc X1AFIA or ARGUS computations
of the properties of the resonant modes of the combination
of shorted sections of the loading waveguides coupled via
apertures to the accelerator cavities. I\’e begin with a re-
view of the method of Kroll and Yu, ’ whic!r makes use of
the relation between the frequencies of the modes and the
lengths of the shorted waveguide sections. A useful exten-
sion of this me:hod2 (which reduces the number of lengths
required by a factor two) will be described. It makes use of
the fact that the derivative of the frequency with respect to
the shorted waveguide length can be computed from stored
energy and field strength data provided by these computer
codes. Some comparison of the method with experimental
determinations will also be given. As will be shown by exam-
ples, the Kroll-}’u method is also well suited to experimental
determinations of cavity properties, especially in situations
where more standard met’ .ds are difficult to apply.

2. Basic Approach
t:~e con5ider a cavity coupltd to a waveguide through

a.n aperture. JVe wish to determine the resonant frequcnc:es
and decay constants of various modes when the waveguide is
terminated by a matched load. We negiect all internal losses
so that the decay constant is directly related to the ex~.ernal
Q of the cavity (referred to M Q henceforth). These quanti-
ties can be directly related to the mode spectrum of the cou-
pled cavity -waveguide system formed by shorting the waveg-
uide at a distance D from the output plane, by studying the
dependence of the mode spectrum upon the distance D. A
typical example of this dependence is illustrated in Fig. 1,
where the frequency f is normalized 10 the frequency of the
uncoupled cavity zncde and the abciss.. r refers to D nor-
malized to one-half the cutoff wavelength of the waveguide.
Since all of the curves refer to a singl- cavity resonance, we
refer to them N branches. The foUuwing formula provides
an excellent four-parameter representat ion of these curva in
the vicinity of the resonant frequency uf the cavity.

tan [k(w)ll + ~(u) i- X’(u)(w - u)] = ~Q(wu– “, ~ (11

‘Iere k(w) is equal to 2x/Ag as usual. The paxameter u rep-
resents the resonant frequency of the cavity coupled through
the outputand waveguide to a matched load, while the pa-
r~meter Q represents the associated external Q. The re-
maining two parameters, X(U) and x’(u), parametrize the
t,jiect of distant cavity resonances. Theoretical background
br Eq. (1.1) is provided in the Appendix. As noted by KrcN
ana Yu, the four parameters may be determined by comput-
ing four frequency-length pairs in the vicinity of &hecavity
resonance (as identified by inspection of field plots) and re-
quiring that Eq. (1.1) be satisfied for each pair. A minimum

●W k supported by Department of Energy contracts
D% AS03-89LR40527 and DE-AC03-76SFO0515.

1.4

1.2

f

1.0

0.8

L-d--L=
o 1 2 3

690 r 6f,49Al

Fig. 1. hfodc frequencies versus waveguide length.

of four computer runs at four different lengths is rcquireu to
proritce four reasonably placed points on a single brznch. On
the other hand, if the lengths are chosen in the vicinity of an
avoided crossing region, where two brar.:.hes arc adequately
close to the resonance, only two Icngt}s are required and
two frequency-length pairs are taken fr>m each of the two
branches. This reduces the amount of computing required
by a factor two. since the computer run typically yields all
the mt ~es of interest at a specified length in a single mrr.

The extension of their method which we report here
replaces two of the frequency-length pairs with a determina-
tion of the derivative of frequency with respect to length at
the r~maining two frequency-length pairs. By differenii~ting
Eq. 11.1), we obtain

d~

[

-1
= -k(w) g + ~’(u)+

2QU
;D 4Q2 (w - U)2 + U21 (2)

where c represents the velocity of light. The four parameters
are now determined by requiimg that both Eqs. ( 1.1) and
(1.2) be satisfied for the two frequency Iength pairs. The
derivative which appears in Eq. (i.2) is obtained from the
computer runs via the formula

dw w J (pJff2 - COE2)dS
—= -—
dD 2$poH2dV ‘

(3)

which follows from cavity resonator perturbation theory.
The volume integral in Eq. (1.3) is proportional to the stored
energy of the mode, which Mone of the standard outputs of
a typical compub=.rrun. The surface integtal is carried out
over the shorting plane at the end of the waveguide. Since
the field values are also awdab]e as output, it can be readily
computed. In the caa~ of standard waveguides, the surface
integr~ can be determmed ~om field values actsingle points;
there m, of course, no eiectrlc field contribution m the case
of TE waveguide modes.
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Fig.3. Elect ric field plots for !irst four modes.

[fit is clear from an examination of the field plots as-
sociated with a single computer run that two branches from
the same cavity mode are present (as is often the case), then
that run is srrfhcicrrtto determine the properties of the res-
onance. If only one branch is recognizable, then a second
run at a different length will provide a second point on the
same branch, and the determination of cavity properties can
be made from the two runs. This latter procedure may afso
be Preferable when the frequency separation of the points on
the two branches is too large.

3. Example
\\re illustrate the procedure for the simple cavity

shown in cross section in Fig. ?. The cavity height ISdr-
sen to be small as the modes of interest to us here have fre-
quencies independent of cavity height. In Fig. 3 we show
electric field plots of the first four modes for the case ri/a
= 0.5 at D = 2.0 inches. Since we are studying the lowest
cavity mode. which is symmetric wi: h respect to thecenter
of the iris, only half of the cavity -wiiveguide combination is
shown. The curves of Fig. 1 imply that no matter what value
is chosen for D, at least one rntide will be close to a cavity
resonance. Examination of the field plots shows that it is
the third mode which is closest to the cavity resonance, that
modes 2 and 4 are different branches of the same resonance,
and that mode 2 is clearly the closer rAthe two. Since the
t.wbranches nearmt resonance are clearly identified, a single
length determination of cavity properties using modes 2 anrf
3 can prrrceed. ‘l’he resu!t obtained is frequency = 8769.07
11lit and Q = 34.54?.

Q

35.0
1-

ctla = 0.50
34,5- ~

~. ----- ~- ..-. . . ~ ------ +C.-u - )(. - :

34.0 L

E
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4----------- ~- -- --
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7.5 : ------ .c:~o-;- ---

70e2:l-

4
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----- .U-- -n ;
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d
----------- 5.5

L_LJ-LL. 5.0
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Fig. 4. Computed Q values for test cavity.
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Fig. S. Computc(f frequency values for test cavity.

In order to ir.vestigate the stability of results with re-
spect to the waveguide length D chosen, we carried out com-
putations at a number of different values. Wc also investi-
gated a number of different iris openings d/a. The results for
Q and frequency are shown in Figs. 4 and 5. Note that the
points arising from the first two modes are displayed with
a difl.erent symbol than those arising from modes 2 and 3.
The horizontal lines represent arithmetic averages of the de-
terminations for each rf/rrvalue, and are inserted to assist an
assessment of the variation. A more thorough investigation
of the dependence of results upon values for D and d/o has
been carried out for an anafytic approximation to the cavity
of Fig. 2 with zero iris thickness. The analytic approxima-
tion also permits exact evaluations of the resonant frequency
and Q to be compared with the single length determinations.
Excellent agreement was found.z

Although single length, two-branch determinations
proved to be satisfactory for this model at rdl lengths tested,
there may be circumstances in which a two-lcrrgth single
branch determination is preferable, Accordingly, we usccf the
data obtained to investigate the length rtepenrfence of the
above results, to also test their consistency with tw-length
single-branch determinations. We were also able tocompare
results with those obtained from the Kroll-Yu method. A
representative set of comparisons is shown in Table 1. The
method employed for each case should be clear from the
branch and length lists.

4. Comparisoli with Experinlcnt

In order to compare the results from Talk I with ex-
pcrimentidly detcrmirmd values, a cavity conforming to the
configuration of Fig. 2 was constructed from standard 0.9 in
by 0.4 in waveguide and provided with a set of interchange-
able irises with the d/a values listed in Tahlc 1. Mcas.Irc-
ments were carried out with the assistance of a lfcwlttt-
Packiird networkana]yzcr.The standard dctuncd short
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~;u

().5

0.63

0.70

0.75

Frequency
( \[Hz)

8769.07
8769.09
8768.93
8768.84
8405.01
S407.99
$!03.95
8266.35
S’270.48
~jt;,J.87
8109.44

‘hhle1

Q Branches

34.54 2.3
34.5’2 ~
34.63 2,3
&t.s9 ~

10.41 2,3
10.39 2
10.34 2,3

7.54 2,2
7.48 ~
7.48 9J

5.57 2,3
5.47 :)
5.55 ?.3

Lengths
(inches)

2.0
1.3,1.9
p,o,?. 1
1.3,1.6,1.9,2.0
2.0
1.5,2.0
] .5,2.0

?.0
1,5,~(]
1.5,2.o

‘2.1

method of Q and frequency measuremrmt was attempted,
using a 0.’26x 0.90 x 0.72 inch aluminum insert attached to
the mar cavitv wAI to detune the cavitv. Unfortunatels, it
pro~uc;dade~uate detunirrg to carry or_ltthe measurement
only for the caw rf/a = 0.5, so that wc are ahlc to re ort

rdet uned short method results for this case only. As an a ter-
natiw, we carried out measurements for all four d/a values
using the Kroll. }’u method. That is to say, we measured the
phase of the reflection coefficient referrrd to the iris plane
and used the Kroll-Yu four-parameter formula. The results
obtained are shown in Table II and should be compared to
Table 1 and Figs. 4 and 5.

Table II
d/a Frequency (MHz) Q Method

0.50 8739 33.9 Detuned Shorl
8750* 1 35.3 * 1 KrolI-Yu

0.65 8375+ 20 10.1 * 0.8 Kroll-Yu
0.70 8~10 + 40 7.7 * 0.7 Kroll-Yu
0.:5 8040+ 30 5.5 * 0.? iiroll-Y”u

The uncertainties shown in Table 11are crudely haseu
upon variation observed with different selections of the four
frequency phase pairs, and do not include an estimate of
other sources of error. Tnese variations are Iarg r than these
shownwith differentselectionsamong the hi AFIA computed
pairs. and may reflect a lack of precision in the measure-
ments.

5. Current Applications and Future Work
The methods described in this paper are being applied

to the design and experimental anal sis of accelerator cav-
Jities with heavily damped higher or er modes. The exper-

imental application of the method to the SLAC radial slot
structure is described e!sewhcre in these proceeriings3 and
will therefore not be repeated here. Application to the cir-
cumferential dot designs deecribed there are in progress.

Preliminary work directed towards the design of accel-
erator cavities for a BB factory storage ring has indicated a
need to deal with the problem of close resonances. We have
recently developed an im Iernentation procedure for the two-

I’resonance representation see Eq. (As)] mentioned in the Ap-
pendix. It requires computer runs for at least two wave uide
leng~.hs. Initial results have been encouraging, and w-

‘“leto report in detail after we have more experience with t e
method. There is also a need for dealing with multiple non-
symmetric outputs and with multimode waveguide loading.

Theoretical l?acirgrou$’%~d;erivation of Eq. (1.1)
Following Kroll and Yu, we consider the boundary

value problem presented by the cavity with its waveguide
output, which we nrrw consider to be infinitely long. We
assume perfect conductor bolmdary conditions on afl of the
walls. As one proceeds along ~he waveguide trxwmdsinfinity,

the fields arc required to apprnach those of the principal
mode (assu nmri hrvc to he the only rxnvwhich CM propa-
gate without attcnuatirrn), propagating towards infinity. ‘1’ht.
eigen modes nf such a systcm arc:crrmplrx, with pnsiti ve imag-
inary part, corresponding to oscillations which arc expom n-
t;ally damped in time. Writing thiscigenva]ucas u + JI?,
~.eidcntifj.u withtheresonantfrequrncyofthewavcguicb
loaded cavity and u/?IJ with the cavity Q.

The z dependence of the electric ticld bctwrwn tlw
wavcguidc origin and theshortingidaneisof(heform

~]k~+ ~c-Jkz

wherek = ‘2rr/A9,: isdistancealongthewaveguidc,:txls,
and R is the reflection cocflicimrt referred to the wavcguidc
origin plane. Since it must vanish at z = D, the shnrtillg
plane position, it must also he proportional to

~j sin(~: - ~,– nrr) = (fJkz- e2Jv’f‘Jk’) f’-~i’,
where ~,= k(w) D. Comparing thc two frrrrns,wc srr: that
R = -exp(2jt!’). \t’e now observe thal because the cigcnfrc-
quency corresponds to a situation in which there is an uut-
going wave but no incoming wave. the reflection cocfhcicnt
must Iiave a pole there. This, combinrd with the fact that
R must have absolute value one for real values of u, means
that it may he written

R(w) = –U: : +{“ t’-2J’[-) = –c2Jti,- ]1,
(.,\l )

where ,1(w) is a reaf function, analytic at w =. u+ jl . It rep-
resents nonresonant effects, cfTects of distant rcson~“.wcs,and
effects associated with the mode structure of thc wavcguide.
Taking the logarithm of both sides of Eq. (/\ 1) we find

()v+(~) = tan-i ~ - ~(w) + nrr . (A?)- ~1
We shall assume that ~(w) can he adequately represented for
real vafues of its argument in the vicinity of the resonarrcc
by the first two terms of its power series expansion about u.
Thus, we write

~(w) = ~(u)+ ~l(u)(u - u) . (.43)

Equation (A3) is the basic approximation upon which the
method is based. ‘raking the tangent of Eq. (Af!), using
Eq. (A3), and the expressicms for @ and Q yields I?q. (1.1).

The choice A representation of R(w) by Eq. (Al) is
not unique. There may be situations in which it is useful,
for instance, to exhibit two resonances. The resonances may
be too close to the frequency of interest to make the approx-
imate Eq. (A3) adequate in itself. Taking account of the
fact that R(w) has a pole in the complex plane at both res-
oi’ances, we replace Eq. (A 1) with

R(w) = -;- ‘1 + !“l w - ‘2+ ‘tn e-2Jx(W)=
-- al —)Vl w - us - ) V-2

Correspondingly, Eq. (A2) becomes

+(w)
= ‘an-’ (+G)+ tan-: (*)-’”

(/1.5)
The function ~ (w) is now anafytic at both poles, and a

Iincar approximation anafogous to Eq. (A3) would normally
be employed.

The guidance and assistance of W. R. Fowkes and T.
Lee in carrying out the experiment is gratefully acknowl-
edged.
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Abstract

A prcliminw design study is done for the design of a 4-
rod RFQ linac. A modified PARMTEQcode is able to predict
the trarmmissimrof an multiply charged ion beam and also to
see what happens when injection energy is varied from the
design value. Space-charge limited current is also checked,
though nur Iinac is not inlsndcd to be used for accelerating
rnorc than icw mA of an ion bcarn. A l/3 scidc cold-model M
constructed for the RFQ to check the resonant frequency, Q-
valuc, and the field dislrihu[ion. The number of clcc[rmlc-
suppor~ingstructure is six and the length of [he clcctrudcs is
793 MM.Our [argct is to optimize [he dimension of the RFQ
srrucnrre and opcra[e the resontslor in 100 MHz inside a 200
mm diarnetcr tank. A 1/3 scale cold-model of spiral resonalor
is afso budd and its rcssmant frequency, Q-value, and on-axis
field distribution arc measured. This resonator is going 10 be
placed dow”nstrcam of the RFQ and operated as a post
acccl./dccelcrator in the same resonant frequency as the RFQ
bu: in different phase condition.

Introd uctlon

RFQ has its several appealing points to be recognized
by industrial accelerator users as it high current rmd high
energy accelerator in ion implantation application. Compared
tvith conventional clccrrostaric accclera[ors, implantcr”sweight
is going to be less hcavicr and radialion shield is much easier
in RFQ Iinac design. Those poin[s should be greatly
appreciated and be carefully studied for the design of a
succes~fulcommercial RFQ machine. We have been working on
4-rod RFQ for several years and accurnularcd quite a deal of
cxpcricnccs as we developed a proton accelerator.1 Rod typC
srructurchas been sclcctcd bccausc the diarnc[crof the vacuum
tank of the RFQ can be made smaller and [hc maintenance and
tuning of [his RFQ is expected [o be much simpler than vanc-
LypcRFQ.

Rough Design Work

Unlike high-intcnsily light-ion RFQ , a particulm
artcmion is needed when doing ~hcpararnctcr search of a heavy
ion RFQ in low beta regime. Transmission cfficicnc~ of the
RFQ is rcstrictcci mainly by the acccptisnccof the lmac no~
by the space-charge limits. Users arc happy at moment if wc
could offer bcarn currcn[ at order of one mA and RFQ does no[
present much difficulty handling this amount of current load.
Other imporrant considcra[ions arc associated with mechanical
and cnginccring difficulties anti consequently the
manufacturing costs. The lcng.h of the electrodes and the
opcraling frequency must be optimized to guarantee the
mechanical rigidity of rod-RFQ structure within the tolcrancc of
assembly rcqrsircmcnts.

Ion Source Emitttince

An effcctivc intrinsic normalized cmittancc, Cn is found
as follows,

% = 2 rs ( kT ! MC2)1/2 [ M.rad ] , (1)

where rs is the beam radius at Lhccmittcr surface, kT is the
source tcmpcraturc - typical value is 3 CV- and M is Ihc mass
of ions.2 ~ is rough!y 1 mm-mrad for boron when rs is 3

Kuz; ”To&shlro-cho, M-lisomiku, Kyoto 601 Jttpan

mm. An unnormislizcd cmilmncc ar energy 25 KcV is then
Wproximatcly0.~4fIcm-rad for this case. The acceptance of
RFQ must then be larger or al least comparable 10 this value
to accommoda~c a large portion of incoming ion pisrticlcs.In
PARMTEQsimulation, 10 % larger value of the above cstirn~tc
is used for the inpui cmittancc.

PARMTKQ Slmuhttlon

RF(J parameters arc listed ir, tuble 1. Wc intended to get
most cfricicnt paritmclcrscwrsidcring the length of RFQ, power
rcquircmcnt, and beam transmission. At moment this involves
a long and repetitive work on computer and requires some
experience to reach ai satisfact,~ryresulls.

Tab]e 1
Design RFQ Ptirameters

............... .... ......... .. .................... ........ ......
Frequency 33.3 MHZ
Characteristic bore radius 0.8 cm
Focusing strength 6.79
Inter-clcctroricvoltage 54.9 kV
Mass of ion 11 AMU
Charge stale 1
Injection energy 25 kcv
Cutput energy 1 McV
Total Icngth 310 cm
Numberof cells 144

............... .... ........ ...... ..... ...........................

Double charge phosphorus

1.30 1.40 1,50 1.60

Voltage Factor ( VFAC j
Fig, 1. Bcarn transmission of 31p++ id !6.+ in
fixed structure and fixed operation frequencyof a
RFQ.

The bcarn transmission of 11B+ is 92 % when the intcr-
clcctrodc voltage is incrcascd by 10 % of the design value in
the dynamics calculations, Fig. 1 shows the bca,mtransmission
of 31P++ and 160+ beam in lhc same RFQ. The results zrc
this; if wc toicratc the transmission cfficicncy, iI range of ion
sF~cicscan be accclcratcd by adjusling the input power. Fig. 2
is the transmission efficiency of 11B+ beam as is function of
injccrion energy. The rcsuks shows that our RFQ has a rather
broad acccp[ancc wi[h regard to the variatism of injection
energies.
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Space Charge Llmlts

The current limits are checked with LINACS.3 The
parameters are from the 110 ti cell - supposedlyal the end of
the gentle btmcher section - of the RFQ : the aperture, a
=0.527 cm: the modulation, m=l.962; the output energy at the
end of the cell, WO=0.282MeV; and the maximum ficld=10.47
hfV/m. Fig. 3 shows both longitudint.i and transverse current
limits as a function of modulation parmletcr.

100 ~

80-

60-

40-

20-

1
4

20 30 4C
InjectIon energy ( KeV )

Fig. 2. 11f3+ beam transmission as a function 6f
injncclion energy. The design injection energy is 25
keV.

c-f
a

1 2 3 4
Modulation parameter

Fig.3. Transverse( CT ) andlongitudinal( CL ) space
chargecurren[limitsas a functionof modulation
parameter.

Model Study of RFQ

4-rod RFQ presents relativelyless rigorousengineering
difficultiescomparedwith4-vaneRFQ, nevertheless still there
are importantsubjects we have to work and improve on , Those
are structural rigidness and cost performance,Our 10!IMi?z 4-
rod proton RFQ was only 75 cm long so it wzs not too heavy
and sufficiently rigid with just 4 supporting structures. For a
heavy ion RFQwith outputenergyreaching100KeV/nuclum,
the resonatormust be operattxtmuch lower frequencyand its
length becomes around 20ff cm. If the structureis made with

just 4.supporting posts, the droop of an ctmtilevcred electrode
will not be negligible and cannot be kept under machining
and assembly tolerances. On the other hand, with 6-suppers.ing
post, the height of the post must be made much larger than
that with 4-supporting post structurcc The rcsrrlts are incredse
in the construction cost of the vacuum tank due to its Iargcr
diarnctcr.The putpose of this model study is to search for the
final dimcnsior.of the UFQ in reasonable size and to check its
RF characteristics.

Droop of Electrode

The maximumdisplaccmemof electrode droop, Y can be
cs~imatedfrom the following quation,

Y=w L4 / ( 8 E I ) (2)

, where w is wcighl distribution, L is length, E is Young’s
modulus, and I is the second moment of system.4 The cross-
section of a RFQ is approximated by a rectangle of 24 by 60
mm, and its oricntatimt is tilted 45 degree, Material is C1020-
l/2H copper. The result is that when one end of an 50 cm long
electrode-rod is fixed to the pos[, the maximum displacement
becomes approximately 30 microns. This is less than but
unfortunately comparable to what we expect for machining or
assembly tolerances, 50 microns.

~ ~hn

\ Inside 150 mm id. tank

.x:”’a*
55 65 75 85 95 105 115

Height of posts ( cm )

Fig. 4. Resonant frquency of 4-rod RFQ as a
function of the height of the post;.

RF Characteristics

Fig.4 showsthe resonantfrequenciesof our 4-rodRFQ
as a function of the height of the post in three different
surrounding conditions: inside 190 mm diameter tank, inaide
150 mm diameter tank, and outside.the tank. llte number of the
post is six - this means a pair of RFQ elecmde is supported
by three posts. The width and thickness of the post as: 80 mm
and 15 mm, respectively. The posts are evenly spar?”Jat 150
mm from each other. The electrode is un-modulated and its
Iength is 793 mm. The sperture radius is 2.7 mm. IIF contact
between the tank and the base-plate of me RFQ assembly is
made b} commercially available “RF shield fingers”, Note that
the center of the aperture coincides with the center of the tank
only in the case where pst height is 59 mm and the diameter
of the tank is 150 mm, otherwise they are acentric.

We have developed an automated field measurement
system which comprises of a HP-4195A, a workstation, and a
stepping motor system. The principle is usual Slater’s bead-pull
methodbut our system is much simplified taking advantage of
HP-4195A’shigh resolution performance. Fig. 5 is a typical
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on-axis longitudinal electric-field distribution obtained from the
cxpcrimerrts.The perturber’slength is 10 mm and il is made just
to fit in the aperture of the RFQ model. The results are that
the varia!ion of field along the axis is within 5 90. To achieve
this degree of flatness, the electrode alignmcn[ tolerance must
be as good as 0.05 mm.

400r

.

0

J

o 5 10 15 20
Position on the exls

Fig. 5. Typical on-axis electric field distribution of
4-rod RFQ 1/3 scale cold-model.The resonant
frequency is 94.72 MHz.

\ Inside 190 mm id. tank

inside 150 mm id. tank

i
13”” ~

55 65 75 85
Height of post (mm)

Fig.6. UnloadedQ-value as a function of post heigh[.

Fig. 6 shows the unloaded Q-valtscsas a func[ion of the
post height in 150 mm and 190 mm dlametcr tank. Tnc size of
posts, the dis~ancc between the posts, and the o~hcr
conditions are the same as rlescrikcd above. The tendency is
that the Q-value is basically irrespective to the height of the
pos~ but will deteriorate as the elccrrodes come C1OSCto the
wall of the tank.

Model Study of Spiral Resonator

Properties of spiral resonators have been studied
elsewhere and we just followed their guidelines for building of
our model.5~6 A schematic drawing of a 1/3 scale spiral
resonator is shown in fig. 7. The dimension of each parameter
is defined and the experiment results are Iistcd in table 2. On-
axis field distribution ~s not presented here duc to space
limitation.

Concluding Remarks

There are still r.~anyother considerations to be given
before the construclior of a full scale machine.The RFQ’s
acceptance and its length, for instance, are probably the most
important parameters w be optimized. The cooling of the RFQ
structure presents the isnother engineering challenge for a
stable operation of the accelerator.

-1

Fig. 7. Schcmitticdrawing of 1/3 scale spiral
resonator.

Table 2
Dlmenslt)ns ( In mm ) and The Properties of 1/3

Scale Spiral Resonator.
.. ........ .......... ........ .... ... ...... .......... .......................... ..

#1 #2 #3 #4
.... .... ...... ...... .. ........ ...... ...........................................
Gap Icng[h, g 7.0 7,0 7.0 7.0
Diameterof drift tube, dd 24. 32.0 24.0 32.0
Bore diameter, db 8.0 8.0 8,0 8.0
Gap-gap length, dg 18.0 18.0 18.0 18.0
imgth of drift tube, al 11.0 11.0 11.0 11.0
Lengthof fieldcutofftube,fl 7.5 7.5 0.0 0.0
Separationpitch,s 18 18 18 18
Diamcte:of Iube,d 7.0 7.0 7,0 7,0
Widthof resonator.w 40 4Q 25 25
Diameterof tank,td 200 200 200 200
Lengthof spiral 660 660 660 660
.... .............................. ......... .............................. .........
Resonant frquency (MHz) 106.10 100.70 105.15 101.15
UnloadedQ value 1240 1260 880 920
........ .. .... .... ....................... ...... ........ ............. .......... ....
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USE OF TWOUT?UTSTRUCTURESFOR HIGH PEAKPOWERIi’- GENERATOM
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Abstract

TIM beam opticsand electricfieldcharacteris-
ticsofseveralrecentlyconstructedTWstructuresare
presented. These structuresWere desiqnedtoextract
high levelsof peak power from 11.4 WZ modulated,
500 to 1000Aelectronbeams using threedifferentRF
ampllfiercoafiguratlonshav~nqnonunalbeam encryies
of 3.IJ,1.2 and 0.5 MeV, respectively.Th,’adoption
uf rnulticeil, high phase velocity m outpu: c~zcults
wit!! unuwall}’ larqc beam apertures(~~J2) has been
Instrumentalin avoltiingelectrlcfieldbreakdownand
be~ InterceptionIC theseshortwavelength,high

curreot hF generators.For beam enerqlesinthe range
of J.45to1.3 NIAVand RF autputpeak power levels ot’
lco to 3CJ ,HW,var)”lnflImpedanceand taperedphase
ve~oc~tystr~cturtswere used to m~nhize dcbunct.inq
andtomalnta~nnearsynchron.juscon.ilticnsduringbeam
trai.ersalofthe:~ntinuausit.:eractionoutputcircuit.

A cor.ciudinq sectjcn d~scussesthe design char-
acterisclcsand performanceof a new style 100 t%+
NJ klystronspecificallyconfiguredto operateIn a
smallwarm bore superconductlnysoler.oidor a -I”ID
water-cooledsoifino~d.

Introduction

The rationalefor using’llioutputstructures(a)
to avoidti-breakdownat hlcjhlevelsof peakIIFpower,
(b) to prevencbeam interceptionwhen transporting
ltirge emitcance,hign currer?tbeams throughshort
,wavelengchstructures,and (c)toprovidetexpvrature
andfrequencylnse;ls:tive,veryfastresponsecircuits
(1ns;, nasbeenpresentedelsewhere,iand this paper
iescrlbesthe redlctiont~ ?racticeof severalhigh
-power~“ o,ltp,uccircuitsdesignedfor operationwith
threecilfferentcomblnat~onsof beam energyand
current,as listedin Table I below.

an added benefitbecausethe beam lnduccdfields
can then be w.tabiishedover an extendeddistance
substantial},retlucinqt.lccircuitr.~ximumE-field.

When maximumpower extractionAJ desired,the
multicell‘IIistructurecan b: designedto nraintain
near-optimumL::teractlonco..Jitionsover the full
lengthof the c:rcuitby ta~erinythe phase velocity
tocontrolde-bunchingforcesandmaintainsynchronism
as the charge=~ntroidisco.ntinuouslyde-accelerated.
(Althou,~hthis ir.teractionIS the inverseof thac
whichoccursi~ exter:.allydrivenhighfieldgradient,
high currtrnt’iWbunch:rstructures,lthe same analyt-
ical design proceduf!can be ~pI>lLed.] \’utlln,JLill<r
techniquefor maintainingthe P.Fcurrentampiitud(!
during traversal,,fthe outpLt structure is the usc
of a T4 clrcuicand solenoidcombinationde?~.gnedco
all~w the beam diameterto expandappreciar,iydurlnq
growthof the circuit fieldgradientand extraction
of RF power. (Referto the TW klystronk-?91
discussionin a followlngSection.)

Offsettingtileadvantagesof IW OUtp.it Struc-
tures for high currentapplicationsis the risk of
encounteringpulse shorteningand other beam induced
high order mode instabilitiescausedby excending
the circuitir.teractionlengthor by using multiple
circuitarrays.

choppertron TWOutput structures

The choppertronis a ‘IWRE’generatordesignedto
operatewith a 3MeV LOOOA inductionlinac in support
of the TEA” and RelativisticKlystronHigh Gradient
Acceleratortest nrogramsatLLNL.5 ThisRegenerator
comprisesa 5.7 GKz chopperdriver stage umnersed
in an axial magneticfield,and an 11.4 GHz ‘E+ dual
output stage with each‘N4clrcuitdesignedto extract
250 M of power at an RF currentof approximately
450A. The principleofoperat~on, designphilosophy,

l’ABLsI. 11.4GHz ‘IWOUTPUTSTWCTL13U2APPLICATIONS and fabricationof the RF q-neratorhave been
I I

-’=

1 1

CAoppertron*! 2.7-3.O\ 11)00/420-520
1 1 I I

~~esignobjectivefrom each arm of a dual output
systemawaitl~qtest.

All of the above RF Generatorapplicationsmake--
use of inductionlinacdrivenbeams havinr!nomir.al
pulsew~dthsof only 40 ns; however, the ~elatively
10W peak E-fields associatedwith these TW struc..
tures (asdiscussedin a laterSection)imply that
higher levelsof peak R“ power couldbetolerated,or
substantiallylongerp,ilsewidths could be sustained.

TU out?ut.structurescan be designedwith beam
aperturesgreaterthan AO/2and are, therefore,
particularly adaptable for operationwith high cur-
rent, largeedge emittance beams (!3Yc ~ 1000mm-mrad)
having bread cross sections !,2a/Ao=0.4). Although
large a-wrture aa..gns result in a considerable
lossof unit lengthshunt impetiar.ze,increasin5the
circuitlengthto compensatefcr this loss provides

presentedelsewhere,iand ~zly the TWou?put structure
characteristics will be discussed in this ~~aper.

Each TW output structurehas an overall length
of 2A0 and comprisesfive (three SST and two copper)
velocityof lightcells and a sidewallcoupled.
offsetoutputcavity connected to a tapered WR90RWG
outputarm via a special RF/vacuum flange des@ned
as an integral part of the output cavity body. This
configurationallowedshort radialRWG feeds to be
run directlyfrom the centerlinethroughthe narrow
spacesbetweenthesolenoidwindings,insteadofalong
the insideof thesolenoid. Thus the solenoidbobbLn

diameters,aswcll as the size,weightand diss~patlon
of the solenoidwindingswere significantlyreduced.

Figure 1 shows views of the dual output struc-
tures, nclud~ng the WR90 MW3 and water-coolingcon-
nections, duringinstallationof thesolenoidmodules.

A circuitbeam apertureof 14 nunwas chcsen
for this 11.4 Gwzapplication as a design compromise
betweenaccormnodatingthe relativelyhigh beam
emittance,and limitingthe length of the structure
without.exceedinga maximumsurfaceE-fieldiesign
goal of 1600kV/cm. This shortpulse operation
design goal was consistentwith not exceedingan
averageE-fieldof 500 kV/cm in the outputcavity. I
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Figure1. Oual TW Cutput StructuresShownduring
Assemblyof the Choppertron.

The middlegraph in Figure 2 shows the buildup
of maximumsurfaceE-fieldwith distancealong a
choppertronTW output structurefor a peakRPoutput
power of 250 MW.

.d————
.,! .!: .,, .,, ,!,

M%14.Ut 4LIIU. I* >Illlt ILnk. /.1

Figure 2. MaximumSurfaceE-FieldBuildup
in TW OutputStructures.

Each choppertronoutputstructurehas an RF
fillingtime of 1,95 ns, and a TW shunt impedance
of 1.4 tKl,g~vingatheoreticalpeakvcltagereduction
for synchronouson crest particiesof approximately
L2CI0keV at an IW oatputpower of 250 Mw, with
c~rcuittotai skin iosscsof iess than 1 percent,
and an outputcavity averageE-fieidof 450 kV/cm.

No specificprecautionswere takt?rl :0 suppress
zhe buiiclupoi HOM instabilities(thetwo prototype
structureshaveidenticalfrequencycharacteristics)
so chat it wili be possibleto evaluatethis pot.sn-
tial problem,especiallyin reiationto the use of
additionalst.mctures,duringthe eariy stagesofthe
test program. Aiso,initialtestswiil be performed
without the benefitaf an HOM cut-offcollimatorin
thedriftregionbetween the twocircuits. Plans for
the initiaibeam and RF testsare discussedin a
companionpapers

SL4/3iARK W OutQ3uJbtructure—

Since the beam energy specifiedfor the SWARX
(andSL/4) testswas cofisiderabiyless tban the
Choppertron(referTable I) and becauseof a desire
for IMximumpower extraction,theSHARK IW structure
was designedas a taperedphase velocitycircuit
zomprislngtwo stainLess steel and four copper,
2n/3 mode, cavities including a side wail coupled,
offsetoutputcavity. ‘thecircuitphase veiocity
was taperedfrom G.911c tGO.90c over a 4.8cm iength:

and the i.01 ns RF fiilinatime resultedin an
extremelyphase stabiestructure,insensitiveto
normal temperatureand frequencyvariations,e.g.,
aQ/af = 3.6 deq/iOMwzand ao/aT = 0.7 deq/lO°C.
This structure has a TWshunt impedanceof 1.2 Ml
and was designed for an output cav~ty average
E-fieidof 400 kVlcm at an output power of 250 MW.
The SHARK TW circuitmaximum surface E-field
distributionis shown in Figure 2 for operationat
a peak K- outputpower of 300 MW,

Figure 3 is a view of che SHAPJ(outputcircuit
assemblyshowingthe bulkheadsLpports,water
connectionsand RF outputcoupier,afterfinaltuning
and prior to attachingtt,eWR90 outputwaveguide.

Figure 3.

11.4 Gnz, 300 Mw
TaperadPhase .
VeiocityOutput
Structuce. Beam
Aperture= 14 OSM$

X-79i 100 MW TW K~stron

This 11.4 GilzprototypeIW generatorwas
constructedas a five-section, high vacuumremount-
able assemblywiththe microwavecavities,RWGfeeds,
water-cooiingconnections,flangesand centering
fixturesspecially configuredto aiiow the tube to
be installedin a beam confiningaxialmagnetic
field systemhavinga bobbin :CIof only 4“. The
operatingparametersare iistedin Table 11 and an
overallview of the tube is shown in Figure 4.

Figure4. x-791IGOMWTWKlystronwith Independently
AccessibleWater Flow Paths for All Five
RemountableSections (Anode,Compression,
Gain, Bunchingand RF Extraction,and
Collector).

Operatingwith a relativelyhigh centerline
pressureof =5xi0-7Torr, the X-791 tube was run up
to the IOOMWoutput powerleveiwithot’tany evidence
of RF arcing,pulse shortening,or cc.vityloading
due to photoelectric,field,or secondaryemission.
(/inRF outputwaveformis shown in Figure8.) Key
eiementsin the troublefreeRF performanceof the
tube were conservativemicrowavecircuitdesigns,
progressivelyincreasingbeamapertures,an efficient
TW output striwture,and a well-matched,precision
aiigned,high quaiityaxiai magneticfieldsystem.
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TABLE II. X79t ‘lWKLYSTRONOPERATINGPARAMETERS

Bcm Energ’1. . . . . . . . . . . . .
Electron Source

Operational Miccoperveancc . . . .
Nozm ”.ized N Enuttance . , . . . .
RFPulseLength (FWHM) . . . . . . .
Pressureat Anode Cent.erllne. . . .
NominaiBeamDiameterlnGainSection .
?JomLnalBeamDiameterinlW Section. .
Frequency. . . . . . . . . . . . . .
Gain . . . . . . . . . . . . . . . .
Pe*P.S=Outpuc?ower(fullspectrum).
titputCavityAvezageElectric
Fieldat100$!W. . . . . . . . . .

FillingTime of ‘Fd GutputCircu:t. .
Klystron~,erellLength.. . . . . .
SGlenold20bbln ID . . . . . . . . .
SolenoidAxL=l .XagneticField. . . .
SolenoidDlssapation,less chan. . .

500kV

:1.3
150nmm-mxad
50ns

=5XL0-7Torr
8-9mln

11-L2rnm
11.4GHz
50dB

ICIOMW

230kV/cm
1.J6ns
48 In
4.0in
6kG(max)
20kW

Figure 5 shows finalbrazedassembliesof the
tunableqa~n.%ectlun,the tunablebuncherand TW power
extractionsect~on,and che beam collector;and the
6“ rule lyingat right anglesacross the top of the
‘lS4output structurerevealsthe very compactnature
Of thesehigh power components.h’ithongoingX-band
interestin longerpulse widths and RF power levels
>133:%’:the x-791‘fWaicp~t c~rcuitwzs designedas
a ver;.lok.impedance,taperedvelocltystructurewich
an au:putcoupleraverageE-fieldof onl},230 kV,zc;n
at a ?eak %P otitputSower of IUO,MW.The associated
maximumsurfaceE-fielddistrlbut~onis shown in
Figure 2. ?zecautLanswere taken to avoid pulse
shorteningcausedby the forwardpropagatlngi(and
then reflecting)HE.Yll-likemodes havingresonances
eve: an 31J0NHz pass band centered*C lj.5 GHz.

Flgure 5. The Gain, TWOutpuc and BeamCollector
Sections of the x-791 Klystron.

A high electrr=taticcompressiontechnique
sixu.lar to t“narciescrikadbf Lee,7 was used for
the eiectr~l)source,follo~edby additiona1, near
a;labac~c,xagneticcompression.To optimizeoutput
power,the axialmagnet:.:fieldwas gradedalong the
TW outputstructureirom 4.5 to 3 kG (as indicated
i:,Fig{Ire6) togivea 2:1 increasein ~m cros.s-
sectlcnalarea t,ridersaturateddrive conditions.
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?lgure 6. 5GUN simulationof DC Beam with Graded
Reductionof Axial .%gneticField over
-..-,e :,4::,4:5CXJCzure.

Featuresof the x-791beam confiningmagnetic
fieldsystemincludea 4“ ID main solenoidhaving a
dissipat~onof 16kW for 100Mw itFoperation;pancake
windingtransitionsanda stackingtechniqueto give
full cancellationof internalaxial currentvectors;
concentricityand collinearityof the klystronMy
and magnet assembly to 1/4 manaccurac~,over the
lengthof the tube;a largediameter,shapediron,
st.ieldcdbuckinglens;and a precisionalignment
fixturethat enablesboth the buckinqlens and the
main solenoidtobe independentlypositionedaxially
with respectto the electronsource. A view of the
magnet s~~stemis shown in Figure7.

Figure7. Vacuum FlangeN@untedX-791Anode,
Independently!avableLargeBuckingLens
SysLem,and tk,cMain SolenoidAssembly.

Beam Voltage
Frequency

‘eakRF Powdr
Gain

Diode Signal
Time Base

5C0 kV
11.4 GHz
1’;0:.NJ
50 d9
20 mV/div
20 ns/div

FAqJre8. RF OutputWaveformof X-791 TW Klystron
Drivenby m InductionLinac Beam. (The
authorswisl:to thanktheSRL/MITPlasma
Lab staf= i!crprovidingthis testdata.1

The essential,iesignfeaturesincorporatedin
the compactmicrowavestructuresdiscussedabove.as
well as the assr~ly, bla:ir,gand tuningprocedures,
and the offsetco~plergeometryand specialRF
packagingtechniques,were derived from X-bandTW
resonantring linac technology developedover the

past decade for weil-loggingapplications.
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The Precise Measurement of Electric
And Magnetic Fields in a Resonant Cavity

.7. GAO
Laboratoire de L’Acc61&ateur Lin6aire

9140%Orsay cedex, France

Abstract

In the area of microwave measurement, perturba-
tion method is widely used, but the perturbation formu-
1ss which are often used will not stay correct when the
perturbing object approaches the wall of the resonant
cavity, which is the result from the effect of the induced
charges on the :avity wall when the object approaches
it.

This paper takes this effect into account, and giw:s
modified perturbation formul= which were proved 3Y
some cxperimenhd results. These modified perturbatilm
formul= could be widely used in the measurement of
the electromagnetic fields in linear accelerator and othe:
microwave devices.

introduction

To demonstrate the effect of the charges induced
on the cavity wall when a pmturbing object approaches
it[l,2], it is reasonable to me=ure the field in a resonant
cavity in which the field distribution is well known. Now
let’s measure the electric field along the axis of a pill box
resonant cavity in TA4010mode by using a small metal
ball. The uncorrected perturbation formula[3] is

(f: - f2)/}: = (4/3) 31rE:A3 (1)

where fO is the unperturbed resonant frequency of the
ca~~ty,f is the perturbed resonant frequency of the cav-
ity, E. is the magnitude of the electric field where the
smaU ball is located and A is the radius of the ball.

It’s known that the magnitude of the electric field
along the axis of a pili box cavity in TMOIOmode is a
constant. The measured result, however, turns out to
be not t!xe same as we have expected. In practice, the
nearer the ball is to the wall, the greater j: – ~2 wiU
be, and the ,“onclusion we get from eq.(1) WMbe that
the field along the axis is not constant. It is obvious now
that eq.(1) has to be modified in order to be used for
precis~ mexurement of field.

I’he reason why ~~ - ~z become larger when the ball
is near the wah is that charges are induced on the cav-
ity wali when the perturbing object is introduced into
the cavity, and the contribu! ion of the induced charges
to the field becomes appreciably large when the object
is near the waU, so that the field measured by eq.(1)
is the combination of the fieid to be measured and the
field produced by the induced charges cmthe waU. What
we should do now is to pick the original field out, and
establish a straight forward relationship between the un-
perturbed fields and the two freq-lencies jO and ~.

It is well known that electric field could be perturbed
by dielectric und metal materials, magnetic field, how-

●The work was done in Tsinghua University, Beijing and
in IHEP.(Institute of High Energy Physics, Academia
Sinic4 Beijing).

-ever, could only be perturbed by metal material. In
the following sections we will give directly the modified
perturbation formulas to measure the electric, magnetic
fields by using metal sphere perturbing objects. Exper-
iments have been done to show the effectiveness of the
meddled perturbation formula. In the AppendMes the
mathematicsdetails have been given to show the way how
these forw.ulaaare reached. As for the formu a for dielec-

itric purterbmg sphere one could consult ref. 2].

Formula i“orElectric Field With Metal Sphere

According to perturbation theory[4] we have

(~)

Starting from eq.(2) we distinguished two c-es. The first
of which wiil concentrate on the electric field and will be
discussed,in this section. Another will be dlscusse~ In the
next section on the magnet;c field and the comb]nat]on
of the two cases.

When there is no magnetic field where the sphere is
located, eq.(2) could be changed into

/(f: - f2)/f:= E:(i”
v

(3)

After some mathematics derivations[Appendix 1],we get
the modified perturbation formtila

(f: - f2)/’L? = (4~/3)3&~3(l + ~) (E)

where Ee k the field to be measured without being per-
turbed by the ball, A is the radius of metal sphere rmd
a is expressed as follows

a = 4( A/C)3+16(A/C)e+ 55.6( A/C)8+32(A/C)g (4,

where C is twice the distance from the centre of the baU
to the wall. When the ball is far from the wall eq.(E) wIU
return to eq.(1). Eq.(E) is well proved by the experiment,
as shown in Fig.(l).

Formula for Magnetic field with Metal Sphere

When Lhereis nc electric field where the sphere is
located, eq.(2) could be changed into

After Appendix 2, we et the modified perturbation for-
%mula for magnetic fiel .

(~~ - f2)/f: = (4~/3)(3/2)A3@(l + ~) (M)
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Now we express E, by lettingn equa!only 0,1,2, There-
fore,

‘ 2’(2:-*(1 + 1)
E, = (2a~A-3 + ~ – + Eo)P\(cose);!~t+2,~.!

‘ ~$a:–1 (~ + ~):
+(3a\.4-4 + ~ ——.4)lJ,(ccxe) (.410)i!~3+l

1=1

The integral in eq.(3) should be performed in the
following way

~E,dv=~E,dv=~Ad.4[t +dvE,dv

Sow let E, = UPl + t’ P2 where

‘ ?la!- 1(~+ i)!
U = (2C;A-S+ ~ + E.)i!c?+l

1=1

(.411)

(A12)

(A13)

(A14)

From this equatim we could get modified formulas for
different order of I xr by chosing 1 to be different
numbers, for ewm when we chose 1 = O, we could
gei the unmodified i :mula expressed in eq.(1). When
W*Cchose 1 =?, after s.,me tedious calculation we will get

(1:- fz);f: = :3&A3(i + CZ) (A15)

where

Q = 4(A/ C)3 + 16(A/C)e + 55.636(A/C)B + 32(.4/C)9
2 ~ , , I I 4 (A16)

E
*

15~L 1

1
.-&i__J

01 02 0s 04 05 06
AIC

Fig.(l)

Appendix 2

In the same way as for the electric field, we con-
sider the perturbation to the magnetic field by a small
metallic ball. To start with we noted that O’mis the
magnetic potential produced by the sphe~e introduced
in the cavity.q~ * is the magnetic potential generated by
the chargeson the wall.@~, isthe magnetic potenti~
insici,the sphereby the magneticfieldto be me~ured.

The~efore, to satisfy the boundary conditions on the sur-
face of the sphere, that is R=A, nud on ihe cavity wall
*: ‘ + p::* = O we have

*A - H. Rcose -t p~’ = f$~, (.417)

8 ~1 – HOR?o~d -+V~l ) = 0
fi( . (.418)

where

(.419)
*I = ~ ~~pn(co~8)Rn

n=O

%,= ~ a: Pn(cose)R-(”+’) (A20)
n=o

(.42 1)
From eqs.(A17) and (A18) we have

a;
1 2~a!-1(~ + i)!Am- 1

=— ~(Hoa4ml “~x * ~],~,.+:+, )
i=~ .

When the sphere is fsr from the wall, 1$~
*~[5], and

+:. = –HoRcos9 -
H9A3C(M0

zR2

(,422)
reduces to

(A23)

By comparison between eqs.(A20) and (A23) we got

HOA3
af = ---

2
(.424)

As for the magnetic field on the surface of .ne sphere, it
only has c~mponent in Odirection, therefore we have

@d”=lH”u
(A7.S)

By asking approximation order 1 = 1 we got

He = - ~HOsinfl + 3HOsint9(A/C)3

-t(15cos28sin0– 3sin8j(A/C)4~H. (A26)

(f: - r) = I
●A w

f: - , ‘;dv=2%][ fijA2sin0d6dA
G JO

= –4f~A3H:(I + p) (A26:

where

@= -2( A/c)3 +- ;(.4/c!)6 + l&9( A/C38 (.427
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where

@= -2(.4/C)3 + (4/3) (A/C)6 + 16.9(A~C)e (6)

l:vhen the b~ is far from the wnll, eq.(M) d return to
unmodified one[3]

(f: - f2)/f: = -(3/~)~:(4~/~)A3 (7)

M’hen there are both electric ar,d magnetic fieldsat
the same time where the ball is located, according to
the theoryexpressedin eq.(2), combined perturbation
formula is easily obtained

(f: - f’)/f: = (4~/3)~33(&(l A a) - (l!~)~:(l + o))
(c)

When the ball is far away Gom the wall, cq.(C) will
be reduced to unmodified perturbation formula[3] as ex-
pressed

(f; - f2)/f: = (4~/3).433(~: - (1/V:) (8)

Till now we have given all the modified perturbation
formulas of metal sphere.

Experiment:i

In the exp~riments we have used m~tal ball perturb-
ing object to measure the electric field on the axis of the
a pill box cavity. Before giving some experimental re-
sults we give some definitions to make the comparison
between th:ory and experimtmt easier. We noted f, to
be the resonant frequency when the bal! is in the center of
the ca’~ity.b~th = f, - fth(A/c) is the theoretical resrdt,
and c%fe== f. – f.=(A/C) is the experimental results.
In the following Fig.(1) we wdl use only the notation $f
but use + as theoretical value and oas experimental one.
In Fig.(l) we ~:ed A = 3mm copper ball to test Eq.(E).
The result shows that theoretical modified perturbation
formulas agree ve:y weU with the experimental results.

Conclusion

In this paper modified perturbation fcfmuha con-
cerning sphere mstal perturbing object hp.~ebeen estab.
lished and proved i;. the experiments. These formulas
cou:d be used in rmy kind of resonant cavity measure
ments.
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I
FILL(A) ‘

We treated this problem as a static one because the
dimension of the perturbing object comprued with the
dimension of the wavelength cf the microwave is very
small. Therefore we have

n=O

, (-1 ‘=& 2 ai (~+ O!pk(co.e)_& (AZ)
‘-’ = - & i! PO &!v, .— —

=

where *: ‘s the potential produced by the sphere in the
cavity. pe‘-1 is the potential generated by the charges
induced on the waU and 1 is the order of approxima-
tion. Both these potentials satisfy the boundary condi-
tions cm the wall

When the sphere is far from the wall, cIi wiU be reduced
to *: [6].

(A4)

By comp~.ring the two equations (Al) and (A4), we con-
cluded that

a: = A3E0, a: = O,(n # 1), a: = O (.45)

To satisfy the boundary conditions oil the surface of the
ball, tha~ is R = A we-get

@; + 9:-1 - E. Rcod? = constant

and consequently we get

I

a’ = EoA3& -I-X4
%2sa!-’(r71 + i)!A2m+1

m :!rn!c~m+l+t
i=l

(A6)

(,.47)

(A8)

For the field on the surface of the ball in the direction of
R, we have

m
1?, = ~(n + l)a~P~(cos6)A-( n+2)

n=o

1-1 m /k ., i)!
+ !Sfl!– ~ ‘-~ P~(ccs6) + .E,P*(COSO)( .49). 1!
, .i k (,

~?~
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Abstract

!n Ihc \~~QA1.Ac (~ulliple E]cctrosln!ic@13drUpO[C
1lncnr&celcmmr) multipleN+ion beamsam accelera!cdin 32
g~p which cnrry a rf voltage. Ilrc transvc:se focusing of the
imCIIKeion beams is achievedby meansof seIsof miniaturized
clcctrrxraricquadrupolcc.Resul!sarc prcscn!edwhichshwv thrst
the inn beamsa]. acceleratedm 1MeVwithan ener~j spreadof
lens than f!%.The maximum time averaged beam current in a
singlechannel is f)2 mA; in fourchannelsit is 0.56 MA.This is
cnrwidcrablyIcss than the theoretically predicted cumcnt. It is
dlrw n that the smaller transmissionis due mainly to misalign-
mentof the quadrupde lenses.

Introduction

AI the FOhl-lrrstitu[ein Ams!crdama MEQALACfor the
nccclcrtitionof inLi intense N+ ion beams has been built and is
nn\\ i!] oreralior. In this Iype of rf accelerator, which is
migin~llyproposedby Maschke[1], the ions arc acceleratedin tf
gaps while Ihe transversely-direc[edspace charge fomes of the
inlcn~e ion beams are opposed by Ihe focusing forces of
rrlinlnlwizcdelecrrosfaticqusdnrpolelenses.Thesequadr-upoles
nrc mountedIn the field-free drifl spacesIII between the rf gaps
and ammgcd such that a large numberof beamscan be stacked
in!o a small am. Ihuzresulting in a high acceleratedctmwtt. A
funheradvanmge.c,fthe MEQALACsa-up !s that the rf poweris
used for accelerationonly and not for transversefocusing,as in
RFQ accelerators. Therefore, the acceleration efficiency of a
NIEQALACis generallyhigherthanfm n RFQ[2].

A schematicset-upof the FOM-MEQAL-4Ce.xpcrimentis
schematically shown in fig. 1. The experiment consists of a
Iwckct.type plasma ion source with a four-grid, four-channel
ex::action sysl:m, a mwching section, a Low ~nergy Eeam
~mrsport (LEBT)sectionwith a buncher,and the rf accelerator
scctirm. The ion source produces both N+ und N2+ions, in a
ra!i? of 3:2. With an extraction apemrre of 4.5 mm a !otal ion
currentof 4.8 MAper channel is transportedthiough the LEBT.
Eachof the fourqiradrupolechartnclshas a ?s4iusof 3 mm.

,,,,,, ,- , ....,, r.m?

Acceleration from 40 kev IOI MeVof the N+ ion beams
titkes place in the 32 rf gaps of the accelerator section. TIc
distance between the gaps is such tha! inns pas~this distance in
half a rf periodand expcnencean accelcrmingfieldin idlgaps. A
NIEQALACis !hus a fixed velocity maschinc.The rf gapr are
part of a modified intcrdigi!?l.f{-rcsonat~r.which is cxci!cd in
the TEI I I mode [6.7]. The resonance frequency is 2.I.11Nfllz.
T3rclength. width and hcighl of !hc rcsrma!orare 1.7,0.S and
1.0m, respectively,and the length~f !heaccelerationstructureis
14 m. The rectangular cross-$cction of !he resonatoroffers the
possibility10vary the rcwrrratnrwidth.T%isway, the inductance
and thus the resonancefrequencycarIbe variedsuch that Ihc ion
energycan be varied.

Theoretical Background

In a rf accelerator the ion beam current :s limited ei!her
transversely or longitudinally. The transverse cOJmentlimit is
determined by, amnngst others, the space charge forces of the
ion beam, the external transverse focusing forces of !he
elcctrustaticquadruple lenses,and thechannelacceptancewhich
is a function of the channel dimensions and the quadrupolc
vcltage [8].A memueefor the externalrnnnverw focusingfosrea
is the so+alkd r.ero-currm phase advancepcr cdl, POT,which
is pmpcmionalto the quadrqsol~voltage.The tnnsverse ctarrcnt
limit, IT, for our MEQALAC is shown in fig. 2, First II’

‘\

increases withWT becausethe extema! focissingforcesincrease
allowing a higher spacecharge density in the beam,and for WST

: ~ [Talecma.scsdue to thedecreasingacceptance.
30,

1
--bovs”efle ‘. .

23 -- Iongiludmol
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FIx. 2. TIIe tramvcrw, lhe Innclludlrmlnndthe wwltlng 1.w81
cur?ent Iiml; fnr the hff!QA.LAC 1.kfeV N$ nccrlcratrrr,
sccnmllngtn crrurllm~ at given by Rclser(Ltj.f%r $, = .421rIhe
currmIsaboystramwxdyIlmhcd

The longitudinal cwrent limit is a function of, amongst
others, the synchronous phase, OS 13!. For a Iwgc gaP voltage
and thus for a large rf power cmtplrd into the resonator ~$~1is
high, which results in a large longitudinalcurrent !imit Thir is
also illustratedin fig.2, whichgivesthe Irrngitudirrrdctrrrenllimit
for $S= -200, .3fF and -42°. “lIrisfigure mows that for typical
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operating values, e.g. ~s = -42Gand UOT= 6(P. lhe current !S
rrans~”crsclylimited.

Nlultiparticle simulations with PARMI[..LA for [he
mmsmissicrnof NIEQALAC,both with andwitho~li!he usc of a
buncher, are given in fig. 3. The simulations show rhat with
incrmsingspacechargethe bunchingbccomcslessdfkicnt.

~~e energy and the energy spread of the accelerated ion

barn have ‘mmsimulatedby mc.msof PARMIIA rrudti.partkde
simulations.h fig. 4 energy spectraart givenfor variousvnlues
of themaximumgapvohage.
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....6 . . . 00mh.lwnchcd.: “.-.O.”” YOmA. h!chcd

n
““u) 40 .543 m

I

;,1) 1191 ml Wn mm IIco
be~m C.C?S) [krVl

Fig 4 Cnrrzy qwctra ;f the a-cclcrmcdbeam O! dmoln!!d hy
mrnm nf the thrre. dirncndmml CCA rARh!!l, Allw Inkc,cd N*

CIWTCIOIt 1 mA and !he unnormallzcd rms emh!ance nf the
Injccw.dMm IS20Rvmnvemwf.

Experimental” Resuits

The time averaged beam current and [he ion energy are
measuredby a waler-cool~ Faradaycup, whichcan handlefour
I 5-mA. I-McVion beam..,and an electrostaticenergy%lalyzer,
rcspcclivcly.The energyanalyur can acccp(an ion beamwithan
energy width AE/T?rrf20%, measuredwith 2I detector channels
behindthecylindricalanalyscr.

For most mcmrrcmems only a singlebeamchannel is used
ard the beam IS not bunched prior lo injection intrv the
ac~clcrator.The accelcralcdsingle beamcurrent is sl.own in tig.
.S.for an injccrcdcurrwrrof 4.8 rnA, whtchcontains N*and N2+
ions. Tne unrvrrrrnalizcdrms emitlancc of the injccrcd beam is

some 20 rt mm mrad. The current is shownas a functionof the
quadmpolevultageof the lmt 16cells of !hcMEQA1.ACscctimr.
In the first 15cells the qundrupolcvrdlnge if kept around4 kV
since meirsurcmcnlsshowed that this wrl!ngegives the higt!e<t
transmission through the first 15 cells. RCSUIISarc given for
rvrrrmalpnlarity, which means that the first quadruple is
focusing in the x-directinrr,and fnr irvvcrscpolarily, when the
firsf quadruple is focusingin the y-direction.

,dUJ8 #@Jl

, ~m ,gN’, 1~~j
.. ... .’- 184V
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— 403V

‘, ------ J2W
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In fig. 6 the accelerated current is shown as z functionof
the rf power coupled into the resonator. This measurement is
done for the same injected current as given at fig. 5 and for
optimumsettingoi theMEQAL4Cqu-adrupoleVolfage%.

ii!F=7
Fig 6. lhe mcnwcd nccelclalmfN’ Inn cwtcnt fnr a !ln~le
hcnmnndfor fmn benm~m n func!irmnf the rf pnuer cwplcd
Inlnk rewmakw.‘flw benmpmfwniesIIICn<gitcn la fig S.

Timeresclvcd current measurements with a fast 50 ohm
Fwsdaycup show !tcemicrostnrcurrcof the currentconsistingof
pulseswith 1(}nanoscchidfw-idt)rat 40 nwrrxccin!crval.

Fig. 7 snows energy spectra of the accelerated beam for
various values of the rf power coupled into !he resonator.The
injeclcdbeamcurrentis 48 MA.
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Discussion and Conclusion

We have dcmonsmstedthatour RIEQALACacceleratesN+
ions to I MeV.The energy spreadcorrespondswell with values
predicted by PARhllI.A simulations, see fig. 4 and fig. 7. With
respect 10the accclcmlcdcumentwc mcnti~n that the measured
cnrmr! is less than thecurrentas Prcdicrcdby a theotrtical model
nnd by PARhl ILA simulations which are performed for a
perfectly aligrwd system. Fnrthcr, we menticmthat optimum
henm ctitrent was reached when the quadruple voltages are
higher(4 kV) in the f~t halfof the acceleratorsectionthan in the
secondhair (2.4 kV), whlctrcan be explalncdas follows.

In the NIEQALACbothN+ andNz+ ionsm. injectedbut
rmly!he N+ions are acceleratedin successiverf gaps.These NZ+
ions arc lost during transport. Furthermore, also the N+ ions
rrulsidethe longitudinal ac:cplance arc lost rapidiy. Tlsercfore,
rhc qrace chargedensity of the beam stronglydecreaseswithina
fcwCCIIS.As a rcsul[, the spacechargedepressedphase advance
per cell, V, changes durirrgtransport, which cisuses mismatch.
IIrr*ever. by adjusting the external ftxusing forces, i.e. the
quarfrupolevoltages, the phase advance per cell can be kept
roughly constant.

The dependency of the transmitted current on the

misalignment of the quadruples has been investigated by a
simple simulatirxrrmodel which trea[s the quadruple lenses as
thin lensesand docs not take spacecharge into account. In fig. 8

Fig. R The slmufsfedIrnmmls$hm-f mN& Ion beam lnklng
mimllgnmrnt Into nccnunt,a~ I rwralon of the qundrupole
WIIIW nf ItI~hW)AIAC. llw avcrs~ mlta!lgnmcni in s and y.

rfirednn, ~(s~and dw. qwcdwly, 1! Indkm.d. lhe WIlkf
anddottedcurvesrefer IO varlou~polarhlr.sO( the quadruple
lenses,seePxt.

the transmission as a func[ionof Ihequadru Ievollageis sht)wn
Ffor an averagemis-alignntcnt,~. ~yz>,of O.I mm and 0.2

mm. Withsw misalignmentthe radinl transmissionis 100% for
quadmpolevrdtn~esbelween2 kV and5 kV;forlowervoltages
the focusing forces arc too weak, rrnd for higher voltages
overfocusing occurs. For a misalignment of’ 0. I mm the
transmission in the optimum focusing rcgirm reaches values
between 6(I % and I(X)%. For a misalignment with twice that
value the tmrtsmissionin the same voltageregionis considerably
Icss and changes drastically from O % IO80 % f,)r only small
differencesin @iidNfiOIC voltage.The smsngdependencyof the
transmitted current on the pulatity indicales that misaligrrrncnt
playsan importantrole.

Comparison of the simulated beam current and the
mcaSUf?d Cunent(sa fig.5) showsthat in spiteGfthe limitations
of the rnodcl the measured be~m cumcnt as a function of Ihe
quadmpole voltages is pmperl) explained as being a result of
imperfect alignment. II is therefore reasonable to assume that a
higher current can be obtainedonce the alignmentof the system
is improved.
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Abstract

We report evidence that Niobium cavities that
spendhours af temperaturesbetween100K and 2(01L
beforecompletionof cooling,buildup systematicallyan
additionalresistanceon theirRF surfaces,destroyingtheir
qualityfacta. Theyrecovermtallyby a warmup to room
temperature.Fast coolingprevents*is phenomecwlm
develop.Anattemptisdonetochamcterizeandmodelkeit

Introduction

Continuous efforts in RF superconductivity
technologyhsvegivenenoughconfidenceto startbuilding
largeparticleacderamzsusingNiobiumcavities.

‘1’le design values commonly accepted arean
acceleratingfield: E= = 5 MeV/manda qualityfaXor:
~= 2m3.l&.

M~h higherperfmmaneeshavebecmobtainedin
laboratorytests (10 to 20 MeV/m with Q above 1OIO).
However,bad reproducibilityhas plagued them. Recently,
erratic degradationsof vacuum sea.kxfcavities have been
reported by different labomtori. ‘~304 All laboratories
presentat a nxnu meefingat Cornellhave shownconeezn
onthissubjecL5

Investigations on this phenomenon have been
initiatedat Wuppertal.2

We teport here on systematic experiments
undertakenat Saclay that pfove the existenw of a
reproduciblephenomenon.We reportalso on the re-iutalysis
of previousSday experimentsthat confm iL We ftily
attemptto interpretthe dataonthebasisofa sirnpkmodel,
assumingthe formationof a uniformlayer of a weak
superconductoruntopofNiobiumsurface.

Experimentaleviderwe

DedicatedexperimentsWW. performedduring
summer 1990on a 1.5GHzsingk cellacceleratingcxwity,
andon a pill-boxcavitynxaating at 4 GHzand5.6GHz
(TEol1andTEo12 mode~).

a) Fabricationandpreparationof cavities

A systematic~ure, mostly inheritedfrom
CERN, ha? always been followedfor fabricatingand
preparingthe cavities at Saclay.~ey are made by
hydroforming and electronbeamweldingof high purity
Niobiumsheeu (Udekness: 2 mm,RRR200to 300).‘fhe
surfacz preparationcxmsistsof a buffered chemical
polishing(50wn) in a 1:1:2solutionof IW:HN03:H3K)4
followedby rinsingin ultrapurewater.Dryingandassembly
takeplaceunderlaminarair flowina classI(XJckzt room.
‘I%efinalmountingon thecryostatvacuumsystemis made
infit of a dustfreelaminarflow.Thecavityisevacuated
by a turbomokcularpump,thenby an ionpumpdownto
10-7to 10”8mb,beforeinsertingina cryostatandcooling
down.

b) Dedicated@b

Tim Dlolrd

Fig. 1. Tkrnd cyclesonthe15 GHzcavity

Wehaveobse.medstrongvariationsof thequaIity
fmcwQ of thetwocavitiesafterparticulartherm! cycles.
Figure1 shows zdl the tkrnal cycles done on the 1.5 GHz
cavity.Duringallcycles,thecavitiesremainedunderscaled
ultra-highvacuum.The results ean be summarizedas
follows:

1- A fastWI downfrom300Kto 1.6K(inabxt
1hour)givesalwaysthesameQ chamcteristks:Q valueis
~g~ ~ 1o1o~d d= not w?xy signifieandy UpOll thC
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appliedRFfieldup toa limit(quenchor electronloading):
seefigure2, curvea

2- A partial warm up horn 1,6K to some
intesrnedi.atetcxnperatumfor a viuiable time dumtim
followed by a new cool down to 1.6K gives always
dcgmdrxi charawi.sties. Tcmpemture plateaus Wae
cxmtmlledby coarsemanualregulation.‘hey lastedfmm 1
hour to 70 hoursat tcsnpcxmrc1cvclsrangingfrom 120K
to ;70 K The 70 hourslongplateaudid notresultin a Iargcx
Q degradationthanthe 3 hoursone.Shorterplateauslead to
smatlerQ degradations.CurVesb, c andd onfigure2 show
diffemulevelscf Qdegradation.

h such cases, one alwaysnoticesa particular
characteristicof theQbehaviour:startingat low f~ld from
an alreadylow Q, it steps down to a still much lower level
for a surfacemagneticfieldof about6 mT at 1.6K and
rcmainsthemapf.mximatclyconstarm

r“”’- ‘“ ‘

IE1l. ?Ia
,

“1

Ob !xc .
● d

Fig. 2. Q(E) after thermalcycles.Labds rq$ertojig. A.

Table 1 shows the c.ormponding surfau
resistancesfor 2 cavities tested at tmx different
frequencies.RO stands for no degradation,R1 for
degradationai low field and R2 for degradationat high
field.

TABLE 1
Measured surface resistances

F % RI RJ
GHz nn nn

1.5 20 350 IWO

4 75 71(M) 13800

5.6 130 16600 24CXM

3- A compleu reawzy of the original
characwisucsis alwaysobservedaftesa roomtempmture
warmup. h extremelygood reproducibilityof the Q
charWerisdcsisobaemd.

c) A weak 6upermnductor ?

Jn orderto get betterinsighton thephenomenon,
thesurke rcxdsumc.eshavetin mmurcdasa functionof
tanperaturc between 42 K and 1,6 K. An “additional
resistance”is calculatedby submcring the Niobium
resistance (as measuml in the nondegxadcdcase)fromtic
*stance me.asumdinthedegxadedcase.

Figure3 showsthe ‘additionalresistance”as a
furmionof trxnpsaaue.‘I%echangeof slopeat 2.8K and
the fielddependence(fig.2) suggestthepresenceofa weak
supaconductorwitha criticaltemperatureof about2.8K
anda criticalmagneticfie!dofabout9 mT.

.. L_&J4-L
130 ~.m MO 4m

T (K)

Fig.3.AddIIwMlresistancefor iest dofjigs,1 and2.

Analysisofpreviousexperiments

Fsradcresultson the Q behaviors,cammorzin
manylaboratories,weremomfrquemtat Saclay.Someof
the QdegmUons were traced back to accidental
pollutions,butmanyof themremainedunexplained.IMostof
thepuzzlingresultswereobtainedin a particularcryostaL
having two possiblecooling .spcc&.ILSslow cooling
procedure(LN2pmcooling)bringsthecavitiesto the very
conditi(msthatdegradetheQ.

A scanthroughthe mxxrdsof the37 testsill this
cryostatshowsthat:

-11 fastcooldowns kid to 100% SUCCtXS,

-16 shv cocddownsleadto25%SUCCC5S,

-10 unidentifiedtestsInwlw 10%success,
A canplete scau of 105 cold tests performedal

Saclaywith3 cryO.stnf9coNtiis IIIC dissstrou9 effectofmn
longa coolingunto,except fora fewcascso

Discussion

We have established that some large additimi.1
resistance appeamqmxiucibly whenevera ravity st3ys
longenoughat tempmtuscsaround150K.lhis re.sisrance
dkappea totallyafterwarmupat 300K.

Onecan thinkof a particularresistivecnmponcnt
_n6 cities in the Niobiumor in theNiobiumoxide
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outer taycr. This componentshodd be unstableat 300 K
andshouldbuildUP around 150K andStOp~wing at10WU
temperatures.It is -t OVCX~ the surface,as ShOWllby
the quasi-uniform heating of such degraded cavitk The
dditional K?&Wlce has i? frequency-squareddependence.
llds componcmtbehaveslikea weaksupemnductor.

In orderto deriveparametersof thishypothetical
componen~we haveuseda modelcwhichcalctdiw+the
surfaceresistanceofNiobiumonwhicha thinuniformlayer
ofa weaksupmonductoris superimposedF@re 4 shows
theexperimentalsurfacem4.wanceat4 GHzw a -tictionof
temperaturetogetherwithcomputedvaluesfora layerof a
thickness of 2$nm and a conductivityat 4 K of
1.61(P12-1m-1.

Om I I 1 t I
O.w I.m Zm 1.00 600 S.m

T (K)

#ig.4. Su@cerest”smncemeasuredat 4 Gtfz, andfitbya
dtinlayermodel.

‘I%e Sommesfeld constant of a supmmnductm
deducedfromtherelation:

Hc = (y/2@l~TC

givesin our casea value:y= 0.17mJ.mole-1.K-2
‘fMsvalueis muchsmallerthan the one of Nb

(y=7.82).llds leadsus to the ideaof a @tted stateof
Niobiu,m.

Rotha alz haveprofxised,as a candidatefor the
weaksuprccmductor,a Nb4H3phase,whichtheyquoteto
be vnstableabove 220K. This is a veq interring
~: ,sillillw in spikeof a quotedcriticaltenll)ciuh~luui uql}
1.2K.

Questions

255

Why didsanecavitiesgivegoodrcsuhsin spiteof
a slowccmldown? Whataretheinitialconditionsthatplaya
kcyroleintheitpparitioftof thephenomenon?

Whyhasthh effectneverbeatobservedatCERN7
orKEK? Wouldit beIxxmseof thefmqueacyscaling?

Conclusion

A much bettextxmtrolon Q characteristicsof
supemonducxingcavities is to be expectedfrom the
knowledgeof this effect. An immediateapplicationto
existing cavities and acceicratm can improve tieir
Performanca.C~ogcnicscostscanbectmmaticallynxiucd
for Mum fditho eitkr by inchuiingcm.straimson the
codingspeedof thecavities,or bypreventingtheeffect to
showup.

Findingan antidoteto “hk poisonwi][need a
thorough undermndittg of sdace physics at low
temperammso
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Manyquestionsremaintoanswer:
Are theclemetttsenteringin tha formationof the

postulatedcomponentcomingfrontthe otherpartsof the
vacuum system or are they presemtpermanentlyin the
Nio5iumsurface?

What is the exact Iempmtre mnge whete this
componentbuildsup? At whatspeeddoesit form?
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REVIEW OF NEGATIVE HYDROGEN ION SOURCES
CharlesW. Schmidt
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Ab’4ract
In the early seventies, significantdiscoveries for H- ion

sources were made at Novosibirsk. These and many
improvements which followed have led to usefulaccelerittor
sources. With these sources charge-exchange injection into
circular accelerators has become desirable and routine, This
paper reviews the major developments leading LOpracticaI H-
sources. Different types and variations of these sources with
some basic physics and operittion will be described. The
operating paramete~ and beam chiuzcteristics of these sources
wiUbe given.

tntroduc!ion

The usefulness of negative hydrogen ions has bsen
recognizedfor several decades for a varietyof purposes. Early
Tandem Van de Graaff Accelerators used proton sources
followed by an attachment canid to produce several hundred
microampsof H- ions.1 The H- ions were accelerated [o a high
potentiat.stripped to protonsand acceleratedto ground,gaining
an energyof twice the Potential.z Soonafter, H- ions were used
with cyclotrons so extraction could be achieved by srnpping to
neutrals or protons. Penning type sourveswhich tit within the
Deespnxtucedfive milliampsof H_currermj

Linear accelerators have long been used as proton
injectors10synchrotrons.1twasrecognizedearly[hatH- ions
would be useful for charge-exchange injection into circular
accelerator.z Intensityand reliabilityof H- sourceslimited this
possibility until the seventies when H- injection was
accomplishedat the Argonne ZGS.4At thattimeH- ions were
achievedusinga protonsourcewitha charge-exchangecell,j

The nextmajorstep in H_smrce developmentwarred in
[he Sovier Union at LNovosibirsk.There, improved geometries
and the addition of cesium produced intense sources with an
output of several Amperes per square centimeter of aperture.b
Geometries of both the Penning and magnetron fotms were
studied. These wurces have become known as surface-plasma
sources (SPS).

The Soviet work was adoptedin the U.S. at Brookhaven
to producehighcurrentsmmxs for neutralbeaminjectcc. flu”IIW
continsment fusion program.? AI Los Aksmrx 1111’111111I II .

geomerv was studied to produce an ~cceleratlII w IUICC ,.! I
[

~lrrtilI I :Id LIUI)factor.~ At Fermilab the research magnelnIII I II

the Drookhavengroupwas redesignedinto an o~rationsl oIIIIIW

for pulsed applications wirh good current and iow du!v Ixmr.g
Significantimprovementsto Ihisst;urcedesi~ntitFurrlii;ll~if’,md
l?rookhaven II have II]:dr :IIC:]:!, ,clrwl a hi~thlf USCIIII }[-

source for mwsj 1:7~ i , ,, hrotron inje~[ors.lu.1~ The
Penning s~urces h~ie LCCII II> I:IU1 in high-duty and high-
brightncssapplic:tli,111Sl~~s

While [he IJuignetronand Penning sources were being
pursued for accelerators, a large potentially d.c. muhicusp
surface-plasma source originated at Berkeley for the fusion
program.lb Modified vers;~ns of [his source were studied and
usut foraccelerators.17.18

Parallel to the SPS effort, a French group at Ecole
PolytechniquenearParisvigorously pursued obmkrir!gH- ions
from a hydrcgen plasma.lg This effort, which has led to the
‘.,dume source, is being studiedat several laboratories.zo.~1

* Operatal by the Universities Research Association under
con”nct withme U.S.Departmentof Energy

This paper will deal primarily with the modem surface-
plasma and volume-process sour~es useful or isnticipaled for
~~celeratorssuch as Iinacs. These sources can produce reliable
pulsed H- beams from =10 to IO(I mA with normalized
eminancesof 0.2 to 2 x mm-mrfor9(Y%of the beam.

Wherr emiuancesare in other than90% values, the given
eminance will be quoted and a value for 90%, assuming a
Gaussiandistribution”.will be given in hrackets for reference to
other sources. [ E (90J/ E (mS) = 4.6, E(90)/E (95)= 0..;7 ].

Basic Principles

Surface-Plasma Sources

The surface-plasma sources all proauce H- inns by the
intetitctionof energetic plasma particles with it surface (Fig. 1).
These particles, having energies of several tens to several
hundred eV, are produced in isplasma near the surfisce, This
surface is typically a cathode electrode. The incitient particles
may be protons, ionized hydrogen molecules, heaver positive
ions, suchas cesi~m,or energeticneurralatomsor moleculesIhat
may occur in the plasma. Upon srnking the surface they misy
desorb hy&ogen atoms which can leave the surface in several
states, occasionally as an H- ion. Also, protons or neutral
hydrogen may reflect from the surface cnd acquire sufficient
electrons to become an H- ion. To improve the possibility that
H- ions will leave the swface andnot lose electrons, cesium is
added to the source to partially cover the surface and l~wer its
work-function. As cesir,imcoversthe surface,typically tungsten
or molybdenum,the work-functrondecreases fromabove4.5 eV
to =1,8 eV at 0.6 of a monolayer of cesium and then rises to
about2 eV fcr one monolayeror greaterof cesium. To minimize
the work-functionand maximize the H- yield the ceslum feed is
controlled. Cesium also ionizes easily to produceelectrons itnd
ions in the plasma improving the source stitbility. Afler
formation the H- ions pass through the plasma to the anode
aperture and are extracted. Some ions incur collisions in the
plasmqand m lost or destroyed. flhers may charge-exchwrge
with neutral hydrnl!ril ;noms I(I I, II, Ihrnlllli }{- i(ms “[’h:se
thermal iwi o!t’ Ill ‘I Isis ,$)1 ~IIij,t } 1, II 4,,I IC ,L)urccs,
~il,, ,,

,,,~, ,,1. ;“1I

CAT

,.l,. 1’1II I I ,11111114I exll 1(:; Ill\ r II Ill\, rltctruns

II 1’ 1. $OUII c .,,,1, . ‘ :. lk;:ll ‘“ ‘II

1’ I J 1 ‘,!

Klu[

-b

‘Cs

Fig. 1. Surface-plasmaproductionof H- ions.

Volume Sources

In volume sources,H- icn formationrelie>olt the greirtly
increasedcrow.sec!ion for the dissociative.;;uachment reaction
when molecules are excited [Ohigh vibrational s!ai~s. During
collisions with walls or energetic electrons (>5 cV), hydrogen
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moleculesare excited to high vibrationalstates (v’’>6), For such
molecules the cross-section for the dissociative-attachment
reaction, e + H~(v”) + H- + H , e s 1 eV, increases more than
five decades for v“=6 and continues to rise for higher sta[es.~z
A]~Jrollghthedestruction,rtauions: neutmlization( H-+H+ + H
+ H ), associativedetachment ( H-+ H –~HP+ e ), etc.; can be
serious. [he increased productiondue to high vibrational states
can gibe a signitlcantpopulationof H- ionsin the plasma.

The source therefore takes on the geometry of o two
region chamber ~~(Fig. 2). The first region contains a broad
range of electronsemitted from hot ca!hodesor filaments. Here
energetic electrons and wa’f collisions create high molecular
vibrational stales: e + HZ(V“=O)+ e + H~(v”) , e >5 eV.
The secondregionis separattii from the first by a magnetic filter
so only low energy electrol s (S1 eV) can pass along with
molecular hydrogenin various states. In the second region H-
ionsm morereadilycreated thandesumyedforminga significant
frac!ionof the plitsmafrom which theyare exuacted. To extract
the H- ions with minimum electrons. a magnetic filter is again
usedat the extractionregion.

~-* ~z—.
f-i I

Fig.2. Volumeproductionof H- ions.

Surface-Plasma Sources

Three basic geometries of H- surface-plasma sources
have been built for accelerators: magnetron, Penning and
muhicuspsoumes. The magnetrontends to be a low-duty-factor
source and has been used with several Iinacs as injectors to
synchrotrons. The Penning source can operate a~much higher
duty, possibly d.c. dta rends to produce the brighlest beam. It
has been ~sedon high duty-factor Iinacsand for stnngen: beam
requiremen~s.The muhicusp sourcehas i~sbest applicationas a
high-current, large-apertured.c. source useful for neutral beam
fusion injcciors. It has been used cw nighduty-factorlinass. A
discussion of these sources will show their typical operating
characteristicsand differences.

Magnetron H- Source

PLA ANODE+

cc’s
VAP

-1%

ns

K
Fig. 3. Basicmagnetronsourceconfigumtion.

The magnetronsource fFig. 3) consists of a central Ovd

cwhode, the active surface,surroundedby an anode. A magnetic
field passes through thu source parallel to the cathode axis,
perpendicular to the anode-cathode electrical field. This ExB
configuration is highly efficient at confining electrons and

producingdense plasmas. !ons and energetic particles from the
plasma srnke the cathode and reflecror desorb hydrogenmorns
producingH- ions. The H- ions go through the plasma to the
artodegaini~lgenergyand wherepossiblepitss throughthe anode
isperttsreto be acceletmd rhmughthe extractor. In this some tht:
anode-cathodegap i~small, typicolly I mm, to avoid @ificant
destruction of the H- ions while traveling through the plasma.
Nevenheless,some ions art lost or charge-cxch,arrgewirhneutml
thermal moms: H-([ast)+ H(SIOW)-+ Il(ra.u)+ H-(slow).These
thermal ions can be extracled to form a beam of grctiter
brightness, In the magnetmm,energetic ions are extractedat low
pressure (==400mTorr) where [he source ncmtally operales. At
high pressure, low-energy ions domina~e, but [he giss
consumptionis large.

Hydrogengas is introducedin the rear of the source by iI
closely connected pulsed gas valve. Since ~hesesuurces nre
small andoperateat lowduty factor, the smallvolumeallowsthe
gas 10 be pulsed into the source to minimize vacuum
tquirements.~ Cesiumis obmhredby heatingmetitlliccesiumin
an over at 150-200°C.~ All parts of the cesium supply systcm
must be maintained above [he oven [emperistureto prevent
condensationof thecesium. The vaporsenter the sourceandcoist
thecathndesurface. The cesium usageis <1 m~’hr. Inoperation
the sourceoperatesat 350 to 450”Cforgoodsurfaceconditioning
and sufficient cesium ions in the plasma. Heatingof !he source
comes from the plasma am power plus issmall external heater if
needed.10 The plasma power, passive cooling and pmnissible
source[temperaturelimit this source to low-duty opetzttion.

To increase the ions passing through the anode aperture,
the cathode is curved to give fmusing from the cathode to the
anode.zd With slit apemsres the curving is a groove on the
cathodeparallel to the aperture. In the newermagnetronscircular
apertures and extraction geometries are used and [hecathode IS
dimpled behind the anode aperture.1I These changes have
reducedthe arc current, increa.d the beamcurrentand improved
the beamoptics.

oLwMJJ-Ltl!
Fig.4 I%e.FermilabW magnetronsource.

Operating magnetronsources produce a beamcurrent of
25(JmA. In the FerrnilabScstsrceg(Fig, 4) the beam is extracted
at an energy of 18keV from a !-mm x lf)-mmaperture This
large asymmeuy creates a stronger space charge force in [he
narrow or perpendiculardirection to the slit ih~ in the parallel
direction. To compensate for this differenceand obtain a nearly
circularbeam,a 90”-benditrgmagnetwitha radiusof 8 cm and a
gradient index, n = -rdB/Bdr = 1, is used after the extractor.
This magnet has pole extensions to provide the source field.
Following the bending magnet, the beam enters the primary
accelerating column and is accelerated to 750 keV (Fig. 5). At
750 keV the normalized emittance for 90% of the beam is
Enh~~(~) = ().9It nltll-mf, .fnv~ ($O)= 1.522trlrtl-mr.

TireBmokhavensourceoperateswitha circularextraction
geametty sized to produce >50 mA and extracts at 35 keV.lt
There is no bending magnet following the source, This
arrangementprodtsces a circular beam with emittance in both
planesof En(90)= 1.1 x mm-mr. The cimularbearrris malched
to an RFQ by a 2-meter magnetic-focusing line (Fig. 6). The
RFQacceleratesthe beamto 750 keV.
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Fig.6. The BrookhavenH- sourceand transponline.

“Ilw magnetron source has been only ~scd for pulsed
operational lowduty factor. At Ferrnilabthebeam-pulsewidth
is up to 66 ASat a repetitionsateof 15Hz.lo Brookhvenusesa
600+.Mbeampulsed at 5 Hz 25and Argonne operates at 30 Hz
with 90-ys pulse widlh.lz DESY uses even lower duty for the
HERAinjectoriJ and pulses the sourcearc bcrweenbeampulses
[omaintainsourcetemperature.

Lifetimes for the sourcerange from four to six monthsat
~ermilab to about one year between changes at Argonne.
Failuresoccurdue to erosion of the cathode isndthe buildupof
erosion products in the source. The piezoelectric pulsed gas
valve is an occasional cause of early breakdown. AUIO tisel
injectors have recently been used for gas valves with good
success.zb

The magnetron,originallydevelopedby the Novosibirsk
group, is referred to as rhe planotronsource in Soviet litemt~e,
A modification has produced the semiplanotron. The
semiplanouon~~(Fig.7) is similarto theplanet.mnbut uses only
the frontportionwherethe plasmais produced.

A v

Fig. 7. The semiplanctronsource. 1. emissionslit, 2. anode,
3.Cd’tcde,4. insulator,5. groove,6. extrac[or,7. steel inserts.

Penning H- Source
The Penning source ge.oinetry(Fig. 8) resemblesa right

cimularcylinderRSan anrsdewith isolatedcapsat eachendof the
cylinderwhichare the cathodes. A magneticfieldpassesthrough
the source parallel to the anode axis. In this arrangementthe
electric and magneac fields are parallel. Electronscreated in tt,e
soisrceosciUatefmm cathode to cathode,oapped in the magnetic
field lines, to produce a dense plasma. Positive ions from Ihe
pla..maare acceleratedinto the cathodeand, as in the magnetron,
produce primary H- ions coming from [he calhode surfaces.
Cesiumis added to the sourceto lowerthe surfacework-function
and increasethe H- ykld.

CATHO QE-

H
Fig. 8. Basic Penningsource geometry.

In the Penningsource,ions aseexuacted froman opwing
in the anode wall. Because of the apertureorientationit is
difficultfor the primaty H- ions to pass favorably through [he
opening. Toobtain a usefulbeam,priiary H- ions mustcharge-
exchange with thennai hydrogen atoms, H-(fast)+ H(SIOWO)+
H(fi@+ H-(slow),to formslow H- ions whichcan migraleto the
apertureand be extracted. As in the magnetron,.di[aperturesof
large asymmetry are used for the Penrsingsourceandstrong-
focusingbendingmagnetsareusedto handlethe beamforces.
Circular aperturesam also beingused with minimumbendingto
give higherqualitybeams.za

Beamcurrentsof 50 to 100 MAis typicalfor Penning
sources in operation or under study. Since the cathodes are
accessible they can be cooled or rotated to produce sources of
high duty factor and possibly d.c. operation. Because the ions
leaving the source originate from thermal aloms their transverse
energy is low and small emittance is typical of the Penning
source. The Los Alamos sources 28 (Fig. 9) produce bright
beams to 100mA witha normalimi MMemittanceitt =29keV of
En(ins) u 0.05 ~ ~-mr, [En (~) ~ 0.23 rt MM-mr].

*“””
Fig.9. A Los AlarnosH- Penningsource.
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ftlulticusp Surface-plasma Source

The multicusp surface-plasma source 10(Fig. 10) Ma
large-volumelow-pressuresource that can operate 01high duty
faclor. The ,~urce chamber is {ypica(lya cylinder of large
diameter (=20cm) with idtema!ingpolant}:magnetic dipoles on
the ourer surface to produce cusp nmgneuc fields inside. The
chamber, usually {he end pla~es, contain feedthrus t’or tilwnerm
in the sour:e. Sear the center of the chamber is the H-
productionwface or converter. Opposiwthe converter surface
is an opert,ngin [hechamber wall for ewacling (he H- ions. In
operiition “he ~i!ti;,~entssupply electrons to ionize the ,gas
ipressure =1 InTot’r)and create a plasma. The cusp field
minimizesthe eiectron loss to [he walls and confines ~he plAsma
to the cemer of the chambernear the converre:. Ionscreated in
[he plasma mike [hecww.ertersurface which Mbiased negtitive
with respect lo [he plssma. H- ions formed on the converter
surface are accelerated through the plasmiiregion tind into the
extrac:cw..4s in other SPS,cwium is injected into Ihe source to
lower the converter wrf~ce work-functionand increase the H-
y.ield. N“egati~”eions reachingthe extractor leave the source for
funheraccelemion. \los[ elecrronswhichwould accwnpimy the
ions ‘Aroughthe exrractorare repelledby a magne~icfiltermade
of dipolePerrrtanenlmagnetsat theexrmcrionaperrure.
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Fig. 10. Basicmu!ricuspsurfrice-pla.smasource.

Yfulticuspacceleratorsources(Fig. 11)havebeen built at
LA,MPFand KEK. LAMPFde~elopedis20-MAsource that is
capableof longtem~oper-ationM I07c duty factor(WO-Wpulses
at 120Hz).1~The riormalizedemittarwefor 957cof the beam is

‘nYs’‘0”8‘--mr’ ‘En(w) =0“6‘-rnm-~]” “‘EK amu tlcusp source has operated on the 1l-Ge\ synchrotron.la
The source producaf 15-20mA of H- beamwith pulses of XKt
W at,20Hz. Thenormalizedemilranceafter accelerationto 750

‘ev %(m~ 1.8. ~~ ~m
-mr. ThissourceusedIamhanum

hexaborrde( B6) cathodes [ha[ ran cooler and survived IOngCr
than Nmgstenfrfarnents.As a resuh thecesiumconsumptionwas
lower, operation was more stable and Iifc[ime much longer
(>2500hburs)than previoussources.
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Fig.11.The H- multicuspsmrce. T

Volume Source

The volume source (Fig. 12) is anwher “large” source
sirnila.rIO the multicusp. The pl~~miiis usually contained in ii
cylindrical chamber surroundedwith pemr-mnentdipole magnet~
that form cusps and fields to confine the electrons of differenl
energies. The rear or outer wgions o?’the ch;lmher conttiin
fdamemsbiased to crea[eekcwons of sufficiet?tenergy IE>5 ev)
[Oexcite h~)drogenmolecules to high vihra!ional SIMS ‘ilc
second region, sepamtcd from [he !W by ismugnetic field, is
locatednear the extractionapenure. This fieldpreventsenergetic
electrons (E>1 ev) from entering the second region Jnd
destroying ttre H- ions once produced. In Ihis region (i,c
collision of slow electrons w]lh excited hydrogen mrdeculcs
produces H- ions, Good operati~n is very sensitive to the
dimensions isnd conditions in his region. AI Ihe extraction
apertureanotherrnisgrwticfilter passes the H- ions and hnptitdly
excludestheelectrons,

EXTRACTION PERMANENT
CHAMBER MAGNETS
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Fig. 12. Basic H- volume source,

Several volume sources are in use or under study.
TRIUMFuses a low-current(=! MA) volume source.~g The
normalizedemittmtceis En(90,= 0.15 rrmm-mr. The sourcehas
goodelectron suppressionwithe/H- as low itsone.

Brwkhaven has achieved 30 W of H“ with 750 mA of
electronsfrom a I-cmZ-aperture voltime source JO(Fig. 13).
With higher arc current the source pressure increases from S :J

15 mTorr for optimum output. For a 2! -mA bean; the
normalized emitmnce at 90% is En 90, = O94 x mm-mr.

iConsiderableworkis SUIIbeingdoneon [ e source.

Fig, 13. The BrookhavenH- volumesource.
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AI Lm Alamos.a volume sourceZohas produced 10mA
with a normalized rms emittance of en tm~) = 0.08 X mrn-mr,
!~n(w-r,= 0.37 x mm-mrl. The apemre WMb.3-mm diameter
.mdthe sourceoperakdatpressurwof 21020 mTorr.

At Berkeley,cesium has been added to a volume source
~tilhsignificart[impro\.ement.Jl At high currents lhe H- output
increased fivefold exceeding curreni densities of 250 m~cmz
wi{hreducede/lT ratios. At highcesiumlevels,whert extraction
breakdownsoccurred, the output exceeded I A/cm~. Using an
extrxxorof seveniqxmures(each0.7 mm diam insidea 2.26mm
ularncircle), 33 mA of H- was extracted with an e/H- of 20. At
present the tungsten filaments limit the source lifetime. LaB~
filaments should be a great improvement. To remove the
rilamentsand improvethe lifetime, the Berkeleygroup has been
de~’eloping an rf drivenvolumesource.J~

Summary

H- ion sources are still very new and there is much
research and improvement to be done in this area. Each
applicationhas a unique se! of requirementsforthe sourceand
~mongtheexlsringsourcesa gre:.?manyispplicationscan be met.
Typically the accelerator usitge has stressed duty factor,
reliability, !Ifctlme, gas consumption, intensity and emitmrce.
\tost modemmmes havetieintensityfor Iintxtraccelerators(20
to 100mA). For emiitanceor brightnessthe Penningor possibly
rhcvolumesourceis best widrthe rnagnetmnbeingacceptablefor
general uses. The magnerron is preserrllygood only for low
dut>’-factoroperation (cO.3%) in contrast 10the other sources
which have high duty faclor capability and may achieve
continuousoperation. Lifetime is often dependent on the duty
faclor of ~hesource and for low-duty usage the lifetime can be
many months to a year as witnessed by operating magnetrons.
The multicuspSPShas achievedmanythousandhoursrunningat
high duty-fac[or operation usin~ LaB6cathodes. The Penning
source does operate many days at high duty factor and may do
belter with cathode impro+err~nts. Presuc[ly [he largest
operationalexperience has been V.ilh [he magnetron and its
reli~bility is vety good. The multicusp SPS has also shown
reliable operation. The other sources have not had the sisme
operational experience.

For small sources the gas consumption depends on the
operarion. At low duty-factor opera[ion the gas can be pulsed
into the source so rhe cons”lmption per it pulse is simply the
~oiume rrmes [he pressure. Fortunately in these sources the
k“olumeis srnafisince the pressureis relativelyhigh (<2 cc, >100
mTomJ.For largerand high duty factor or d.c. operation the
pressure and anode aperture detemine the gas flow. For the
rmdticuspSPS and the volumesourcethe apertureis largebut the
pressureis low (=I cmz, O.I-10 mTom).

Cesiumusageis typicallyaboutone milligramper houror
less for the cesium sources. Even though these sources may
exist just before high voltage-gradient device-s, ~dditional
sparking has not been a problem In some cases refrigerated
surfaces have been used before tile accelerator while in others
there has been little more tiv+na meter or less uansporr line to
minimizecesiumcontamination.

%fanyideas looKgood and work fine on the test bench
even under simulated operational conditiom but the real
operationalprooffor Iifetirnr,reliabdiryandotherqualitiescan be
determined only under running conditions. In operation, the
daily fine adjustmentsdoneon a test benchare oftennot possible,
and less then experienced operators must be able to keep it
running. This is the reai test of an ion source. Of course, the
reliiti)ilityof a source is no(just the device from which the ions
emerge. There are many supportdevices - vacuum, gas, cesium
and cooling systems,power supplies.monitoring,controls,elc.-
ail whichmustoperatereliablyin he sourceenvironment.
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ECM Ion So-es mad A@icationE with Eeavy-Ion LinacsI*

R. C.’.Pardo
b,rgonne Nationai Laboratory, Argonne, IL 60439

Abstract

The electron cyclvtro,l resonance(ECR.\ ion
source has been developed in the laat few years
into a reliable source of high rhmrge-state heavy
ions. The availability of heav)” ions with
relati}”ely large charge-to-mass rntios (0.1 - 0.5)
haa made it. possible to contemplate essentially
new cluises of heavy-ion linear Mcelebrators. In
this talk, I shall review the state of-thu-art in
ECR source performance and describe some of
the implications this performance level haa for
heavy-ion linear accelerator design. The present
linear accelerator projects using ECR ion sources
will be noted and the performance requirements
of the ECR source for these projects will be
reviewed.

Introduction

In the past twenty )’ears, the research
efforts in the field of nuclear and atomic physics
h~ve moved strongly into experimental programs
which require the use of ‘heavy ions’ - beams of
particles heavier than helium. More recently the
high energy physics community has begun to
emphaaize research with heavy ions. Industrial
uses of heavy ions are also increasing
dramatically. driven bv fields such as.,
semiconductor irnplantktion, metallurgical surface
treatments {tribology), and medical applications.
This switch in the particle mix emphasis i~quired
from ion sources has placed before the ion source
development community a dillicult challenge to
develop ion sources with sufficient reliability,
beam current, and charge state performance to
make delivery of heavy-ion beams economically
feaaible.

The fnt application of the electron
cyclotron resonance principal w~ in a H+ ion
source by Geller in !966(1). The fmt heavy-ion,
high charge-state electron cyclotron resonance ion
source (ECRIS) was Geller’s MAFIOS in 1972(2),
By 1974 SUPERMAFIOS(S) demo]!strated most
of the features which are ident~:able in moac
modern ECRIS. Those features in:lude a
~minimum B’ magnetic field for good plaama
confinement, two identifiable plmma regions
(’stages’), and e multimode RF cavity. Although
the performance of SUPERMAFIOS waa good the
electrical power consumvd exceeded SMW. Over
the next 16 years, ECRIS source performance for
high charge-state heavy-icns has cont;nu~d to
improve., the power for the source haa uecreaaed,

‘This work WM supported by the U.S.
Department of Energy, Nuclear Physics Division,
under contract W’-3I-IO’3ENG-S8.

the physical source size h= Lecomc s~ititler, snd
the experience and reliability of the sources for
essentially any element has signi!lcantly increastd.

The fwst application ~f ECR ion murcvs in
accelerator-based research was their use ~t
cyclotrons. This application allowed cyclotrons
for heavy ions to replace their PIG ion sources,
and dramatically incre~e the energies available
foi an cxistmg cyclol,ron due tc the availability
of large currents of high charg~-state heavy ions
from the ECRIS.

The applications of ECR ion sourc.w with
linacs quickly followed. The firs: actual use was
the acceleration in the CERIN”linacs of ox).gen
and mdphur beams with further Acceleration in
the CERN synchrotrons. ‘The f~t stand-alone
heavy-ion ]Inac project relying on en ECRIS was
the Argonne Positive-Ion Injector(4j. The high
churgs-to-maw ratio available i’rom an ECRIS,
combined with wper-conducting technology,
allowed the design of a new c139s of low-vtlocity
linac using independently-phmcd resontmt
cavities even in low-velocity region of the
linac(5,6). This proposal was fhl!owed quickly by
the GSI low -intensity injector project and th:
most recent plans for an FXIR-linac injector, the
ALPI(8) project.

--+
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Fig. 1. The major r.omponcnts of the
Argonne 10 GHz ECR ion source.

Each of these projects has a ~:~al of
accelerating virtually any stable isotope. Ii”he
design of n linsc must aasutme an initial in,jdon
veki~y and a minirnu.m i’harge-t(>rr.aauratio
(q/A) for the ion species to be accelerated. IC
1985 the fmt of t) ese prtijecta, the ATLAS PH,
chose a q/Ati20/238 fot uranium as a reasonably
safe de~ign choice. In 1983 the GSi injector
design team felt th~t a uranium q/AM28/2S8
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should be a good choice. Finally the ALPI
ECRIS design at Legnam expects to achieve a
q/A W12/2S8 for uranium. Of courze caqh increase
in the reliably achievable charg-t~masz ratio has
< sign~lcant impact on the cost-performance ratio
ior such projects. For these projects, the planned
beam currents are a few microamps. No
significant d’fllculties with space charge in the
linac injection region are expected.

The Present dCR Ion Source

The mqor features of a high-charge state
ECR ion source are shown in Figure 1. An ion
begius its journey through the source by
introduction of gaa into a small ‘igniter’ region -
the fmt stage. This region usually contains a
‘line’ region across which the cyclotron resonance
condition for electrons exis$s at the frequency of
RF microwave power in use (2.5 - 18 GHz, up
to now). Such a condition provides an ef!lcient
coupling of power from the microwave source to
the electrons. These relatively low-energy
electrons provide an Initial ionization of the
injected gaa at high total pressure (<l&4 Torr).
Thia low ch.srge-state, high-denaity plasma diffuses
into the larger main region of the source - the
‘second stage’. In this stage, a mirror magnetic
field configuration ia generated by electromagnetic
solenoid coila. The magnetic field ia shaped into
an increasing-field geometry in all directions
(’minimum-B’) by a hexapolar field usually
produced by a permanent magnet configuration.
Thia mmimum-B field ccnfiguratio~ provides
improved magnetic confinement of the hot
electrons and produces an ellipsoidal surface on
which the ECR resonance conditim exists. These
two effects allow the electron temperature and
density to increase significantly (Te d 10 keV,
n. = 1012 cm-Sl. The hot electrons further
.&ip the iona, w’hich are confined ‘in an
electrostatic trap created by the electrons, to high
charge stutes. Finally the plarma ia sampled by
the extractor electrode and the ions are extracted
from the plaama region.

The the high charge states are reached by
sequentj~ ionization. The cross-section for single
electron ionization b much huger than any twe
electron processes. The charge state of ions from
IM ECR plasma is a result of the competition
between stripping and recombination crosa-
sectione, the confinement time of electrons and
ions, and the electron energy distribution
temperature. In addition plasma-wall interactions
and the elemental distribution of the plasma play
an important role in the performance of the
ECRIS.

The level of performance of ECR ion
sources haa increaaed dramatically over the past
decade. The best performance of ECR ion
sources for a few selected ion species and charge
states iz ahown in Figure 2 M a function of
time. Not only haa the maximum ion current
increzaed markedly, but the peak in the ion
chargestate distribution available from ECR

sources haa also continued to increaae. Source
performance considered ‘stateof-thewwt’ five years
ago in now just ‘average’. These improvements
are the result of new sources incorporating known
sccling factors and of improvements in the
operating regime of exizting sources to better
ucdize the competing processes mentioned above,
The beam currents which are now being reported
by new sources with operating frequencies of 14
GHz and greater are within a factor of 2-lQof
the beam currents of low charge-state species
available from other types cf ion source(9).

The ions in an ECRIS plasma are weakly
coupled to the RF power. Thia feature allows
the ions to remain unheated by the RF power.
The energy spread of ions from the source
appeura to be dominated by the source plasma
potential, \oltage stability of the extraction power
supply, and energy coupling to the ions from
electron-ion scat~ering. The result ia ions which
have an energy spread corresponding to an
equivalent voltnge variation of 7-15 ev(lO). At
the Argonne PH-ECR source, the energy spread
of a beam of 11B+3 WM measured to be 7 volts
using doppler-broadened line shapes by laser
techniques. Such small eriergy spreads for high
charge-state ions make it possible to deLiver
Leama through linacs with a longitudinal phMe-
space volume of unprecedented small value.
Meaauremc.~ts of the longitudinal emittance of
beams from the new Argonne Positive Ion
Injector for ATLAS indicate the system emittance
ia less than one third the corresponding emittance
from the tandem injector. Thiz allows the on-
target energy spread and time spread to be very
small, openin~ new possibilities in the design of
experiments: a capability being used extensively
at ATLAS.

EVOLUTION OF ECR ION SOURCEPERFORMANCE

z
awm

YEAR

Fig. 2. Evolution of the reported maximum
beam currents available from ECR ion
sources. The dramatic increase in
beam currents in the laat decade shows
no indication of stopping. (Data from
Ref. #S, 17, 25, 27, 28, 29, SO).
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The tramwerse emittrmce of ECR ior sources
hrs been rr.asured by a n~mber of
122boratories(ll,12,1S). The overall remit is that
the normabed emittance T~~=O.1-O.2r mm-mr at
approximately the 8070 intensity Contour. Such a
value is sign~lcmatly higl-.w then the transverse
emittance of other high ~uditj heavy-ion sources
such as negative-ion cesium sputter sources
which ia generally 0.02-O.06X mm-mr, but when
compared to the typical transverse emittance after
stripping in a tandem accelerator terminal of
‘0.09x mm-mr for A~58, the ECRIS transverse
emittance is similar. For extremely heavy ions,
this comparison favors ECRIS beams as multiple
scattering in stripper foils dominates the
transverse emittance for tandem accelerators.

The measured values agree qualitatively with
the ~sumption that the transverse emittance is
dominated by the angular momentum
conservation required for particles formed in a
magnetic field. This model predicts that the
transferee normalized emittance from an ECRIS
will be

T@ a (q/A)r2B,

where q, A are the charge and mms of the ion
of interest, r is the radius of the effective
emitting surface, cind B is the magnetic field at
the effective emitting surface. A surprising result
of this eirect is that one expects the transverse
emittance to decrease for heavier beams because
the ratio (q/Aj will be smaller for those beams
than for lighter ions. .4nother surprise is that
the actual mezwured emittances of beams from
ECRIS’S are smaller than would be expected from
simple calculations with this model. Such an
effect may imply that high charge state ions are
emitted from a region smaller than that defined
by the radius of the extraction hole.

The angular momentum model for emittance
also predicts that the transverse emittance from
high frequency sources wiU be greater than that
from lower frequency sources. No data at
~resent shows this effect. But it will be
interesting to see if this feature is observed in
the next generation of high frequency sources.

Since the ECRIS evolved from a plasma
physics background the fmt operation of these
devices was with g~eaua materials. When using
gases, an ECRIS demonstrates essentially infinite
lifetime; that ia the lifetime is limited only by
the reliability of external components. But the
desirable properties of beams from these sources
soon caused demand for beams of heavy ions
which could only be produces by using nlaterials
in solid form. These sources have demonstrated
their ability to use solid material M primary feed
material for a number of years. A variety of
methods have been employed such as external
electrically-heated ovens, plasma heated ‘boata’,
the insertion of the desired material directly into
the plasma region for evaporation by direct
plasma heating, and the use of gaseous
compounds for normally solid materials(15,16, 17).

An example spectrum for uranium ions from the
Argonne ECRIS is shown in Figure 9.

Generally the solid matei”ial is injected
directly into the ‘second stage’ in all these
approaches. The source performance for these
types of materials varies much more than for
g~es, but in general the performance in terms of
beam currents ~~d average charge states is
somewhat 10WC. ampared to that for nearby
elemeuts whi~n are gases. The overall operation
of the source is maintained by a continued
feeding of a gas such aa oxygen or nitrogen
which forms the dominate component of the
plasma and t$e material of interest is only a
small ‘contaminatilig’ portion of the total plasma.
One of the negative =pects of using a solid is
t~,at the performance of the source may degrade
with time, especially w’ith regard to the
production of the highest charge states. This
effect appears to be related to the wall-plmma
interaction noted above. Operating the source
with SiH4 and 02 will generally recoat the
source walls with a beneficial coating ‘hich is
rumumedto be Si@2 and the source performance
is restored.

ANL-P-19,523
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Fig. S. Example of the charge state
distribution for the Argonne ECR ion
source for uranium.

The amount of material consumed in an ion
source is an extremely important parameter with
regard to the use of iaotopically enriched
material, special experimental applications such as
accelerator ma-w spectrometry, and the long-term
reliability of the source for solid material
operation. The material consumption for the
primruy plasma gaa can be quite high (tens of
mg/h) and strongly depends on the d~tails of the
source design na well aa operating mode.
Material consumption can generally be minimized
by feeding material into the ‘second stage’
region where the total gas flow is lowest. Under
these conditions usage rates of approximately 1
mg/h for Inost materials can be obtained. At
Argonne we have achie ,ed usage rates of

266



approximately 0.2 mg/h for krypton. A long run
with natural molybdenum consumed the material
at a aurprizing 0.04 mg/h rate while producin

tapproximately 1 electrical microamp of 92M~1 +
from natural abundance mat~rial. ‘1’hiaresult
corresponds to an ionisation efficiency of 0.S8%
for that isotope into the l:+ charge state, Such
eIliciency for high charz~..state production is quite
respect~ble. The va!ue quoted above b similar
to typical operating efficiencies for negativ-ion
ct.iium sputter sources(l?l.

A number of ECR so~.ces have been built
for low charge-state high-effkiency
applications(19,20,21). These sources have
demonstrated tot.d ionisation eflicienciea for 1+,
2+, and S+ ions in material as heavy aa neon
with efficiencies ranging from 15% to over 50%.
Such high efilciencies make a variety of
accelerator applications appealing including the
acceleration of radioactive beiams(20,21). Literally
a whole new world of applications may be in the
offing for accelerator physics with performances of
thia Chb9S.

The Future for ECR Ion Sources

The technology of ECR ion sources
continues to progress as graphically demonstrated
in Figure 1. Some of the progress follows sc~ling
guidelines which are derivable from reasonable
pl~ma physics models of the ECRIS operating
regime. These scaling =sumptions have been
described by Gelled. The most important
results from these considerations is the prediction
that the peak in the charge-state distribution
should increase rather slowly following a
logarithmic relation with frequency:

<q> a 10g (u3.5),
where W is the RF power frequency. A second
relationship predicts that the beam current for a
particular charge should be expected to scale aa:

~ a u2/A.
Both of these relationships have been
experimentally supported in comparisons between
sources operating over a frequency range of 6.4
to 16.6 GHz. It is these two relationship which
are driving the construction of the next
generation of high frequency ECR ion sources.
The frequency dependence will be tested much
further during the next five yeara aa the SO GHz
superconducting ECR ion source project at
Michigan State University comes into
operation at varying frequencies, culminating in
90 GHz operation later.

Following the predictions of these simple
relations given above iz made difllcult because of
the costs involved. Those costs derive from the
high cost of high frequency RF power in the
regime above 14 GHz, the increased RF power
expected to be required in these regimes, and the
added costs of the magnetic fields which must
scale linearly with the increasing RF frequency in
order to maintain confinement and the ECR
resonance condition. Therefore, for many
application, lower frequency ECRIS applications
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will continue to deliver ~he best cost/bemefit
ratio.

The simple scaling laws outlined above are
not the only effects making important
contributions to ECR ion source performance. In
the laat five years, a number of empirical results
have changed the performance of existing sources
and reviaed the way new sources are being
designed. One of the first surpri~es WM that the
average charge state of one plasma species could
be improved by introducing a second, lighter gas
into the pl~ma. This gas mixing role is still
not well understood, but may be due lo energy
transfer by elastic scattering of ions between the
two speciet3. An effect which may be similar has
been observed in ion traps(24).

A second performance improvement came in
the redesign of the compact source CAPRICE by
Jacquot(25) in Grenoble. In this case, the
average charge state aid not change signillcantly
from other 1(3GHz sources, but the total ion
current increased by nearly a factor of 10 from
the original design. Again exactly what causes
the improvement is not fully understood, but
may have to do with plasma wall interactiorw,
secondary electrons streaming from an iron
electrode, and the detailed shape of the magnetic
field in the extraction region.

A third important area effecting ECRIS
performance is the plaama wall interactions. The
importance of this interaction haa long been
known. Even the earliest tests of solids in
ECRIS’S reported ‘poisoning’ of the source after
these tests and minimizing the material usage
was known to be beneficial. The fmt reported
improvement in source performance by wall
treatment came from the 6.4 GHz Berkeley
ECRIS where Lyneis(26) clearly demonstrated
improved performance from his source waz
correlated with previous use of SIH4 and 02.
Lyneis haa surmised that the formation of a Si02
layer on the wall provides a source of cold
electrons because of the high secondary electron
yield of Si02. Thia effect haa been demonstrated
at other laboratories and recoating the wails of
the Argonne ECRIS after long solid material runs
is a normal procedure.

Effects of the types described above are
much more di!licult to predict and understand.
It ia these types of developments that still keep
the ‘black magic‘ in ion source development and
give hope of continued improvement for these
sources without extreme financial expenditures.
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PROGRHSS IN PHOTOINJECTORS FOR LINACS@

Richard L. Sheftleld
Los Alamos National Laboratory, Los Ahums, NM 87545

Abstract

Several pr~grams have started which arc based
on the photoi] Ijector us the electron source. %me
reasons forusing a laser to produce an electron beam
are improved beanl hri htness,high-char e single-

Yhunch ulses [>50 nC.,
f

5and se~’erul hig -current
pulses c csel}” spaced in time.

This presentationwillcotterpresentand planned
acti~’itles in photoinjector de~elypment. Topics will
include materials, gun designs, and preSII)
experimental results.

Introci uctioc

Free-electron lasers ~nd (,,llicier !, t)incs
re uire electron acce!erat~)rs capable of d( ~,ring

?pu se trains of electron hunches (II’ 1“ 1 charge
density.. A high electron d~,nsit}.imp]i :,Igh peak
current ( 100 ~~ to ZO(10 A) .t ncj a ]~~ii .s verse beam
emtttdnre ( <40 I[.mm !nrild! l’his
describes the present ~n

pap~r
research in

photoinj~c.tors.l.? A photo :I”c ir” ii !as~r-switched
d“hotoemlssi~”eso :rce l[)L!~Le i:

E

I [“;wcelcrator ce11.
}“ plficing the photournittcr i high-gtmdierlt rf

cal”ity (Fig .1)., t !Ie spac effects due high-
electr!]n den~ttles ciIn he J I. 1INlly reduced.

UAST[R
OSCILIATOF
r 1—-. ‘ t-----N’ 1 I

F“ig.i. %h(,tnatic ofa ph[,l,,in,jector

*W(,I; su !)port. ,I by [.os :\iamos \-ati(, nal
l,~hnr~l‘or} [nst : it ion, ! supporting f~cse:lrcn,

!lder ‘ :C iius[jicc+ IJ[”the n i ted State; Depart mcnt
I, I [“:nc r .;~

... .. ,.,

IRl.......... ,.,,* ... ,,,,

Fig. 2. I>hotoinjectorsoperating and planned.

This paper is divided into tnr[:e sc~tions following
th~. ln~r~)duction: The first scctlon covers presently
9 ?ii’.tlng plmtolnjectors,

7
[he ?::cond section covers

~heph}sicsiindu, )gineelingconsidc~atio~ls,
anneal systc IIIi.and the th irci !~~’(tion covers sollle of

1)l.esent re~e;lrch programs using photoinjectors
electron sources

Upgrade of I.OSAlamos F“ELAccelerator

‘!’hi~ IJH Alamos P’i;l, (Iiigh Brightness
Accelerittor Facility or liIBAF’) has been u graded to

$provide electron heums of the quality an ln~ensity
re( Liired h shorter wavelength (c 3 mIcrons j
F~l,.; l.~ Tke improved electron beam is primaril>
the ru,~llt of addin a photoinjector to the acce~eratol
f{owevcr, Fthe en Ire de~’ice IS hcin

7
modliied to

dv monstrate that the heam qua ity can be
I:.: nsporteJ to the i.’~i, without (degradation. The
l’.wilitv has produced initial data at 1’?MeV. ‘l’he
rusultk iirc a 300”A peak current, 12 ps pulse width
;1n(i till emit tancc of -!() [[.mm. mrad (9W70,
I][,rmtilizec!), Th(! photocathmie WiisCSKqSb.

‘i’111’DUrDW;CIof i i ii{Ai”’is to nrovi(ie ii henchmar~
Ill’Ihe ci~inp{ltatiollaiII!,dels used to design advance(i
i;i i,s. ‘i’1111!inal dcsigrl ~;();ilsof 1IIHAi” are 40 MeV of
clec tron uIlc)Kj., peuk curr(~nts {)1”300 A, i]~]da
not”I]liiliwd l’lllltti!llCO luss t htln :15 11.mm. mraci
( g(l%). At] Cxperimcr)l layout is gi~ell in Fig. 3.

;X*O’J_

4WV -.



Ihke-Rocketd3’ne Ex~wiment

The construction of the Mark 111accelerator has
been described in detail elsmvhere.~ The layout of the
experiment is shown in Fig. 4.

~.
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‘+

U.:a:a;.[
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Fig. 4. Schematic of Mark 111accelerator.

The machine parameters are as follows: macropt~lse
leng~h.of 2-5, ps, micro

?ulse ‘enT:’l.l.lr% !%%:obtamlng an Increase o 10 In pea
alpha m+gnet, and a gun energy of 1 .Me\:. The alpha
magnet is a momentum filter and is able to )imit the
electron energ>. spreaci to less than 0.~70. The
eiectron source is a LaB6 cathode. Orl really the

?cathode produced electrons by pure therma emlss]on.
Hcwever because the electrons arc em~tted at aIl
phases o[the ~f manv of the electrons are accelerated
at phases which enable the electrons to back-stream
into the. ca~hode. Since current emission from the
cathode ISIlmlted h}”average-power heating, then by
using the 1aser to limit the emission to the correct rf
phase, higher eak currents can be obtained.~ [n this

8mode the La G was operated just below its normal
emission :emperature, and a laser was used to pulse
the cathode. Operation with the laser resulted. m an

:;:%::: Y
eak current from 33 to 75 A with no
05s in heam emittance. The heam

emittance v.as estimated to be 4-8 n.mm ”mrad.
During operation, the gun pressure was ahout 5 x 109.
Sot enough operation time has been a~ailable to
study’ the cathode 1ifelime; but hased on

1
revlous

performance, the expected lifetime should e much
greater than 1000 hours,

LEL-HF in Bruyeres-le-Chatel

This photoinjector designy.s has a cavity
frequ~ncy of 144 .MHz. The lower frequency was
chosen to reduce the rf effects by using larger ca.vit
aper~u,res and ~y having the rf fields a~proxlrnate D6
condlt.ions during the electron transit. The design

f.5MeV exit energy from the first cavit;, bunch
arameters are a beam with 10 to 20 nC, a 1 to

lengths of50 to 100 s, an accelerator~a of cm, and
! Ea surface field at he. cathode of la-?, ?vlV/n~. A

schemat]c of the experiment is shown in Fig. 5. They
&eC measured emittances of 80 n.mm.rnrad at

Fi .5. Photoinjector designed at LEI.,-I{F Rruycres-
EIe- hatel

Accelerator Test Facility at Brookhaven
National Laboratory

The ifmelcr~tor Test h’aci)it}, at Brookhaven
Sational Laboratory. (BS L) is b(:ing developed mto ~
research facility for laser acceleration and i’E1.s. ‘~he
desi n got!! for the accelerator is a firm! energy u! 50

+JIe and an ernittance of 15 rl.mm.mrad at i nC.
The I are buildin u 2.856G1{z photoinjector to drive

i“ 5the I1lac.9 ‘1’hc hand,, standing wave. disk-loaded
structure wilI operate In the short rf pulse regin}e
(6 ps). The schematic of the photoinjector 1sshown in
Fig. 6.

Fig. 6. Schematic of BNL photoinjector.

The photocathode is made of yttrium metal. They
have o erated the photoinjector at the design

f
rradien s which corresponds to a peak cathode field of

02 YIV/mand peak surface fields of 120 ,MV/m.10

Summary of present experimental results

A compilation of the present experimental
measurements of emittance from the preceding
experiments 1sgiven in Pig. 7
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Fig. 7. Photoinjectors - experiment results.

‘f’he es erimental results ‘rem the Mark 111
1?

E “E!
,~cceiera or ilnd the hotoinjector rogram at Las
.Alamos 3-atiimal La oratory l+~P X relied upon
scraping t’ne electron beam / EA-LEO and
HIBAF experimer,tal results are’ rms. em.ittance
numbers for the entire electron beam distrlhution.

Planned research facilities using photoinjectors
sources

A number cl experiments are planned for
lperation in the next few years (Fig. 8).

+

0
0.01 I

0.1 1 10 100

MGKXII-SE ~ (KJ

Fig. 8. Photoinjetors . planned experiments.

The following text briefly describes differences ill the
planned experiments.

g ‘?er’ments ‘Vh’ch aresimi Iar to the B .SL desi n o an S-band accelerator
‘Ind metallic photocatho es are L-CLA and CERN:l
!also in~’estl ating

5“
multialkali photocathodes)

E:<periments w lch are similix to the HIBAF desi n
Kat 1300 MHz and multialkali hotocathodes are t e

?.\FEL at Los Alamos >.ationa Laboratory and the
FEL project at the L.niversit of Twente. ~Q The

?Laboratolre de l’Accelerateur ,meaire in (Irsavlo is
building a S-band two cavity gun with independent rf
cent rol - for the two catuties and a kwer-dri~”en

dis enser cathode. The ELFA FEL projectlA in .Mihin
Ywll use two 352 MHz cavities and a multialkali
hotocathode. The Frascati ARES projo~ 15 and the

~ergische Univcrsitat-Gesamthoschule ‘h;~~er~~~~
pro~ect will use two superconducting
cavities and rnultialk?li photocathodes. Arg;na~
Xational

‘abOratO’t;OO $sil;~;;lc, t%i’%%ifacility17 will use two
photocathode. Roeingla will use a two cavity
433 ‘MHz injector with a 25% dut:’ factor and a
multialkali photocathode.

.4FEL

At I,os Alamos lhe design of a r,ew 20 NleV
compact Iinac based on. the photoinjqctor has hcen
completed. The Iinac wIII he approximately 1.2 m
long and will be oyerated with a 10 ps macropulse at
up to 10 Hz with a 0.5 A avera e during the

\macro idse. The final electron beam c aracter~stic~,
$from AFMELA s~mulatums, are a beam emtttance

of less than 12 n“mm”mrxl, an cmer y spread of
f0.2Y0,and peak currents in excess of 35 A. At these

performance parameters and the use of a
microwiggler with a period of 3 mm operatm on the

%third harmonic the c:llculated gain at 40 nm is
greater than 50h at 20 MeV.

Physics and engineering considerations

By definition, a i)hotoinjector relies on a light
source to turn on and off the photoem itter. In almost
c~.ery instance .;he Iight source is a laser. As a
consequence, this type of”electron source falls out of
the ttipical experience of a source desi ner and could
be ~i~wed Lisa seriour com Iication. [ owcver, laser

J“ fdevelopment is also being riven by the development
of photoinjectors and laser systems which match the

$
re uir~mcnts of some of the photoinjector designs can
be ought f“romlaser vendors.

The type of laser system depends on the choice of
photocathode material. Photocathodes, such as GaAs
and multiaikali, can be manufactured to have a high

f
uantum efficiency in the visible wavelength band.
he laser for these types of cathodes can be built hy

existing laser vendors. The drawback of this ty ,;lO1
photocathode is that it requires an tv
environment. Some photocathodes, such as LaB6 and

[
ttrium, ha%.e a response in the ultraviolet
<350 nm) but have much less stringent vacuum

requirements. However, the lasers stem required to
“1+drive !!-iist pe of cathode is mm-edl lcult to buila and

“rnot readl y supplied by vendors. Another
consideration is the uniformity of the laser
illumination and of the cathode quantum efficiency.

A possible pr~~lem in (he higher quantum
efficiency,. hl h-gradient guns is lic!d emission. The

5reductmn m t e work function at the cathode surface
due to the r~sence of hi h fi~lds can roducw a
measurablegark c,rrent. fii,rh currents Ratebeen
ohserved at the ,1IBAk’ c:xpurirnent. ‘IV-wdark
current levels m that ex erlment dd not adversely
Impact the operation oFthe ticcelerator \)ut di~
pleduce a background signal on the heam diagnostics.

The remainin
R

issue of the high quantum
efficiency pho~ocat odes is lifetime. L.p @ now, hl h

?
tuantum efficiency. cathodes do not survive beyon a

ew days of operation in z~rf cavity. liowever, the
same cqthodes have comparably long 1ifetimes when
“ust rf w present or just the Iaser is present. Also,
~undreds of coulombs have heen extracted in DC ~un
experiments. ‘l’he only observable difference w en
running a photoinjector is the presence of a large
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pressure rise in the cat.i~]ewhen an el( [ron t)eilm is
Ed Carwin O! SLAC sugwsteci thiit the

fi&!;~” problem might be similar 70 ttw problem
e:x erienccd. in,storage rings. In .~tt)I’ile rings,I.)t!illll

?llt%’timeIS Ilmlted by”electron s~lmula ed desor ~ion
[tESIl) of gases from the walls o! the rin WP now

that some of the same gases produce ~y ESD can
contaminate i~ cathodewhen, present in SIIlil; l
amounts (Ior instance, C(J2.or t120). ESI) re!eiiscs
the asestrapped in the grain hc!unaaries of the wall

Fof t e ci.t~it} These gases i~rpbollnd with several
tens 0!’el” energ}’.Therefore,astanditrclbakeat250
LO350C W“OUIdnotdri\er,utthesegases.one tvaoto
cleanup a :}”stemisto run beam. l:igure d is
photodcsorptmrr during beam conditioning for
aluminum at the .\”SLS \’L.”V storage ring. :9

,.O

co

co,

- 10”’

j

,O.x
:
*
;

:
; 10”’
n

d
* 10+

,:*

lo~

ACCUMULA7SDDOSAGE@&ti=Z)

Fig. 9. Photodesor tion
“’$

“ield during beam
conditioning for Al at N. LS VL-{:storage ring.

For a lo~: duty c}.cle experimen~, this t}”pe of
c~ndi~ionin

?
would tahe years and is therefore not

practlca!. , nether ap roach is tc. usc low discharge
cleaning of the walls.

“Y’es IOand’f’ ‘emonstra’ethe effect on the rin s at rookhaven~~ and CERN,21

‘7
res ectively. This v e of cleaning wilI be tried at
HII$AF and theresutsknown by theend ofthe
calendar}?ear.

mLF”T

h~ig.11. Data from the electron positron accumulittor
ring at Ci?RAT.

Conclusions

The production of high-current high-brightness
e!ectron be:llns has enjoyed cmsiderable frogrfxs
over the last several years, m.irinly hecnuse o changes
In the requirements lrnpcsect by freeelectronlasers.
The photoinjector has demcrtsti ated the ability to
produce very bri htelect~onbeams.Severalgroups

iaroundtheworl aredes:gaingbr!ghtbeamsbased
on thistechnologyand continuedimprovementin
hotoinjectordeslg~itm{engineeringisexpected.
?he reitllimito! elec~ronbrightness using a
photoinjector is stil I to be ~ietermined.

I thank Chris ‘i’z-itvierfor recent information on

F
resent photoln.ector projects.

d
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ollowing indivi uals for
r

rivate communications on
their projects: Bruce Carsten,Ken Batchelor,Steve
Benson,andRenattrDei-Cas.
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Linacs for Free Electron Laser:

C, PellegrLnf
Depaxmnsnt of Physics

405 Uilgard Av. , LOS Angeles, CA S0024

Abstract

~n this paper we discuss th~ use of ~ RF
linac as a FEL driver. We tirst review
the basic FEL physics and discuss the

beam characteristics needed for a good
FEL driver. we then compare .t*I?Se

requirements with the present state of
the art in RF Iinacs, and discuss some

possible R&D lines.

Introduction

The interest in Free electron Laser is
due co: its large wavelength range,
which at present extends from about one
centimeter to 0.24 micrometer; its tun-
ability; its high peak power, ranging Up
to the GW level. Because Of its
flexibilitythe FEL can find applica-
tions in many areas, such as particle
acceleration,heating of fusion plasmas,
material sciences, biological,medical
and solid state research.A review Of
the FEL operation and experimentscan be
found in rsference 1, and in a recent
paper by F.obersonand Sprangle[z).

Ther~ are two main wavelength regions
of interest for FELs applications,where
theycan be superiorto other sources:one
is the IR and millimeter to centimeter
region;the second is the shortwavelength
region, below 0.1 micrometer. The first
has been widely explored;many systemsare
i3 operation at these wavelengths in
several laboratories.The second is the
new frontier for FELs; itswid~velopme?t
requires electron beams
dimensional phase space density ?ar~~~
than that available coday.

FELs use different types of electron
accelerators, from induction linac to
storage rings, depending on the radiation
wavelength required, the beam energy and
pulse duration. The RF linac can provide
high quality beams of energies from a few
MeV to Gev, to drive FEL in the infrared,
w“isibleor U%-spectralregions.They could
also be used in the future as drivers for
SoftX-ray FELs.The short pulse duration,
from picosecond to tens of picosecond,
is a desirableproperty for many research
applications, although it limits the
operationat wavelengthshorterthan about
50 pm because of the slippage.

The Stanford superconductingRF linac
was the acceleratorused for the first FEL
in 1976-77~314~,and is stillbeing used now
by a Stanford-TRW group. This group has
reportedtheoperationof thefirstvi~,;’>le
FEL, with a power of 21 XV at 0,~2 Vmt5~.
Room temperatureIinacshave been used in
the followingyears at Stanford(6~7”8),Los
Alamos(9s1°),Boeing(~l)to drive FELs from
35 puzto the visible,with peak powers UP
to 40 MW, and pulse length as short as one
picosecond. Both oscillators and master
oscillator power amplifier ‘Iz)configu-
rations have been used. Optical guiding,
sidebands and harmonic generation have
been observed.

Basic FEL Physics

To describethebasic FEL physicswe use
a model.based on the 1-D theory(X3’16),in
whichwe includeeffectslikediffraction,
beam energy spread and optical guiding;
other effects, as for instance undulator
imperfections,are not and will have to be
consideredin a real design.The notations
we use are those of reference and are:
beam energy (units mcz), Y; Particle
density, n,; radiati-on wavelength, A;
undulator period, AU; undulator field, Bu;

undulator parameter, K-eBu\u12fimc2;

undulator frequency, u~=2nc/A.; beam

plasmafrequency ~p=(4nr,c2n,/y)”?
With these notations, and considering

for simplicitya helicalundulator,we can
write the FEL synchronismconditionas

A- *2(1 +K’) (1)

In the 1-D FEL theory , and for a cold
beam, the radiationfield in the undulator
grows exponentially unttl it saturates:
the exponentialgain l~ilgth, %, and the
saturation power are deterrnin~d by one
parameter(13~~5),

()

~ ~p 2,:
P —— (2)

= 4yrA30
The gain length is

h.
Lc=

2(3)(J)2)XP
(3)

Work doneunder ME Grent tJE-FG03-90ER-40565
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the laser power at saturation is related
to the beam power, PL, by

‘L-ppb,.nt

and the saturation length is

(’4)

(5)

When the gain lengthis shorterthan the
unciulatorlength it is convenient to use
the Small Si nal Gain, G, to characterize
the FEL. fT is quantity can also be
expressed in terms of p (13)

c=;(4fiPlv.)~f(4xJvuA) (6)

where Nu is the number of !mdulator
periods, A is the “detuning”, i.e. the
relative ~,ifferencebetween the resonant
a~d the actual beam energy, and
~(x)=(l–cOs.v-(~”\2)slns)/(x-t2)J is a
funct~on~ith a ~axim~ value of about 0.6.

The gain and thz gain length are reduced,

>y effectslike energyspread,diffraction
effects,and by how much we focus the beam
through the undulatar. This reduction is
small if some additionalbeam conditions
are satisfied:

a) li~it on energy spread: u.<?;

b) limit on emittance:~<~;

.

c) optical guiding::>1;c

where ZR-JiO?lA, is the Rayleigh range,
o, the beam radius, and a~ the relative
energy spread. The gain length is a very
important quantity: all effectswhich take
place over a distance largerthan the gain
lengthwill have litzls effect on the FEL
performance.

One way to increasep, and decrease the
gain length,is to stronglyfocusthebeam
throughthe undulator.This, however, can
produce a reduction of the gain(15), except
when the betatron oscillation wavelength,
is that given by the transverse focusing
producedby the undulator field,

(7)

This reduction is small if we focus to a
betatron wavelength smaller than (7) but
largurr,hanthegain length.The additional
focusing can be obtained with external
focusing elemeilts,like quadruples,
or, as proposedby Barlettaand Sessler(L7),
with ion focusing.
The FELwavelengthis definedby (l),hence
by the beam energy. The minimum linewidth
is given by the inverse of the number of
wavelength in a bunch length. For most
applicationit is importan~toachievethis
linewidth and keep the wavelength stable
within the linewidth; this requires for
the beam energy fluctuationAYlY~AL12A.

FEL Scaling Laws

In the design of a FEL we maximizep for
a given wavelength am! beam characteris-
tics. To this end we rewrite it using the
beam invariantsEN, transverse normalized
xms emittance (we assume for simplicitya
cylindrically symmetric beam), the lon-
gitudinal%rilliancet14t15),and the charge
per bunch eN, as

/3L=
eNc

(2n)’’2cL
(8)

Using these quantities and condition “a”
to write de=TIP, we obtain

[)

4nBlq 1’23,2
P=A.L —-

41[l+K2\A~ENl,4 Y (9)

where IA-ec/r~.
It is interesting to notice that the
dependenceof p on A is not too strong, so
thac a FEL at short wavelength seems
feasible; in addition (11) shows that it
is convenientto use a large beam energy.

The value of the FEL parameter depends
now on very few beam related quantities,
the energy and the beam invariants,and is
thus well suited for a discussion of the
acceleratordriving the FEL.

As an example we consider now a FEL
operacingin the Soft X-ray wavelength.A
possibleset of parameterscanbe obtained
from themodel discussedaboveand is given
in Table 1. This FEL can be operated in an
oscillatorconfiguration,with an o tical
Cavity, or in the !Self Amp ified
Spontaneous Emission (SASE) modetzo);a
discussionand comparisonof the two modes
can be found for instance in referen-
Ce(19,20)0

The combinationof small emittance and
Iar e longitudinal brilliance given in

fTab e 1 is not obtainabletoday, and using
existiruzacceleratorsone can only produce
FEL rad~ation ir,the visible oz-near W.
Severalgroupsarewcrkingto producebeams
with the characteristicssimilar to that
of Table 1, following two routes: storage
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rings at i)uke a~.~d Dortmund Uni.versiL~;
linacs at Los ~lamos, Brookhaven and UC-LA.
Thesehave been reviewedat a Workshopheld
at Brookhaven in 1987(21). In the following
section we will discuss the RF linac
approach.

TABLE 1.

Ex-ple of Soft X-ray FEL

Uaveiength, i~
Normalized emittance (rms), mm
mri.id .
Electron energy, GeV
LongitudinalBrilliance,A
Energy spread, %
Peak current, A
A~,m
o
Undulator Period, cm
Gain Length, m
Rayleigh Length, m
Beam Power, GW
Laser Power, GW

5
1

1.0
5000

0,1
600
3.3

0.0024

1.:

:0;
1.4

The Linac

In this section we want to discuss the
main characteristicsof the beam produced
by RF iinacs. We will start with a
discussionof the electron source and its
limitationand will continuewith the main
accelerator.

The Electron Gun

The electrongun for an FEL driverlinac
is of very great importance. It must
produce a beam with high peak current and
small emittance and energy spread, with
all these conditions being met simulta-
neously. The ❑inimum normalized, rms
emittancefor a gunwith a circularcathode
of radius a and temperatureT, neglecting
space-chargeand other effects like non-
linear and time dependent forces, is

(lo)

where the temperature is related to the
transverse electron ❑omentum, PTs by
kT-pr12m. The cathode radius is defined
b the total current, I, thatwe need and

tt e current density J; we can rewrite

c= {(kT/fnc2)(l/4mJ)}”2 (11)

.
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For a thermionic cathode the current
density is lower than about 40 A/cmz, and
kT is about 1 eV, leadin to a normalized

5emittance of 0.6(I(A))lf mm mrad. For a
photocathodeone can have kT about 0.2 eV
and a current densit] of about 1000 A/cmz
or larger,leadingto an emittanceof about
0.055 (I(A))112mm mrad,

Space-charge and non-linear effects
will substantiallyincreasethisvalues of
the emittance,and much work has been done
to minimize this blow-up. There are two
main ways to approach the problem: DC or
pulsed guns, followed by a bunching/com-
pression system to produce high peak
current and match the beam to the linac;
RF uns,

f
with the cathode inside a high

fie d cavity and fast initial accelera-
tion. li~both w=:-<one can produce peak
currents of about 100 A or larger and
emittancesof about 10 mm mrad.

In the case of DC or pulsed cathodesone
needs to bunch the bear using one or more
bunching cavities, to produce the bunch
lengthneeded for subsequentacceleration
in the linac, and the peak cu~cent in the
100A rangeneeded for the FEL gain.During
this process the emittance increases
substantially.

A recent design of an IR FEL driver at
DL(ZZ)consists o: a 100 KV gun producing
a peak current of 2.5 A for 1 ns, f“ollowed
by two bunching cavities at 146 and 511
MHz and one bunching L-band.ctandingwave
structure.The beam ener y at the system
exit is about 6 Mev, witk a peak current
of about 100 A, pulse duration of 10 ps,
normalized rms emittance of 10 to 20 mm
mrad, energy spread lass than 0.5 %.The
longitudinalbrilliance is about 400 A.

In the case of RF guns(Z3~z6,z5)one can
use either thermoionic cathodes or pho-
tocathodes.The space charge effects are
reducedby applyin

P
large electric fields

on the cathode sur ace, of the order of 50
to 100 MV/m, so that the electronsbecome
relativisticin a distancefromthecathode
of the order of one centimeter.The best
results have been obtained with photoca-
thodes,at the cost of adding to the system
a high power laser. In this case the beam
is buncned by the laser pulse at the
cathode,phased to produce electronsonly
when they are accelerated,and one can use
the large current density to produce high
peak currentwith a small cathode radius.
For thermoionic cathodes the current is
mainly limited b

1
the heating of the

cathode due to t e backstreaming elec-
trons.

As an example, the Los Alamos gun,
operating at about 1.3 GHz, with a CsoSb
cathode,and a field on it of 60 MV/m, has
produced a beam with a normalized rms
emittance of about 10 mm mrad, and a
longitudinalbrilliance of 2000A(Z6).



Tkielimitations on the beam emittance
producedby a RF gun have been analyzedf27J;
che main effects are: space charge, non
linear and time dependent RF fields,
cachode temperatureand current density.
For present systems the main contribution
to the emittance is produced by space
charge eff6Ct+ near the cathode, which
depends on the longitudinal charge den-
sity, and makes it vary from the center to
the tails of the bunch. This effect can be
at least partly controlledby increasing
the accelerating field, or shaping the
laserpulse, to producea step likedensity
distribution,or by selecting the core of
the bunch out of s lon~er one, or by
introducing

!?
non-linear or the dependent

focusingc ements(28J.Similar limitations
apply to the buncher section when using a
thermioniclow voltage gun: We expect that
using these techniqueswe will able in the
future to praduce a beam as given in Table
1.

Beam Loading and Fluctuations.

To maintain the FEL wavelength and
intensitywithin the limits required for
many applicationswe must imposestringent
toleranceson the beam energy and inten-
sity, in addition to those on the
emittance, energy spread, and peak
current.There are twomain typeof effects
which can change the beam characteristics
during acceleration, Fluctuations in RF
voltage and phase and in beam intknsity
can produce a bunch to bunch energy
deviation.Wakefields inducedby the beam
can produce energy spread and emittancc
blowup within a bunch and multibunch
effects (beam breakup).

The fluctuationin the beam energymust
be limited to a value smaller than the
energy spread, which we expect to be of
the order of a few tenth of a percel,t.In
addition, for a FEL,oscillator we must
control the arrivaltime of the bunches to
the undulator to a fracti~n of the bunch
length.

Klystron voltage fluctuations produce
hoth ~ field and a phase fluctuationthus
changing the cutpu-tbeam energy. These
effects can be reduced by passive regu-
lationin the modulator to about 0.5%. For
furtherimprovementsone can use feed-back
control.Forpulseslongerthanthefilling
time, one can use feedback during the
macropulse;for shorterpulses one can use
a f-eedback system from pulse to pulse. For
CW or almost CW operation, like one can
have in a superconducting linac, it is
possibleto have better reproducibilit of

fthe beam characteristics.In the Stan ord
superconducting linac the total time
averagedenergy spread is less than 0.1%.
Similar or better results can also be
obtained in a race track microtron.

Fluctuationsin zhe bunch arrival time
must also be controlled to picosecond or
sub picosecond level. In the case of a
laser-gun this means also to control the
time of arrival of the lzser pulse on the
cathode,using a single master oscillator
for the RF system and the mode-locked
laser.

For large average current and long
Pulses the beam break-up effect is a
concern. Several techniques have been
developed to control this effect, like
increasing the a~celerati.ng gradient,
reducin

f
the higher mode impedance, and

stagger ng the tuneof thedangerousmodes.
At the other extreme of a FEL operating

as an ampiifier or in the SASE mode, only
one electron bunch is needed in a
macropulse.In this case effects like the
ripple of the klystron output are less
iuportanc as long as the bunch is
synchror,i.zedto the trigger system, al)d
what matters is only the reproducibility
of the RF waveforn from pulse to pulse.
AISG in this case we expect to be able to
have thebunchenergyreproducibleto about
O.i%.

For hiqh gain, high peak current system
wakefieldsbeconlethe dominau’teffect;the
longitudinal wakefield can produce an
energyspreadand the transversewakefield
can blow-up the transverse emittancef2Q).
For a single bunch the energy variation
aloug its length due to the longitudinal
wa~efield can be partly compensatedusing
the sinusoidal form of the accelerating
field ‘Thecompensationhowever cannot be
perfect a:ld a residual energy spread will
remain. FOZ bunch currents in the 100A
region and an S-band linac this residue
can be of the order of 0,2%. ‘Lhewake field
effects depend strongly on the linac RF
frequency. The longitudinal wakefield
scales like the ii~versesquare of the
wavelength and the transverse like the
inverse cube. This favors low frequency
linacs, where also the multibunch beam
loading can be smaller because of the
larger energy stored in the cavities, for
the same accelerating field. Transverse
wake fieldeffects canbe controlled using
the BNS dampingtso),i.e. introducing a
controlledenerg

i
spread in the bunch and

removing it at t e linac output.
To reduce the effect of wakefields on

.ssingle bunch and achieve a lar e
%

peak
current and a small energy sprea we can
use the bunch compression technique at
several stages during the acceleration
process. For the example of Table 1 we
assumed~’-2.10-smat 5 MeV, corresponding
to a charge in the bunch of 1 nC, a 0,3 %
energy spread and a rms bunch length of
0.6 mm; at 100 MeV we assume that the
emittance is 2.4.10-6, for an energy spread
of 0,2%, determined by beam loading, and
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the same pulse length; at this energy we
can compress the bunch Increasing the
energy spread by 3 and reducing the pulse
length to 0.2 mm; subsequenceacceleration
LO 1 GeV would reduce the energy spread to
.+ssthan0.1%; in effec:the energyspread:- determined ag~in by beam loading, and
~~r thisvery shortbunch lengthwe expect
z;is to remain at 0.1%. Using this beam
:,~nipulationthe finalpeak current is 600
i a valueconsistentwith resultsobtained
in the SI.Cat SLAC,where the peak current
i; 400 A with an energy spread of 0.1%.

Conclusions
The RF linac is the driver of choice

for the infrared to visible wavelength
region. Compact high gradient linacs and
RF guns now being developed can reduce
the FEL cost and make it ❑ore attrac-
tive. Progress in increasingthe beam
peak current and its brightness, and
reducing ener y and intensity fluctua-
tions, fwill a low to produce FELs with
larger gain and more reproducible
characteristics,making them more useful
research tools. The work being carried
out on electron sources to reduce the
beam emittance while keeping the high
peak current and small energy spread is
very promising and can lead in the near
future to the possibilityof pushing the
FEL wavelength in the Soft-X-rayregion.
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DESIGN OF LONG INDUCTION LINACS*

G. J. Caporaso and A. G. Cole
Lawrence Lherrnore National Laboratory, L1vermore,

Abstract

A self-consistent design strategy for induclion Iinacs is
presented which addresses the issues of brightness
preservation against space charge induced emittance growth,
minimization of the beam breakup instability and the
suppression of beam centroid motion due to chromatic effects
(corkscrew) and misaligned focusing elements. A simple
steering algorithm is described that widens the effective
energy bandwidth of the transport system.

Introduction

In tl-tis paper we will discuss the various requirements
imposed on the output beam of electron induction accelerators
and the principal known mechanisms which make it difficult to
satisfy these requirements. This will lead us to a self-
consistent design strategy which overcomes these
mechanisms and should make it possible to simultaneously
achieve all the requirementsdiscussed.

Output Beam Requlrementa

Electron induction Iinacs can be used for many purposes
such as drivers for FEL’s and relativistic klystrons, flash x-ray
radiography and for propagation experiments in various gases.
Most of these applications require a high beam brightness,
especially the FEL. In addition, all the applications require a
‘quiet- output beam in the sense that the transverse motion of
the beam’s centroid should be small compared to its radius.
Lastly, most applications require the energy variation over the
usable portion of the pulse to be on the order of one percent to
avoid violating the resonance condition in an FEL, or to avoid
chromatic effects in the final focusing lens, etc.

Obstacles to Achieving Beam Requirements

Space Charge Induced Emittance Growth

For intense beams the most serious threat to beam
brightness is from the effects of nonlinear space charge
forcesl. By now it is well known that ‘excess= non-linear field
energy can be interchanged with transverse thermal kinelic
energy causing emittance to vary in a beam which is
propagating at its matched radius in a focusing channel.
Profile oscillations of the beam can lead to oscillations in the
emittanc6 and a finite growth in the emittance which depends
on the difference in non-linear field energy between the initial
and asymptotic states of the beam spatial profile. This can be
seen by integrating the equation for growth of the normalized
rms emittance.

aE; 21R2 ~— . - — —-
az WI. az

(1)

Here R is the rms radius,

Ca. 94550

10s 17kA and n is a dimensionless
quantity that characterizes the field energy in the beam and is
dependent upon the spatial profilel . Integration of this
equation for constant R and y yields

G(-) = E:(0)+~[Q(O) - n(-)] . (2)

However, it is also possible to have additional emiftance
growth if a beam is mismatched in a focusing channel where a
portion of the kinetic energy associated with the beam’s
envelope motion can be converted into transverse themal
kinetic energy. Consider an oscillation of the beam rms radius
so that R=~+AR cos kz. Profile oscillations will usually be
associated with the envelope oscillations, It can be shown
that the frequency of the profile oscillations is twice that of the
envelope oscillations so that we may put t2=~+ASkos(2kz+O)

where 9 is an unknown phase angle. If we substitute these

forms for R and Q into equation (l), average over an oscillation
period and retain only lowest i-~derterms we obtain

~. ~ (AR)2k m sinO

~z *I.
(3)

where a horizontal bar denotes a time average over an
oscillation period. This result admits a growing emittance for a
proper value of the phase angle. The rate of emittance growth
is proport”~nal to the beam current, the focusing strength and
to the square of the radial mismatch, At present there is no
first principles’ calculation that can describe the evolution of
this angle so that we must rely on simulations for insight into
this mechanism.

Beam Breakup Instability (BBU)

This instability dominates the design of the focusing
system for the induction Iinac. The accelerating cells have
dipole cavity modes which are driven by any beam transverse
displacements. Usually one mode dominates the process.
The magnetic field of the di@e mode interacts with the beam
impressing a modulated transverse momentum on the beam at
the frequency of the dominant mode and so exicites that mode
in downstream cells to even greater amplitude. The evolution
of the instability may be described by two modal equations
which govern the excitation of the mode by the beam and the
response of the be? I to the cavity fields2:
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Here coo,0 and Z1kI are respectively the angular frequency,
qua!ity factor and transverse shunt impedance of the cavity
moda and Lg is the average distance between CellS. <
represents either the phasor x+iy for solenoidal guiding (with
kfl=kc2) or x or y for alternating gradient quadruple focusing.
Undar worst case conditions for ‘strong- focusing we have

(6)

The quantity ~(Z~K2)Q appears in the exponent and may be

shown to scale as2

(7)

where w is the axial width of the accelerating gap, b is the beam
pipe radius and q is a dimensionless quantity that describes

how well the cavity modes are damped. Typical values for q
range from ) to 3. It is currently though! that the minimum
possible value for q is about 0.72.

“Corkscrew” (Chromatic Aberration)

This mechanism leads to the development of a time
varying displacement of the beam centroid. The appart)nt
frequency of the motion increases as the beam propagates
further along the machine. Any focusing system “la! provides
an energy dependent betatron wavelength will ue subject to
this difficulty since all beams have some variation of energy
zcross the pulse3,4,5. The mechanism is illustrated in figure 1
where the motion of three beam ‘slices” Iabelled A, B and C,
initialiy of~set from the center line of the accelerator are
followed , Irough a focusing system At each accelerating gap
the particles receive a slightly ditferent energy. Since the
betatron wavelengths of the particles depend on their energies
the par clb, will eventually fall out of step with one another and
will lead IU a displacement which varies with time across the
pulse. The apparent local frequency of the time varying
displw- lent or “corkscrew= is roughly given by

(8)

For a system with solenoidal focusing k~ should be replaced by

f% in equation (8). It is clear from the above expression that
the frequency of this motion will upshift as the beam
propagates down the awelerator. Note that increasingthe
focusing causes the frequency to increase. ff is important that
the frequency of this motion be sufficiently small that the
differential phase or integral of the frequency over time across
the desired portion of the pulse be small ampared to 1. The
amplitude of the corkscrew is proportional to the orbit
amplitude of a reference particle (say in the middle of the
pulse). tf the differential phase across the pulse is very Imge
then the corkscrew amp!ilude will be on the order of the o(bit
amplitude of the reference partilcfe. However, if the differential
phase is small then the corkscrew amplitude is of order the
orbit amplitude of the reference particle multiplied by the sine

of lhe differential phase. Thus in this regime it is important to
keep the differential phase as small as possible.
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Fg. 1. Illustration of the corkscrew mechanism.

Sources of Energy Variation Across the Pulse

Figure 2 shows a circuit model of an accelerating gap.
The pulse power unit is represented by the voltage source and
the transmission line to the cell by the resistor ~. ~ is a
compensation load resistor, Cg represents the capacitance of
the cell, the current source represents the beam current and
Zc represents the ferromagnetic or ferromagnetic core
impedance.

Transmissiaa
L&w to Cell maqmtb beam

z. ●9rr curr*mt

-kI : L
I

~

lrakag*
+

‘t

2VD Rc Zc % I ‘B vgal

Fg. 2. Cell equivalent circuit model,

Considerable effort is usually expended to insure that the
drive voltage waveform delivered to the cell is flat. Likewise a
relatively constant voltage on the anode of the injector usually
produces a current pulse with a flat top. Practically speaking
there will be variations of both oi thase quantities on the order
of several Percent even in a well designed system. A feature
which can cause an even larger varia~on in the cell voltage is
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the fact that the leakage current which flows around the core of
:he cell is time dependent. In accelerators which are designed
for high electrical efficiency this leakage current may be on the
arder of 500/. of the beam current and so exerts a significant
nfluence on tho cell voltage.

IL L’“ ‘Lb id
‘“’e ‘“’c. ‘“’n

! I 1

Fig. 3. Accelerator core models.

Various simplified models have been used to calculate
“hetime dependence of the leakage current of ferrite cores and
‘hese are illustrated in figure 3. The actual behav;or of the
eakage currelt in a realistic core is much more complicated
han any of the simple models and is only now beginning to be
Aflderstood6.

Another problem which occurs especially for highly
~fficiont accelerators is the variation of cell voltage due to
iming jitter of the injected current. Several cases are
Illustratedin figure 4. In the case of nominal timing a relatively
‘Iat voltage across the bulk of the pulse can be achieved.
-towever if the beam current arrives earlier than expected at
:he cell it will load the vottage down too early and the duration
>f the Ylat top” will be reduced. Likewise if the current arrives
:00 late the cell voltage will overshoot and then decay also
‘educing the flat top. The voltage errors a<eproportional to the
itter time and decay with an exponential time cmrstant on the
>rdor of ~Cg which may be roughly 10 nsecs. for an effici@nt
accelerator. High efficiency generally translates into a high
value of Z. thus makmg beam loading very important ar.d
‘xusing the time constant to be increased.

Fig. 4. Effects of current timing jitter.

Specific Solutions

Reductinn of Emlttance Growth by Rapid
Acceleration

Simulations and equations (2) and (3) suggest that the
scale length over which emiftance grows due to envelope
oscillations is inversely proportional to the focusing strength.
In addition equation (1) suggests that if y is increased rapidly
enough the emittance growth can be quenched. By reducing

the focusing field and increasing the average accelerating
gradient significant reductions in emlttance growlh can be
scmnin simulations. Figure 5 shows the results of a simulation
in which a high brightness beam is accelerated through a
structure with an average gradient of 1.0 MV/meter with
virtually no increase in rms normalized emittance. Figure 6
shows the change in the square of the normalized emittance
for the same problem as a function of the accelerating
gradient. This result suggests we seek a transport strategy
that minimizes focusing and maximizes accelerating gradient
as a way to presewe brightness against space charge induced
emiltance growth.

~:mED
o 1000 2000 JoooE -0 1000 2000 3000

~xl~lasloncc(cm) i ~nlaldlslmnc~(crm)

—Coactlng baam
‘Accal#rahd bream

Fig. !5 Effects of acceleration on emittance.
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Fig. 6. Emittance growth vs. gradient.

Optimlzatlon of BBU and Corkscrew

We have considered two mechanisms which cause
transverse beam motion, BBU and corkscrew. From equation
(6) we see that BBU growtt, is reduced by increased focusing
yet we see from equation (8) that the corkscrew amplitude is
reduced by minimizing the phase advance. Those two
conditions can be used to find an optimum tune or focusing
strategy for the accelerator. Specifically if we define r as tne

log of the BBU gain and $~ as the betatron phase advance:

f

z
~r ~ Q Z1 I

% 10 (1*P
(9)

I

z

Qll= k~dz’ (lo)
o

then if we minimize the phase advance with a fixed BBU gain
we find that
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(11)

We find that k~ is proportional to l/~y so that the focusing field

varies as dy. Using this result wo may define a figure ot merit
for an accelerator transport system7:

(12)

Here L is

Reasonable

the gradient of the accelerator (y=yo + Az ).

numbers for a high performance dasign are I_=3

and o[\= 100 radians.

Techniques to Improve Fccuslng Flekl Allgnment

The present discussion will be confined to the case of
solenoidal focusing. Magnetic field errors can arise from
several sources. First there may be undesirable components
ot fields due to the des”gn. Current tlowing in tile coil leads for
example may fead to residual transverse fields on axis. Even if
the design is such as to generate no error fields there will be
some error in laying down the windings which may cause
significant error fields. Finall~, even if the cmil is perfectly
designed and constructed there will be some error in its
placement in the accelerator; the coil may be tilted or displaced
with respect to the machine axis.

Problem Solution

‘lead- errors -

A

multl(llar COIIQwlttI a hlgrt
dagrae of cymmatry

%’u

tiIts or wlndlng - tn situ dtpola corrector COIIS
errors

corrector
— ~ Olpoles

solenoid J~
. . . . . . . . . . . . . . . .

S

residual transverse flel ds - psmmonble shloldlng rtnge

soltnold —~~-.

‘/rtngs J -
. . . . . . . . . . . . . . . .

Q

Fig. 7. Magnetic field afignment techniques.

A variety of approaches have evolved to treat the var”mus
types of errors. Providing a coil with a high degree of
symmetry in the windings is a way to eliminate the transverse
fields associated with the leads. Using multifilar cmils such as
a quadrufilar coil with eight leads packed in bundles of two
spaced at 90 degrees around ths coil reduces transverse
fields on the axisa. Tiffs and displacements may be minimized
by taking care in the placement and alignment of coils within
the accelerator cells. To correct for any residual dipole fields
on axis a thin, flexible printed circuit set of dipoles may be
;Wapoed around each solenoid for later adjustment. Such an
;.(:angelnellt is in USGon several of the accelerators at LLNL9.

Finallj,. 10 reduce any residual transverse !Iolds magnetically
perrr,a-~le rings may be installed inside tho coil assembllos.
These ngs present a ICJWreluctance m any transverse Iialds
and Mectively “short” Itwm OUIwhlie the reluctance in the
axial direction is only slig!ltlyaflocted 10 . Figure 7 illustrates
these approaches. A pair of accelerators incc:porating all of
lnese measures simultaneously is planned for construction at
LANL11.

Delayed Feedback Steering

Even if well designed magnets are precisely installed in
Ihg accelerator there will still be residual transverse fields.
These fields may be sufficient to causo large transverse beam
motion in a long Iinac (for example if the requirement on
transverse beam motion is 200 miclons then a beam motion of
1 mm is ‘large”). In that -se some additonal measures must
be taken to cx)rrectthe transverse motion of the beam.

oioolw$l~lr bpm OllmlaPatr bom DIPOIUpair bpm

-~w~..-=.~..~

ur“t
t

reference ●

tlmb
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b

1

zero dlaplacamcnt al
roforenco Ilmo wllh
precaadlng dlDoles

displacement s! noarbu
timas Is reduced.
Incroaslng tfw ●norgv
bandwidth

Fg. 8. Delayed feedback steering scheme.

A simple solution in moderate to high repetition rate
machines is the use of a delayed feedback steering system.
The a~eleratorpulses must be sutliciently repeatable in order
for this tachnque to wurk. Beam position monitors (bpm’s) are
placed along the beamline so that there is less than 180
degrees of cyclotron phase ?ffvance between them. A point on
the pulse (at the middle for example) is chosen as e referenCe
#int. A dipole corrector pair upstream of a bprrr is then used to
zero out the displacement of Ihri reference point at that bpm.
Tne czrrrecticmis made after observing some number of pulses
in order to determine an average correction. One then
proceeds to the next bpm downstream and makes similar
carections. A resident computer system could make the
corrections very rapidly. The bpm’s have some resolution limit
and accuracy and these will determine the minimum beam
displacement that can be attained for the referenco point if the
monitors are sufficiently cbse together (i.e. on the order of 1
radian betatron phase advance between moniiors).
An interesting effect occurs as a result of using delayed
feedback steering of the reference point. Parts of the beam
adjacent to the reference point are also corrected to a Nqh
degree if the their energy daes not vary too much from that of
the reference point. This ieads trra widening of the etktive
energy bandwidth of tire transporf system and a dramatic
reductiorr in the corkscrew amgditude. This is illustrated ir,
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figures 8 and 9. There is a 5% energy variation from 20-65 ns.
In fIcjure 9.

O 1020 30 40 !10 60 70 00 0 10 20 20 40 50 60 TCI00
11- (1s) T- (ms)

Fig. 9.Steering dramatically improves bandwidth.

Delayed Feedback Energy Regulation

A similar tcrchniquti can be used to correct the final
energy of the beam across the Ylat lop”. The system for
accomplishing this is shown in tigure 10. An on-line energv
an.zdyzeris used to measure the pulse energy as a turrction c‘
time throughout the pulse over subsequent pulses.

qocl,r vad I

‘mkx”h
Iime lm,u

Accdcdarcdr vUldI

h P
V. lb● lc .?

Vc I 4+’ ,
c

l.nc lma

Fig.1O.Delayed leedback current control .

This information ‘s used to drivo modulators which can
apply time varying voltaq~ corrections to the anode of tbe
injec:or causing the current .~ vary in a prescribed manner as a
function of time thraugh the pulse. Wc modified beam current
will cause cell voltage changes tfvo~]h beam loading and will
resuh in a change in the final energy of the pulse. ff the pulses
are sufficiently repeatable the feedback system wil! cause the
final energy to be flat limited only by the resolution of the
energy analyzer and by the pulse to pulse variations in the final
energy 12.

Design Strategy

All of the elements are now in place !o formulate a self-
consisten: design strategy that addresses alf the obstacles
discussed thus far. The steps in the design are as follows.
Firs! ddermine I_ , the allowable Bf3U gain, from the output
beam requirements. Next set the pipe radius to the maximum
practical value and the accelerating gap width to the lowest
practical value for the gap voltage and pulse width chosen.
Design the cell with a code such as Ah!OS13 to obtain a low
value of q. Use the highest energy lnjactor possible to

minimize tho phase advarlce required in the accelerator and to
preserve brightness. These val[:es willtllfrn speL:lfy the phase
adv.lnce $fi through equation (12) Use mullifilar coils with
a)rrector dipoles and/or permeabtti Ilngs to provido a relatively
error free guide fi~’d. Spac: bpm’s IIapproximately 1 radian
betatron phase .iavance apart for u.ie in dtdayed fuedbach
steering (if the requirements are nof too stringent or the
accelerator too [ong o(le may be .]hie to dispense with delayed
feedback steel;: g and operate ttl. accelerator “open loop”).
Use delayed feedbac~ current control
tmam energy rf rcmuired.

Conciuslons

to rcrjulate !he final

A numl>er of problems have heen disci:ssed which limit
the porforrnance of induction linac~ These p;oblems can be
overcome by the use of a strategy which incorporates a fow
phase dvance, and high accelerating gradient along with a
focusing fiblel that is ramped up proportional to dy. The
transport line should have the largest bore pr.]cfical to reduce
the f3BUgrowth and thus permit reduction of the focusing field.
This should facilitate brightness preservation and result in
acceptable BBU gain. The corkscrew problem is then further
reduced for a long Iinac by usirlg delayed feedback to control
the energy variations over the pulse and delayed feedback
steering to carrect the crbit of a reference point on the beam,
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HE.4VY 10N INDUCTION LINACS FOR E’US1ON

Ahstract

In 1976Denis Keefe proposedthe hcav)”ion inductton
lln:i~ as J dn..w for inertial contlrxmertt fusion ([CF) power
pi:.n[j. Subsequent research has cst~blished that heavy t~m
fusion IHIF) I$potentiallyan mracu~”~energy source Ind has
Antlfrtd the lijues that mustbe resolved10nl.tie }IIFa reditv.
T?wpnm-ipal :tcceleratorissues itre achieving .tJcquately IOW
:rtin~lersc and [i~ngittidirtaleml::~nce and acuept:Iblc cm{.
Resul;s fmm the single and multiple bt:~mexperiments ML9L
~>11~:m~t.ersePmlllance are encouraging. .%p:mi];t;d high-
currcnt l~)ngitu(!inal instability}’[hat c~n Jffec! Iongitudin:d
ta~~wrcc IScurrendybeingstudied.

This paper presents m tJLr2rv:;\t (I! m’mnics ml I(’F

:.rryx requ]remen[s and their rcl.~tionsh:}~m acceleratordesign.
!: Jlso presentsJ summa,>’of the status of hca~.yion induction
!inw rcse.~:ch.[t concludesu :th a discussionot’m-searchplans,
:nclu~;IIg plans for the proposed [nducticm [.inac Systems
Expcnmerr[s\fLSE~.

Introduction

[n 1974A.W. Maschkeproposedheavy ion accelerators
JS drivers for inertiai confinement fusion (lCF)powerplants.
S!nc. . *rrorrsand r.f. lirritcswere the first types of ticcelerators
studiedfor (hisapplictiliorr.[n the r.f. Iinacsystems,the linac is
followedby storage rings to accumulateenoughene“Eyand to
prwluceerrmsghpower to drive the ICFmrgets.In lb 16Denis
Keefe proposed usutg induction lirmcs rather rhan r.f. Iinacs.
He recognized thai the high cument capability of inductions
llruscsmight eliminate the needof storagerings. Subscquem
researchorl both r.f. and inductionsIirmcsystemshas continuexf
trrshow~htitbothremainpromising[CFdrivers.

Economics and Target Requirements

Tobe economically competitive with future fission or
coal power plants. a fusion plant must cost less than about
S,?/watt. Thus, a typical 1GW(elecrnc) power plant rfsuStcost
less thanabout $2B.Thiscos[mus[cover the renctor,turbines,
generators, target factory, and the driver. Detailed systems
s[l~diesshe,.v that ahout$~M may be a]local~ to the driver.I
The isliouabledriver COSIis roughly pro ortiorrid to the power

‘Aplant capacity. lltus, (hedriver for a ~- W power pltutt could
co~rabout $1.2B and so on. h the U.S. power ulihlies prefer
plants withcapacities less than about 1GW so that $600Mis a
desirablegoalforadriver.

● Thisworkwassupportedby theDtieeror,office OfEnergyRcseareh,
C)(ficeof BasicEnergyScien~cs,AdvancedEnergyProjectsDivision,
U.S.Dept.of Energy,underCmuact No, DE.AC03-76SFCKK)98and
byhe LawrenceLivennorelabrxm”jq under(’onrractNo, W74f)5
ENG-r8.

If)Aiition to COS{the! IS alw I .! rc(luircnlurl[ IJn :!:;
prOdUC[Ilf dfl Ver I :icien~.v ~ ml I:tryel ~.. ; G. For p(mvr
l~limfxuilng cmr~r-ll[mnd !Crrl131-Io-elrL’tric c:. ( -., . con\ CI. 11111

\\’:! i,) tfficit y of 35 .1; }. qG ruu ~~ be Ia[ g& [hartoh(lu[
)() I if qCi. ! w pm~~r :.{~l:iretf :0 d; It’t>the driver bec(mw$
:11,:111.wxepIJblyI;irge ::IC:mn nf [he <ros~poweroutput O!Itx
:’ ..!!, II”‘ \:lg too IIt[[c power ,. .II Iable 10 be sold J! ii
. ,VIIWIS:.Ic price. C.ilculaterfctllclr .x> of heavyioninduction
lln~!,’iJr. .ibou[.nI~; so thw .srgc[+mr mmstbe larger Ihun40.
Setii,$ r,ll [wgels desigr-.. for l~F power production usc
Jeuterrum a-,i :rluum m f~:. T;wgc: gaindependson to(albe:im
energy. i(\r J:Igc, wxi :,\:ll spot r.rdius. Calculated target g;un
as a tun: tt,w or’ [hc\ ~;in~t~lcs].>ihown in Fig. 1.2 Note tha[
the gain dccns.}scsr.ipidiywith incre~sirrgfocal spot ritdiusw
that achieving;dcquate bewnquaiitj to U11OWa small focal spw
is ~nimporr;mtconsidcr:ttionin acceleratordesign. In order to
Jchieve the ?.urytgirinshow’nin Fig.1,the beam pulse must be
sh~ped. The b~iim power must initiallybe low. irrcrei~singm i~s
peak viiluct’orabout the lust20% of [he pulse. Usually60-80%
of the total beam energy is delivered at peak power. The pe~k
powerrequiretnentas a functionof beamenergy, ion runge,and
focal spot size is shown in Fig. 2.

For illustrative purposes we consider a single specific
case, namely a 3.5-MJ pulse of 10-GeV hetivy ions
(.4 = 200 amu). These ions have a range of ispproximatcly
f).I g/crn2 in rhe hot mauer of the fusion target. If the beams
are foeused to a radius of 2.5 mm, Figures 1 and 2 give istarget
gain of 50 and a peak power reutsirement of 300 TW. At
10GeV, 300 TW corresponds to . particle current of 30 kA.
Typiciilquadruple focusingsystemsfor heavy ion fusion(HIF)
powerplants prcxhrc:a beamconvergenceangleof 10-20mr so
that the beamemittime musthe less than 25-50rcmrn.mr. Since
the particle velocity parameter ~ is about 0.3, the normalized
emittwtce .?Nmust be ~ 10 x mm.mr. In addition, chrommic
aberrations in uncorrected systems limit the Iongitudirtitl
momentumspread8p/p to less rhisn0.5-1%.3 A summaryof the
targetand economicrequirementsis giveninTable L It mustbe
emphasizedthat these rrquiremermsare onlyoneexarnplc. Other
plant capacities, ion kinetic energies, ion masses, and focal spot
sizes wouldgiveother requirements.

Table 1,
Exnmple ecvrwmic and Iarget rcquiremerrts jor

heavy ion fusion

*Totalbeamwtergy 3.5 M-I
*km kineticenergy 10GeV
● Beompower 300TW (paniclecurrent= 30 kA)
c Ion mass -200 amu
● Focalradius 2,5 mm(EN~ 10xmmmtr,6p/p ~ 0.5%)
*Drivercost yi G$
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induction Lir,acs for Heavy Itxr Fusion

ArIexampk cf an induction linac designed to meet the
rqulrements listed in Tabie I is shownin Fig.3.Thisexample
usescharges[~[e+3whichfor200-amuions gives a shorter,
lessexpensi~e lirmcthan charge state +1. In terms of emittancc
and economics it is advantageous[o accelerate multiple beams
though common inductioncorv Tireexample shownemploy’s
64 beams for ion energies less than 100MeV. At 100MeV the
64 beams are transversely merged into 16 beams. The ions In
the 16beams are then accelerated to 10GeV, Since heavyions
nt 10GeV arenot very relativistic, their velcwitychitngesnearly
J fac:orof 10as they are itcce!eratedfrom 100MeV to 10GcV.
Thus, if the beam length were consmnt,the 225Aelectrical (nnt

10 Mav !~u& !O* 10 O,v
20Wsw

———
4 ,$18C Iw ns,e !0 ns.c

3.3 Mv S1 MV 3.s Ov 3.3 av
65 A 223 A 9 hA 00 hA

Fig. 3. Exampleinductionlirmcconcept.

particle) current m 100 MeV would increase to 2.25 k.+ :it
10GeV. In the example shown there is tin additional %it~’.!
incrwtsein currentobminedby longitudinalbunc”ncompress],.:.
The longitudinalbunchcompressionis obtainedby accelerating
[he!ailof the beamto it slightlyhigherspeedthanthe headof the
Iwum. The tlI::dcurrent at the end of the accelermoris 9 kA or
3 k~\of par:ic!e current. A current of 9 kA is well within [he
demonstratedcapabilityof inductionlinacs, but it is an order o!’
magnitudeless than the 90 kA (30 kA of particles) required for
mrgetignition. Therefore,the accelerationscheduleis arranged
so that [hevelocitydifferencealongthe beamgivesan xidiriond
factor of 10 compression as the beam drifts toward the target.
Numericalsimulationssuggestthat [he~’elocityprofilemay Also
be programmedto give the appropriatepulse shape.4

The scenario just described raises several impwtant
issues: Low emittitnce,high current, reliable heavy ion sources
muslbe developer preferablywith theability to produceiwrs in
a specifiedcharge state. The complexityof the acceleratorand
its alignment systemarc greater for 16or 64 beams‘hanfor the
standard 1 or 2 beams .n most accelerators or w Iders. The
emitmnce growth associiiid with the acccler,..mn, transport,
merging,bunching,bmiing and focusingof highcumentbeams
must be studied. High curren!beamsare also subjecrto the well
knownlongitudinalinstability{ha!arises fromthe interactionof
the beam with the impedanceof the i~cceleratingstructu~. This
instabilityis discussedin the pitperrl}EdwardP. Lee andLloyd
Smith given at this conference. It is ASOdiscussed in the paper
by J.R. Freeman and J.S. Wagner. The longitudinalinstability
1spotentially important because it m?y give fi~e [o excessive
&p/p.Somecalculationsshow[hat the mstl! il(~ is quenchedby
J momentum spreitd of about 170;howe~er, for the scenitrm
described here, a Ic70 momentum spread in the accelerator
corresponds to a 107ospread at the final focusing elements
because of the longitudinal be~mcompression after the beam
leaves the accelerator. In [heopinionof ?!reauthor some active
feedback may be required to suppress this instability. Finally,
COS[is a~ issue. Stuthes show marginally accepntb]e costs
(S500-1000M)for a l-GWe powerplants

Since the inception of the HIF program in 1976 a
number of theoretical and numerical studies and a number of
experiments have addressed the issues outlined above. In \he
late seventies Lawrence Berkeley Laboratory built a l-ampere
cesium source with a normalized emittance of the order of
0.1 rr mm.mr or about two orders of magnitude Iower than
neededat the end of the mitchine.6 A grid was used to incretise
the emittance of this source to 2rrmm.mr7becauseof concerns
aboutlhe stabili~yof Iow-emiuancebeams. Theseconcernshave
now been alleviated. A single beam transpon experimentusing
86 electrostaticquxir-upolesdemonstratedstable beamtranspon
without significant eminance ~owth for Iow-emittancespace-
chitrge-dominated b-isms.g The space charge forces in these
c~periments were strong enough to depress the bet~tron
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frequencyabout an order of magnitudebelow its smglc particle
~alue. Such strong depression means that the space chtvge
forcesare tery nearlyequal 10the ~ppliedfcasing forces. ‘Ile
\lultiple Beam Experiment wi~h 4 hearns [JIBE--I) started
L1pCra[iOISat LBL in 1987. It has demonsrmtcd~cce]erationitnd
bunching,cfmultiplebeams. Somedemilsof thisexperimentare
giten in XI.?paper byT. Ganty et d. ut thisconference.

Newdevelopmentand experimentsare neededm resolve
the remainingissues. De\dopmcnt of sourcesof icmsother than
cesium is needed. Transportof he~~ilyspace-charge-dominated
beams has been demonstrated in electrostxic quadruple
s}stems but requires demonslra[ion in magnetic systems.
Rending, merging, bunching, and focusing have been studied
wrai}’ticdl}’anti numerical}’ bu[ experiments are needed.
Characterizationof largeinduction cavities and (heirassociated
cucuit~ is necessary to understand m-idcontrol longitudinal
d}namlcs. Flnislly. lechnolog} development is neede.. to
~chie~elow cost.

Lawrence Berkeiey Laboratory has proposed an
integrated series of experiments. the Induction Linac Sys(ems
Experiments (LLSE)9to address many of the remainingissues.
The presen:preliminarydesignof ILSE is showninFig.4.The
totalIefig[hfrominjector[ofocus is roughly 100M. ILSE, M
smali scale, tests many of the feautres of 3 full-scale dsiver.
ILSE has been favorablyre~iewedby DOE and Congressional
re~icw committees. A high voltage injector for ILSE is now
being assembled at LBL. If funding 1savailable. assembly of
the remainder of ILSE will begin in about a,year. One femure
that ILSEcanno[test well is the Iongihxiirtalinstability. A large
induction cavity is currently being built to provide an
experimental determination of the Iongittidinal coupling
lmpedanc.. “i%:ANIC)Scode is beingusedto simulateinduction
c-a~.itiesfor HIF. ACthis conferencethe paperxbyJ.F.DeFord,
CC.Shang,G.D.Craig,andC.Karnindescribesimulationof
Induction cavities and the AM13S crxk.

2 Uv 4 MV
34 a

10 Mv
a: A

I .s
IS2 a

.r?.9 0.16.9
!hJCC1OR Ca.snl.i

H=14’ $:\l.\cxmlc Forlis
ACCELERATOR

Figure 4.

/
!0 Mv —lAllLIL /
73 a
0.17-s

Diagram of [he prehmmv design of the Inductmn
Lin~cSystemsExperimems(ILS~).

Cost remains an imporrust issue. Lawrence Liver-mom
Sational Laboratory and Lawrence Berkeley Laboratory are
e~aluating recircuks~inginduction Iirmcs as a potcn[ial way [O
reduce CGSI.If :his evaluationis favotitble,i[ may be possibleto
test recirculation on ILSE bypro~idingan additional180”bend.

If the ILSE experiments are successful we hope to
construct a Izrger intermediate facility in the latter half of the
decade so that we can be in a position to construct a ftdl-scafe
ICFdriverearly in tie nextcentury.

In conclusion, tfworericd andexperimentalresultsto d:{~e
areencouritging. It appears thittHIF is potentiallyan attrQctlve
commerciiil energy source: however, sign i ficmrtly larger
experiments such m IL.SE are required to resolve remaining
issues.

The authors thank !he HIFstafftitBerkeley and
Livennore for their help and supportin preparingthis paper and
for tirelessefforts in Isehdfof [heIiIF program,
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RECENT DEVELOP lblENT IN INERTIAL FUSION BASED ON RF
ACCELERATION

Ingo Hofmann
GSI Darmstadt, 6100 Darrnstadt, Germany

Abstract

Heavy ions cont:r,ue to be a challenging driver op-
tion for inertial confinement fusion. Completion of the
GSI facility in 1990providesan ideal testing ground
for most of the accelerator issues for the r! linac/ stor-
age ril~g approach toHIF.The status of this work is
presented as well as the performance of an advanced
driver scheme using non-Liouvillean stackinq by pho-
toionization of single charged ions. This scheme is
expected to fulfil the increased power reqllirements of
indirectly driven targets.

Introduction

The HIBALL study [11has been the first overall
sj’stem stltdy for HIF. It has shown that the require-
ments for directly driven targets can in principle be
met by conventional accelerator technology using an
rf linac, several storage rings and buncher rings for fi-
nal bunch compression. In that study it was, however,
recognized that there are severe limitations due to the
space charge cf the intense beams and the associated
emittance growth at various stages of the accelera-
tion, stacking, storage and final bunch compression.
The uncertainty of the I{IBALL design would be se-
rious, if several large emi:tance growth factors had t.o
be accepted. It is accepted that the design of a con-
sistent driver scenario has the highest priority among
the various issues oi inertial fusion (driver, target, re-
artor) [2]. The new GSI accelerator facility SIS/ESR

going fully into operation in 1990- is suitable to an-
;wer most of these problems [3],[4],[5],

Recelltly Rubbia [6] has pointed o~~tthat the confi-
d,?nce in realizing a heavy ion flision driver can be
great!y increased by introducing a non- Liouvillecm
stacking froni the Iinac into the accumulator ring. A
related suggestion was made earlier by a group at Ar-
gonne National Laboratory who proposed to use pho-
todissociation of molecular ions for non- Liouvillean
injection from a synchrotrons into a storage ring[7],
The most efficient use of the non- Licmvillean tech-
n~quc is, ho}vever, not at injection from the hac into
the accumulator ring, but from the storage ring “Lothe
final bu:tch compression rin . This follows essentially

l“all iden described in Ref. [5 , where foil stripping was
suggested for lighter ions. The main advantage of this
nl?wscheme is that the beam remains oniy a relatively
small number of revolutions in ?i~ccornpr,?ssion ring.
“i’hus the phase space density can go far beyond the
thre~holds valid for !Isual storage times and power re-
qlliremen:.; of indirect drive can be flllfilled.

Status of SIS/ESR

The SIS/ESR (see Fig.1) is suitahle as a tef;ting
ground for I?IF machine ar,d beam dynamics studies
mainly for the following reasons:
(a) the UNILA Cprovidc?s iorz~up to the highcat ma,,JeJ,
(b) injection and re-injection from the S1S intn the
ESR gives a high j7exibility in mode~ of operation.
(c) electron cooling allouls to achieve moxirnunl phu~e
space densities jor bunched and unhunchcd hcams nrar
the thresholds oj instabi/itie3,

-h
Fig. 1.The SIS/ESR accelerator system.

Running-in Experiments

Af~er beginriing of operation of tile ESR. in April
1990the main effort went into clcwed orbit, tune and
chromaticity measurements and corrections. Electron
cooling has been successfully drmons!rat. erl for bvams
of relatively low intensities (typically < 1Oaparticles)
with the Schottky diagnosis systvm, which indic; Les
a decrease of Ap/p from *2 - 10–4 to almost 410”-5.
An increase C: the intensity by an order of magnitude
due to a more efficient transfer of beam from the S1S
into the ESR is the goal of the next machine rlevj40p-
ment periods end of 199o. This will bring the cooled
beam into the space charge dominated regime with
all phenomena of collective behaviour, in particular
instabilities and nonlinear space charge forces,

IIigh-Current Iqjector

A high-current injector into the UNILAC is pliiisnd

for COITl]J]f?tiOn by the end of 1!)92. It will provide a
beam of ].4 MeV/u of charge state 2+ up to the heav-
iest ions. A prototype of the first section of the 27
MHz RFQ is presently buiit in a collabor:tt,ion Ivith
the I“nive~sity - of Fra~kfu rt. Together wit]] elect,l.on
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—.

cooling we expect to yielri maxi mIIm inte nsi !ies In a
single bunch of up to 10’; particles an~ 2.s kJ energy.
In Table I we show the expected performance for *
cooled Xe beam with the S1S filled by a high-current
injector.

TABLE I
Ex~ected Performance of Target Experiments.

at SIS/ESR - -

lon
N
energy MeV/u m’
At nsec 70
total energy J ~50rJ

power density TW/cm2 (peak) I zoo

- I___L_Laverage range g/c7n2
specific power TW/g

This will permit new experiments on beam plasma.. .
interaction, generation of plasmas near solid state den-
sity and dense plasma hydrodynamics [81.

Beam Dynamics Investigations

Longitudinal Microwave Instabilities

A heavy ion storage ring must operate at inten-
sities, which are ahove the conventional Keil-Schnell
threshold for the onset of the longitudinal (~esistively
driven) microwave instability, otherwise it would he
impossible to satisfy the requirements on beam phase
space density. An important result has been obtained
in the Heidelberg TSR electron cooling storage ring.
In Fig.2 we show the Schottky noise spectrum of a
coasting beam of 2.5 mA of C6+ at 11.7 MeV/u be-
fore and after cooling [9].

to a cnrrent, whit-h is a factor of .5.7 abovr thr Krll -
Schnell threshold (10]. TIIP latter is usually defined
ior an aw.umerf parabolic distribution; the cooling ox-
; eriment has obviously resulted in a Gaussian dist ri-
bution, which has extended t~ils th~t provide Lxn-
dall damping and thns permit a higher current lhan
a parabolic distribution.

This is an importfiat basis for the design of the stor-
-ge rings described tvlow, where wc can thns rely
on a factor of 6 abovethe Keil-Scnnell threshold. In
the near future experiments can be performed in the
ESR, which allow to study the resistive instability of
bunched beams in the time domain. By stripping of it
Ne3+ beam to NelO+we could exceed the thrmhold I)y
an additional factor of 11 and investigate theoretical
predictions on a nonlinearly evolving stabilizing tail
[11] for beams far above the Keil-Schnell threshold.

Longitudinal Bunch (20mpressio11

In the ESR such experiments can be l)erforlnef!
precisely ur,der the conditions of final 1)11nchirrg in
HIF, w!iere the crossing of one or two integer reso-
nances due to space charge forces is reqllired. Conling
of a Nest I)earn in an rf btlcket of 0.16 kV am Plit~ld$’
to a space charge tune shift of AQ -=0.01, stripping
to 10+ in the re-injection liile to the S1S and slllmP-
quent ri bunching by rising the amplitllde to 16 k\’
can lead to AQ=l. This results in crossing of an in-
t e Pr and two ha] f- in teger resolt~ ncrs. if o reow?:. IhI?‘g
effect of nonlinear space charge forces can br stud iel.i
by measuring the longit.l~dinalI)eam current profile at.
different instants of the bnnch compression.

Advanced C’oncept for R Driver with
Photoionizntion

phme Sptice Compression FRctorla
5s Staiting from the HI13ALL acce!eiator M a ref-
m erence we estimate the desired “cornpression-factor”
m in phase space volume by the following considerations:
6a

1.me higher beam power ~or fndireci drive must be
s d.eliveredWeare afmf~for a power density o~J&” W/g.
4s
30 2. l%e snfetg margin Jor stable operation (in the sense OJ

beam dynamics] must be increased, fn particular with
a respecttothelongitudinal microwave instability.
!0
a The main change is the smaller spot area by a factor 9.

2?Q41w 15smw u 599* 2 8s .?711’41ta This requires an appropriate reduction in the product.

Fig.2. Schottky noise spectrum of urrcooled and
cooled beam in the TSR.

The uncoolerl beam noise spectrum reflects the Gaus-
sian momentum distribution. The cooied beam spec-
trum (still with a Gaussian momentum distribution)
shows two strong peaks, which are due to the excita-
tion ~f collective oscillations. .i theoretical evidua.t:on
of thus noise spectrum has shown that it is equivalent

emittance times momentum spread, if we use as a first
order estimate the foliowin~ scaling relationship for..
chromatic aberrations [15] “

cAp/p m

where L is the focal length
dius).

r:f L (1)

i.e. ~envtor chamber ra-
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In addition we want to increase the momentum
spread in the storage rings from the HIB ALL value
of !o-~ to 3 * 10–4 t. bring the current in agreement
witi the above discussed experimental threshold for
iongl:udinal stability. In this case the asumption, o{ a
sta i>ilizingtail [11] in the momentum distribution as
ass:1med for the HIB ALL storage rings hecomes IIn-
accessary.

The reduced spot area and stability of storage
:in xs thus require a reduction in the product fAp/p
by a typical factor 27. This can be achieved, for in-
sta n!.e, hy a ~on- Liouvillean “compression-factor” of
16 : i.e. 16-fold stacking) and an increase of the total
nliilibei of be? m lines to the target from 20 to 40. We
remark ‘,hat the beam overlap at the fucal spot has a
simiiar effect as the non- Lieu villean stacking in the
sense that it helps save phase spacr VOIUme.

Photoioniz8tion Scheme

In the following we discuss some general features
af r,h.c proposed non- Liouvi]lean “compression” scheme
W’eassume that the required 3 - 1015 particles nre
lined into 10 storage rings similar as in HIBALL. For
this purpose on~ could use as an injector the HIBALL
Ilnac, but now with the much more comfortable mo-,.

.mentum spread of 3- 10-4 rather than 10-”4.

For Z3i*1and an emittance of 16rrmm rurad we obtain
a Laslett tune shift in the storage rir,gs of AQ = 0,21
ior the coasting beam. This should be tolerable for
the assumnd maximum storage ti. ~>•àe during filling of
?11the ring: within 5... !.0 milliseconds.

The next step is tbe transfer of the coasting bealns
\nto the compression rings by photoionization stack-
ing in a commorl section ot’ the two rings. The pho-
ton hcam from a free eiectron laser is turned on for
an interaction time At, (which is a small fraction of
the revolution time), during which the charge stnte is
changed from 1+ to 2+ in a single transit. The sim-
plest sch~me (Fig.4) is using two strong dipole mag-
nets to separate the orhits. Due to the doubled mag-
netic rigidity and by using superconducting magnets
it is possible to introduce an angle of the order of 100
mrad between the two beams and thus guide the rlou-
bly charged ion into the adjacent compression ri~g.

. .

-/

4u u
ImO1m-

IVELI

afwl. aluOl*

~ig.4. Scheme of photoioniz~tion ~111nch ~tiirk’

This method of using the laser in a combined func-
tion as “razor” to cut off chops of beam of finite dura-
tion, and as a tool for non- Liouvillean stacking allows
to work with a coasting beam in the storage rings,
rather than a bunched beam. The timing of the pho-
ton beam is such that the content of each storage ring
is converted into 4 bunches of 100 nsec duration in the
compression ring, This process takes 16 revolutions,
after which an rf bunching voltage must be applied to
compress the bunches from 100 nsec to 10 nsec by a
fast bunch rotation. The final pait of this rotation oc-
curs within the beam lines to the target. The lattice
of the beam lines mrxt be sufficiently dense to trans-
port the maximum current of 2.5 kA. For the above
parameters we have calculated that this is consistent
with a tune depression from cro= 60° to c == 4.7° for
a pole-tip field of 3 Teslas.

The general scenario is shown in Fig. 5, where a
stack of 10 storage and compression rings is required.
We assume that the storage rings are filled one ~fter
the other by horizontal betatron stacking from the
large accumulator ring, into which the linac beam is
injected by vertical betatron stacking. A 8x8 stack-
ing is required in order to step up a linac current of
Iz? mA t. the storage ring current of 7,8 A. After
transfer into &hecompression rings the final bunch ro-
tation requires a cohere :{!momentum spread of + IYo
to overcome space cha:Ae, which can be provided by
rf cavities in the compression rings. 20 beam lines
should deliver beam on each ta:get absorber disk.

IIruw

compress I on

1[ w
photon FEL Olect%l I Inec

Fig.5, Advanced driver scenario.

High Current Benin Dynamics

Emittance growth in connection with the photon-
ion beam interaction region is a crucial issue of the
photoionization compression scheme, which leads to
a step-wise increase of beanl current to a maximum
value of 250 A, As we consider only 16 revolutions
for this process, we do not e~pect any proble]ns with

‘g
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single bunch stability, even though the tinai current is
far above the Keil-Schnell threshold for the longitudi-
nal microwave instability. Also, we expect that there
is no serious bunch lengthening due to space charge
during the time considered.

Emittance growth in the transverse phase planes
during curr~nt increase has to be examined more care-
fully. T!le problem here is that the lattice of the
compression ring rnus: accommodate the zero-lurrent
bunch ends as well as the high-current bunch center,
which is increased by 15.8 A every revolution (in our
example). The betatron tune in our case is depressed
to about half of its initial value due to space charge,
hence the beam dynamics of these bunches is more re-
lated to a linac than to a storage ring. In a numerical
simulation the effect of dipole errors dmringcrossing of
an integer resonance for the incoherent be tat ron tune
has been founti to be small [16], unless the coherent
tune also crosses the integer. For the nonre~ativistic
energies considered here the coherent tune shift de-
pends only on electrostatic images on the beam pipe,
hence it can be made small by taking a sufficiently
large beam pipe. We concllldc that integer crossing
is not a problem and that the lattice behaves more
like a linear system. Hence, the remaining problem
is to study the beam d>”namicsin a lattice composed
of 16 periodically repeating interaction sections, with
transport sections in between that correspond trr the
length of the ring circumference.

We have studied the effect of space charge by com-
puter simulation of a coasting beam by increasing the
current in steps of 8 A every time the beam goes
through the interaction region. The code we have
used isa two-dimensional tracking code with space
charge calculated by means of a Poisson solver. In
most cases we have wsed 500 simulation. particles and
modeled the current increas~ by increasing the charge
per simulation particle.

For the lat!ice of the interacti~;, region one can
consider either a “mini- ~eta” waist or a periodic trans-
port section with dense focusing. A small size of the
beam in the interaction region is crucial in order to
reduce the requirwi laser power. Here we report about
rrsults for the mini-beta solution. With the relatively
large cmittance we have foul~d that a 0.3 cm radius
waist can be used effectively over 1 m length. We
have defined such a mini-beta system with matching
quadrupoies to match to the periodic transport under
zero current conditi~ns. The results can be S\i mma-
rizedasfollows:

(I)With increa~ing currtnt the wai~t ha~ moved away
from it: orig:nal po~i:icn. Thi~ mi$match has !0 be
compen~ated by resetting the matching quadr~pole~ ev.
ery time the current i~ increaaed.
(2) The ~ttickirrg ofthe pha~e ~pace di~;rihution within
the originai emittance work~ in principle, hut a ~mal[
jructiorr Oj the particle~ develop into a ring halo in
tran.~verse phase >pace (~ee Fig.6)

This preliminary result is encouraging as it shows

that with acceptance of a small loss of intensity one
can indeed stack in transverse phase space, even under
extreme space charge conditions.
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Fig.6. Transverse phase space after stncking.

FEL Requirements

We first consider the process Bi’ { d Bi2~ (see
I?mf,[6]) and assume a cross section ar~, a density of

photon~, nPh, and a conversion path length Al. With
AN = NnPhuPhAi we find for 90% conversion that

nPhUPhAiZ 2.3 (2)

Since we are interested in pulses of doubly charged
ions of 100 ns duration we can only allow for typically
10 ns of interaction for the stripping process. This is
equivalent to traveling over a distance of 93 cm for
13= 0.31. WQ thu~ assume an Interaction length of
1 m and obtain for the light beam of photons with
energy E (eV) and a beam cross section F:

P=2.3& watt,
P

(3)

For our example with F=0,28 cm2 we find:

In the moving frame we [equi:e a ])opple: shifted pho-
ton energy of 20 e’4 for Bil+ -+ Bi2+” and in the lab-
oratory frame a Doppler shifted energy of 14,5 eV. If
we assume a cross section of 3=10-17 C7rZ2this resultg
in a laser power of 16 Megawatts to bc delivered in
pulses of 1(JOns duration.

This might be more than technically feasible, even
with advanced FEL schemes. Wphav~ therefore looked
at other ions with possibly more favorable cross sec-
tions. Measured cross sections exist for Z3a+ ions[l?].
For energies above the ionization threshold, namely
at about 21.2 eV, these cross sections ace M large as
2.8.10-15 cm2. They are Shaiply peaked due to res-
onafit alltoionization effects. Simple estimates show
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th~t the energy ?.nd angular resolution of our beams is
roughly compatible with the resonance width, which
is about 0.025 eV. For this case there could be a reduc-
tion of the required laser beam power by almost two
orders of magnitude, hence 0.2 Megawatt would be
sufficient. Th; s is the average laser power, which can
be deiivered by G tr:in of short pulses. The require-
ments on electron beam Performance for a high-gain
FEL at 80 nm wavelength -~ demanding. Bonifacio
llr3i has sllggested a double ndulator, where the first
jn~ is resonant at the mor~ con~foltable wavelength
of z40 nm wavelength and generates a third harmonic
bunching of the beam, which is amplified in the sec-
IA un4ulator. Thus one obtains several it!egawatts
of light at 80 nm w-aveiength, which can be generated
periodicauy by an electron Iinac.

References

1. B. Badger et al., Karlsruhe Report ~iX-34S0
( 1954)

2. R.O. Bangerter, INuc1.Instr. and Meth. A?78
(1969) 35

3. il. Boehne, Proc. of the INS Int. Symp. on
Heavy Ion Accelerators, Tckyo, jan~ary 23-?7 ( ;954)
:7 3

4. I. Hofmann, Proc. of the INS Int. Symp. on
Heavy IOP Aceleratots, Tokyo, January 23-27 ( 1964)
154

5. I. Hofmann, XUC1. Instr. and Meth. A?78
( 19s9) 27!

6. C. Rubbia, Nucl. Instr. and %leth. A278
(1989) 253

7. R. Arnold etal., IEEE Trans. Nucl. Sri. NS-24
( 1977) 1428

6. D.H.H. Hoffmann, “Heavy Ion Beams for iner-
tial Confinement Fusions”, Proc. European Particle
Accelerator Conference, Nice, June 12-16, 1990

9. D. Iiraemei et al., ‘One Year of Operatior, at
the Heidelberg TSR” , Yucl. ins;. Meth. A287 ( 1990)
~$7

IO. 1. Hofmann et a!., “Diagnostics and Instability
Sludies of Cooled Ion Beams”, Proc. European Par-
ticle Accelerator conference, Flice, June 12-16, 1990

11. !. Hoftnann, “’Suppression of ~MicrowaveInsta-
bilities-, Laser and Partic!e Beams 3 (1984j 1

12. J. Meyer-ter-\rehn, Nv.cL Instr. and Meth.
~~~~ ( 1969) 25

13. J. Wkyer-ter-f’ehn, Proc. 16th European Conf.
on Controlled Fusioi~ and Plasma Physics, \renice,
\!arch 13-17, 1989

14. G. Buchwaidt et al., .’Irradiation Symme!ry
of Heavy Ion Driven ;nertid Confinement: Fusion Tar-
gets”, Laser and Particle Beams 1 ( 19b3) 335

15. I. Hcfmann, Adv. Electron. Electron Phys.,
~~pp]. 13(7 {1983) 49

i6. I. Hofmann and Ii. Beckert, IEEE Trans.
Xuci. Sci. NS-32, (1984) 2264

17. I.C. Lyon et al., J. Phys. B, At. ?.fol. Phys.
19 (1986) 4137

18. R. Bonifacio et al., Proc. 1lth FF;I, Confer-
ence, Naples, 1989

293



Tuesday

Session TU4
Chairman:J. Staples
ContributedPapers



A SCHEME TO COMPENSATE
THE TRANSIENT BEAM LOADING IN TW ELECTRON LINACS

Jirslin Xie” and Renshan ZhangO

ATF, Brookhaven National Laboratory, Upton, NY 11973

Abstract

A scheme to compensate the transient beam lottd-
ing of the TW electron linac operated in multi-bunch
mode is described. The proposed method is to excite
nn auxiliary ca~”itylocated at the end of the accelera-
tor section with the residual rf power, which comes out
uf the section after one filling time, with proper!;, ad-
justed phase and amplitude of the field, The transient
energy gain of the electron beam in passing through the
csii.ity will compensate the transient energy loss due to
beam Iottding in the accelerator section. The parame-
ters of ATF of Brookha\en National Laboratory are used
fc,r calculation as an example to illustrate the result of
computation.

Introduction

Nlan} scientific applications of the electron beam
produced by Iinac require low energy spread and the
subject uf energ,v spread reduction has been studied
hy many authors. Among the vari6us factors causing
energy spread in a multi-bunch linac beam, such as space
charge, rl”phase spread, wake-field, modulator voltage
ripple and jitter, tempture variation, etc., the transient
Lealn loading which lasts one fill time before arriving
nt steady state is generally the most serious one. A
well known method to alleviate it is to turn on the
beam before the accelerator section is completely filledl.
But, it should be noted that from the beam point of
~’iew,it still takes about one fill time to settle down. The
transient beam loading is not important if the beam pulse
is of se~”eralfill time long. However, in practice, most
electron Iinacs operate in short beam pulse mode because
of 1311b’, kl~”stronand gun pulse width limit. Therefore,
it seems worthwhile to explore some way that could
c~~lnpensatethe transient beam loading of the Iinac and
improw the energy spectrum for short pulse operation.
Even though it is not aiways possible to tint! a scheme
tiiat gives perfect compensation, any method thut could
significantly reduce the energy fluctuation of the output
electron beam will facilit~te further compensation by
~~thermeans.

Scheme of Compensation

The essence of the proposed scheme is to excite
an auxiliary cavity (or cavities) located at the end of the
Iinac with the residual rf power which comes out of the

●Permenant address: Institute of High Energy Physics,
,Ic;ulrlnia Sinirn. P.f). Box 918, Beijing, P.R. China.

linac (or with another rf power source driven by the same
oscillator) after one filling time. The transient energy
gain of the electronbeam passingthrougha cavity with
the amplitudeand the phase of the field properly a~usted
by the coupling waveguide, will tend to compensate the
transient energy low due to beam loading in the Iinac,
Fig.1 shows the schematical arrangement of the system.
Fig.2 shows a typical transient beam loading in the Iinac
and the build-up process in the cavity to illustrate the
principle of operation. Actually, it can be envisioned that
the auxiiiary cavity be made as an integrated prwtof the
accelerator section. The electric field variation with time
at the end of accelerator wave guide and the energy gain
of the electrons injected exactly after one filling time are
given by the following expressions:

[
E. (f, t) = EO- 1~#(t-t,)U(t-t,)

+~+”.(t-Zt,) u (t - 2t,) (1)

~a(’)=,!!z,{(l-e-~’)~(’)
-,-27 1-C-*’’-’’’)W)}(

riol—
2(1 – e-z’) {(

1 – e- ~(~-~t)
)

}
- ~e-’”(t - t,) fJ(t - t,)

riofe -‘r
+

2(1 – e-zr) {(
1 – e- *(I-W)

)

}
- ; (t - 2t;) U(t - 2t,) (2)

where Eof = (1 - e- 27)1f2(Pofr/)112, E. is the average
eiectric field amplitude aiong the accelerator axis, 1, the
]irmc length, Pol is the rf power at the entrance of the
iinac, r, shunt impedence of the accelerator wave guide,
io, tfe averageacceleratedcurrent, r = UJot\/(2Q), the
tdte;~uation factor, t!, the fiiling time of the Iinac, and
U(t), the unit step function. These expressions are for
the constant gradient structrue which will be taken in
our calculation example while similar results hold for
constant impcdence case, The exit power from the linac
is also a function of time and is given by:

(3)
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from the auxiliary cavity, thethe extra acceleration
requirement is obvious:

u. (t) + 27,(t) = Comt (5) I

Because the time dependence of Us(t) and Uc(i) are
not the same, this condition cart hard!y be realized in
practice. However, we can use the following equations as
a guide in the choice of cavity parameters.

u. (00)+ u. (00) = u. (o) (6)

(wc (t) dU. (t).—
(f: ,=0 = dt ,=~

A
DUUY LOAD (7)

which gives:
Figure 1: Schematic Diagram of the proposed scheme.

?,01( 2re-2v
—. 1

2 -m )
(8)

Zre-ar

1- ~-ar )
(9)

The energy gain of the electrons passing through
the auxiliary cavity whichis building up with a time
varying driven power is given from Appendu A:

and

(
QL = : 1-

It should be mentioned here that eq.(8) and eq.(9)
give good compensation for light beam loading only.
Practically, the choice of cavity parametersshould be
proceeded by making the energy variatmr less than the
allowabie energy spread and using least square method
for fitting.

Q~ri~
+ ~ (1 - e*l) U (t)

- *[W (t) -. (t - t,)u (t- t,)]
.

Numerical Resulta

(rwI# i - ~--— )*(’-’t) U (~ - ;,)

QEo }

(4) In order to illustrate how the proposed scheme
works out, we take the parameters of the Accelerator
Test FaciIity (ATF) of Center of Accelerator Physics
(CAP), Brookhaven National Laboratory and perform
numerical computation. The ATF consists of two 3.o5m
SLAC constant gradient accelerator sections with 5MW
rf power input to each section and 48rrLAaccelerated
current generatedfrom a phot-cathode microwavegun.

. The beam pulse length is 1.25@, the shunt impedence
of the acceleratorsection r = 58Mf2/m and attenuation
factor r = 0.57.

w]lere [7C0= 2QL~”$R&-e-r, Qo, QL, the unloaded and

loaded Q-value of the cavity separately, R, the effective
shunt impedence, and i, the average beam current passing
through the cavity.
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Figure 2: Diagram showing the transient beam loading
1?.5

in a linac and the build-up processes in the auxiliary
cavity.

In order to have the energy loss of the accelerated
beam due to beam loading completely compensated by

100.000 0s 0s0 I* la Is
Ttm”en(tif)

Figure 3: The energy gain variaiion with time after
compensation for the ATF case.
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Fig.3 gives the numerical result of exit electron
energy gain of the ATF case after compensation. The
ca~itv loaded Q-value ~L is assumed to be 3060, which
can bc controled by adjusting the coupling. It crm
be seen the maximum energy spread (U~a, - L’mim)
during the nmcroscope pulse is reducrd from about 870
to about 0.4’ZO. A 2(Jtimes reduction could be achieved
in principle.
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Appendix A:

Energy Gain of Electrons in Passing
Through a Cavity Driven by Time Varying Power

The energy conservation law in a cavity can be
expressed as~:

(.4.1)

where Pin is the power into the cavity, 11’, the energy
stored in the cavity, P,, the power dissipated in the cavity
wrd]s,and Pb, the power carried away by the beam.

~b= i(p, R)l’2

(A.2)

(.4.3)

where Q. is the un]oaded Q-value, R, the effective shunt
impedence of the cavity, and i, the average beam current.
In eq.(A.3), proper phasing has been assumed.

‘.Vhenthe transient building up process is consid-
ered, the input admittance at resonance is:

where Qo’ is defined as:

(A.5)

Therefore, the ratio of power fed into the cavity Pin to
the incident power P. is:

Pin 4 (}’;n/ }’b)

z = [1+ (}”;n/}-o)]2
(/!.6)

Substituting the eq.(A.2) -– eq.(A.6) into eq.(A.1), one
has:

~+%=2F%’-if%F‘A’)

For the sake of convenience, letting PI’= Y2and tnking
the Laplace transform with respect to time, we obtain:

——
where Y(s) is the Laplace transform of y(t), and /Po(s)

is the Laplace trrmsform of the rf power fed into the
cavity’, ~. Assuming the beam is injected into the
linac exactly after one filling time and choosing the time
at which the beam is tured on as zero, m can, from
eq.(3), be expressed M:

where Pol = ~’e~~.J and c’ = ~~. Substituting
eq.(A. 10) into eq.(A.8), taking the inverse transform and
using eq.(A.3), we obtnin the energy gain of electrons in
p~ssing through the cavity as follows:

+ Q& (, ..iayl(, )

- ~ [w (t) -(t - t,) u (t - t,)]

rioQr,— ——
QEO ( )( }~ – e- *(~-~t) fJ ~– ~,) (.4.10)

--
where uCO= 2QL ~~e-’.
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BEAM LOADING STUDIES AT CEBAF”

G. A.Krafft,S.N.Simrock,andK. L.Mahoney
Cont:nuou~ElectronBeam Accelerator Facility

12/?00 .lefler~on Avenue
Newport NewJ, VA 2S606

Abstract

l~”hen the CEB.4F accelerator operates at 200 PA beam
current, the superconducting cavities t un with high beam
loading. The CEB.~F RF system (including the cavities,
kl:”strons, and control systems) has been measured to obtain
the response to low frequency cuirent fluctunticms and to
obtain the transient response to rapid changes in the beam
current. The data were collected both through RF tests
where beam pulses are simulated by RF pulses and through
heam tests. Both closed loop and open loop measurements
\\.ere rr.ade, and the results are compared to detailed SPICE
numerical simdations. It is concluded that CEBAF will
operate with high control under a wide ~.ariety of loads.

Introduction

One source of phase and amplitude noise in the field of
a superconducting cavity is created by beam current noise,
Since the cavity may operate when highly beam loaded, sub-
stantial voltage fluctuations could result if ‘he cavity field
was not controlled. The RF controls reduce the noise by the
closed. loop gain of the control system, but since the cavi-
ties and contro! loops are nearly identical throughout the
iirmcs, errors in the control sj?stem generated by beam noise
are likely to be correlated throughout the Iinacs. There-
fore. the fluctuations clue to beam noise must be suppressed
to .31’ 1- < 2 x 1O-s in amplitude and Ad < 0.10 in
phase in urder to be consistent with the CEBAF design
specifications. Our measureme{, .s indicate that for the
gains to be found in thecon!rols,“hebeam current fluct .~a-
tions are small enough that the specificationsare achieved.

To begin, the voltage fluctuation induced by a given
current fluctuation is calculated when the control system
is unlocked. \\’hen all the reflected power is absorbed by
a circulator, the differential equation for the accelerating
cavity voltage t; is

where UC = 2rrfCis the cavity angular frequency, QCis the
unloaded qwlity factor of the cavit>., QL is the loaded qual-
ity factor of the cavity

Qra= .~c-
1- ?’

fi is the coupling factor,

v. ==2/9@z37j’cos(w.t - r$(t))

is t;:e \“oItage induced in the cavity by the RF generator
multiplst.~ by 1 + f?, 2. is the cavity shunt impedance, P(t)
is the power !rom the generator, Q$(t) gives the phase of the
voltage, and I’B(t) = ZcI(t) is the beam loading voltage
where f(t) is the beam current. It is convenient to use R =

2ZC, the accelerator shunt impedance. in the suhsrquent
formulas.

For P(t) and @(t) constant, consider the voltage sprcm!
induced by a beam fluctuation at a given modulation frl’-
[iuenCJ’. [f

1.- ccl

the fluctuation in the voltage. 6I;, is

{

e2=cos[tit -- n’ti7 : n’wm 71

1 -2 cos( -Gr + wmr]ex - ezx

e= cos[wt – (n’ .+1)J7 + (n’ + 1)IJm7j——— —- -——— L u,~, ++ .-dm
1 – 2 cos( -47 + timr)ez + ezz }

(1)
wbere z = WCT/2QLt~ = WC61J~Qi, and n’ is the
greatest integer less than ~ct. If 1 > u“~ > wC~/2Q~,
Eqn. (1) may be expanded to yield

~~;(t) : - L!! 3.
2T Q Wm

cos(tit ] [wm T/ 2 J sin( n’wm T )j, (2)

a r?s~t independent of the cavity bandwidth ,JC/2QL.
An energy argument clarifies this result. The total

charge passing the cavity on the positive part of the modu-
lation is

.
The total energy removed from the cavity by this charge is

Au=z
(A2m-

Since the energy fluctuation is related to thevoltage fluctu-
ation by

*U ~ #VAv,

R.&J. ‘

the full width voltage fluctuatims is

q R Wc
Av = - –—

R Wc
= Imod– —,

r Q Wm Q Wm

consisteztt with Eqn. (2).
-—

“This work was supported by the United States Department
of Energy under contract DE-.4 COb-84ER49l5O.
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For 1 >> 4Cr/2QI, > ~mr, i. e., the frequency of the
fluctusition is weil within the cstvity btmdwidth, the cavity
h~. time to respond to the changed beam load. The voltage
adjusts so that the same incident power goes into the bt=am

For CEBAF, R/Q = 480 fl, }: = 2.5 hl~”, ~C= 151)0
!JHz, QL = 6.6 x 10°, and ,3 = 364. Therefore, the cavity
bandwidth is 110 Hz. For frequencies of this order, the more
general expression in Eqn. 1 must be used, The general case
is well approximated by the single pole result

Git.en this estimate of the voltage fluctuation in the un-
locked mode, it remains to note that ideally the fluctuatitm
is reduced by the gain of the control system at the modula-
tion frequenc). in the locked mode. The control system does
this by proprrly adjusting P(t) and 0(t) tt> cancel must of
the induced error.

SPICE Model

An analysis of the control system has been pelf{,”med
using the computer code SPICE. A schematic diagraru of the
RF controls f(]r a superconducting c~vity appears in Fig. 1‘.
The block diagram of the SPICE gradient loop is sh(m.t, ‘:,
Fig. ?. The calculation employs simple models foc major

.. -,
~ >]--––- +&k&+-1

i ., I

I
II .. *

~ -w
1

.,, . -.,

i’=g

Fig. 1 RF System Schematic

Fig. 2 SPICE Block Diagram

c[mt rol lotlp components and error sources. \Vfrere ~ossi.
ble, the transfer function of a model is deiincd numericnilj,.
Models for the !oop amplifier and klystron amplifier include
frequency roll OR and saturation characteristics. Examples
uf I)ossible error sources are beam transients, interlnop cml-
p]ing, and noise sources such as microphonics noise, beam
noise, klystron noise, and detector noise. Of I)urticular i:;.
terest in this paper is the response ~>f the control system t,)
beam induced transients.

Beam Box Measurements

Trnnsfer function dcta were ohtairre(i using a so-callc{i
Lem box, \\.hicll injer.ts low-level RF power into the contr( I’

loop before tht’ klystron as in Fig. 1. If an ~mpiitude cm,:i-
ulate(i signsd 1s fed into the control loop, try comparing the
cavity voitage fluctuation ievels with and without phnse anri
cmpiitude lock, the overall gain of the control system is (le.
terrnined. For exnmple, a square wave modulation at 10 Hz
yieldeci the data Fig. 3. The two curves are spectra of the
aml,litude error .ignal. For the top spect rum the nmplit ude
i[wk was off and for the bottom spectrwrl ~he amplitude lock
was on. Such measurements have verified the high gaiu ~--
80 dB) of the controls at iow rnoduiation freql’.encies. Gi VW1
the mensured gainj, one can expect the CE3AF beam t{,
be within specificatic. ~s provided the current fluctuations at
low frequency are less than 25 PA. By independent measure-
ment of the be~m cur:ent on apertures, it is known that the
currcat fluctuations are in fact under 1 PA.

Olr—------------”- -1

::L..d
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Fig. 3 Spectrum of ~.m:.;itude Error Signal in open
and C1.sed Loop Crises

The transient sesponse of the controisystem is uhiaicted
by pulsing theRF powerfromthebeamboxm andOR.A
transient ohtained by this technique is showr, in Fig, 4, whicil
gives the relative amplitude error vs. time after the henm
box is first turned on. Overshoot oscillations were observwi
t,hat were traced to the occurence of a 100 kHz pole in the
control system, somethingeliminated in tests the with beam
later on. Theslowfailoffevidentinthetraceshowsthecffcrt
ofiow freque:l~ygainin the system. The transient P!~wer
corresponds to 800 AA of beam current, nnsf the fui] range
of the amplitude error was J\~/ t: = 1.7 x 10-3. Given



the acceptnm.e of the recirculation Mrs at CEUAF of 2 x
10-‘, me rln expect comp]etc trnnntissiwr of the beam up
to transients of 1 mA.

~ -—’-~ “~1

-——-... -_&.~o. 5C
time [y9]

Fig. 4 I“rarment Amplitude Err\,r Signal frtml Beam Box

Beam Measurements

.+n example of a beam induced amplitude t:nnsiettt in
the superconducting cavity is shown in Fig. 5. Thebeam
curreutwasin-!00YA pukesofduration1msec.Removing
the100kHz pole in the feedback loop has eliminated the
o~.ershoot previ, }usl:; observed, and the recovery time is 0.05
msec. Thepeakamplitudede}”iationis6\~Ytl= 1.9x10”.

!—,r r 1 1

time [ins]
Fig. s Transient Amplitude Error Signal from Beam

~.
~~

time (ma]
Fig. 6 Transient Amplit~de Error Signal from SPICE

The level shift of 5 x 10-5 when the besuu is on eorresprrnds
to a low frequency gain of 80 dB, consistent with the beam
box measurements. Fig. 6 shows the esults of SPICE cal-
culations of the response of the amplitude control locp. The
loop gains are the mrne as those for the measurer! response

shown in Fig. 5. The agreement with the measurtd data is
good. [f transients in the system are limited to2 x 10”3,
then rapid beam currrnt changes must br limited to 400 ~~.

The final beam measurement to be discussed was taken
with a 400AA CW beam passing through the first supercmr-
ducting cavity \’ery little dit~mencewas observed hetwcen
the noise level whets the beam was off and the noise Ie\”el
whenthebeamwason.Thisresultisc{msjstentwithlow
beaminducedfluctuationsin the cavity, and one concludes
that beam induced noise is not significant at the 2 x 10-4
level, the noise floor of the measurement. Unfortunately,
the noise floor is higher than the2 x 1O-s level that must
be achieved. Thus, the beam bcx measurements still ~rtj-
vide the stronger limit on the Learn current fluctuations.
It should bc noted that at 200 PA extracted current, the
current in a superconducting cavity is 1 mA.

Conclusions

In this paper, the results of studies of beam Iunrfing in
the CEBAF superconducting cavities are given. U~ing beam
box measurements, the overall gain by which the RF con-
trol system suppresses beam generated voltage fluctuations
has been deter~ned. Gjv~n the observed beam current

fluctuations, t] e voltage fluctuations should be suppressed
to acceptable levels by the controls. The measurements of
noise levels in the RF controls with and without high cur-
rent beam, where no appreciable difference in the noise level
was observed, support this assertion. [t remains to metwure
the transfer function directly by modulating the beam cur-
rent itself, but this measurementis expected to confirmthe
beam box measurement. When the beam box measurements
are confirmed,it can be concludedthbt beam loadinge~ects
will not be a significantcontributorto the energy spreadin
the final CEBAF beam, at least in CW operation.

Data important for evaluating pulsed mode operating
schemeshavebeen obtained by our traneient beam loading
studies. TheSPICEsimulationreproducestheexperimental
data.Itremainstousethisinformationto evaluateindivid-
ual pulsed beamschemes.
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FEED-FORWARD COMPENSATION FOR TRANSIENT BEAM LOADING OF THE
805 NIHZ DEBUNCHER. FOR THE FERMILAB LINAC UPGRADE

J. A. M~cLachlanl F. E. Mills, and T. Owens
Fermi National Accelemtor Labomiory,*Boz 500, Batavia IL 60510

Abstract
The expected momentum spread from the 400 MeV up-

grade of the Fermilab linac is +0.19~o growing to about
+0.2570 in 63 m of beam transport to the booster syn-
chrotrons. The desired injection value ig about +0.0570. An
805 MHs (h=l) debuncher is located 47 m downstrc~m of
the Iinac tG reduce the momentum spread and the differ-
ences in mean energy between bunches. The beampulse
tothebooster will vary from about 2 – 15 ps at average
current of 30-50 mA depending on program Aced. During
15 ps !hs beam excitationof the debunchercan reach2.2
MV/m forathree-cellcavity.Thisgradientiscomparable
to,but90aoutofphasewith, the 3.85 MV/m required tr
minimise the momertun spread. We choose to use feed-
forward compensation to control the cavity field for the
entire beam pulse. We discuss some general features of
transient beam loading as well as the design and detailed
simulation of the compenseti m ‘cheme.

Introduction
Fermilabis buildingan 805 :\fHz,400 MeV, side-coupled

H- linac to replace the 116 to 200 Me%”tanks of the present
200 MHs drift-tube linac used as an injector for the booster
synchrotron.i Both the central energy and energy spread of
the beam can very rmacceptably because of beam-induced
shift of the debuncher phase. The beamparametersure
summarizedinTable1.
Thebasic scherr.efor the debuncher is to drift the beam

so that the bunches cover somewhere between 60° - 90° of
805 MHz phase. Then the bunched pass through s cavity
phasedtodeceleratetheleading particles and accelerate
trailing particles closer to the central momentum.

Beam Excitation of Debuncher
A . : order calculation of the bunch lengthening along

the 400 MeV transport !ms been made with TRAC&3D,2
which accounts for the variations in longitudinal space
charge force resulting from the cha::qes in the transverse
beam envelope using linearised envdope equations. The
result in Fig, 1 shows both a 50 mA and a OmA solution
which minimise momentum spread and match boonter lat-
tice functions at the iqjection point. The data for the

“Work srlpportcd by the U. S. Department of Energy under con-
tractNo. DE-AC02-76CH0300.

delmnching calculation are summarized in Table 1. The
solutions require Veff= EOT1= 1.54 MV for 50 m A beam
and 1.41 MV for fb = O.

The 400 hfeV transport dcslgn msurnes a 2 cm radius
min ~mum aperture at the debuncher. Tab!e 11 gives the
expected electrical properties of a 400 MeV .side-coupled
structure with this bore.3 The shunt impedance and Q

have been reduced fromtheSUPERFISH resultbyacon-
ventional15Y0. A 50 kW TV klystron has been chosen
as a suitable rf generator providing 200 kW in pulsed ser-
vice. The minimum length of structure follows from the
avnilable power. For three flA/2 cel!s the dissipation is 143
kW.

Ideal debunching requires that the cavity phase be –90°
at the bunch centers. Passing bunches excite the cavity to
produce a transient decelerating field shifting the phase
progressivelymore negative. The induced voltage can bc
estimated by the bunch charge appearing across the gap
capaci!.y. Frorr, the stored energy given in Table 11 the
gap capacity is 1.15 pF. Assuming the electrical energy
is stored in the gap region, each bunch of 0.248 nC will.
gen:rate a quadrature voltage of Vbcmsn= g/C = 216 V on
each gap. In an extreme impulse approximation the entire
beam pulse is short compereJ to ~Ell;the beam-induced
voltage would be over 2 MV.

To permit modeling the effects of the compensation
scheme, detailed calculations have been carried out with
time domain simulation of the beam-cavity i] teraction ap-
plying a code used for synchrotrons.’ Fig. 2 shows the
quadrature voltage on the cavity as a function of time
calculated by exciting an LCR cavity model with beam
current pulses produced by evolution of a nominal Iinnc
bunch in the linac-to-booster drift with space ch8rge in-
cluded. The ratio of average beam radius to beampipe
radius was estimated from the envelope result shown in
Fig. 1. The calculated bunch length at the debuncher
agreed reasonably with the TRACE-3D result. The etl’cct
of this quadrature voltage and a fixed generator voltage on
the debunching is plotted in the next two figures. Fig. 3
shows the time dependence of the mean bunch energy; the
plot is offsetso that the initialbeamenergyis in the upper
lefthandcorner. Fig, 4 shows how the rms energy spread
increases as the phase shifts leaving the bunch outside the
linear portion of the potential. The phase error after 3000
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~,r rr: rt rf I>,IIt cr rrlt 3 nS I hat 1tic beam-i nd uccd ~i~ftagt is

rc]al I \ (.1\ a srl]ill I cr pert u rbitl i[, n. 1 nf(~rruIliIl c.]}.. a rlliljc]r

I rtr pr(,i.em enI i rl v IS nlll p~,ssiMt., and high p~~wer is II()t
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Conclusions
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t ri but i.~rl must bc C(IIIt r{lllc”d t hr( lugh~,ut the pulw, phaw

fcrdbuck I(I I he klvstrorr rfr. vc is not ad~r~uiitC brcausc d(o-
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TABLE I
Properties of the

‘Rrarnencrg};’fkjlletic)

A vcriige brain currrrr L

‘]’}’ lJICa] beam puisc

Bunch frequency

}’rcqucnc.v of rf (f)

Repetition riite
1{ /l)llrlch

CUhargcjt)unch (q)

Llunrh area (5rr)
C,,hnS(5airrormalizrci~
A p/p aI iinac (FM-)

.iq at linac (F\\”)

400 McV Li:mc Bvr4m
4ilI,46 \ic\’

(Ih) 5(J. rnA
~ . 22 ps

201.2.$ nfiiz
805.0 Nl}lz

15.0 Hz
1.5s x 1OQ
CI.24ti n~:
8.17 x 10 5 (,\”s
6.88 T rnm rnra(i
0.00373

11.8 dcg

3 p/p iit booster (F\$”) 0.005
Llcbrrnched .3 p’p (FW) 0.001

TA13LEII
Pr(~perties of 400 McV SCS Ccl] at 805 MHz. ——..- ———. .. ——-- -..— ——. .——. —_.

(~cil icngth (@A/2) U.132!I m

Cavit\! bore radius (r~) 2.0 crn

Effective shunt impedance (ZT2) 41.4 hlfl/rn

Transit time factor (T) 0.831
Quaiity factor (Q) 2.352 X 104

Fiiiing time (~fill) 9.3

R/Q characteristic ratio

ps

117.0 fl(trtre)

Storcci energy (Jf”) o.0101 J
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CUMULATIVE BEAM BREAKUP IN RAW)=FREQUENCY LINACS* I

C.L. Bohn and J.R. Delayen
Argonna National Laboratory, Englneerlng Physics Dlvlslon

9700 South Caee Avenue, Argonne, IL 60439

Abstract

An analytic model of cumulative beam breakup has been
developed whichisapplicableto bothlow-velocityIonandhlgh-
energyelectronIinearaccelerators.Themcctelincludesarbitrary
velocity,acceleration,focusing, initial conditions,beam-cavity
resonances,andvariablecav”wgeometryandspacingalongthe
accelerator.The model involvesa ‘continuumapproximation”
in which the transversekicks in momentumimpartedby the
cavitiesaresmootheooverthe lengthof the Iinac.Theresulting
equationof transversemotionis solvedvia the WKBJmethod.
Specificexamplesare discussedwhich correspondto limiting
casesof the solution.

Introduction

In the usualtreatmentof cumulativebeambreakup(BBU),
the cavitieswhich comprisethe linac are consideredto have
negligiblelengthand to be the only sourceof deflectingfields.
In addition, a “continuumapproximation-is also commonly
invokodin which the discretekicks in transversemomentum
impartedby the cavitiesareconsideredto be smoothedalong
the Iinac. With this approximation,the equationof transverse
motionof the beamis:

Here, Q and Y have their usual meanings; u=skf is a
dimensionlessspatiaivariabledefinedintermsof pasitionalong
th8 Iinac,s, and the Iota; Iwlgifi of the Iinac,g; {=u(t-Jds/flc)
is thetime,madedimensionlessbyuseof theangularfrequency
u of the deflectingmode,measuredafterthe arrivalof the head
of thebuamats; kTis the nettransversefoousingwavenumber;
f is the transversedisplacementof the beamcentroidfromthe
axis; and F(Cj=l(C)/clZ is the form factor for the current
defined in terms of the beam current l(c) and averagebeam
currentcl>. s(u),a dimensionlessquant’hywhich represents
the strengthof the BBUInteraction,is givenby

I cI>Ze r 92e(o)=~— ——,
P UL

(2)

a produotof quantitiesdescribingthe beam,oavities,arid Iinac
in whichZe andp arethe chargeandmomentum,respectively,
of a constituentparticleof the beam,and L is the spacing

●Work supported by the U.S. Departmentof Energy under
contract W-31-109-ENG-38and by the U.S. Army Strategic
DefenseCommand.

b8tweenrmighboringcavities. w(() is a dimensionless‘wake
function”givenby

w(t) = e-(taosin{ for (20
=0 otherwise, (3)

In which Q is tne quality factor of the deflectingmode uc~er
col,slderation. r, a geometryfactor, is given by

Ji
Ie-iuz,p, dE~(O, O, Z) ~z 2

r=~ ‘J ax
J

# (4)
0 E= (%) dx

v

in which the integrals are over the d electric field of the
deflectingmode,and t. is the permittivityof free space.

Equation(1) ISthe foundationof the theory of cumulative
beam breakup. Various forms of it have been solved
analytically.Earlyinvestigatorst(eatedthe case of a dc beam
wilh no nettransversefocusingboth for 0=11 and for L?P12,as
w911as the case of a focus8d relativisticdc beam.3 These
Investigatorsdevelopedapproximateanalyticsolutionsderived
from a techniquain which a Fourieror LaplacetransformIs
appliedto the equationof transversemotion, the transformed
equation is integrated via the WKBJ method, and the
transformationis invertedusingthe methodof steepestdescent.
Later investigatorsapplied this technique to the problem of
relativistic,bunchedelectronbeams. 6oth single-buncn4and
muhi.bunch~ BBU havebeen considered, and the technique

has been shownto give analyticresultswhich agreaverywell
with numericalintegrationwhere BBU Is significant.”a The
analyticsolutioncan be decomposedinto a steady-stateterm
valid aftertimes long comparedto Q/0, and a transientterm

app~tothec=eofadc beam,%it~~w~~~s~~eZ~~l$Y~
describingthe approachto stea

growth characterizingthe transient behavior can also be
predictedby assumingattheoutsetanoscillatorysolutionof the
form exp(iOt-ikz).10

The principal qualitathredistinction of the solution for a
bunchedbeamversusthat of a dc beam is the Possiuilh+for
resonanc9betweenthe dafiecting-modefrequency and the
bunch frequ8ncy. This resonancewlil determinewhetherthe
steady-statedisplac6menfgrowsexponentlaltyalongthe Ilnac.
Whilethe transientsolutionsetsthe mostatringentconstraintIn
highenergy,shortpulselengthIlnacssuchas linearcolliders,l1
in cw Iinacs transientgrowth can be controlled,12and BBU
behaviorwill then bs set by the stearfy+tatcrsolution,

Beam breakuphas yet to be Irvmtigatect for a bunched
beamcf arbitrary0. This problemis Importantin the contextof
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the developmentof CW,high-currentIon Iinacs. An effort is
undelwayto appty d superconductivityto tha developmentof
theseaccelerators,13 BWausetheirconstfiuemcavitieswill be

shortandindependencyphased cumulativeBBUisexpectedto
be the dominant transverse instability, and if n9eds to be
consideredprior to the designof theseIinacs.

Inthispaper,wecalculatethetransversebehaviorof a beam
of arbitrary13(u)consistingof delta-funciionbunchesin a Iinac
wrth smoothly varying parameters, Two limiting cases are
cmsidered,one with no focusingand no acceleration,ana the
otherwith strongsolenoidalfocusing and a linearacceleration
profile.Theresultsfor thesecasesareappliedelsewhereto two
conceptualIow-Rsuperconductinglinacs.13

Beam Breakup with Dctta.Function Bunches

eq. (1) becomes

o,{) =
(5)

t-(’) -~((’) X(a, (’) ,

.
X(L3,0) = C(o , e’) ~ x.(o) f?~

m-0 (12)

+*:}S -’+’’”’.
In turn, aftersome manipulationwhich is aided by notingthat
tile Fourier series for C(O,O’) and S(a,8’)/q(0,8’) co~lta~~
on~ non.negat!veindices m, XM(U) can be writtenin the form

%(”) = 2_%q’jif3e”M
=.0

[

~-,w.,”[c’)S(a , 0) 1
(13)

● x%-m(~) C*(0, 0) t --- -——.–.———- ,
dc 9(0, e) J

Equation(!3) allowsfoi the incorporationof arbitraryinitial
conditionsfor the transversemolicmof eachbeambunct~•oIpon
entryinto tlie Iinac. In whatfollows,we shall considerOiliy the
case of a “misaligned beam” in which {M(U,O)=<Oand
d{ M(O,O)/du=Ofor everyM, For this case, eq. (13)yie!dsfor
the steady-statebehavior(M - CO)

y2*2) (dy Ida ) 2 (6)
andfor the approachto steadys;ate (M .: -),

Weconsidera beamconsistingof detfa.functionbunchesof
Identicalchargesepa:atedby period 7. Accordingto eq. (5),
the displacementXMof bunch M is governedby

where .Wk= e‘hr~zosinkwz. We solvethis equation using

the followingFourierseries:s

.
X( o, 0) =~ x=(0) e~rno;x~(u) =~2X ~~~dee-~m%iu,0) , (8)

0-9

Aftertransformation,eq. (7) governsX(,7,11)in th.9manner:

d’x(tl, e’)
do2 - @(o#e’)Jf(ooeO) .0,

where 0’ a 0 + i (uz/20) , and

(9)

In terms of the functions

:M(o) -(.(u) = - +
f

- f~e~ ( ~ , e)‘(’’”;)5 ‘ dtl eele._c-u!/T ‘ (15)
8

where

The integralin eq. (15)can be estimatedby steepestdescent.
Two cases, the coasting beam with no focusing and the
nonwlativisticacceleratedbeamwithstrongsolenoidalfocusing,
will be considered. We now calcula;e the transverse
displacem~’::at !i;e end of the Iinac (u=l) for thesecases.

Coaetlng Beam, No Focusing. For this case, rj and Y are
constants,andboth$ andkTarezero. If the Iinacis comprised
of N identical,equa!ly spaced cavities, then c(u) is also a
constant. Fromeq. (14),the s;eady-statedisplacementis

‘-(M“0c0shlN4Y(irp(o’17)

the WKaJ solutionof eq. (9) is
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in wnich p(w) Llcludes the resonances between the
frequencies1/? of the acceleratingmode and ti/2~ of the
deflectingmode:6



From eq. (15), steepest descent gives for the apptoach to
steadystate

Accelerated Beam, Strong Wenolriai Focusing. Foran
acceleratedbeamwith solenoidaifocusing,the netfocusingis,
including radial defocusing from the accelerating graoient but
ignon~g defocusing due to spacecharge,

whereB is the magneticfieictin the soienoids,EOTcos@is the
real-estateaccelera’!inggradient,and k. is ttm rf waveler!gthof
theacceleratingmode. Weshaliconsideranonrelativisticbeam
for which y-l and which is being acceleratedslowtyenough
and focused strongly enough that the first term in eq. $23)
predominates.if B is sufficiantiyiergeand is uniforma!ongthe
Iirac. tnen kT2 - kB2 ~ Q/@, and kT = I/B. Assumingthe
cavit;eshavelongitudinaldimensionsscalingiinearlywith0 and
are spaced in the manner L = Lo[O/B(0)] = 213Ao,tire gsomat

Yfactor r is the same for each cavity, and thmfore t=l/fl
Withthree assumptions,the steady-statedisplacementis

and the approachto steadystateis

:X(N) - L (N) - -(0

‘-’igifil%)+sin’(a‘z;

d LO
E- e (0) O% NM, and ~ = NkB( O) LO- Mu% .

kB (0) Y2

Summary and Conciu810ns

Cumulative beam breakup In radio-frequency ion
acceleratorshas beencaicwlatedusing,as a model,a beamof
delta-functionbunches. As examples,the iimitingcasesof a
coasting beam with no focusing and a nonrelafivistic,slowly

accelerated beam with strong soiencidai focusing were
delirmated.Thesecasesareusedin Ref.13for application%to
conceptualdesignsof high-currention accelerators.

Limitson the Clof the deflectingmode requiredto controi
BBUwould be largerthat, that inferredfrom thesecalculations
if a morereaiisticset of assumptionswereused. For example,
the cavities wiil carry a distribution of dafiectlng-mode
frequenciesdueto constructiontolerances,andthissuppresses
BBU15,1S in addition, the transient growth Of BBU can be

controlled by smoothly varying the charge per bunch.12

Beams in iow-veiocttyIinacsare comprisedof bw’rchesof
nonzeroiength,a properlynot includ~dhere. Bunchlengthwlii
bg most importantin the considerationof high-frequencycavity
modesbecausea givanbunchwiil thenfiil a Iargefractionofthe
d periodof the mode. Thiswili, for exampie,modifythe beam-
cavityrmonance. UsingFouriertransformsratherthan Fourier
seriesto solveeq. (l), we havedevelopeda formalismbothto
includenonzerobunch lengthand to caiculatethe behaviorof
test particiesconstitutinga Iongitudina!halo betweenbunches.
it wiil be discussedin futurepapers. The resuttsreportedhere
are accuratefor defiecfingmodes of iow frequencyin whicha
givenbunchfills a smaii fractionof the d periodof the mode.

References

1.

2.
3.

4.

5.

6.

7.

8.

9.

W.K.H.Panofskyand M. Bander,Rev.Sci. Insfrum.,39,206
(1968).
V,K Naiiand FM. Cooper,Part.Acc6i., 1,111(1970).
R.H.Heimand G,A. Loew,LinearAccelerators,editedby
P.M.Lapostol!eandA.L,Septier(NorthHolland,Amsterdam,
1970),p. 173.
A.W,Chao,B.Richter,andC.Y.Yao,~IIcl. Inatrum.Methods,
178, 1 (1980).
G, DeckerandJ.M. Wang,in Proc, ;987 Part.Accei.Conf.,
1210(1987’).
R.L.Gluckstem,R.K.Cooper,and 7.J. Channeil,Part.Accel.,
16, 125(1985).
K. Yokcrya,DESY17epmlNo. 86-084,1986(unpublished),
R.L.Giuckstern,F. Neri,and R.K Cooper,Part.Accel.,23,
53 (1980).
V,K Neil,L.S. HaIi,and tlK Cooper,Part.Accel.,9,213
(1979).

10.Y.Y.Lau,Phys. Rev.i-aft.,63, 1141(1989),
11.KA. Thompsonand R.D.Ruth,Phve.RW=Q,41, 964

(1990).
12.R.L.Gluckstern,F, Neri,and R,K Cooper.Part.Accel.,23,

53 (1988).
13.J.R. Deiayen,C,L. Bohn,and C.T. Roche,those

Proceedings.
14.Thiscalculationinvolvesa proceduresimliarto that of G.

Deckerand J.M. Wang,Phvs.Rev.D, 38,980 (1988).
15,R.L.Gluckstern,F. Neri,and R,K.Cooper,Part,Accel,,23,

37 (1988).
16 D.G,Colombantand Y.Y.Lau,APDI.Piws. Left.,55, 27

(1989).

308

.-



Int reduction

Single Bunch Beam Breakup

in order to USC’th~:formalism for cutmilati~”ebeam
hreakup~. we all\.idP t!lc single bunch into .\fO equa!!}”

charger-i tnacroparricles. The equatiolis golvrning ~~/f,
[he Ji$pla(.:’lllel:t oft he .i[ “thmncroparlicle in a coast-
lilg Lealn z< it enters the .\-‘th cal”it~”arc

:.\-- : - 2 <0S p \,\f 7 Q.l!
~.\”

●.lf
~.\”- ] ‘

= =tf . (1)

“ \\”UrL ,t:r.p~>:rpd Lj. tit Department of Energy.

.prewnf aI1dIess: AT i)i~ision, Los Alamos >.ati.mal Lab.
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\vht*re ---.jj is proportional to the excitation of the .\’ ‘th
ca\’it}” as the .lf “th part iclc enters. Iiere p is the phase

ml ~.ance of the t rans\ww oscillation between cat”ities,
*’ and Q arc tlw frequenc>!and quality factor of the
tran.m”ersedt’fkting mode, and T is the time intt.rwd
bt$twernmacropailicle.$. The ilaranwter

(3)

is a nieasurc of the charge of each macropart icle and

its intlwncc on thr t ra~ls\vrst~ Inot ion. “1.he bunct] Ilifi

energy”11’and t9talcha:ge .\’},e. and tht. ca$’ities, srJpa-
ratd frotl{ each other hy a distance L. hasv a shunt

Z Tainlpctiancc pnrame(er & , \c,.llt.rL.T is IIlc Lrallsl:
tinw factor.

In our anitl}”sisfor a single bunch, we shall assume
tImt .lfo~ ~ is sutiicicntly small so that sin((.lf – I)L.7)
can be replitced 5j”( ,V – /,LJT in Eq. (2). In addition.
wc assume a i\”eak focus~ng approximateion and treat
the large parameters ;\. arui .V as continuous variables.
This pc.rnlits us to rewrite Eqs. (1) and (2) as

(4)

J
.!1

\“::,, = 1.U7 Ifl(.u – /J@’ . (5)
o

Two deril”atii.es of Eq. (5j with respect to .\f lead to

d2:— = rw rf ,
i-).v2

(6)

whrrc rA,s!lcruldreally bc taken to be the SUII1~j rjwj ,
.~\”erall trans~”erst’modes Nhich arc capable of deflect-
ing the beam.

The dominant dependenc: on JJ.suggested by Eq. ( 1)
is ~i~l.~” By redefining <~, ad ::; so as to remove
this fac!or and assuming that the remaining factors
arc sIow1}.~.ar~.ing-.vithrespect to A’, we obtain

(7)
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Equations (6) and (7) govern the =~mptotic behavior
af th~ displacement and ca~’ity excitation for large N
and .V.

It is a simple matter to demonstrate that

contains the dominant dependence for large N and M.
In fact, an alternate calculation starting with the in-
tegral rep~esentationfor the solution of Eqs. (l), (2),
which uses a saddle point calculation for :>,ge N and
Jf, leads to

~=~’(e’=”)-“)
Assumingthat the dominant dependenceon .4’is con-
tained in the factor e$~’i’we can check the validity of
Eq. (9) for large u by forming

(lo)

fromdirectnumericalsimulationsof Eqs (1) and (2).
A DIOt Gf

(11)

ts. u. is shown in Fig. 1 for ,\fo = 100, ,wr = 0.01,
r:ilo = u.06,p = &. Since the valueof J1 corresponcf-
ing to Eq. (9) is zero, the figure shows that Eq. (9) is
\-alidto an accurac}”of about 10%for u ~ 2.5.

<-a:- \ S.1 7\.zLm
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-.4!!!-t -----....
.s. ,,, . ..-’

0.3 .....

Figure 1: Chec!!of Eq. 11with simulation for N = 500,
1000,and 2000.

BNS Damping

We shall now assume that the energy decreases lin-
early from the head to the tail of the bunch. Specifi-
cally, we replace p2 in Eq. (4) by

where & << 1 is the fractional incrcaaein the phase
advance per ca~ity during the pulse, and where p is
now independent of M. Removal of the factor r’~~
from ~ and .2 in Eq. (4) then leads to an additional
term in Eq. i7):

(13)

It is ncw convenient to change variables from .4’and
M *O~ and v where u is given in Eq. (8) and where

(14)

Aiter considerable algebra, we find that, for Iarg(:u,
the solution of Eqs. (6) and (13) for & can be written
in terms of the universal parameters u and v, as

where ~(u) and g(v) = ~~ ~ dv satisfy the following
equations:

i + !3 -+3vf2 j’ + ~ v2jj’2 + ~ v3j’3

( )iv 2f? + 2vff’ + ~vzf’z ,

N = 24i(f + vJ’) - gj’ (aj + 3vf)

- 2V(-2i1 +9/ + 6u/’) j“(v) ,

D = 4 (2/+ v~’) (-2iv + 3J + 3v\’) .

The solution of Eq. (16) corresponding to
e-’r/6 has been obtained by numerical integration and
is shown in Fig. 2. Fig. 3 shows the result for g(v),
obtained by a subsequent numerical integration using
N
D—.

=

(16)

(17)

(18)

j(Oj =

.i .i .; o i i i
v

Figure 2: ~(u) vs. v.

The validity of Eq. (15) can be checkedby forming
A defined in Eq. (10], and

(19)
L

310



I
4.

I . . . . in which cam

I’:m
........,....

1.0 .......—==-,/
. . {
. . . #+

?
: “’w”:!2:{:~:...;.. .

.—-T ; .

. . .
. . .N
....-:.,,,..-,.....,..-.....................

+....;....,....;. “1---p+
3 2 I o I

v

ao

‘1’heplot of ~? \s u in Fig. 4 for u = 14.57, 17.65,
W.3.5,adjusted s.t. ,\? = Ofor L’= 0, shows that thc
rc.suitsare independent of u in this range, as prcdictt=d
h}”Eq. (!5j. Furtherrllure, the agreemfnt between ~?
and :Ng(t“),shown ,asthe dashed line in Fig. 4, clearl}”
,SotltirnlsIIN’paranletrization prtidictwi in Eq. ( 15).

Discussion and Summary

The main result of [his paper is Ihe parametrization
in terms of u and I: in Eq. (1.5). III suppressing sin-
gle hunch bea,n breakup one ttwrefor,~tietvrnlines the
growtil of the taii dispiaccvncntin tile aixcncc of BNS
damping (v = i)) and the ~!alueof:: necessar}’to reduce
ti~isgrowth to an acceptalde taiue.

.In interesting result is obtaitled if CNWassumes that
~ is large and that u~( I:) is t iw fimrlinant part of the cx-

r
ponent. It can be shown for iargc ~,tilat ~(~) - ~g,,*

d2h’trwr
Ilf(v) 2 —

rip
(’20)

independentofiV.1fonenow iooiis for a soiution to
Eq. (6) whicilis in(iepcncicntof Af, this can iw achicnwi
b}’requiring in Eq. (4) that

or Mrur = 4ap. ‘1’hecou(iition that tile increase in
fOCUSingconlpi~h?]y COnlpellSateS fOr i)f-?anl Ilr(’aklli) iS
therefore similar to piacing a nulncricat linlit on tile
exponent in Eq. ( i5).

Finally, aithougil our anal}’sis is for a uniformly
charge(ibeam, the parameter kinrur/ftp can iw writ-
ten in a form in(ielwn(i(?rlt of the i>uncil Inicrostructurv;

where Jtfor is proportiol)ili to tilt: totai i)ullclI Ciliirgt:,

.t10c7 is Iilc uquivaicnt ijuncil Irllgth, an(i (~,\fo/p is
the fractional increase in t.iir transvcrso pil,asemivnncc.
In order to suppress singic i~unchbcaln imakul, tilis
parameter shouhi be of [ile order of 1 or iess.
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PARMY%Q CALCULATIONS ON BEAM DYNAMICS
IN A FREQUENCYVARJABLERFQ”
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Abstract

An RFQ is buil I for pcsstaccelcra[ion of cluslers at

!he accelerator facil it.v or IPN. Lyon. The frequency of

the RFQ is be~ween 80 at,d 110 MHz. which allows the

~ccelerii! ion of clusters in a wide range of masses and

energies. Beam d.vrramics calculations are presented and

(he]r results are discussed for few specific examples.

Introduction

During the last )ears the use of \,ariatjl e energ~”

Radio ~requenc~ Quadruple (RFQ) isccelerators has bcca

proposed for \’arious applications in ion impianlation,
1.23,4postacccleration of Iight and heavy ions or clusters .

One project near completion is the upgrading of [he Lyon

ciusler accelerator facilily. which is carried OUI in

cooperation brtween IPN, Lyon, KFK Kar Isruhe and IAP

Frankfurt/ hiain 5. An energy variable RFQ serves for

pmtacccleratisn of clusters with masses up 10 55 10 a
~a\lmum energy of 3 hfeV, thus offering new possibililies

for siudies in cluster physics. Here a more de[ailed
description of the beam dynamics properties of such an

RFQ is given, whereas design criteria and the status of

the project WII 1 be discussed elsewhere on Ihls

conference.

RFQ Beans Dynamics

The RFQ accelerator is a ~tructure, which protpides

both acceleration and strong rf electrical focussing al the

same time. From the RFQ potential linear equations crf

motion can be derit”ed mostly for the case of ideal
7,8

eiec! rode profile . A scheme of this profile is shown in

fig. 1. These equations of motion

are of Mathieu type. the c;.efficients given by

~evAlrfin’~s 2~eVA01
a=-

2Amv2
,q= Amv#~ :2)

xith ~/A = charge IO mass ratio, v = particle velocity,

Ii= wave number, r = apertureradius and the RFQ parameters

describing acceleration and focusing respectively.

M2 - 1
~lo = M~o(kr ) + [~kr) ‘ Aol = 1 - A1~o(kr) (3)

“ W“ork :upported !Iy BMFT under contract no. 06 OF 18L 1

For each kr Ihc modulation

acceleration to Iranskcrse

aPPro~imation a9 e.g.
9in

longitudinal and transverse phase

I esp., emillances and currenl

quaritities in beam d}namics theorv

M determines the ralio of

focusing. Using smooth

analyl ical expressions for

2a /n = - 2a;

2/n 2 . q2/2 + a
%

ad’’ance?’01 and‘u
Iimils, charac!eris[ ic

can be deduced:

(4)

RFQ design means to fix all Ihcse parameters along the

RFQ, good beam quality being only one point of

consideration besides rf properties, costs, power

consumption, m-ljustment and fabrication tolerances. For a

fixed design all parameters and mechanical dimensions are

frozen, then (2), (3) and (4) give immediately the scaling

rules for an energy variable RFQ

l.) Amv2 = const -, Am .. “-2 ..

2. ~ Am = consl -> V2 .. fz -. v

in bolh cases the beam dynamics

unchanged the values of (4) are nol

slays completely

changed. i.e. Ihe

unnormalized acceptances. emittances and the transmission

do not change with energy or cluster species. In case 2.)

the electrode voltage can be varied in addilion, but then

(2), (3] and (4] are no longer constant.

~Pb+
Fig. 1 Scheme of ideal RFQ electrode profile

VE-RFQ Parameters
The Lyon cluster poslaccelerator RFQ was designed

for high energy gain and compact dimensions. Table 1

summarizes main parameters, some Of them being plotted

in fig. 2. Maximum

was omitted. Fig.

energies covered bv

electrode voltage is 80kV, a shaper

3 gives the range of masses and

the RFQ.
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For an injected dc beam wilh this Iransvcrsc enlittancc

the transmission is . 17 % due 10 the omi!tcd shaper irnrlTable I RFQ parameters

the rather low focus ing SIrenglh. Emit lance growth is
about 25 %, the longitudinal ouIpuI emiitancc is \,cry

small with . 2° keV/u (rms). The trirnsmlssiun is

increasing 10 .. 2Z x for 2j mln mrarl, figs. 4 a-c show

r fMHZ1
u [kv]
Tin Lkev]
T~ut [~ev]

charge statczmass

I [m]

cell number

mcsdultrtion
r~]<s -

a [ mm]
~;;{n ~oj

80 - 110
80
L JOO

i 3000

z I/56

1,96

167

1.1- 2

50 - 15.5

3.1 - 2.5

8.2 - 7.2

input and outpu I emit tanccs and ~hc beam bchaviour along

!hc RFQ. Fig. 5 il IUSI r~tcs for mass JO Ihc giiin In

focusing and I rirnsmission w function of clccl:odc tol tagc

for a lower frequenc.v of 80 MHz, corresponding 10 ~il
inpul energy of 160 keV. Figs. 6 ii-c show inpul and

ou~pul emil lances for mirss JO, U = 80 kV ul)d f = 80 fkf}[z

and Ihc I ransverse iind longitudinal beam beha%’iour.

As can be seen, parliclcs arc chirnging Ihc

svnch:onous phase along Ihe RFQ, some addilionill,!s ,!0. t! .., .,,, !0. ..! ,08,’ , !..

: emillancc growth up 10 an firctor Jf 2 secms 10 follow

from this effect. The lranstcrsc input ellipse parameters...-.
~crc adjusted 10 maxinlurn I rirnsmission, some flexible

I rans~’erse matching should be protidcd ‘O.

:.
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Fig. 2 \’E-RFQ parameter~ vs. length Fig. 5 Phase advances and transmission vs. electrode

vollage, parameler 1ransverse emill ance s,

m 1m Conclusion

I
10 m

8@0

660

440

2 20

An effective posfaccelerirlor for nlL.,ster masses up

10 56 has been designed and built, prot:ding a high

energy gain. PARMTEQ calculations prmed scaling rules

from linearized equations of molion. Work on op!imizirtion

of beam oplics and overall transmission from cluster
11source to the cxpcrimcnlal area is in progress .
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From (4) follows that for the heaviest particle at

the highest frequency and velocio[y phase adva~tces are at

minimum. Here mass 30 at 110 MHz and 10 keV/Pi input

energy and all other masses scaled corresponding to rules

1) and 2) gives a Transverse phase advance of --7.5° and

a synchro~,ousacceptance of 52 mm. mrad (not norm.).

Eksp. 119
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A NEW DYNANIICS CODE f3\’NAC FOR ELECT ROh’S, PROTONS AND IIEAVY IONS
IN LINACS \\’I”I’I{ LONG ACCELERATING ELENIENTS

P. Lnpostolle’, F . Xleot, S. Vnlero
L:tbtiriuoirr .\”;,ri,,/l:d .S;iturnt,. ( ‘}~.\”,S;IIl;,}, 0/ 101 (Jif.s,jr. }’JCII(S ( ‘( VIIIX, }’r;LIIrII

E. Tar.ke
/’.5”.(.’l~l{.t’,~“//I:’11 (“;,,rji,tv?:), .$ttirz(.rl,tljd

.x nw smsulmionprogram has been mtic for Iinxs, appfi~blecoheavy
ion maihmcswrrhmdependcnllongcavities(irxludingthe pos.wbilityof
crutnngm tie s~t bunch,ionsof difftxemchargesta!e).This program
Jppiwsdso 10 supcrconduccirsgmrducellcawiea for clccrronsand, witi
[he m.’luslon of spacecharge,wifl irpplycopmconhnacs.Aparcfromrhe
!nrroductwnof a maw focmalssm,N followsrhesameappach as pro
pow! m 1965 by one of k msrhorsand usedm srmcfan!codeslike
P.AR\l[LA and WWRO. Irs range 01’wslitity, however, has ban exrerrded
10 long ~cctlmmrsg clemenrswhae, ms[ad of saond orda um?aions,as
juggtstd m 1986[1] , orhersimplrJaverirgmgmechodsareused.In addi-
tmn,for Ihc rransvcrsc motion,rfscmrrcducuonof rcduwf canonicalvrvi-
Alcs wIIplIfIufchccxprcswons~d incrcmedtic accuracy.llrc preaisioo
oscr onc accclmr[ingelementhasbeenshowncobeapp=iably ke[cerM
I % u!th rhehtip of a complement stepby slcpmlegrirr.ionroutineof
H.rmthonmform,alwaysacccs.siblem tie cafe.

~

The dcn~~uon01 beamdynamicsquauons commonlyusednow ww
Prcwmcdm IY66[21[3] tt applies10 symmnc.d acdem@r INSS and
hasbxrr usedfor rhedesignof Alvarez-typeaccelerators.

The iwld Asrnhursonin eachgap,knownusuaUyfromcompulacimr,is
suppmcdto bc cxprcsedaroundirs centrcof symmecryin Oreformof a
Ft.suncrmtcgral. Assummg s~ghl trajectory and corr$canlvelocily and
Inrmdricmg a rhm lens formalism,lfsechangesin energyW, phaseQ,
rwlius r ~nd slope r’, wherr crossing rhe median plane, are given by
expressionsuherc ifw field discrlbcsuononly appearsthroughcheso-died
rnnsNIIme cocificleruT(k) wdr k = ~ (angular freqsmcyOVIX lon8i-
mdinalMoclt)] andirsdenvariveawichrespectrok. Ersexgy,phase.radirJs
find S1OPCmust howeverbe rheacmalvaluesal LMXmedianplaneandhey
hwe to be compucedrhrougha saond selof qusdcnrs ma iterationscrsmg
rhcso.calledS ccefficienrs,whicharem be rmuexfwirhsomecarr dueco
malytul duconrinuiriesin rfsedaivafions[4]. SeaxsdorsfuWins, taking
InusJccouruchechangein velaity acrosschegap, wac roughly compured
lo obumtt?tirorderof magniurdc,butwemnol ussxf.

In 1986LISCmerhodwasexurrdedfor checreafrnemd longandcompli-
cmd independentsrmccure.s(helix type) wilfr no exx! sw merry,10 be
usedwIrhvariousionsof quitediflcremvelocidc-s[1]. ~e scfuC~s ~e
no.~ characum.zcdby rheisaxiaf field disrribucion,givenm rheformof a
scIof Fourlcrc~fficiems, whichcarsbe used10compucetie u.wafWS[
umcmcf[iclenrs.The Imacrnerrtwasmcsdifkdusin~rheinputplanewirha
hm Icns formalism(avoldirsghe diffscrshymemionedm-iag rhe S
cocfficicnuandavoidingk useof a medianplane,ISOIorsgezs@ikassl
in Ore absenceof symmetry). In order IO USCrta.wlhe xcumcv for long
strucwcs, secondordu rcrmswereaccrrmcelycompuredin rhcformof a
doubleseriesof rrarssittie coeffscierrLs.Suchsezondode? terms,chough
comphcaed,gave vw sasisfaoryre.swlrsfor rfre Iongiludinslmocion
(W,qj. ForrheoansversemorionchemchorfIxked precision,fcxa reason
nolundersmocfat rhalrsrne,ad wasrherefm’edixsnkf.

In 198Xan asrem~w= mafe m use sucha fornsaUsmfor Clecrmn
machinesof chesuperconducdng[ypewiffr5 cd cwide.sand.sc.celuadng
grachen~ up 10 10 MeV/m . For relasivrsticparsicle.s(morerhan2 IO 5
\fc\’ ]njKtion energy),k formalismgave cormclresllfs for UseIOiSgl
nrdmidmotion. Resuhsfor h uansvcmcmorscxsprovrdto be wrong,
n~:>sluting(herfcvclopmentof a newformafism.

1) Consultant; private address:

3 rue Victor Daix, F-92200 Neuilly-sur-Seine, France

tkawfwll~

Onedrawbackof rhe above mechodin I)%rmnstmc mouonis dw rhc
variublesr andr’ Me norcanonicallyconjugare,Afler Iuvmg tompurcd J
change in cmrssvcrsemwrreruurn across an accclcnrting gJp, Ihe corrc.
spncfingchangem r’ hasm includean mkflrionirlrcrmduc10[hech;uqy
m Ionglludinafveloc]ly.llre cmmance m rr’ is nul cumsrm:II has w bc
multipliedby (IYm Lwo:nc‘nurwalizcd”andInvariam.

In chefield of clearosrarscNwron upticsCOIIC[5! mkcs uscof J
“reducedradius”R dclincdby rheso-caflcdPikh mnsfuIII:Jtiori M :

1{ = rfi Ill

Witi sucha variable,rhccquwion:

“’”c(’(r’’-’’=-’ir(++i’+)(”
become.sin tie praxiaf approximauon,usingNft*wcll”scquuwsn:

1121{

[

1 ,J ~~.-—-
Ii:? 1—–---c f?=,)(3)(-,1- 1)1~?mod C$f

llre fuslof tie twowrns widrinbrikers in equation(3) ISin faclcqu:d
10rfreonegenerallyusedin rhequalion for r. The wood lcnn M norhlng
else charsrhe eleclroscacrclens expressionas glvcn by COIWand IS uf
secondorderin field. It M alwayslargerrfm anysuondorderwrrrccuurr
cotic fust rcrm(seepreviousseaion)andm somecam II is even Iargcr
rhanrhefirstfennassuch(set fig I and2).

The.mostimportamremark10be madehowever,rs Ihsl tic formoi q
(3) implies,accnrdingto I.iouville’scheorcm.lhmihc emiuaace in RR Ii
~ninvarmrqasN hasnoR’ rem.

16.s

I’J-@
Lo I ;(cm]

0.0 Ila

OX4

Oxu
&

(cm) ‘

m L J(m)
90 1X1

FIK.1, Evolutionof energy,R, r’ and R’ frsrthe accclcmrionof PblJ.
rhrnugh3 gapsof a Quas~~Afvarezperiod. The phaseof rhcparciclcuon-
sidewf ISa: .20 kg fromtie crest. Oneobservesthediffcrcnccbclwcen
R’ andr’. Whiler’ is of a compliuti form,theR’ curveckxsrlyshowslhc
cffeclof rhe firsl lerm of eq 3, which IS rhe prominentonc here.
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NewCompusz.sCodes—

N’IL) cq (3) for & rsansvesscmotion, a new .suirc’of CCulC5S0 ICpliKC
PARMILAandsunilartype.uxlcshas~ developed.Suchcaka arc
now applicableto a greatvariay of linacafran ion nsachincs( Quasi.
Alvarezscucturcw indcpcndea(bng avidcs) sodccowtmschincsof she
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DelaikddezivisdassWiffbC@co isSancrthu~ io _OSL

A complex,,nrary X@ by arqs inrcgsatinssoudM of HasrI&.darr Cm
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CPmauskm

Thesecodes,initiaJkydevelopedfcx the compuracionof a heavy ion
booscerat Saclay,andaJsoinsnllcdand@idly develcyrcdal CERN, now
also includerhe Possibillyof computingrecirculatingclu~on rrsachiiics
wIti “heefftzt of synchrorrcmradiationin bendingmagneLs[6]. At CERN,
dseyforman integralpartof a mire of programsforrhodesignof J Quasi-
A1varczleadlirrac[7]. For presentapplications,spacechargehasnol yet
beenincluded,butrhelogicusedin chcprogramsallowsfor suchan addi-
tion. An extensionfor the:lmulationof anRFQcouldalsobeforcsccn.
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DAhfPING OF HIGHER- ORDER MODES IN ELECTRON

P. Hiilsmarm, M. Kurz, H. Klein, A. Schcmpp
Institut fiir Angewandte Physik

LINACS “

Robert-Mayer-StraEc 2-4, D -6000 Frankfurt am Main, Fed. Rep. of Germany

Abstract

Future linear e+- e-- colliderswilloperate
al fr~’qucncies up to tcn times higher than
cx ist ing machines (e.g. CLIC [1] is being
rlcsigncd for 30GH2 operating frequency).
Therefore beam induced effects Iikc long range -
and short range wakes cannot bc neglected.
The} arc capab Ie of setercl}” deteriorating bcarn
qua lit:”. The most dangerous modes existing in an
iris structure wil I be e~’aIuai cd and it wil I be
shown lo u!hich cx tent they can bc suppressed.
Experimental *.ork has been done determining low
Q-Ialucs using a simple and precise measurement
~cchnique. First rcsul 1s uriII bc presented.

Introduction

Existing electron Iinacs (e.g. SLAC, LIL)
operating at S-band frequencies arc scarcely
affected b} wake-effects. As the wake-potentials
sca Ic with ti2for !ongitud ina I wakes and with U3
for transkcrsal wakes t$cir influence on the
Learn has to bc taken into account for future
COIlidcrs [2].

Al I proposed e-- linacs are for colliders are
iris structures. To get rid of beam perturbing
higher order modes slotted irises have proved to
be an effecti~”c method of coupling those modes
into a load [3].

-@

\
\—

)
Fig. 1 TM,10 x-mode, E- and H- field plot

Shape, orientation and number of coupling slats
remain subject of invt,stigat ions. According to
Panofsky’s theoreme [4, 7] TM-type dipole and
quadruple modes prove to be harmful to the
beam. Therefore the TM1,O x-mode is of special
interest due to its phase velocity CIOSCto the
one Gf the accelerating mode (see Fig. 1).

● work supported by BMFT under
contract no. 055FM111

To judge the effectiveness of the coupling
slots, the coupling factors for the perturbing
modes have to bc measured, To do this,
Chiprnan’s method (measuring the reflection
coefficient of a complex load using a resonant
Iinc) [5] was used.

Experimental setup

In the cxpcrimcnts a three-cell iris struclurc
(2x/3-mode TMO,Oat 2.45 GHz Iuncd to VPl,’c)
was used.The rniddIc irisof lhc sIructurcwas
slottedand a rcctangular waveguidc (LOmm
width,20mm height ) was at tachcd and tc rminat cd
by a load. For the mcasurcrncnt of the coupling
factors the load was replaced by ii s Iiriing
short (see Fig. 2).

=Ilj!zl p
,--I u —.-J

sliding short I
— I I 3cell

b b’

1-

slruclure

Fig. 2 Measurcmcnt setup

The rf-signal was fed from the signal source
into a microwave amplifier and then inductively
coupled to the waveguide exciting a TEIO wave.
The amplitude of the rf in the w-aveguide was
observed using a voltage detector.

The coupling slot to the waveguidc was of
IOmm height and 60mm width, the slot height in
the iris varied from 1mm to IOmnl (see Fig. 3).

mxidlc iris

Fig.3 Coupling slot

3.CCI1Sltuclure

geometry

I
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Theoretical aspects of the measuring method

We consider the signal-flow plot (sfp) of a
transmission line terminated with a short on one
side and with the attached cavity on the other,
the cavity itself being rcprcscntcd by the
reflection coefficient PI. b and b’ arc complex
wave amp Iitt.,~~s (see Fig. 4).

‘w”
~-(a + j(3)l

Fig. 4 Signal flow plot of the cxpcrimcntal setup
(a+ j~) = propagation constant of the line

11 can be slwwn hat the measured signal is
proportional to the magnitude of the transmission
factor tbb,=h’lh. Hence we have to calculate tbb’.
Solving the sfp for tbb” WC find

-(a + jf3) I

tbb’ =
e

-2(a + j~)l “
(1)

1- ppi c

The reflection coefficient p is chosen -1 (sliding
short ) and int reducing r= ppl =cxp(- 2<0+jx)) we
final Iy get:

Itbb”l= (2 Jlrl { sinh2(al + o) + sinz(~l +x!} )-l. (2)

At a certain (310~x= nx, n being an integer,
a ma>:imum of the transmission fac!or wil I
bc observed. From this we get the phase
information (modulo x).

The height of the maximum is proportional
to the sinh term. To find a, the Iinc Icngth I is
varied by 311,2 to each side of the maximum
until the signal has dropped to g times its value
at 10, O~g<l. We find from (2) that

sinh [ & 10+ 811) + o) + sin (p’ 10 + 81 I ) + x) =

sinh2( alo + o)/g , (3)

sinh2( cd 10- 81z)+ a) + sin2((3(10- 812)+ x) s

sinh2( alo + ~)/g .

These equa~ions now can bc solved for CS.Often
the damping coefficient a is very small in
comparison with o and can bc neglected. In this
case the two equations rcducc to one. Now
magnitude and phase of r are determined. If the
sIiding short cannot be thougt idea I onc first
has to measure its properties in order 10 get a
correction for the value of PI.

The coupling factors for the undcrcoupl cd

and ovcrcoup Icd case can bc writt cn ils foIlows
(at the minimum of PI \crsus frequency):

1 -“pl
k“ = —

] + p,

1 + p[ ‘
k. = —-

1- QI (4)

Which of these equations is applicable can be
dccidcd regarding the Smith chart affilii~tcd with
the problem.

Experimental results

For the purpose of identifying the cigcnnloiics
of a rcsormtor MAFIA [6] ca Icul at ions for il
three-ccl I iris structure were compared to
perturbation bal 1 mcasurcmcnts. The next
ncighbouring modes abcvc the TMo1o x-mode
w~rc identified and examined for their COUPIins
properties [7] (SCC Fig, ! and Fig. 5).

Hybride modes:

type 2

.

TM110 O-mortc

-(ii!!
>/-

( —
(J\

Fig. 5 Field plot of pcrturbil~g modes,
E-fic14 an~ H-field

The coupling factors of the modes to the
wavcguide were measured using s Iot tcd irises
of various sizes.

Only one polarisation for each dipole mode
would couple, the other is stongly suppressed
by the slot. The fol lowing figures show reflection
coefficients for several slot dimensions. Al I
following figures refer to the TM110 IT-mode.
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Fig. 7 Reflection cocflicicnt versus
frequency IUr a 2mnl slot

The minimum left of the main minimum in
Fig. 7 could bc identified to bc the second
polarisation of the mode, the onc to the right
belongs to a rcsonancc in the coupling system.

CT_’--‘‘‘;’‘
L /

s lot height [mm]

Fig. 8. Coupling factor versus slot height

The measurements were made with an
uncal ibratcd SIiding short, therefore al I QI
values are too high. This is true especial IY fOr
the lowest values (assuming p= -0.992 corresponds
to QI:: 70 only for a IOmm slot).

Coupling coefficients were also measured
for type 1 mode (see Fig. 5), results arc given
in Table I.

1.8}-

I1.4 .

1.OO--+. -..~—L–1— ..— -- -.,. - L–. L..

4 6 8 10
s lot height [. :IIIN j

Fig. 9 0 versus slot height, (QI =Qo/(1 + k))

TABLE I
Coupiing Factor k for Type 1 Mode

QO=5000
Slot height

~ o::

2 11“
5 42

The TM110 O-mode showed very weak
coupling. Only for slots great cr than 7 mm sIight
coupling could bc detcctcd. The type 2 mode
showed no coupling at al 1, duc to the abscncc
of fields in the middle iris. (see Fig. 5.).

Conclusions

Work on the structure described above has
shown which amo~nt of power of a certain mode
(e.g. TMIIO x-mcdc) can be brought out of
a slotted iris structure, It could also bc shown
that the ncccssary low Q values of the disturbing
modes can almost bc achieved wi(h onc slot,
a second slot should be sufficient. The problcm
of measuring very low Q values could bc solved
by using Chipman’s method. This method docs
not require prccisc machining except foi a
calibration short,
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EFFECT OF TANi~ SEQUENCING ON

C. C. Paulson, R. A.

CCL Accelerators

Hartley

GrummanSpaceSystemsDivision,4 IndependenceWay, Princeton,N.J,08S40

ABSTRACT

For some high energy&rxeleratorap@ications,coupled
cavity structuresprovide the most efficmt meansof ion
acceleration. This paperdescribesthe resultsof a beam
dynamicsstudyinto theeffectsof t!!euseof variousartking
scquenccschemeson beam dynamics. TtIc studywas
pedomm!usingtworecentlydevelopedcodes;acentd particle
~~e~~~c~~de ~~ a mui~-~cle PIC CCLdcsi~ c~e -

ParucularattenhonM paidto transverseand
longitudinalcrniuancegrowth. For a portionof the study,a
particle distributionderived from PARMILA was used to
preventa freeenergydriven(changingof barn distribution)
emittance growth. Additionally TRACE-3D has been
!rmdilledto providea matchedbeamfrx theCCL tanks.

Introduction

llris paperprwcnrsbriefdescriptionsof a CentralParticle
pre-processorCCL code (CPCCL)and a Particle-in-Cell~IC)
designcode(PARMCCL) thathaverecentlybeendeveloped.
AI present,only Side Coupled CCL structureshavebeen
includedin thesecodes. PARMCCL is basedonPARMILA
andprovidesa logicalextensionof theion accelcmtordesign
PKuZss.

Linear acceleratortanksare composedof a seriesof N
coirpledresonantcavities. Eachsetof boundaryconditions
definesN ElectricaridMagneticfield configurations(modes)
which will resonate within the tank. The standard DTL
configurationcormxpondsto the OModesolutionin whichthe
Electric fields in a!] of the cavities are in phase. The
synchronousconditionfor suchanin-phasesetisthattheions
musttravelthedistance(L) from thecenterof onecell to the
centerof thenextin me RF period(L = @). Thex-mode
configurationcorrespondsto a systemwith a 180”phase
chn~e be;wccnad”acentceUs,

$
In thiscase,thesynchronous

conditionis L = ~ 2. The standardCCL configurationis
the IM2 mode. In this configurationion accelerationis
obtainedfrom every other cell. (Every othercavity has
amplitude *1, intermediate cavities are empty,) The
intermediate(unexcited)cellsare termed“couplingcavities”
and used for power trarmsferdown the tank. The most
commonmelhodof designingCCL structuresistoremovethe
couplingcavitiesfrom the beamlineentirely(for example;
Annular,Slot,andSideCoupledCLXs). Thecellsremaining
on thebeamlinethenresemblea r@ mode structure andthe
synchronousconditionremainsL = ~lJ2. Altkoughnota
requirement,due to cost considerations,most CCLS are
designedwiti eachcell withina tankbeingidentical,

The followin two sectionsdescribethe multi- article
t (!’PIC codePARM CL and the centralparticlecode PCCL.

The final seztionsdescriberesultsobtainedand itemsthat
main tobedorm.

Parntccl

The code PARMCCL is broken
central txmicle Se.Gionthat movides

into two sections:a
the cell table:and a

particle ~ynamicssection. fie cell tablesareealcu-ktedin
thecentralparticlesectionandarebasedentirelyon theaxial
field COMPOIWL Theyemploya centralparticleconceptin
which the beam is characterizedby the parametersof the
particleat the bunchcenter,ratherthan the more standard
synchronousparticleconcept. The largesteffect of this
changd viewpmntis foundin thephase. Sinceeachcell ina
CCL rank is geometricallyidentical,thephasethatthecentral
particlein a bunchseesin thetankvariesfrom cell to cell.
Allowing theterm“synchronousphascm. to referto a particle
having the tank designbeta, the relahonshipbetweenthe
centralphaseandthesynchronousphasein cell i isgivenby:

$j = $~ - 7C(1 - ~fii )0

T$~ energygainin CCL cell i canbe writtcnl:

In theabovee&ation, thelengthL2 ;f& io ~ok ( = 2L0 )
andthe variableT refersto thestandardTrarmtTime Factor
definedin SUPERFISH. The Modified BesselFunctionk
has been includedin the equationsince it entersinto the
determinationof theradialElectricfield andcimumfertntial
Magnetic field for trackingthe particlesthroughthe CCL.
However,al! equationsarelinearized( I@)= 1andII(lr) =
krf2 ) in thecodc.

Definingtheratioof thedesignbetaof thetankand
tl.ewin-al betaof thebunchinccli i tok ~i = po/(1 + f’i)
andexpandingthefunctionsproportionalto thebetaratio,the
exwxgygainequr.tioncanberewrittenas:

bWj =
I

2~T&{fiCOS($} -2@ (~)i) ~
d

I+
where: fj = COS2(x) - ri.x.cos(x)”sin(x) - ~X%OS2 (x) ,

fi
gi = COS(x)-sin(X)+ rj.xecos2(x)- *X20COS (X)AIl (X) ,

andX = 2ndL2.

The cell tablesaregeneratedbydividingeachLA intotwo
halves,usingaveragevaluesin eachcell half for eachof the
trigonometrictermsabove,and iteratingfor a self-consistent

T This worksupportedby GrummanSpaceSyslcmsDivision.
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soluiion to the cne.rgy gain quation and the CC1lphase
eauation. To allow for examining“m built”cOnfigUf’ati~n$
in’whichthesetof tankdesignbew- (fh) iskno’~. ~tmaY~
input a: run time. Alternatively, the cade wilt performan
additior,aliterationtodeterminetheset,oranycombinationof
thecasesmaybeemployed.

In describingthe molion of lhe particlesthroughthe
CCL, the three field componentsderwed from Maxwell’s
Equationsareused l%eseare:

‘(rz”)= 12E0Tc0s&l)c0s(o’i+oi’

&(rz,t) = 2&T-& sin (2:) cos ((i)tj + $j)

Bo(r,z,t)= -
()

2&T-&cos ~ sin(~ti + $i)

In this portion of the code, each cell is broken into a
predetermined(selectableatruntime)numberof sections,and
eachparticleis followedusing the drift - momentum kick -
drifl methoddescribedbelow. A spiice chargeimpulseis
appliedtoc-achparticleat thecxmterof eachcell.

For eachcell section,all pa-ticksareallowedto drift to
thecenterof thesectionby iteratingfor theaverageVCICMAY
for eachparticlein thesmiort. After reachingthe center of

——

thesections,eachparticlemc-civesa transwsc impulse(qual
Iimcof flightisusedfo~eachparticle.):

J

with
~i)

x = F~ - ~iCE~o

The avemgcradialElectricfieldandcircumJercntialMagntxic
fieldsarefoundinthesamemanmxastheaverageaxialfield

‘f%esequenecfollowedby theparticlesin traversinga cell
withN sections(N mustbeeven)is thexcforegivenhy:

[DMD]~~MD]2 -- PMDjN~ [SC]
~MD]N~+l (DMD]N~+2-“”[DMD]N

In his relation,[DMD]j refexsto Drift-Momentumkick-Khift
sqc,nce describedabove,andISCI reftm mtheSpa@Charge
momentumkick. In this code m equal “time of flight”
conceptis employedrather than (hat of “eqal distance
traveled”. Thespacechargecalculatorhasbeenrewrittento
reflex;this. AdcWonally,the rewine hqsbem rewritten~
mnsform all particlecoordinatesto the particJes’frameof
referenceDrio?to DerforrninKits CidCUkitiOIW 10 avoidanY
possiblere”lativistic-problems.-

I(xl
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t
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beta

FIGURE 1 - ZTT verses~

Central Particle Code particularproblem-- a %4 designtechniquehssnotbeen
prescribedto date. Providingthe exafnmahonof tie CCL

The major limitationof multi-particlePIC simulation
codesis the timerquired to runthem. Usinga MC codefcx

*e~r P ~ *iN a@%aMe.eOmprom.isesMwm
parameklsalmostneeesIatestheuseot a preprwxsor*.

tradestudiesis an arduoustimeeonsumingprocess. In a!l
typesof accelerators,beamdynamicsdesignrequiresthe Lnthe presentirtstanw,thicability torapidlyscanthe
determinationof manyin[eraetingparamwrs. CCLShavea CCLopemingspaceto determineparametervalues is being
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provided by the code CPCCL. In thiscode,theenergygain
in =ch cell is gitcn by:

with the cell phase and cell beta ratio ~i) given by the same
equationsas in section2. Since the accuracyfound irt
PARhfCCL is no[ requiredin this instance,the cell unu-al
baa isdefinedtobe:

As before,selfansistcnt itermio;sarcusedto determinethe
rankand Cdl tables. Someof the inputsrequiredfor this
de am:
EO : Averageaccelwatingfield, or
%; mm currentlongitudinitiphaseadvance,
B’ : hfagneticFieldGradien~ or
m’o : Zem Cwmn!tr3n.m&rSephaseadvance,
rD: bore radius
R: Cell outer r~dius.
1: cur7cnL
f: fiqucrxy.
h’~ : Input Energy,
wout : Input Energj..

A: Particle species.

9: phase (absolutevalue),
S.>i : no. of cells~r rank,andcell lengthspcr magrrw

Iten’.s suchas the shumimpedance,transittime factor,
mzximumsurfacefkld, quali~,andgaplength(alongwiththe
;qxmt.itkdei-ivedhornti.emsuchasthepowerconsumed)are

Figurt 1 showstheShuntImpedanceperunil Icngth.asa
functionof beta, frequency,bore radius,and outer radius.
Thethreesolidcurvesa forancuterIadius{R) of 12.6cm,a
frequencyof 850MHz, andboreradii (~)of 0.5, 1.0and 1.5
cm. ‘he threedashedcurvesarcfor thesameradii (R and
%)a a f U~CY of 42ShlHz. (The two C&XS[f=425 MHZ,

7r@15 cm and [f=8S0MHz, ~=1.5 cm] lie on top of one
another.) l~e insertshowsthe effectof the cavny outer
radius.

Results

To providea testofthecodea tics of runsweremadeto
lookat the effecl of wik squencin~on thebeamdynamics.
~:mi~ ~ks W= gerie,nted by varyinghe numb of ce~ h
thetank,theMagneticfcxussingstrength,andtheaccelerating
field strength. For thesetankssimilarity wasdefinedas
maintainingthetransversefocussingstrengthpc;nunn~e~~
andacceleratingfield perunit lengthumstam.
thetransversefocussingelementwasa sin Ie (constantl~gthj

f!PMQ thatwascen:ered in a length~ol . me initialCCL
usedwasonein whicheachtankconsistedof onecell anda
PhfC/. For ‘heoneell rank,thevalueschosenwtxe:

B’= (B’)1= SOTs/m and
&T = (&T)] = 7.5 MV/rn.

lle paramcttusfor theothertanksarethengiven by:
@’k = ((n+l)~)@’)1 and
(%-f%= ((~+l)m)(&nl .

TRACE-3D was used to dctermim the matchedbeamsforeach
caseconsidered. Table 1 liststhephaseadvancesfourrdfor
the zero currentand full current (100mA) casesfor each
confitzurationwherea matchedbeam couldbe dctcrmintx.i.

obuinedfrom scalingfromcurwes. Th&e CUIVSShate been Altho;ghtheconfigurationsweredesignedtobe similar,they
generatedusing data obtainedfrom multiple SLTERFISH canbe seento coyer a reasonablywide opmtional range.
runs. and fmm references2.3 and4. Additionalqu.mities
suchasthecurrentlimitareobrairrcdin dremmlard manmmd.

1.01
1.00

0 5 10 15 m 2s 30
EnergyGain(MeV

FIGURE 2 - Relative Transverse Emittance Growth
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FIGURE 3 - Relative Longitudinal Emittance Growth

TABLE 1 - Phase Advances (Per tank Ienkth) <Configuration mcl (deg) ~ (deg) q (deg) crL(deg)
1CeU/ Tank 12.8 ~ 10.3 4.5 5.3
2 Cell~ank 34.6 15.4 18.0 6.0
3 Cell#I%nk 68.2 J 20.5 43.5 6.9
4 Cells/12mk (noma~h found) 93.1 7.9
SCells/Thnk (nomatchfound) (nomatchfound) 4

~-j n 2 CeUs/TankO.ot

0.04

0.02
.

3 CcUs/Tank 4 Cells/Tank

0.00r‘ “ ---- , ., 1. . . , - . . . . ~ . . . . . . . . .1. . . . . . . . . ~

o s 10 1s 20
EnergyGain(Mel

FIGURE4 - RMS Beam Size

Figures2 and 3 show the relativeTransverseand correqmdstoanunder-focusedsystemandcase4 toanover-
bn “tudinalemittancegrowthsovera 30MeVenergyrange

#e
focussedsystem. Incase 4, it is the apacechargethat isfor fill currentcases. It canclearly beseenthatease1 maintainingthe stability~f the system. CaSa 2 ad 3 Me
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relativelystable. Figure4 showsthe beamradiusfor thefour
cmcs. Therelativelyflat ,scclionsarethemagnetlocations.

Conclusions

A set of codeshasbcxnprcstn;cdto help designCCL
aculerators. ~c two codes arc complementaryin melhod
andrmulttype. ‘Ilc centralparticlecodeCPCCLaflowsthe
designerto rapidly scan lhe operating space to obtain
acceptablecompromisesbetweendesignparameters, The
pIC COdCPARMCCL provides a much more accumtc
assesmeruof the operatingcharac~cristicsof a sidecoupled
CCL. However,it requiresrelativelylongruntimes.

Thedesignerhasavailabletwo variabhxtoalter therun
timeofPARM(XL. Thesearcthenumber of macroparticles
usedandthenumberof sectionsin whichto dividee-ad;CC1l.
Tle codeis presentlyrunningon twodiffexcntmmputers:a
p-Vax, andan StardcntTitan (3 CPUS). On thev-Vax, the
coderequiresapproximately2 hourstocalculateresultsovera
100MeV rangeusingtwo sectionspcrCCIIin a 10W panicle
simulation. Using cigh~sectionsper cell, thisincreasesto
approximately5 hours. On theTitan, thetwo wtion per
cell caseruns in appro..imately 30 minutesand the eight
sectionpcrCC1lto a little over2 hours. Todate,no auernpt
wasmadetomake~,ccode vcaorizablc.

A preliminary assm.smcnt hasbeenmadeof theeffectof
riumberof cell sution on emiuancevalues. Elevenruns
weremadeusing2 sectionspcrCCIIand 12 runsweremade
usingeightsectionspcr cell. Each run wasmadeusinga
differentseed for the initial distribution random number
generator. The meantmnsverseemittanccandthestandard
deviationof the mnsversc eminance rcsulls for the the
differemcaseswereidentical. Thermdts forthelongitudinal
emittmcedifferedslightlywith themeansdifferingby 0.4%
and theswdard deviationsby -370 (of a verysmaUnumber).
Sincerhisevaluationwascompleted,mostrunshaveusedtwo
sectionspcrcell.

A secondmajorlimitationof thecode,at present,is its
rcstriaion to a particulart pc of CCL,

?
Work will bc on.

goingtoexpandthiscapabi.~ty.
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AhStriiCt

.4 gcncridizwielectric mu!lipolccocfficicnl fitting
rxxk, VFIT, thathasbeendcvclopd to matcharhiwuryRFQ
luncprofrlcsw highxcu[acy isdcscriimi.Thesecodficknts
d’agcncralizcdpotcnliularcthenpassedw itmodifiedversion
ofPARMTEQ whichpxformstheRFQ beamdymm icsintli~
prcscnccof arbitrary vane errors. For a particularhigh
brighmcssmass2 RFQ design,dlc r~SUIL\of bothsymmetric
itm!asymmetricvitncdi@accmcnterrorsarcprescmcd.The
resultant pcrfa-numccdcgrwhionduc[o theinduaxidipole
mode is found 10 be small al convcn[ionid lolcrancc ICVCIS(1
roil)andabove. “ilc cffcc.tof machiningthe\’arrcsaccording
to a two term potcrmal or consmnl transverseradius
prescriptionis alsocxamimxi. Only itnr!=l, m=4 oclopolc,
and10a Icsscrcxwmann=O,nl=6kdccapolclcrm,arcfoumi
to1A w serioustransmissionpcrfomunccdcgridationir[iligh
viducsof the ceil moduia[ior.factorcombinedwith smail
vaiues of ~A/2ro and p/ro. For themass2, p = 3/4 ro, KFQ
considcrcd,thetransmissiondropsanadditional ! 3Y0 with the
constanttransverseradius cut. Furkcr, the additi mai iosses
arc in the high energyaccclcritingsectionof thedcvicc.

1. Introduction

Highbrightnessitccclcratordesignrequiresimproved
itttcntionto dctaiis of the bcirmdynamicsdesignof the
com~ncnL.. TO M end,wchavedcvciopcdimproved :~FQ.
beamdjurrrics modcisthataddress\hcwissues.

A de, VFIT, that calculatesthe variousmuitipoic
componcms corrc,spcmdinqtoarbitraryvanegeometryhasbeen
devciopcd.WC have aisomodifiedour standardversionof
PARMTEQ [oaccommodateaxiaiiyvarying arbitrary inpul
muilipolc components.

Thesecodesarc thenappliedto thebeamdynamics
studyof a high brightness,352 MHz mass2 RFQ design.
This430 ceil RFQ accelcrauxtheionbeamfrom200 KcV to
2 McV in a distanceof4.6 wavcicngths.The@ modulation
factoris i.6, r. -0.328 cm, a constan~trwtsvcrscradius p =
?/4 r. vane dcslgn is u~ and [hc peak surflccciWUiCficld is

1.8 Kl!patric~.

Initial resuitsindicatethatauenticmneedsto bepaid
to highordermuitipoietermssincetherearcconditionsunder
whichsignifiwntperformancedegra&tioncanresultfromtheir
inclusion.However,minordesignmodificationscangencraiiy
recoverclosetothebasictwotermpotcntkdperformance.

.—
t Tilis tvoik wassupportedby GrummanS;)accSY5tcms

Divlsmn.

7. . Itl~Q \’i~n~ arr(i ll~itni Dynamics Nlodcis

A gcncrdiizcd cicxtric muitiiwic cocf[”icicnt fi[[ing
code, VFW, im iw”cndcvciopcd10rnirlcharbitraryRP’Q\ irnc
protllcs10high:l~~urii~y,}{owcvcr,unliketheirnogcci]wgc
modelof Crzmriall’andtheIinilc clmcrrt solution uxhniquc of
Discrcns2, th~ polcnlial coeffi~icnLsarc dctcrmincdt)y ~
rclativciysimpicicasi-squitrcsfittingtechniquetoa givenvane
geometry,which is loicrantof the iargcprobicmcomiilion
number. This is accomplishedby using a singic vitiuc
decomposition (SVD) numcricai schcrncapplied with. .
rcguiarizaliontccimiqucs310Wbilix thesolution.

Thepotcntiaiiscxpa.micr.ias,

U2

U(r,13,z.)= V ( ~ Aoln rn~cos(mO)
nl=()

03

+ x Bomrm sin(mO)
111=0

u300

+xz Anm InJnkr)cos(mO)cos(nkz)
m=On= 1

ax A’nmIM(nh) cos(mtl)sin(nkz)

+xz f.3’nmInl(flkr)sin(mO)cos(nkz)
m=On=l

+Xx Bnm Irn(ni@ sin(mo)sin(nkz)) / 2 (l).

VFIT calculatesthecocfiicicntsAnm, A’nm, Brim,
B’nm of Eq.[!], whichcanbc US(XIto rcprcsc~tbothdipole
and othernon-quadnrpoiclcrmsof arbitraryazimuthaland
longitudinal symmetry. Specific features of the VFIT
calculation inchtdc the automatic generation of geometryfor
(landali’s vanetypes,the abiiity to studyasymmetricvane
gwmctrics,anda multi-ccl]fittingaigorithmfor longitudinal
variation. An importantaspm is thatwe havedcmonst.rated
theability to accuratelyresolvemomentcoefficientvariation
for vane displacementsof icssthan t 1 mil (0.001 inch),
whici~is theorderof thecnginecnngvanetolcranccIcvcifor
highbrightnessRFQs. Figure 1showsa comparisonbelwccn
VFITand Ref. [1] results for theacccicrat.ingcflicicncy,AIO,

of a type1 vaneat threedifferentvaiucsof I = ~ A/ 2 ro,asa
functionof thevanernodulutionfactor,m. God agreementis
evidentforthe.sedkpexatcsoiutionpmecdurcs.
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Figure1. ComparisonoftheAcceleratingEfficiency,A1o,
CalculatedbyCmndalllandVFIT

3. Beam Dynamics Results

We have used VFIT to pass ? various potential
multijxde coefficients to a modified ver: m of PARMTEQ in
order to perform RFQ beam dynamics in the presenceof
arbitraryvaneerrors.Theresultsfora highbrightnessmass2
RFQ design of both symmetric and asymmetric vane
displacement errors show no significant performance
degradationwithina f 1 mil engineeringtolerancefor vane
machiningand alignment.

Figure2. Transmissionprofilefor the BaselineCaseanda 5
mil Off-Set“Y”Vane

Figure 2 shows the resultant axial transmission
profilefor tic baselinecaseandonein whichone“Y” vaneis
off-setby -5 roilsalongtheentirelengthof the RFQ. This
extremecase,ascomparedto theengineeringtolerancelevel,
introducesa dipoleelectricfkld component which leadsto
insignificantlongitudinal(notshown)andtransversecmittance
growth,figure3, andtotheillustratedminortransmissionloss
(- 1.5%;with respectto thedesignpoint value. There is
however an offset of the output beam axisdueto thepresence
of thedipolefieldcomponentwhichisshownin figure4. The

mugniludcof thisol(w
;Im.1isnotsignificml.

?,
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i
:
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wou!u b,]wcvcr be rcitdily c(mcc’l:d~lc

11

1 !
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Fi~urc3. AxialTransverseEmittan~ Growthfor the
B~linc Caseanda 5 milOff-Set“Y” Vane

Figure4. AxialBeamAxisVariationforthe BaselineCase
anda 5 mil Off-Set“Y” Vane

Next, we consideredtheeffectof the specificvanetip
geometryonoutputperformance.For thisstudywecompared
thebeamdynamicspwfoimanccof a constanttmnsvcmeradius
(p = 3/4 r. ~ Type 111Vane) RFQ vanegeometrywith an
equivalenttwo term potentialcut. A comparisonof the
variousmultipolecoefficientsat a modulationfactor,m=l .5,
for two valuesof 1= ~A/2ro is illustrated in Table 1. The
VFIT valuesyield an rms voltageerror of lessthan0.003,
Whenwe applythesecoefficientsto ourmass2 RFQ design,
asshownin figure5, we find thatthiscanleadto significant
degradationin transmissionperformance(-13% reduction).By
consideringtheeffectof variouscoefilcient.swchaveidentified
the n=], m=4 octopolcterm as the culprit. The n=O,m=6
dodeeapolemode can also plays a significantrole in the
resultantkm dynamicsperformance.Table2, illustratesthe
impact on transmission of these various multipolc
components.

l%esc results agrees with those of Chidlc#, whofound
similarbehaviorat highmodulation(m - 2) in-amitss1RFQ
design. Increasing p wiih respectto r. Icadsto improved I
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Table la MultipolcCocf!icicnlComparison
m = 1.5,1= 2.0

I m I TwoTcrm I VFITp~3/4 Icrandallp=fi
;12 I 1.000 1.003 0.992
0
1
3
1
‘1
7

6
0
0
4
2
6
A

0.000
0.395
0.000
0.000
0.000
0.000
0.000 J_

f).036 0.037
().’295 0.324
0.001 0.002
0.134 0.099
0.033 0.023
0.002 0.005
0.001 0.002 .–

Tabklb.MukipoleCoefficknlComparkx!
m = 1 < I = A (),,, —..-, . — ..”

n I m I Two Tcml I VFIT p=3/4 ICrandallP=3/4
012 1.000 0.983 0.983

J
o
i
3
1
2
2
3

6
0
0
4
2
6
4=

0.000
().392
0.000
0.000
0.000
0.000
0.000

0.037
0.361
0.002
0.066
0.017
-0.001

0.033
0.363
0.001
0.060
0.016
-0.001

-0.001 I 0.002

Table2. TransmissionDependenceonMult.ipolcCoefflcicnts

-!n=lN:d !n4N:=6 !“’hc::cms!
76 kight Tcnn’) Yes Yes

I
Yes

84 No No Yc.s
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Figure5. Axial TransmissionVariationof Two Term and
EighlTerm (Type111)RFQ VaneGeometries.
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4. Conclusions

Rcccmmw!cl dcvclopmcntfor high brightnessRFQ
beam dynamics analysis has been dcscribcd. Specific
applicationsthat illustratethe utility of ticsc modelshave
beer,presented.Wc concludefromthedipoleresultsthatthe
principaldriverforhighaccuracyvanemachiningappearstobe
theRF cavitycharaxcristics(frequencysensitivity)ratherthan
the beamdynamicsperformance.However,the highorder
multifmlcbtximdynamicspcrfonmneeshouldbechccktisince
particularly the n=l, m=4 octopolc and the n=O, m=6
dodecapolcmodecan lead to beamdynamicsperformance
degradationwhen the modulationfacLoris high (m 2 1.5)
while either p/rOis small (p/rO< 0.75) or 13A/2r0 is small
(I < 4). Relativelyminor vane designmodificationsshould
circumventthisprob!crnandrecovercloseto the two term
potentialbeamdynamicsperformance.Further studies are
requiredto confirmand understandthis behaviorand to more
clearly map out theregionsof parametersspacethatleadto
performancedegradationproblcms.
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NEWBEAM-DYNAMICSDESIGN PROCEDUREFOR RFQs

Abstract

So far, two computer prcgrams bwe typicallybeen
used for the beam-dynamics design ofradto-frequency uad-

\“rupole (RFQ)linacs.OneisRFQUIK developed for ]gh-
cut-rent proton litmcs. The other is GENRFQ developed for

‘0w<ume”thea7 ~
-ion lirmcs. Inorder t.ooptimizethe design

ofRFQs,especialy Intermediate-beamcurrent RFQs,a new
guideiineisproposcdbykeepingthelongitudinalncceptmce
I.onst,mtt for the design current in the gentle buncher. The

Yi

~tccelerntion efflcienc in the acceleration section is nlso
improved by adua y increasing the modulation factor
under the con ition ofa constant transverse acceptance. An
RFQ Iinac designed with these guideline was simulated by
using the codePARMTEQ.A goodtransmissioneffkiency
nnd n small Iongitudinnlemittance for a relatively short
cavity length were obtained with this design prm-edure.

Introduction

VariouscomputerprogramsJ4havebeendeveloped
fnr desi ning the beam-dynamics of radio-frequency quad-
ru~le(~FQ)linncs. tVeattemnkdtou* thewpro~ams in
or cr to design the RFQ llnac for the Japanese Hm-iron
I+oject (J FIP)S IIowever, further improvements in the pro-

Y
nms were neces.snry for the present urpoae. The reasons

i“or the improvements nre presentid by nefly describing the
barn-d namics des ms of two t pica] programs, namely
RF&UI~ 1 nnd GE1/RFQ3 The !%mer was developed at
L J. (Los Alamos National Laboratory) for high-current

For Nuclear Study, University of To{yo] for low-current
rotonRFQsand the latter was develo ed at INS (Institute

heavy-ion RFQs.
In the RFQUI~ an RFQ is divided into four longi-

tudinal regions: a radial matching .section,a shaper, a gentle
buncher nnd an acceleration sechon. 1n the rndial matching
section, the bore n erture is tnpered offin order toadjustthe
focusingstren h~rom almost zero to its full value in thetirst
severel cells. 1%is allows the injected DC beam to match into
the time-dependent focusing of the RFQ.In the shaper, the
modulation fator, m, and the synchronous phase, o,, in-
crense linearly in order to shape the beam bunch. In the
gentle buncher, m and ~, are increased in order to ktep
constant the longitudinal infinitesimal oscillation frquency
and the spatial length of the separatrix at zero current. The
beam is gradually bunched as it is accelerated. 1n the
acceleration section, m and o are held tixed.

Two shortcomings ofthis chvigti procedure come to
mind. F~rst, space-charge effects are not taken into account
in the calculation of the bunch length. Second, it is hard to
ftnd any strong reasons for keeping bath m and ~, constant
in the acceleration section. It is noted that the acceleration
eficiency (accelerating energy per unit len h) can be im-
proved by making m and/or 1$ variable. ‘# e acceleration
efficiency is im ortant~ par .icu~arly for a high-ener

? F.RFQ[ike the JHP lnac, s~nce the low acceleration e Icwncy
results in a Ion RFQ whichis,in general diflicuit to
fabricnt,e. Thus, k apana 3 proposed a new gui~eIine for the
acceleration section in which m is gradually increased so as
to keepconstantthe transverses ace-charge limited current

[Jdeftned by Wangler.6However, t e nonlinear! of thelongi.
tudinal focusing force and the s ace-charge e ecta of other

Rbunches are not considered in t e calculation of the trans-
verse and Ion “tudina] space< harge limited currents de-

Tfined by Wang er.
In the GENRFQ, the entle buncher is further

%ditidedinto tworegions(the pre- uncherand the bunched),
as is the acceleration section (the b rester and the accelera-
tor), in order to optimize the desi

r
more flexibly. In the pre-

buncher and the buncher, m an Q,are increased under the

condition of constant longitudinal acco tance at zero c~r-
rent. T’horfdefocusing

“ rrmetir’A ‘Sfinear’ychavedinthe pre-buncher and M ept cons~n~m the buncher. n the
booster and theaccelerati~,$,isheIdfixed.Themodulation
facto:?m,isvanedforkeepmgconstantA inthebaosterand
themlmmum boreradius,a,inthoncce~ratar.

Thespace-chareeffectaareignoredinthisdesign
procedure,sincothoGEhFQwasdevelopedforthodesign
oflow-current heavy-ion RFQs.Thus, the GENRFQis not
suitable for the desi~of RFQswithsignificantspuce-charge
effects.The constraintofconstanta ando in the accelerator
is not effkient for acceleration. However,\he constraintofa
constant longitudinalacce tance in the bunching procedure

“ris a useful guiding ptinclp e.
In this aper, a new beam-dynamics design roce-

!0 Pi
dure is ro se in order b optimize the desi of FQs,
especial y or the intermed.iat.a-beamcurrent FQs. First,
we e&timati the longitudinal and tranwerse acceptances
more realistically. .Se%nd, an attempt is made to improve
the acceleration efficiency in the acceleration section by
varying the modulation factor, m, while keeping a constant
transverse acce Wnce.Third, thalongitudinal acceptance is

C/’held fixed inor ertmdetermine theparnmeters in thegent]e
buncher, following the method of the GENRFQ. The now
design procedure, thus develo d, was programmed in the

Fcomput.ercode package KEKR Q. In the next section, meth-
ods to estimate the longitudinal and transverse acceptances
in RFQsaredescribed. Then, a new beam-dynamicsdesign
prmedure is described. Finally, the acceleration eflkiency
andthebeam ualities ofthe design arecompn:ed with those

!
of the RFQU& and CENRF on the basis of simulation
results using the computer co e FARMTEQ?

Estimation of RFQAcceptances

EstimationsoftheIon“tudinalandtransverse
f [“ yacceptances are es~ential in or er to o tlmize the RF

design.l%eestimation method,in whicht e nonlinearity
the longitudinalfocusingforceand the space< harge effec~
nre taken into account by numerical calculations, is de-
scribed in this section.

The longitudinal acceptance, ~, is estimated by
solving the following differential equation systnm numer-
icallywith an assure tion of the constant synchronous par-

f?ticle energy and by riding the area of a stable region:

~df$!!!=@vEJ&)(@~’+A$)-COS$,)-q& . (1-b)
Ciz 4

Here, A@and AW arethephaseandenergy differences
between the reference s~.icleandthesynchronous particle,
respectively; 1 is the t$ wavelength; m is the rest mass; c is
the velmity of light; ~ and ~are the relativistic parame~rs;
q is th~ electric charge of tile particle; A is the acceleration

6
arameter; V is the intan’ane vol~e; 10is the modified
essel function; r is the distance from the beam axia, and

k=2t@. The electric field, Ew,produced by the space charge
in eq. (l-b) is given bY

where p~ is the charge density in the bunch and E is tha
permitttwty of the vacuum. The space.charge effec!e from
the other bunches, which we approximate b

{[
c’nt ehxtnc

charges, is represmted in the second term o t is equation.
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The phase of the bunch centroid ~Cis approximated by

by ]singthe phnsl ~ tithe bunch hend, o,,and the bunch tuil,
or Since none of the values of 0,, 0 or O,was known prior to

fthe estinmtion sf the IongitudInn acceptance, an iterntion
procedure is necessary in determining these values.

It is noted that the field E includes theeffcct ofthe
%other bunches which wns neglecte by Wangler. l%is effect

is significant nt the beginning ofthe bunching process, where
the constraint of the constant longitudinal acceptance pla}”s
an impo~nt role. W’ealso define the Iongitudinal spi~~e-

“[
ch,ar e limited current, 11,us the minimum beam current
whic nmkes the longitudinal acceptance vnnish. This value
is more accurnte than the \’nlue defined by V/angler, since
!ne nonlinearity?.of the longitudinal focu.wngforce nnd the
~pflce-charge effrc~ of the other bunc!les nr-e t~k(.n into
account.

ThtI trnnsberse ncceptnnce is estimnted by

~~ &f+&+&d.4, = - .*. --- --- py’ (4)

pl(laf
47+

~hich was derived by Wangler6 using a smoot}lnpproxima-
t:o?;B is a focusing parameter. For the spnce-chnrge defo-
cusing p,nrametcr .I.q.we use the expression

3Z@3( 1-f)A~(.= . (5)
8mn&

assumi n~ m ellipsoidal beam bunch with n uniform spacc -
charge distribution. Here, Z is the free-space im

4 r
dance. I

thebeam current, r the ra us of the beam and the hnlt’-
bunch length. The e!lip.wid foml factor, f, is a function of r~
and b. It can be seen that the bunch length is necessary in
order to estimate the transverse acceptance. We use the
bunch length calculated from tt,e values of O anti Or which
were obtained in estimating the longitudinal’ nccep~nce.

N’ew Design Procedure for RFQs

In the KEKRFQ, an RFQ is divided into four longi -
turfinal re “ens in the same way as the RFQUIK. Each re “on

f 8IS referre to by the same name as that in the RFQ IK.
However, the guidelines for the entle ~ richer and the
acceleration .swtion are different. $eholdtneavernge bore
radius, a , fixed and use the

7’
idelines to determine two

independent variables of m an O,from which all of the cell
parameters are derived.

In the gentle buncher, the longitudinal acceptance
is kept constant mid the rf defocusing parameter, Am is
determined as a function af f3by

()&=Ati + @m .( 1 .~!.--k;n““,
k -h!

(6)

where A and f3, are the rf defocusing arameter and the
P !relativis JCp~amet.eratthe hegirmingo thegentlebuncher,

respectively, Am and ~c are those at the end of the gentle
buncher, and n ISa flee coefficient. Since eq. (6) vanes Ati
graduall as the ener

$?
is increased, the transverse motion

never su ers froman a rupt change of the focusing parame-
ters.

The constraint of the constant longitudinal accep-
tance is impnsed for the following reason. Since the injected
DCbeams almost fill out the Ion “tudinal acceptance at the

?beginnin ofthegent]e buncher, t elongitudina] acceptance
Yshould a ways be smaller than or equal to those of the

followingcells inordertoob~n a high transmission rate. On
the other hand, at the first cell of the gentle buncher, where
the beam energy is near the injection ener

Y
and the syn-

chronous phase is slightly lar er than -90 eg, the larger
7acceleration field ,that is, the arger Atiimplies the larger

lon~itudinn] ncceptnnce. Therefore, the constraint of the
const.mnt longitudinal ncceptnnce is n wny h erwure n high
trnnsmissirm rntein the longitudinal Inntion, keeping a high
nccelerntirm efficiency.

In the acceleration section the s mchronous phil.~t
!is fixed at n vnluc of around -30 ~cg, fo lowing the Othei

design procedures, since the acceleration efllcicncy can bc
improved slightly by vn
effective re nrding nccc cratio”n efficiency to mnk~ the

F ~ngoontheotherhnnd “~’nwduhition actor, m, vanab]e; m )s lncreascd as the beam IS
nccelwnted, while keeping the trr.nsveree ncceptmnce con-
stnnt. This is pmwible, since the defocusing arame~jrs .lr,

/’and A.w:in eq. (4) decren.se fnr constant modu nhan fnctor ns
tt.e encr is incrensed.

% e benm-dynnmics design based upon the nbove
midr]ines wns made nlrnost in the same wnyastheRFQUIK.
khebenmenergy,W~,nndthecellpnrnnletersattheendof
the gentle buncher, where both of the longitudinal nnd
trnnsvcr~ ucceptanccs have the minimum vnlues, were
determined first. Far this urpose the code KEKRFQ1 was

Eused in order to cnlculnte t e transverse acceptance and the
Ion “tudinal current limit for certain values of m, o,, a, W,;

rm the bravery fnctor. The bravery fnctm is the maximum
surface electric field divided by the Kilpatrick limit. In the
KEKRFQ1 the maximum field was assumed to be 1.384Vla0.
At& the determination of the cell parameters at the end of
the gentle buncher the nrameters of each cell were deter-
mined by the code k ~FQ20nthe} ,sisoftheguidelines
described above. The input data for the KEKRFQ2 were the
cell parameters at the end of the gentle buncher, the shaper
length Lql, the synchronous phase of the end of the shaper
OS:,and n ofeq.(b). The cell parameters? thus obtained, were
used in order to simulate the beam mohon with the rogram

J’PARMTEQ.The shaper len h wns adjusted in or er to op-
ftimize the transmission an the ionLtitudinal emittance of

the simulation results.

Comparison of Designs

Three desi softhe RFQfrmtheJIiP, referredteas
KEKRFQ-D, RF ~K-D or GENRFQ-D were made by us-

%ing the programs KRFQ,RFQUIKan~GENRFQ,respec-
tive] , and were compared on the basis of the simulation

rrcsu ts with the PARMTEQ.The principal requirements for
the RFQ nre as follows: the resonant frequency is 432 MHz,
the peak beam current is 20 m~ the 90% normnlizerf trans-
verse emittance is 1.0 rImm mrad, the injection energy is 50
keV and the final ener

F
is 3 MeV. The GENRFQ-D was the

first design for the JH made by Tokuda.aIn orderto make
a faircomparison,the same averageboreradius(a =3.4 mm)
was used for all of the designs. In the KEKRFQ-~, L~l, (1~1,
and n of eq.(6) were chosen as 0.395 m, -88 deg and 3, respec-
tively.

The cell parameters ofthe KEKRFQ-D,RFQUIK-D
and GENRFQ-Dare shown M functions of the longitudinal

R
oeition in Figs. la), lb) and Ic), respectively. As can be seen
om these figures, the high acceleration efficiencies with

relatively siiort cavities are obtained by ra id bunching in
the cases of KXRFQ-D and GENRFQ-D.he acceptances
for the design current (20 rnA) and the current limit of each
desi n at the end of the entle buncher estimatad with the

fKEI?RFQ1are listed in able I. These values almost deter-
mine the beam ualit and limited current of the desiaq
basedupontheI&KR#Qor RFQUII&sinceboth of the Ion.
gitudinnl and transverse acceptances have minimum values
at the end of the gentle buncher in these design procedures.
It can be seen from Table I that the longitudinal acceptances
ofthe KEKRFQ-Dand GENRFQ-Dare smaller than that of
the RFQ[T(K-D,but the limi~d currents do not decrease in
proportion to the acceptances, Since the Ion “tudinal accep-

?’tar-werest.ticts the longitudi:lal emittance o the accelerated
berun, the rnnallerlon .tudinal emittanceisexpected forthe

AKEKRFQ-Da?dGE FQ-Dthanforthe RFQUIK-!latthe
designcurrent. Thtihi her beam current can be accelerated

iwiththeKEKRFQ-Dt anCENRFQ-11,.ascanbeseenfrom
thelimitedcurrents in Table I. The est]mated acce tances,
thelimitedcurrent andthe half-bunchlengthofthe K1KRFQ-
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D nre shown in Fig. 2 ns functions of the ltmgitudinnl
position.

[n order to study the mnrgin for the benm current,
simulations were cnrned out fbr the followingthree different
injected beams: (1) the design benm (the benm current 1=20
m,~ tmd the 90% normalized trnnsvcrsq emittnnce E,= 1.0 n
mm mrnd), (2) 1=25 mA and ~t=l.t.)x~ (25/20)=1.12 x mm
mrild which menn the snme bnghtncss as the design benm,
(3) 1=50 mA nnd ct=l.O A mm mrnd. The results of the
simulation nre summarized in Tnble 11.It is seen thnt with
the KEKRFQ-D we obtiined the smnllest transverse nnd
I,>ngitudinnlemittnnces ofthenccelernted bwm for all crises.
N’ith the RFQUIK-D though n sli htly higher transmission

I&y
con be obtained, the lon tudina emittance is nbout 50940
Iurger thnn that of the KRFQ-D nt the desi m current.

kl’ht~transmission of the KEKRFQ-D is nkut t e snme as
thatof the CENRFQ-D at the design beam current, but
higher nt the higher iqjected current (50 mA).

Conclusion

The new design procedure is proposed and com-

TABLE1
The acceptances and the limited current of each design

at the end of the gentle buncher estimated with KEKRFQ1.

KEhTU*’Q-DRFQULK-D GEh~FQ-D

Energy ~f”~(kcV) 250 550 250
bn~tudinnl limited

Currrnl I, (MA) 34.8 46.5 29.7
Imngituriinnl

ncccptnncc (n dcg McV) 0.,546 ~yJ() t).4n2
\.ormnlizcd trnnswmc

ncccptnncc (x mm mrnd) 2.26 2.04 2.99
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Fig. 1. Thccell paramc~rsofcrch design shown as functions of the

longitudinal position: (a) KEKRFQ.D,(b)RFQUI.K-D,
(c)GENRFQ.D.

pnred with two t picnl ones. For the inta-medinte-benm
{current RFQ we o b-tinthe smallest emittnnces, both lon~ti-

tudinnlly nnd transversely, keepinw nlmost the snme trans-
mission ns those of the others. ~t is expected thnt this
procedure is useful in nrder ton@mize lowerurhigherbearn
current RFQs, since the nonllncnrity of the lon “tudinnl

ffocusing force nnd the spnco-chnrge effects of t e other
bunches m-etake into nccnunt.
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TABLE II
The principal parameters and the simulation results

of each design (the number of injected particles is S000).

KEKRFQ-D RFQUIK-D GENRFQ-D
Kineticenergy(McV) 0,05-3 0.05-:1 0.05-3
Average bore

radius ao(mm) 3.4 3.4 3.4
Focusingparnmctcr B
Int.cr-vaneVoltageV(kV) j#O

4.0 4.0
90.() 90.0

Cavity Length(m) 2.64 :3.:12 2.66

(1)InjcctcdBeam:C,(90%6)=1.0 R mm mrad, 1=20MA(DC)
Trnnsmiwion(%) 94.0 95.2 Y:L5
90%trnn.svcrsc

cmittanccut mm mrad) 1.10 1.18 1.15
9~o longitudinal

cmittancc(x dcgMcV) 0.33:1 0.550 0.:170
(2)InjectedBcnm:c,(90%)= (2W20)Kmm mrad, 1=25 MA (DC)
Transmission (%) K0.8 93.2 90.9
90%tran9vcrse

cmittancc(n mm mrad) 1.1!) 1.25 1.29
90% longitudinal
cmittance(ndcgMcV) 0.:358 0.549 0.387

(3) Injmted Beam: C,(9090)=J204X mm mrad, 1=50mA (DC)
Trnnsmimion (%) 85.6 66.9
90% transverse

cmittancdx mm mmd) 1.06 1.16 1.25
90% hmgitudinnl

cmittnncc(x dcg McV) 0.445 0.520 0.,540
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NUF*lERICALhfODEJ.S OF BEAM D}’ NAMICS IN ION INDUCTION LINACS”

John R. Freeman and John S. Wtsglwr
Salldia Nali(mai hhoralories. Albuquerque,New Mexico 87185

Abstract

U’e isirlewnlten a numericalsimulmioncode10s.lud}
hewnd}mamicsin ion inc.fuctiorlinearaccelerismrs.“l”he
codeis used10s[u+ axial beamexpansionfor a piulicular
example Y’olmgerampingo!’Ihe gap reduces[he
cxpansi(wt.Th~ codeis alsoused[o s[ud} [he longitudinal
ins[abilit!. The instabilitygrowsand saturatesafter
increasingthe axial di~”ergence.

introduction

High currem linear inductionacceleratorshiwe been
prop~)setifor man! applications.includinghemy ion
fusion. Axial heamexpansionand [hc longitudinal
ins[abilily are Iwo importantissuestor rheseaccelerators.
We hme wri[[en a simulationcodenamedFASTINS 10
stud! theseprohlems,

Anai}tical scalingeslimalesand compulatiorud
modelsof the kmgiludinalins[abiiityhis~eken puhlished
h> Slanley Humphries.: Humphries”simulationcode.
namedLI D1.A.useda I -D mul[iple small radiusdisc
d! nismicsmodel. The discs”spacechargewasusedI(I
compu[ean E, that modified[he discs”veloci[ics. The gaps
were described1+ a circuit equation. A laboratoryfram-e
periodicsimulationbox with a singlegapwasemployed.

The FASTINS codediscussedherewaskasedheavily
on the BUCKSHOT code.: B(J( ‘iSHOT is a gridless
particlesimulationcodeuritte:l to studyrelali~isticelectron
beampropagationin the low pressureion focusedregime.
The basicbeamelement(particle) in BUCKSHOT is a
tini[c IenSthc!linder. in BUCKSHOT. beamparticlesare
constrainedto sIisyin the sameaxial (z) beamslicethey
were hom in. In FASTI NS. beamparticlesare allowedto
m’ertakeeachother. Bo[h codes[reat [rans~trsemotion
idtmticall~”.A 2-D Poissonsolter is used10compute[he E,
electricfield. FASTINS thusgeneralizesthe modelsof
Hump?nesLidia code.

For the firs[ applicationstudied.namelyspacecharge
drikw expansion of (he endsof the beam. the codewas
wri!ten in the ham frame. Acceleratinggapsapproach
from [he positi~e-zdirectionand passthroughthe beam.
As (hey pass.[he r?,of adjacentpaniclesis ins[anksrreously
increasedconsistentwith the gap %’oltage.

The secondapplicationwasthe studyof the
longitudinalinstability. Both beamframe and lab frame
simulationswere carriedOUI. The Humphnesgap model
wasused. in which the gap wasmodeledby a simple
resistance. For the lab frame periodicsimulations.the
a~’erageor dc voltagewassubtractedfrom the Iotal circuit
based\ollage.

“Work supportedby the U.S. Navy. DARPA. and
U.S.D.O. E.

NumencrslModel

The Irarxverseforce model useuin FASTINS is a
gt’nemlizationof the gridlessBUCKSf-fC)”l_mcdel. “rhc
forcebetweentwo cylindersmo~ingparaxiidlyis gi~enh}.

F= IC21,y? (1 - @1f32)(1 - ,’~ (1)

which includesboth the electricand magnetic forces. In
Eq. 1. Q is [he charge, s is the ielocity nomudizul to lhc
speedof light, and ds is the cylinder length. The
z-dependentfactorallowsthe force betweentwo c}I imlcrs
to be proportionalto the amounttha[ they oterksp. II’
I z, - Z:l is greaterthan ds. then F is set to zero. sirrct
remotecylindersshouldnot be includedin {he loc”aiforce.

FASTINS usesan axial meshwith a cell-sizeequal 10

[he cylinder length. This meshis needed(o accumulate[he
currentsrequiredas input to Ihe gap model. :I also
pro~idesaxial resolutionof diagnostics,suchas Ihe twism
radius.divergence.and rotation. Anolher useof the mesh
is pre-soningof the c!linders beforecomputingthe self-
consisterrlIrans\.erseforce. The pre-soningcompilesa list
for eachmcsttof cylinderswithin ~ds of any of its ours
c}linders. The trans~’erseforce calculationscaleswith N:.
where N is the numherof in;erac[ingparticles. .%ning
reducesN by excludingparticlestoo far apart 10 interact.
The o~erheadassociatedwilh sortingis smallcomparedto
the time savedby reducingN on the interactionlist. This
[echnique.which is \“ectorizedon the Cray XMP. about
doubled[he speedof the transverseforce computation.

The useof an anafytictransverseforce law isndflnile
lengthcylindersrequiresthat their lengthbe much1mger
than the beam radius. In addition, they alsomustbe much
shorterthan the gap spacingand the wavelengthsto he
resolvedfor the longitudinalinstability. T)’pical vafues
were 3-5 times the beam radius.

FASTINS requiresan axial electricfield E,(r) to
allow the endsof the beamto expandaxially, It is also
neededto allow the heam to respondto gap-inducedcharge
mnching. The radial electricfield is alreadyincludedin

dte gridlessBUCKSHOT model.
The LIDIA E, model usedan axial meshand an FFT

solution. It was hasically I-D and had no radial resolution.
For many accelerators,where the heam radiusis rml)
slightly lessthan the drift tube ratiius.thisapproximationis
not adequate.

A 2-D iterative Poissonsolveris usedin FASTINS 10
computethe axially and radially resolvedE,. The
individualbeamcylindersare linearlyweightedomo an
axlsymmetricr-z .,leshat eachtime step. A finite
differencesolutionfor the electrostaticpotentialis
differentiatedto give E,.

The initiaJbeam transverseprofile assumedwasa
uniformcurrentdensitycylinderof radius 10 cm contained
in a 16 cm radiusvacuumdrift tube. The transverse
focusingforce wasassumedto be producedby a simple
35 kG uniform solenoid. A 10 MeV, 2.4 kA protonbeam
wasinjectedinto the Iinac. The currenl linear riseand fal!

332



[imeswere 50 ns. T}pical Iwarn lengthswere assumedto
be 40 m. Sincethe diodeMissassumedto he non-
immersed,the beamhad an wcrage mls romtionl’elocity.
normalized10the speedO! light. of 0.037. An isdditiorwl
Iransiersethcrmtd13th= 0.032 WiM addedIO achieic an
approximateIrans\erseradialequilibrium.

The axial ~elocilydistributionwascomputedby
m.sumirrgtha[ all of the protonshad the same[o[al energy
Y,,. $(>Ihil[

J J- -,:63 = 1 - ~02 (2)

“I_hisproducesthe initial thermalspreadin 6, shownin
Fig. 1.

bo
\

x

xx
x

x

initial
stithilizethe

axisdvelocityspreadshavebeenpredicted10
instability. The requiredvelocityspreadin

Icrmsof the norrmdizedrmsdivergenceis gi~wnhy

A@z r aVo 11/2
—= ,
~o [:2 + d 2DToko .

(5)

Spacechargeelectricfieldshaveheenpredictedto
pro~idea stabilizingfactor, causingthe hetimclumps10 re-
expisncf,A measureof the importanceof spacechisrge
cffecxsis givenbyl

()‘o ‘val 1A = 2 ~- in — koDK ~ ,
r) ‘B

(6)
eI

ovhere K .
3

2ncomp(‘*)
x

Spacechargeeffectsshouldbe importamif A is greater
than unity.

x
o
.11s .110 .lra .ln .1= .14s

k

FIG. 1. Initial axial e, distributionfor a 1.14
particle.sliceloading.

Longitudinal Instability

The longitudinalinslahility is triggeredh) beam
l,,ldin~ d’ the gaps. High currentperturbationsreceiveless
thunk a~erageacceleration. l“hisportionof the beam
slows.increasing[he perturbationin an unstablemanner.

One possiblecircuil equaliondescribingthe gap
loadingis giten b)”

2VO(1 + a)
Vg . IBROa

(2 ~ d - ~ai ‘ (3)

where k’,,is the \ollage appliedby the pulsedpow”er.vC is
!hc au[ualaccelerating\ollage. ~ is [he cavity impedance.
l,, is the ins[antwreousbeamcurrent. and a% is the shunt
impedance. If the pulsedpower is matched10the heism.
R, = Vq1O.where 10is the averagebeamcurrentin an
unperturbedsystem.

The growthdistancefor an initially cold beam is
giten b}l

[

TOD1.B(2+ a) 1/2
Lg = 2 12neVoa— ‘ (6)

where ~, is the beam length, TOis its initial energy. and D
is the gap spacing.
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For a = infinity. the present[es!caseparameters
yield A = 2 ~. For the shonestwavelengths.A = 2.0 m
and A = 6.3. For [he full heamlengthof 40 m. A = .3 i.

The growthdistanceshouldhe irweasedby LP/FIIA).
where FI(A) =2( I + A:)l° sin Ilanl ( l/A)/21.
For A = .32, F1(AI = 0.86, but !or A = 1.5,
FI(A) = 0.52. Spacechargeshouldbe effectit’eat
dampingshortwavelengths.bu[ shouldhmwa smaller
effecton the longerwavelengthsthat wouldchtiracterize
full beamtransport.

A seriesof runsuseda periodicbox of 40 m. a
lengthequal to typical beamlengths. This allowedthe
simulationof the longestwavelengthsthat would he of
concern. Figs. 2 showsthe initial conditions, At
z = 190 m, Fig. 3, [he growthhasreachednon-lirrear
Ie\’els,but the instabilityis still growingstrongly. Al
z = 570 m. the phasespaceis heginning10hecr)me
isotropic. This isotropicdistributionthen persistsunlil the
end of the acceleratorwith no re-growlh. The final
configurationis shownin Fig. 4 at : = I 140 m.
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The growthand saturationof the instabilityfor the
full beamcasecan be quantifiedby the evolutionof the
normalizeaxial divergence,plotted in Fig. 5. I“hc final
\’alueof the divergencehasgrown ~hrccto four times
greaterthan Ifie initial vislue. For w)meion Iinac
applications,~h;sis allowable. hul for othersit would be
excessive.I“fs-divergencerequired10sltsbilizethe twain.
givenby Eq. 5 modified for spacecharge. is 0.32 for this
example. II is interestingto note thu[ Ihe Iinal saturiskxl
divergenceis only 0, !9. The computedresul[sfor !his
exampleare !hu: more op[imis!icahoul tinal saluratmn
levelsand whirl constitutesa stahlcequ!lihnumthan the
analytictheory.

Summary

A codefor simulatingheam transponin ion Iirwar
induclionacceleratrirshasbeenwrilten. The code. nismul
FASTINS. IS hasedon the BUCKSHOT heampropisgiuion
code. The hasicph)sical elemen[in FAST”lNS is a long
cylinderof charge, FASTINS cfmplesIhe acceleratinggaps
10 the beamc}linders hy meansof a circuitequa!ion.

FASTINS hasheenused10intes!igaletwo prohlems
of interestIor ion inductionIinacs. “rhefirs! wasspace
chargedrivenexpansionof the ends01”the beisms.The
effect is quite strongat the 2.4 kA. 50 m rise[imele~’elfor
an exampleusingprotonr. Voltage ,.”rr,pingof the gaps
helps, but large ramp rateswould be required. (A
discussionof this problemis containedin Ref. 3.)

The s:condproblemstudiedwasthe Irmgi{uclinal
instability. Analytic linear growth ratesare only availahlc
for cold beams. Tinenatural initial beamaxial divergence.
combirwdwith [he stabilizingeffectof spacecharge.
significantlyreducedthe growthin the simulations. The
instabilitygrew to moderateamplitudesand saturated.

Preliminarybeamframe simulationsshowedthat the
instahililygrew up at a rate similar to the lab frame
simulation;. This occurredeventhoughthe beamaverage
energywasallowed 10increasein the beamframe
simdlalions.
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THE FERMILABUPGRADELINAC:DYNAMICSDESIGNPROCESS

L. Oleksiuk, J. MacLachlan, F. Mills
Accelerator Division, Ferrdab, Batavia !l\inois.

Abstract

The Fermilab Coupled Cavity Linac requires dynam-
ics design procedures that predict 805 Mliz rf syn-
chronization, non-hnear emit%nce dilution and sys-
tem error aspects of the device. Full 3-D beam sim-
ulations using three separate codes have shown the
need for a central orbit monitor to detect desynchro-
n.izationimplicit in the longitudinrd dynamics of cou-
pled cavity dwices. The new Linacsection accepts
a 116 Mev (200MHz) DTL beam, requiring a tran-
sition matching section, before actual 805Mhz ac-
celeration begins.This requirement places significant
constraints on phase apace acceptances of the side
coupled structure.

We describe special aspects of the design codes
used to verify these system attributes,with particu-
lar attention to the efl’ect of system errors and RF
noise on the beam performance. Results of beam
loss simulations, using a PIC model of beam halo
based on current knowledge of the 200 Mev beam is
discussed.

Introduction

To raise the Fermilab Booster space charge limited
beam(50ma) brightness an increase in injected beam
energy is being implemented. 1 An optimized up-

grade of the existing 200 Mev DTL linac indicated
that a side coupled CCL with operating frequency at
805 Mhz, and average tial fields of 7.5 Mev/meter
would interface with the upstream DTL at 116 Mev.
Replacing the last 4 DTL structures with a CCL
system consisting of a longitudinal bucket matching
section, for bunch size matchizig,and a 28 cavity ac-
celerating tcction could provide a 400 Mev injected
beam for the Booster.

Project goals for the 400 Mev beam required both
the ability to be debunched with a tolerable energy

IWork supported by the US Dept. of Energy

spread and little emittance dilution in all pkmes,and
an tial allotment of 67 meters to keep the original
Booster transport I“melength constant. These goals
requ”uedcareful attention to the bunch compression
(transition) section, where space charge equiparti-
tion effects were expected to appear.

A tight radial dimension (1.50 cm.) fur the cavity
bore radius required beam loss simulation with all
construction and drive errors in included, using real-
istic beam halo simulations. The choice of 805 Mhz
vs. 1307.5 Mhz was made to lower the risk of beam
emittance dilution(1) predicted for abrupt changes
in structure parameters.

The dynamics design req.”hed a 3 stage effort.
First a trial Segmentationof the cavity array was
generated with a ‘genlin’ code that used SUPER-
FISH (2) data (ZT**2,T,Exna@0) to constrain the
selection of”cavity average fields (Eo) consistent with
rf drive power choices (12 MegWatt klystrons) and
peak cavity fie\ds.(37 MV/m)

The second stage required finding the matched
Twiss parameters for them axirnum space charge (50
ma.) beam conditions using the linear space charge
beam matrix methods of TRACE3D. A known limi-
tation in TRACE3D is ;ts “inabilityto recognize CCL
traveling wave synchronization cor.ditions implicit
in the bridge coupler elements. Forrf drive errorstud-
ies in which several cavities are linlmi together in a
single rf pathway, synchronous particle definitions
require the ability to recognize the desynchronizing
effects that may occur within a given drive module.

The third stage of the design involved a CCL spe-
cific PIC code that has a 2 1/2 D space charge
(elliptical transverse charged rings) capability with
many mror simulating functions. This code (CAV-
DYN) utilized the mxne TRACE3D data sets used in
stage 2 to assemble a CCL system and incorporated
the same longitudinal linear dynamics, but included
non-linear terms as well. Xnaddition , a central or-
bit monitor developed for this code (3) was able to
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recognize an:~ ‘esJnchronization within a complete
CCL system, inclu&g all contributing errors. The
key ingredient was the recognition of the rf drive
boundaries by the PIC code. An extra ‘tark’ pa-
rameter has been imbedded in the TRACE3D code
(TR.ACEX at Ferrnhb) to implement the z-plane
central orbit data transfer to CAVDYN. ‘This pa-
rameter pro~.idescheck data for the internal consis.
tency of the CCL tank,in TRACEX,and the down-
stream bridge coupler, in CA”VDYN.Italso provides
the structure defined synchronous energy used to
form the central orbit monitor in CAVDYN. CAV-
DYN will detect improper drive boundaries,and flag
these as dma failures before system simulation can
be run.

System Overview

The synthesis of the new high gradient CCL started
with defining the space charge matched beam Twiss
parameters predicted horn the operating DLT tank

5 design par~meters, This beam matrix would be
then transformed by a matching section to reduce
the bunch size by l/2,a result of the tighter rf focus-
ing in tlie CCL dynamics, and expand the transverse
beta functions up by a factor of 2.3, correspond-
ing to the a 50rna. space charged matched condi-
tions entering the CCL quadruple FODO channel.
The 7 module (2~ tart!!)acceleration segment of the
CCL design was chosen ,satisfying the 37 MV/rn field
maxima and uniform rf power distribution. By se-
lect”i.ng16 cell cavities , with 3-cell bridge couplers
a uniform tank army was produced that simplified
the quadruple tune design. Larger (5-cell) bridge
couplersproduced significant bunch shape oscillation
from the deburtching.

The transition section design(4) uses ? quad-
ruples (3DTL, 4 CCL) to provide the FODO xnatch-

ing. Bunch compression is stccompiished by two
Imding cavities, sized to allow a 200 Kw klystron
for rf drive.The transition section, because of the
magnification of input energy swings, together with
a 10 degree phase slippage off the travelbg wave in
the low energy cavities, produces a tighter ixtptl.tac-
ceptance for DTL beam energy swings. A smailer
initial cell segmentation (ie 11 cell cavities) would
alleviate this constraint, but was not deemed neces-
BUY.

Error Studies

The simulation of CCL system errors has been 12.y-

ercd at 3 levels. Level 1 allows major detuncs of
the TRACJMD datg set to simulate major detunes
or crashes for loss analysis. J.evcl 2 allows correlated
random alignment and drive errors to be inserted
into the dynamics to assess emittance degradation,
and beam ccntroid swings. Level 3, not reported
here, is simulation of cavity phasors disturbances
arising from real cavity conditions .uch as stop-
bands, power droops and coupling errors. This re-
quires phase and amplitude errors resolved in indi-
vidual cells.

The level 2, random correlated errors, have been
simulated for 2 independent correlation groups, cor-
responding to rf drives, for z-plane dynamics, and
tranwerse displacements for correlated groups of
quadruples and cavities, for the transverse plane.
The rf drive errors (phase and amplitude) were run
for the 7 drives, using independent random er.”oruin
each drive. Because a central-orbit is established for
a given TRACE3d file, rf drive error disturbances are
superimposed 00 any central orbit swi.ng,andgive re-
alistic assessment of non- linear dynamics, Level 3
disturbances to the central orbit,will eventually be
‘.rdceninto account, to produce a working central or-
bit.

Figwe 1 shows the 400 Mev longitudinal phase
space for a nominal CCL with ideal DTL input beam
and with a rzndom error in the 7 accelerating drives
of +/-1,0 percent amplitude,l.O deg phase ,uniformly
distributed. At twice this tolerance band, signifi-
cant non-linear dilutions occur in the phase -energy
space. Figure 2 shows the effect of the same drive
errors when the DTL beam is 0.5 Ivfevoff the CCL
synchronous input energy.This sensitivity to input
energy error is related to the dynamics of the bunch
compression (transition) section, which doubled the
central orbit energy awiag. Here, the central orbit
swing produced by the DTL energy offset, is added
to the klystron random errors,producing a significant
non-linear z-plane distur!mnce, at the design toler-
ance band,

Transverse beam centroid swings had been sim-
ulated for the CCL girder design,which carriss 4
cavity-quad pairs. Correlated displacement toler-
ances for girders and indiviual quadruples were
set at 0.25 and .10 mm. (5)respectively, correspond-
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ing to rms centroid swings of 4.5 and 2.’? mm re
spectively. These require 1.5 mrad dipole steer-
ing for each girder.Quadrupole field harmonics have
also been simulated to check the harmo~c tolerance
band.

Los~ Studies

The beam loss simulations were cnrried at both level
1 and level 2 error modes. The operating knowl-
edge of current DTL 200 Me+ transverse emittance
permitted a realistic transverse halo model to be
emplo)”ed, which was described by a 4D- gaussian
whose 95$0 Emits were well established.. The crash
m~des investigated were loss of trim eteering, single
quadruple crash, and a single rf drive modulator
crash.Single rf drive losses were catastrophic in the
low energy modules, as expected from phase slip ar-
guments. Loss simulations were useful in providing
strategies for interlock and alarm (6) provisions for
initial safety system designs.

Summary and Conclusions

The design of the new CCL system at Ferrnilab has
b-m studied using linear and non-linear dynamics.
Simulations have predicted no significant emittuce
dilutions for the space charge aOma average beam
current. 4(!0 Mev beam centroid motion resulting
ficm cont:mc!ion and f drive errrors appear to be
acceptable to the Booster requirements. Required
DTL stability in energy is esi,iumted to be 0.2 Mev,
to co~trol z-plane emittance dilution from non-linear
bucket excursions in the CCL.

hther studies ,using level 3 errois (intra-cavity
pha.mrerror distributions) will show realis+ic work-
ing central orbits.This will aid in the commission-
ing strategies for fintig the working points of the
klystron drive controls, typically for such methods
as the delta-t process.
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.f bs t r ii c t

\VC krvc conduclcd a sludy of a super-
comlucting Iinac m accclcrw pions produced at
LAhlPF from 400 or 500 Nick’ to 925 MeV kinelic
Cr?crg}’. For such a Iinac, it is rwccssary 1) to
keep the nrw.hinc M shorl as practical in order 10
minim izc lhc 10ss of km] duc tO particlc dcc:l}”.
and 2) [e t~ilor the bc:llll [0 ilL’hiC\’C (hc nloxinlllm
flux within the desired n~onlcnlum bite at the
exit. The intc rpl Jy of the Sc and othv r
cons i dcrJ[ ions w i th the trans vcrsc irnd
iOligitlldil):ll bcanl ti!’n:im ics is discussed, and is
i llustr3tcd wi111 [hc Simu131Cif pCrfOrfSlil!lCC of
rcfcrc:lcc piOil-lil12C designs.

A
(”}’ilac”)
A 13111(IS

1 nt roduc!io n

pr,lpoicd Iincar irccclcrator for pions
N“ould cxrcnd the capabilities of the Los
xlcson Ph}”sics Faciiit}” (LAhlPF). Pilac

would acxl crate pions from the A2 target in the
S00 McY” pro:on line. The pier would bc
Sccclcratcd from 400 or 500 McV : , “20 hfcV
kinc[ic cncrg}”. corresponding to is nto,,$‘ urn of
1050 Xlcvlc. This pro,jcct has the goal of
providing a flux 01 109 pions pcr second. The
Iinac wouId usc supcrcoruiucting rf cavities in
order m proi’idc lisrgc apertures and transverse
acccptancc, a!~d produce high accelerating
gr3(ticnts without ii large cost in rf power.

In order 10 evaluate diffcl cnr design
conccpls for this linac, \{’c hil\oc USCd ~ figure of
mcrit which is Ihc product of two fuclors: (J)
n]omcn;um fraction and (b) survival fraction. The
momentum fr:iction is [hc fraction of particles
entering the Iinat th~! irrc u’ithin the desired
momcn[um bite (2% full u’idth, for cxmnplc) at the
lln~c exit. [n orticr to maximize !his factor, wc
may tailor the b~iilri dynamics in :hc linac to
prmiucc a bunch that is uidc in ph. .C sprc;id i~n(l
narrow in energy spread at (IIC IiIl. .. c;: :~.

Tllc survi\$iil fr;ic[iorr is the fructiors of
pirrticlcs cntc:ing [hc Iin:ic that ilisvc wt bccll
IOS[ [~ dcC~} b>- t!~c tirnc they rCi:Ch IhC linirc cxil.
For pa:ticlcs of rest m~~s E,CJ, ( \ 39.567 hlcV for
pions), kinetic energy l{”, mean Iifc i)ilriSnW!Crc r

-------------
* Work supporlcd b}’ L()s A Iiinlos Niltion:{[ Lilb.
lnstilutionist Supporting l? CSCilrCh, under the
auspices of (he U.S. Dcpur[mcnt of Energy.

(7.X03 rn for pions), ;m.1 traveling a distuncc L,
the survival fraction is

1--

F
(:r/Jy

==(!surv ,

w hcrc

jjy=

Fdr wr ilCCCICriltillg section to take Ihc bCillll from
kinttic cncrg~’ W , to \V ~, the !;urvival fructicm is

given by

F s~ ~,, =

where E is

at t!lc start

the total energy of a piou

En= I{t ,, + E
r c 5 t

(E]) or cnd (E2) of the section, imd G
is the accelerating gr:idicnt

W, -\V
G = -L ‘

Striategics for Linac Design

We have used two design Stri\tCgiCS in
]JdiIl~ at possible Pilac designs. In [hc firsl
strategy, designated as the fast -synchrotron -
oscillation ;lpproach, we attcrnpt to capture and
accclcratc the whole input buni:h, but irr.ljust the
design phases along the iinac 10 make the bunch
rotistc coun[crc!ockw isc so thnt it is narrow in
energy-lh;isc space al the cnd (see Fig. 1). For lhC
energy gain WC need for Pilac, thC bullCh rOtillCS
from the initi;il tilt U[ thC stirrl of thC !iIlilC (hfod.

2) [o where ii is narrow in energy Sprciid (Mod. 6),
und then conl inucs to rotistc another half turn
UIIIi] it i:: nisrrow ii~~ in iit the 1inaC cxit. This
ilpprOil Ch cmphasizcs the momcntunl [rilCl i ‘)11 :11
Ihc cxpcnsc of the survival fruction.

In the second StrJICgj’, dcsignisted :1s !h~
SIOW-Sytl Chro trot) - ()Sci I I ilt i011 il p p rU2SCII , [}!C
initiiil bunch is ro[i]tcd S1ighll y, bu[ 1tlost Of [h~s
design philSCS isrc chcrscn ncisr the peak of the
ilCCCICrilti Ilg W:\VC, so [hilt Ihc pilrtiCICS arc S1101

tl]rough thC Iinisc ilS quickly :1S possihlc. This
iSpprOilCh cmphtisizcs IIIC SUrVi Vill frisction ill lhC

cspcmc of lhc momcntunl frisction. (See Fig. 2.)
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lhC wilVC. When Ihc bunch is narrow, it is irllowcd
to ride higher tOWilr(i thC crest, ilS 1101]]illl!;lr
CffCC1.$drc 1C5S inlportilnt lhcn.

Comparison of 402.5 ~nd 805 RIIIz 14ill;~~s

\Vc htivc Iookcd a[ rcfcrcncc designs for both
40~05 and ~05 MHz r-f C~vi[ics. In order [o
compare these designs, wc made [hc following
ilssurupiions. “!”hc ini[ ial bcism ii[ [hc A2 target
was :Issumed to huvc a timc sprca(i of 60 ps, u
mo]:lcnlunl SprCil(tof 2.8 or 5.6% F\\’, il lrilnsvcrsc
Cmitt:lncc Of I 50 pi mm-mr;lt!, aild bC lrwlsporll~d
j 2.5 nl bcfOrC cn[cring [hC liuac. “l”hc rf cavitics
wcrt iISSUIIIClt[O have 5 CCIIS CUCI], and Ihc Ijnac [()

usc cluali doublets for focusing. space \v3s irllow’cd
bc: w’ccn cJVi I ics fOr couplers, flanges, and
bellows. At points where focusing magI:cIs \vcrC
Ilccxict!, spucc W’ilS allowcc! for trimsit iOns 10 room
tcmpc rat ure :Illd m i scc llancous t’ilc.ulrnl il[lll
diagnostic equipment. The SpilCCfor lhcsc WW, a
func[illn of the bcum aperture size. The maxinlum
acccicr~ting gradient EOT w’irs assurncd [o vary us

the suriitcc area of [he cavity to the -0.2 power (an
crnpirical rclilti On). This gives EOT=I 3.2 MV/m
for S05 Nfhz cavities, corresponding to 1(J hfV/m
for Iht 402.5 hfhz cavities.

The proccdurc for each 1rcqucncy was as
follow’s: First the number of cisvi[ics per quird
doublet was ch6scn to make the beam fill the
irpcrturc for a 0.5 T pole tip field. Then the
cai’ity rfcsign phases were cptimi ZC(I f~r mininlum
dpjp at the lirruc exit. This was then rcpcatcd for
larger apcr[urcs until Ihc spacing bctwccn
cavi1ics nccdcd to keep lhc cavity-to-cavity
coup]ing small domina[cd the survival fraction.

Calcu listed kerfo rmance

The ciilc~latcd rc,,ults fr)r IhC 402.5 MHz
aII(! S05 XlHz Pi]tics for ticcclcration frcm 500 to
9z0 NICV arc given in [}ICttiblcs below. TIN beam
had an initial alp/p of 5.6% FW. The ;~rvival
fr;]c[ion (S.F.), momentum fraction (hf. F.) for Z~O

F\V alp/p at (IIC lir,irc exit, and comhincd figure of
mcri t (SF* hfF) arc gi VCII for each dcsigII. ?“hc
40~,5 MHZ pi]ac ]islcd in Tablc I hid to bc quilc

long in order to obliiin a bunch thal wiis rota[cd
enough 10 hc narrow iil energy sprciid al [hc cxi[.
f+CfiCc Itlc survivirl fraction for 111is CilSC wiss
smalI. For the 805 hlHz Uses, the constraints on
ca~’i I y -10- cav i1y SpilCi11g lnild~ 1h(! survivtil
fraction s[iirt to fall off i.s the bctim aperture
dIarnctcr was incrcascd above 10 cm. The
r)ptimum design based on lhc combined figure of

rncril SF*MF for t}l~s~ C;ISCSh:is an ilpcrlurc Of

ilhoul 13 cm.

‘1’A1)I.K I
17:{st - Synch ro t ron- osc i t I;lt ion C ilScs

Frcq. Num. Apcrlurc S.F. M.F. ‘ SF*MF

W) QX&I ‘?X.AJQ!JQm. m m)

4f)~.5 3(j ?.0 12.5 100. I2.5

S05 .() 43 10 20,3 ] ()() 20.3
S05. () 42 10 2 ] J 04,$ Z() .~

805.() 44 :3 21.2 100 21.2
S05. () 42 15 ~ ) .()

I“hc difl”crcncc ill pcrfOrmtincc is I;IUCh ICSS

pronounced bctwccn the 402.5 irnd S05 MH~. slow-
sy]lcllrt)trol~-oscilla[ ion designs lislcd in Tilt)lc 11.
Thc optimum iipcrturc diiltnctcr for il 402.5 hlf{z
Pilirc is iibout 22 cm; for UII X05 MHz Pilac, i[ is
irbou[ 12 cm.

TAIIIJ; 11
S low -Synch ro t r o n - osc i IIa t io n C iises

Frcq.
Lh!lHA

402.5
402.5

805,0
805.0
805.0
805.0

24
24

36
36
36
36

Aperture S,F. M,F. SF*MF

Dia. [tim f%lm

20 26.1 97,8 25.5
22 25.6 96.8 24.8

10 26.9 82.1 22. i
11 29.~ 82.3 23.9

13 29.2 82.3 24.9
15 (<27.3)

Conclusions

For Shori Iiniscs 10 accctcratc uns[~blc
particles, i[ may be advapIagCOus to sucrlfi~.c
accclcruting buckc~ area to Lain in the number nf
bctrrn particles surviving. For the Iirmc designs
Wc have exam incd, the s10w-s ynchrotron -
osci!]irtiws approach is S1ig):tly bct(cr than l}lc
fast-s>’I~chrolroll-OsCi!!alion rnc[}lod, The SIOW-
synchl otron-osci IIil[iOn ilpprOilCtl is alsO ICSS
dcpcndcnt on tbc initiirl oricnta(ion of Ihc bCaIII
cl] ipsc in energy-phase spilcc.

A rcccnt rc-cxirm inut ion of the liil:ic
rcquircm cnts sUgg~slS Ihilt Ihc op[imum inilitil
energy :s around 400 McV. Fulurc wOrk will
iIICIUdC :tudics to check if the sanlc CmICIIISi011~
irpply for ilCcclcriltion from 400 M 920 McV,
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A (!OMI’ARISOS”OF’IIEAM-1)}’SAif 1(:S SO1.U’I’1O:XS?’:)R‘1’111:SSC 1284-MIIz (:(JUP1.t:l~.(:AVl’i’YLINA~*

R.W. Garnett, G.H. Nquschaefer, ‘1’.S.13hatia,
Los Alamos Na::odnalLaboratory

,J. M. Watson
Superconducting Super Collider Luhoratory

Ahstract

Intrnductinn

10”UOV

F“ig. 1. Block diagram ~~fthe prnposed SS(’ I.int,;ir Accultiratf,r.

[)ouhlet Design k:xample

Cumparisors of Single; and Doublet I)rsigrui

fknlm. dynrsmlcs sitl,uluti(~ns !twre run lim Imth the
~IIIgleL and doublet rfusign uxamplcs using us IIIput an rms.
matched uniform (listrihutwn Iunlttirm vlllpsoid in rvul space and
upproxlnlv lvly un, form In velocity space) of I ()()0 psrudopnrtlch:s,
The c(~crplcd.c;l~ity codf!. (~(~[.1)}’>”,o w’;is usr!d frrr thf. slmuhiLions.
This cod~. is n pnrtlclc.in.cc)] code lncrrrporutln~ hnth linvar nnd
n(,nllncrrr d’ Uefi)cuslng ;IIId t$,~:odimensil]nrtl :p;lc.e.churgc forcks.
F“tgurc 2!shows the 30 henm SIZC;ISa function of tank numbvr nlrrn~
the C“CL for both cuses. .i’o error conditions were IZSWI in these
:;imul:itwrs. Clearly, dnuhlct tocus]ng achmvcs u sm;illcr tm~m
size, M wus to hc expected. f-”i~urc 2 also shows thv phuse ssnd
vnergy : pre:icf ol”the heum us ;: function d’ tnnk number. F“igurv 3
>~t)~.~.sI:hase.spnce pi,, ts tit 6tJ0 .\lv V for both dus]~ns. Tljhlu ?
shI)ws inputand(,utputerzlitttirzcesforthett{,oc.uses,“1he(Ioul)h,t
.!i4.Sl~l)L.X~Mf61C.rl!SU]t S Ill a hL.tOr of .3.3 1“~.~] rtidu(. tll)n In
tr:t nst”rrsc ikm~itudinal ) en,lttisncc grnwth whrn c(jrnpnrcd wrth
ttle s)qgltit design. ZAconlpartwjn III the structure p;ir;irnetcrs for
thfi sln~lt!t /111(1d(lublvt (II! SIKIIl-,~16111pl($S;;pprars III “I”;]hl(!3. Ill
:Iddltum to pr,)\.ldlng slightly bvttcr hoam dyn;:mlcs pt:rlijrn]; tnre,
I III<dul.li]lct os;lmplu scums to h:lt.e potcnti;il cost s;ii IIIKS throu~h .]
r(.d uctl,)n In tht: total pljw.cr, nunlhrr II!”Jet vlvruttrzg t:irlks, ;II)I1
t]tlnlbur (J }]rltlgu.t.l~u[)lt:rs rrquirmt.

Effec[s of Grudient Ramping on I.nngitudintil .M:itching

‘Ilwrc will hv n fuctnr of thrvc lncrf.;lsu In rt”fr,,(l,jt<l](:j’
hvtw.een the 42 H-MIIz DTI, and the i2H4. $!l{r. (’f~l.. The
lon~ittzdinul focusing forf:es will therefore be grrntvr In the f~(~l..
Mills, Cl til.~ I]nl.r sh(jw.n thut nvnrly currvnt Indvpemicnl rlns
mutching hetwecrr accrh?ruting structures can bv nchivvcd if both
the trnnswrw und longltudinul focusirr~ strengths ure h~,ld
consturrt durin~, the trunsttion. “l”hetrans.tvr.w focuslrrg strength
t.iin be motrrtuincul by kw:plng the phuse. udt,ance pvr un; t lvngth
!.iml]nr 11)b(,th thv [)’r[, ;Inf] th~ (~(;l,, l\ L.CUUSe the Ivngth IJI”the
rlf,ubll.tfi,cusil]gperlijd m(~rc l:l,,hcly I.IIIJIilS the1)’rl.pt!rllxi th; in
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TABLE 1
General Parameters for the 70400 MeV, 1284 .MtizCnupled.C:)vity Lirmc I)esign Examples

Ftrcusin~ lattice:

Phase. ad,.ance/period:

Kfl’ectiw Quud l.cngth:

Intcrc!uud Spil~ing

Quad Gradient:

~(umber of L“ells’tank:

Starting E]wrgy:

E(,”i

To:nlSjJnlbcr,jl’l”nnks:

Tunk LcnLnhs:

S}.n~nrollouphas(. (($ S):

tl{vc Radius;

I.irmc Lcntgth:

Brtdge (“oupler Length:

Singlet F()[)()

70”

6 cm

xlA

37.5.38.? T/m [600 \fcV” J
38.’2.44.5 T/ni t 1 Gck’ upgrade I

20

70 MC;’

6.5Ml:h lnrrr~irnp)

66 i600 Met”)
Iol 11 GeV)

86.8 -185.1 cm [600 M~:L’I
185. S.204.? cm ( 1 GcV \

-30”

1.27 (22I

120 n, (up to ijoo”\le V)
207,.11 Gc\’ upgrtide)

512 j?.

REFERENCE SINGIXT DESIGN
x(m) vs. t-h PO.

Singlet FOD()

70”

t;Cnl

X/t\

?8.4.38.21“/111161)1)JIv V I
38.2.44.5 1“/nl I 1 (lc V up~rmlu I

N

70 \!v L’

1.0.6.5 N\”,’ni (?. tank rump)

66 !Nlo Me\” I
101 I I (;e\’)

85.8-185.1 (.111161)0 \le\’ 1
185.8 -204.2 cm ( 1 (;cV I

..30”

] .27 ~“,

120 M (up to 600 !du\” 1
?07 m I 1Cc}’ upgradel

.512PA

l)l)lhll!t FIX)

70”

I5.3cm

6 cm

27.0.49.4 ‘rhn 1600 \lcV ]
.t9..l. Ii6.l) r/lll I 1GcVU[lgriI[lc 1

1H,,, ,.,,,,,:,,,X~o.tm]

24

70 Mev

1.3.6.5 >l~”hn (?.tunk r;impt

54 If;oo\le L’I
M I 1(;tiv)

104.5-222.0cm (600.MeVt
?23.0.?45.3 :111(1 (;CV )

-W!”

1.0 l-m

130 Ill Iup to 600 Me\’i
210 m t 1 (k\’ upgr;ide)

11/2 p.\, 7(Jto 117 WV
9,! fle\, 117 to “!19 ~fev

7/2 f!A, ‘219 to 608 MeV
17/2 [\.\, 61)8 to 673 MeV,
sly PA, 673 tO 1000~fevl

PROPOSED DOUBLET DESIGN

x(m) w. tmk no.
I. 210r

.61S

o

-.635

-1.2700 13 44 5S 66 TV 66
y, ,:E

11 22 0 11 22 13 44 $s 66 1? 08 99 110
phi-phia(dq) VO. tank

15~
phi+ISB(q) w. tank

o
0

-o
-1s

o 11 22 33 44 S5 66 77 e.? 99 110 0 11 22 33 44 55 66 77 88 99 110
U-ua(rfav)*m.mk 00.

1,

0
.,,,-1

-2
0 11 22 33 46 55 66 77 88 ,~)9 ilo o 11 22 :3 v S5 66 77 88 99 110

Fig. 2. PIOLSof beam size, phase und energy sprearJ us G function of tunk number along twn proposed lintzcs.

does the singlet CCL, the doublet provides a smoother transverse brmm. To study how independently ofcurrcnt the I)enm could be
envelope transition.

We determined that ramping the accelerating gradient
nmtcl .4 from the MT. into the doublet (XL, we used TRACE 3.IY
to simumte n nmtching rc~inn cwrsisting nf the lust few I)TI. cells,

cell. by,:ell over two tanks is not adiabatic on the beam, but is on electromagnetic quwlruprrlu, o Iive.cell buncher cavity
gentle enough to provide a smooth longitudinal transition for the ( 1284.MHzJ, an electromagnetic quudrupole doublet (with
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TAnLE2
inputand (litput Emittances from Simul:ltion

,“oithe 12134-MHzCCL Examples
usinq a Uniform Input Distribution

70Met”c:

600\[eV’ &:

71)Me\” CL

600Mel’ CL

Emittance
Growth t.,

Ernlttance
Growth t:,

Current I n]A )

Transmission

Singlet Exnmpk,

0.0185 ncm.mruri

0.022 11.cnllllrurf

0.305 n-deg. MeV

0.335 11-degMeV

I H%

10%

75

1ml%

TABLE 3

Doublet Example

0.0185 n.cm.mrttd

O.OYOn.cu,.mrud

0.305 n-rfe~:-MeV

0.315 n.dvg-MeV

5.5%

;1,570

75

100%

Cwnparisun uf the Structure Pmwneter
for the Twu Design Examples.

Both are at 1284-MHzior 70-600 MeV Energy Gain

E,,’r

Phase adtance/periud

[.ength of the CCL

Tank geometry

# o!’tanks

# of modules

# rsfcells

# of bridge couplers

Eore radius

SinKlet

6.5 M}’lm

70”

120m

20cell~tank

66

11

1320

55

1.27 cm

[)oubkt

6.5 \! V/m

70’

130 m

24 cellsksnk

54

9

1:?g~

45

1.0 cm

gr:tdlrnts independently adjustable], a second hunchrr cuvity,
unother Indeprfndently ndjustnble doublet, iind the first three
accelerating tanks of the CCL. This matching regwn is shown in
Fig. 4. “Ile bunchcr iwltages prot.ide two knohs for hlngltudinnl
nmtthing. and the IJI.< wngle quadrupoie :ind ti(n douhltit
quwlrupolcs pro~”ldetit”sIknobs for trans~.t:rse nwrtchlng. The I;eum
was rms Inatchcd. !“ora currmrt 01”25. mA ut 428. MI [z, frnm the
IjT[. output to tank 3 of the CCL t’cr i;:rious mmp ratm i no

ramping, anti 0.1 .6.5 MV/m t,, 1.3- 6.5 M\’/m t In thu first tww (“Cl.
tanks. The matching secti[m puranwtcrs wrrv thvn hukl ronstunt
sssthe DTL hwm current W“;ISt’nrled from 5(1’4tII 1SO%of the
nominal 25-nlA t“aluc. Twiss parum~ttrs rvsultlng I“rom this
matching section were nearly the stime us those w:intcd by fX~I.
Tank 3. The matchln~ wwtmn is Issrgely current Indepundtint.
Although not ramping any tunks of the doublet (Xl, gnve good
current independence, the nnn-rampud mut.ching section exhlh iterl
rapid r!’ phase envelope size changes throughout the mutching
section. Additionally. the field gradient rqulrcd in ww of the
hlmchers wns prnhlbitiveiy high (7.2 MV/nl).; using 1().cell
bunchers would allow operation ut lower grudients. “l”he
I,jngitudinal tr,,miition of the beam occurs most smuothly when the
ramp rate is from 1.3 MVim to 6.5 M V/n~ twcr tv.”i)CCI. tunks [S(W

singlel design und the prOpOSLd IIoulsll, t dcst~n.

DOUBLCTDEWON

Fig. 4. [learn envelopes through thti matching rcgi,]n f~,r lmth the
unramped und ramped doublet design cxumplcs. A sn~t]fjthlfr
lnngitudirml transition is ohscr~wl for the r;,mpcd c;isu.

Fi~. 4), thus achieving a nv;irly cllrr(.llt.ll]f ll,lIetltlcllt mutch, This
miitching section illso pert’orms irry A“(,IIfor th~!s!IIglct (:( tl.,

We V.,IIUld like to thunk l). l.iskil, [.. YtIut)g, ;it]d ‘1”.W:tnglcr iit 1.OS

AIIIIIIIJS>“nt!nniill.obornt,)rj’, ;IIIII l{. Illmndnn mId (~. R. (;lIiIng Ijt

the Sltl]~.rct]ll(lut.tillg Super ( :ollidur I.iihorutorj, lor tlwir usetill
dlscussi{]ns.

Rcfercnccs
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F;RROR AN 1)TOLERANCE ESTIMATES FOR THE SSC CCL*

‘1’.S.tlhatia, R.\V. Garnett, nnci G.H. Neuschaefer,
Los Altimos National Laborncory

AccSys ‘1’echnology

Abstract

and
K. R. Cranclall I

Inc., 1177 Qutirry Lane, Pleasanton, CA 94566

We h~te US~(i i{ IICW code, CC1.TI{.4CEI to
est imiite error iind tolerance Iimits for two possible
examples of iI 1284.MHz, 70- to 600-McV cmlpled-
cu~”it}.Iinac (CC1,) for the SSC 1irmc. Ht’calculating
the d}’namics of the beilm center as welf i~~the beiirn
c1Ii sold, CCLTRACE can cfflcient Iy perform error

$“stu les using Monte Carlo techniques.

The Code CC LTRACE

:\ftcr a CCL is designed,. its performance is
usuu 1ly checked !Iy a multlpart Icle slmu Iation code
such M CCLDY\, which can estimiite beam loss an rl
cmltt~nce urowth and disnlai, he:~m nrnfi IOC :1n,!
phase-s aciprojections at fi-i~’ts along [he length of

.f {the CC ,. The code CCL’!’ ACE. replqces the multi-
ptirticle d}’namics of ~~CLI)Y
ellipsoid d{’namics of ‘[’RAC

. X with the beam
..- -;~ 3-D.’ CCLTRACIi is

rel~ted t6 Cf!l.~y!{ in the same Way thitt
PJ to PAIWIILA.

)DPdCf!l .T~Af7k~ t. estimate

. - ——.
I’,\K~’RAC-E”is relat. --

Ken Crandall de~e.or.- - -–. . .. ----
the effects that are due to the res~nrp

E“error conditions, singl}’or in com Ina.. - ..-, --- --
When tolerance limits on one or more types of err.....
in alignment or field adjustment (random over a.-

._-. -eof various
~tions. for f!CLS.

rors

urtllorm distribution of- t specified limit.) are
specified{ CCLTRACE can calculate probability
dlstribut:on functions for various effects on the beam
For example, fora specified set of tolerances, thp user
cqn rietermllle the probability that the hpam c~>ntor
w*I11not he displaced from the axis 1..
certain distance or that the outer ed e of tne--h&~

%will not go beyond a certain fra.:tiot] o the available
bore. using lrtformation generat~d by CC!LTRACE,
the CCL designer can set reas(jnab]e tolerances on

---- ------ . . .... .
bv more than a

need !-orcorrective action alon the st}ucture in order
Fto compensate for the effects o errors within specified

tolelance limits.
TrI glenerate the robability di~tributions, the

{code runs a large .nu.m er of “traces” for a spcciticd
set of tolerance llmlts. At ear+ element, random
values within the tolerance limits are chosen for the
errors. \faximum \’alues for the beam parameters
and emittances are saved for each trace. At the end of
a run, these values are sorted and a probability
distribution is obtained.

CCLTRACE can he used for error estimates for
CCLS with either singlet or doublet focusing lattices.
The t es of error conditions that can he handled by
CCL’?#ACE, singly or in combinations, are

a. quadruple displacements
b, quadruple r,)tations (roll)
c. quadruple tilts (pitch and yaw)
d. uiidrupole radient errors
e. 1 7oublet disp acements

● Work supported and funded by the L..S. Deportment of Energy,
offIce of the Stlperconducting Super Collider.

f. douhlet tilts

K
doublet rotations
do~ibletgriidient errors

i. tank displacement

i.
;lcceieriiting field ompl itude cnors
accelerating !icld phase errors

1. initial beam mismiitch error-s

Error and ‘1’olerance Estimates
for SSC CCL I)esign Example

‘1’hceffects that are caused by some errors are
more serious than effects caused b other errors. We

ishall, in what follows, illustrate t e results obtain[?d
using CCLTRACE for two CC i. design examples.
One of these is a CC1. with a singlet focusin lattice.

%The other design example is biised on a dou let lat-
tice. Both design examples, described in a companion
aperti, accelerate 25 mA of Ii - ions from 70 to 600

$IeV, ~I(;r=6.!j MV/m, and the hv;e advance per
period IS 70” for both of the 1281JMHz CCLS beln
considered. Probability distributions were generate 8
from a set of 100 traces for each error condition
described. The beam ed e Wils assumca to extend to a

fdistance of three times t le rms width, (3rJ).

I?rror Estimates for CL~~ti~&tha Singlet Focusing

Each of the 66 tanks consists of 20 cells. ‘1’he6-
cm-lon

/%!

uadrupole (quad) singlets are centered in
the 5 U s ace between tanks, and the gradients
range rom .41 to 4.45 kdfcm to maintain the 70°
zero-current phase advance. Bore di~meter is 2.54
cm.

The types of errors included in this study were
ma netic qt.mdrupo!e displacemerlts quad tilts (pitch
an yaw), uad rotations (roll), quad gradient errors,

??and tank lsplacements. The radient errors cause
fthe. beam to. become misma ched and hence to

oscl!late m size. Quad rotations mix the x and y
motions and cause an effectivo emittance rowth in
the x-x’ and y-y’ phase-space projections. ~he other
t es of errors cause the beam to oscillate about the
?(?1. axis with an am~litude that depends on the
random errors chosen or the misali nments. All of

?these errors cause the beam to come c oser to the tank
hc,reand can result in article loss.

EOne measure of t e effect of these errors is the
bore filling factor. For a

E
iven set of random errors,

at some point along the C L (at 30 for example) the
beam ed e will come closest to t} e tank bore. The

fdistance rom the CCL itxis to thi:; point on the beam
edge will be denoted by r lax. Tl:e maxin~um fillillg
factor, f is rielilled to {e r, ax divided by the bore
::~:;;ng~~~~::;[~v~~r frnuxtlerefore denotes beam

he probability distributions of f
Y

obtained
when the error to erances on quad #~p~acements
were 0.002”, 0,004”’,and 0.006” are shown in Fig. 1.
~isp]acement errors of 0.002° seem to halve an
insignificant effect on fma . Even with a 0.004”
tolerance, there is a 90% proiabi]ity that fmaxwill be
less than 0.6. The beam is very insensitive t,o
quadrupo]e pitch and yaw errors. A tolerance of

344



50 mrad citused no effect on f,,)Ux. Also, tank
displacement errors with a tolerance of 0.0 10“ caused
itn Insignificant effect.on f lax.

The robability {iistri~utlons off, ~Xproduced by
rerror to erances of 1?”{ 2?0 iind do in the quad

gradients are shown in k ig. 2. A l~o tolerance has no

8
eff@cton fnl~~”a z~o tolerance Ives a 90% probability

7that fml,x N11 be less than .6: a 5% tolerance is
unacce-pl”hble.
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‘ I
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Fig. 2. I’robubilitv distribu.
twrrGf !.s,)X{r_-ax. here radius) tlt~~ ,jf f,=,x {r,=,, -+ bore
t“or-andorn qund displacement ruflus; thr mndom f 1, 2,
errors wlthln t 0.00?”. u.004”, nud 5% quad grad~ent errors
;ir,ciU.01J6’”for the singlet design for the singlet exur.nple.
es;impie.

‘1’heprobability}”distribution for f,,,oxpt-aduced by
a combinittion of errors t [0.004” quad ciisplace-
ments, 5-mrad quad tilts, 1“quad rotations, 2% quad
gradient errors, and 0.010” tank displacements) is
shown in Fi 3. For this combination, there is ii 95%

5probitbilit}et at f~aYwili be less than O8.

:.

,,

,.
J

,.

.,

.’

-..oy-.q-, +-.

[1i!
-~.-——..—-—_—-..-.—t——.——., ,, ,, ,, ,,

~-.

Fig. 3. Prohahllity distrlhution nf f-i, I r.nax. tjore radius) f’ora
lv)mblnatlon of I tindom errors for the singlet Iutwe, as describwf in
the teXt.

Fi ures 4 and 5 show the projections of t e
~ $equi ;ti ent un iforrn beam (total width is equal to 5

times the rms width] on the x, phase and energy axis
when there tire no errors (Fig. 4) and when there is a
particular set of randonl errors (Fig. 5). Figure 4
shows th~t the beam is well matched and on axis.
Fi tire 5 shows the beam oscillating about the axis

$ 2an bcconlin somewhat mismaiche (on the x axis].
F‘J~;;,:wr toer~nces used in rmlucing Fig. 5 were

$..ad dlsP@ement$, ~. fJIO” tank displace.ments, 2 ,Gquad gradient errors, and 19phase errors.

Ilrror Estimates for CCL
with Doublets Between Tanks

F;ach of tho 54 tanks consists of 24 cells having a
bore diameter of 2.0 cm. Quatiru ole douhlcts are

~ Each doubletrr:rttcrd in t}ie space bctw”ccn tan \

..J--,:*-.. ,L.w~m
,.., ..-!.,

Fig4. Beam size ofsinglct hitticc with no errors.
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. . ,: :’ .-ii +,,,

.. , .,. !.,

Fig. 5, Beam size r) fsinglet Iuttice with a combination of random
errors within f .- 0.004” qmzrf displacements, 0.010” tank
displacements, 2% quad gradient errors and 1“phase errors.

consists of two 15.3-cm-ion quadruples with 21.3
cm between quad centers. ‘l%equad gradients range
from 2.67 to 4.94 kC/cm to maintain the 70° zero-
current phase advance per period.

The types of errors included were doublet
displacements, doublet tilt ( itch and yaw), doubl~:

rrotation (roll), and double gradient errors.

tiisplacernents and rotations, but much more
eneral, systems of doublets arc less sensitive to

sensitive to ti Its. The axis of the doublet is defined to
he the straight line passing through the center of
each of the two quadruples. Each quadru ole pair

ffor a given doublet is assumed to h:lve erfec relative
!ali mment. The tilt angle is the ang e between the

$dou let axis and the refct ence axis.
The rotrahilitv distributions for fm , produced by

0.0f)5’’,.~01 O”,and 0.015” doublet disp~accments are
shown in Fig. 6. [?rror t.oleranccs between 0.0!)5”and
0.010” appear to he acceptable. The sensitivity of

, ax JOdoublet tilt errors is iven b the probahllit
hstrlbutions shown in Fig. ! for ti)’ts of 0.25, 0.5(~
and 0.75 mrad. The tolerance on doublet tilt errors
should be less than 0.50 mrad. Similarly, Fi s. 8 and

c?9 show that doublet gradient ~rror-s Of2% art d~ublet
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rotation errors of2° should be acceptable. These
latter two tolerances should be easy to meet,

, , -..,. . . m.,
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Fig. 6. Probtibilit>. r!istrlbu.
Lion of f=az for tO.005’”, 0.010”,
ond 0.015“ random doublet Jis.
plticement errors.
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Fig. 7. Protmbility distribw
tion of fm,=xfor rrrndom
doublet tilt errnrs of f 0.25,
0.50, nnd 0.75 mrud.
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Fig. 8. Probability distr:bu, Fig, 9. Probability distribu-
tmn of f,-.a= for random doublet tirm ~<ffm,nxfur random
gradient zrrors of k 2% nnri 4LZJ. doublet rotation errors of

* 1“,3’, and 5“.

A probability sdistribution for f
i

produced by a
combination of oublet errors (O.OT~fidis Iacemen},

1?0.5-mrad tilt, 3° rotation and 2% gradien errors) IS
shown in Fig. 10. All of these tolerances are probably
higher than would be accepted or could be achieved.

.- !,. ,.. - ,,

l;.,
~-.
;: ..
.,
0

. -,

Fig. 10. Combination ofdouizlet random errors within t -- 0.010”
displacement, O >.mrad tilt, 3“ rotation, and 2% gradient errors,

Fi ures 11 and 12 show the x, phase and energy
~“Frojec Ions along the CCL for no errors (Fi . 11) and
or a combination of errors (Fig. 12). $he error

tolerances used in producing Fig. 12 were !).010”
doublet displacements 0.5-mrad tilt, 0.010” tank
displacements, and 1“pkase errors.

Conclusion and Recommendations

The CCLTRACN program is a useful tool for
estimating the effc~ts of various alignment and field

, ,:– ; .–. L. ...1 J ..G...-,:—+-‘ /=” 11 JM,, ,, ,/
1.., anti,

Fig. 11. Ileum size ofdoublet ln~!i;c . no errors.

.,J+_+_+_# +++++-4

.;,,- -,-J+-L-+~ .,
l“kmbo,

Fig. 12. Btmm size ofrfoublet lattice with combination of random
error conditions within f -. 0.010” doublet displacements, 0.5.
mrad tilt, 0.010” tank displacements and 10phuse errors.

stren@.h errors in a CCL, Tank displacements of
0.010 should be relatively easy to achieve and
should hai”e no significant effect on the beam.
CJtA\upole displacements should be less than

Quadruple gradient errors should be less
than 2~o,and quad rotations should be less than 0.5°.
tfdoublets are used instead of sin lets, the acceptable

(?displacements can be between O. 05” and 0.010 and
doublet rotations of 2“ would not be serious. The
tightest tolerance is on the doublet tilt, which should
not be much larger than 0.50 mrad.
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REAM )YNAMICS SIM ULA’1’IONOF ‘l’t[k:LA M1>h’L1NIL4N ACCIIIXRA’I’OR

1{.W. (h! rwt.t.,1{.S. Mills, and ‘l’.P. N’angler
I,os Alunlos National I,iihori~Lory,I.os A]timos,NM 87545*

Abstract

W’e performed an end-to end simulation of t.hu
I.AMPF lir-mcto test the capability of our codes to
predict thu actual pcrformtince of an accelerator
sjstem W’cattempted to reproduce the measured
II “ bui.im transverse cmi ttances, and wirc-scun,
plmsc.scan and huanl-loss data for a typical l, AMl>lI’
opera t ing cycl c by using the known opcriiti ng
parameters of the Iinac. The simulations were tilso
useful in understanding the bua m dyrta mics of
l.A.M Ph’ and for explaining the sources of Iiniic
emittance growth and particle losses in the side -
couplcd Iinac.

Simulation Techniques

The 1.A.MPIJ ticcelcrtitor consists of a 0.75-
\le\’ injector, with a low-energy hum Lriinsport
(I.EBT) Iinc, a 0.75 to 100- McV drift-tube 1intic
[1)l’l. ),u !00-.MeVtransport line called the transition
region (q’]{),and a 100 to 800-XICVside-coupled 1inac
(SC!l.).The 1)T1.incorporates singlet FODO focusing.
The [ocusing period is doubled in the last. two of four
tanks by placing a quadruple only in every other
drift-~l]bc. I)oublct F“I)Ofocusing is used in the SCI,.
The number of piirticlcs pcr bunch is ahout 5 x 10’,
wiiich gives a peak current of 15 mA at 201.25 MlIz
in the I)T1,. Bccausc the phyrics of the 1,EBTis not
y’ell understood (the amount of beam neutralization
ISunknown and no measurements of the longitudinal
heam structure are made), wc decided to start the
simulation at the cntriince to tiink 1 of the I)rl’l,,
using longi~udinal input distributions that represent
different assumptions ahuut the I. RII’1’ physics.

We simulated the 1)T 1. and ‘1’1{using the
PAR M I !.A code. Two Iongi tudi na I input
distributions were used. We obtained L.}IUSIJ

distributions hy propagating a beam in the I.Itl\T,
beginning with a truncated beam ( t 120°) at the
second of LWObunchcrs, and ending at t.hcentrance LO
the first tank of the 1)’l’1,. The space-charge in
PARM1I.A was s(,t to zero for the first ctisc to
represent 100%ncutra]ixtition and to a current of 17-
mA for the second case. ‘I’heL_lrstcase was designated
ZSC for zero space-charge in the 1.HB’1’and the
second, SC1) for space c hargc dom initLcd in the
1.EBT. In hoth cases, the transverse hcam was
regenerated at the I)’l’l.entrance as an rms matched
Gaussiiin distribution (t.runcat.~d tit 3rJj, which is
consistent with the mcusurcd beam, and slmulatcd at
full currenl in the ]inac.

We be 1ie VC,that the longi tud inti I hca m
distribution is hrackcted hy these two extremes.
Pigurc 1 shows longitudinal phiisc-spticc plots for

● Work supported h 1.IJSAliimos .N’ational
tI.ahoratory !nstit.u ]oniilSu ortin YResearch

under auspices of the L.nite$Etatcs$lcpartlne;tof
Energy

these two distributions ill hoth lhu untriliwc to the
1)’1’1.(0.75-McV)and the exit of the ‘1’1{(100 .McV).

Zsc SCD
““~’-] “[ { I o.76’$levI

A-L-l-w. .1 .! 1 1
$-$, (deg.) @.$, ‘(deg~; “

Fig. 1. l,ongitud ina] fhase-spkicc p]ols for the two
input dist,rihut. ions.

AII si mu lalions hegti n wi th 10 ,(JOO
pseudoparticlcs. The 1)’1’1,r.f. amplitude in tank I is
not accurately known and is purposu1}.set helow the
maximum value for typical Iiniic opur~ition. [n the
simulations, the ampl itudc was set to 94% of the
design value. This res u 1ted in rea 1ist ic
transmissions through the 1)’1’1.in the range of 72%
(o 80% for the various cases studied, W’cran 1)’1’1,
s i ITIuIiit ions with hot,h “des ij:.n” iind meiis u red

(“production”) r, f. field grtidlcnts, quad rupolc
strengths, and cclI lengths.

output distributions from the I’ARMII,A code
simulirtions were used iIs input for lhc cbup]cd-cut’ity
code, CCI,I)YN. Wc used the SC1,design valLIcnifor
r.f. field gradients and quadrupolc strengths. Actual
cxperi mentiil set tings for the last fivu quadrupolcs in
the 1)’1’1,were usual in all thu 1)’1’1,simulations LO
provide the cxpcrimcntal match to the CC l..
,Mcasurcd misalignments for titnks and miigncts
were not used.

At I,AMI>IJ,phase-sciins done at 12 I McV in
the SCI, arc used to determine the phtise.widt}~of the
heitm. An ahs(lrl)er.collcct~, r mtithod is used. A
copper a bsorhc r, placed in the heti n) wit.h its
th]ckness chosen so as to stop protons with kinetic
energy (W) ICSSthan 117.42..McVhut to puss those
with W>122.58- McV, places iI lower-Ii mit energy
cut-off on the phase-space to bu scanned. In LiIe
phase.sctin simulations, piirtic]cs wilh energy less
than 5. MoV hclow the svnchron~~~lsenerg.v wcre
rej UC[cd in ordc r :1) ul(ick (Ip t h c Qffec t () f t h e
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absorber. ‘We r-tinparticle-loss simulations with both
the SCD and XSC input distributions. No cncr$y cut
was nmdc as the particles propugatcd, conslstcnl
with iictual accelerator operation.

Comparison ot’Simulation and Measurement

The rcsuits of experimental nwasurunwnLs for
l..KMPl<’operating C}*CIC52’ arc given in ‘1’iibl~ 1. Ali
cmiltanccs are rmsnormal id vtilues but do nol
include the factor of four that is sometimes used. The
table shows a diffcrcncc bcLwccn wire-scun and slit
and COIIcctor data at 100-Mu L’; exper imc nta I
measurcrnen t uRCCrta int ics, howc~“er, werc not
aviii Iablc. Table 2 shows the resuits of the
simulati~ -w for comparison. The 100-!’vleV @&W!-

R
s ace plots in I*si~. 1 ar)d the results in Table 2, show
t at the beam k ecorncs conditioned in the L)’ I’l,
regardless oi its initial longitudinal distribution and
thtit the mmerties of the core bcum ~art.iclcs arc
mostly ‘d&w’mined by ti-w 1)1’1,. By &mtrast., the
outer parts of the distribution (the tuils) appear to be
sensitive to the input longitudintil distribution.

‘1’ABLRI
LAM1>FCycle 52 Experimental t{esults

r r
Measurenwn( Vdlll(!

Purllclc 1.4,ss -0.1%

1Ptlus,,sc!ir) Ut 121

I

FWlihl = 15.9”
ifev I,w+L dh!r

nt)dulu 6)

‘WtruScutt ut 800 Fwl Ihl = rJ.54Cnl
h!LV Iilr rms bcum
.j,:~

Elnlthllcv
‘Muusuwrnvn[.s

100 hlc\’ Slit & (Jol)cclor ~, = 0.026 n.cm.mrud

Wiru Scun ~t = 0.053 n.cm.mrud

806hlct’ Wire Scitn ~, = 0.071 mcm.mrud

The si mulut ions predict a II measured
quantities to within 10%to 15%,except the total SCI,

huum losses, which wc expect to he sunsilive to the
populutirmof the tails. At 100-McV, t.hosimu!at.ions
agr~~ ~~st wi~}lt}~~slit and collector mcusurcmcmt,s,
‘WCSCI, hcam losses iiru best predicted, to within a
fticlor of 3, by using the “design” SCI) distribution.
Use of the “production” distrihulions (Jvcrestimatcs
the 1osses hy ubo u1 ii n ord cr of miign i1udu.
Addiliontilly, the locations along the SCI. where most
of the activation occurs were correctly prcdickd by
tiny of lhc input distributions. Figure 2a shows u
t,ypi~iil beam loss profi lo from the simult itions
Figure 211sshows the estimulcd bctim losses in Lhc
SCI. from activation meusurenlents.

1

A)

+

. . . . .- . -. .- - - -. - - -
lhle-”~

Fig. 2. Typical SCI. beam-loss profile fromthc
simulations. b) llstimatcd beum losses in the SCL
from activation measurements.

‘1’ABLll 2
Results of LAM I>h’Simulation

Et c: et q 121 McV 800 McV

Distribution Type
[l.cm- 11-cm il-cm- II-cm - Phasc Size l.r)sscs
mrad mrad mrii(l mritd FWl IM 11’WI1M (%)

100MeV 800 McV 100 Mcv 800 McV (deg.) (cm)

“I)ESIGN” SCD (J.026 0.065 0.575 1,090 17.03 0.60 0.35

“DESIGh’” ZSC 0.028 0.067 0.637 1.175 24.69 0.78 0.41

“PROI)UCTION” SCD 0,030 0.065 0.659 1,240 17.41 0.67 0.98

“PRODUCTION” ZSC 0.032 0.063 0.725 1.091 22.26 0.75 1.76
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LAi$:IDF Losses and Longitudinal ICmittance

While longi~udiniil emitttince is not directly
!ncasur-ed at I,A M l’b’, phase- sctlns gi vc a onc -
dimensiona! phase projection of tw”odinwnsional
longitudinal phi.wcspticc Whc:I 1.AMI]II’is being
tunw-t, the opcriitors attempt to minimize particle
losses by narrowing the phase-width. It is impossible
to determine from the accelerator tuning procedures
us cd hy t hc 1.AMP F operators whe the r this
narrowing is accomplished by their dccrcasin~ the
longitudinal emittance of the Lcam or by rotating it
in phiisc-space to give ii minimum projection.

‘1’JJstudy the correlation between longitudinal
e m iI t a ncc (or pha sc -wid t h ) ii n d Iosses, w c
transformed thq “design” SCI) distribution at 100
}lc\’ to change the rms longitudinal emittance and
thcrebv alter the phase-width. We found thtit the
SC[. Io.wes we indeed a function of the longitudinal
cnlittullce with u shur minimum at UI.= 0.497 n-dc~-

/’\leV. This viilue o phase-width (AO= 15.7°) IS
witi}in 0.3Gof the nmwur~d operating vali;c., which
ga v c m i r. i m u m accc I c rii to r a ct iva t iItII. The
simuliit ions show’cdthat particles lost near tmk 1 Of
the SCi. i IIII,CIIJ!C5) 1it in the tui Is of the ~. v’
distribution but arc close to the synchronous phase.
Those particles that arc eventually lost radially near
tank 33 [module 13) have small inititil transverse
courdimitcs but arc at the crigc of the longitudinal
ticccptance.

Emittance Growth in the Linac

\’/e comp~rcd PANM1I.A simulations of the
I)’l’I. with and without the effect of spiicc-charge
forces. N’cdetermined th~l. the transvrmm cmittance
wrowth in the 1)’1’1.is causccl hy the non-1inear spiicc.

~hiirgu forces acting on the huam. The hmgitudinul
emittanre growth was csscnt.ially unaffected. Wc
believe ;.hat the longitudinal cmittance growlfi is
cau SCCIby the non-Ii nca r r. f. focus in

%
forccs

I:ncountcred in the DT1.. Figure 3 shows oth tho
av urage transv crsc and Iongitu dina I cmittanccs
it!ong the DT1.. .fsy mrnetr ics in x x‘ and y-y.’
emittances were Cncountercd In both the [)’l’i. and
SC], simulations. This feature: although it is also
observed in the measured cmlttarict: data, is not
understood and therefore we make comptirisons of
the iiveragc of xx’ and ~’.)”emitttinccs. h’igurc 3
shows that rapid transverse emittancc growth is seen
to fJCCUr in tank 2 and tunk 3 (where thu focusing

1’
eriod changes). The simulation shows particle
usscs throughout the 1)’1’1., whiuh Lends t(J causc

some reduction in the cmittances.
It is commonly helicved that nlost cmitttincu

growth occurs in Lh~:low-energy CIKIof a linac. The
mrxisured slit and :ollcctor data at 100-McVindicato
that the transverse emittanco grows by a factor of 2.7
hetween 100 and 800- MeV at 1.A*MI)II’. Our
simulations gave values in the range 2.0.2.5.

We believe that the emittancc growth in the
SC 1. is primarily d uc to m ismatch (mostly
longitudinal) of the hcam and is caused by the
non]inear space-charge forces actir,g on it. To verify
our helief, we turrwd off the effect of r.f. defocus in lhe
simulations. We observed no change in cmittancc
growth. For C(JnlpiiriSfJn, the SC!. emittance growth
hccamc negl igihle when the space-c!uirgc forces were
turned oft. ‘rd})k 3 gives mis]nalch fi)ULOrSat 10(J

023 + , 1.

E“
? .017-
t
u“
g 014-

!

~ .011-

●

.

* I

w- 1 I

.0(23 v 1 1 +
o 1 2 5 4

●nd Of lonk number

.

.
0.0 , :4

o 1 2 3 4
end Of tonk number

Fig. 3. Emitttinccs us a function oftmk number in
the 1)’1’1.from the simulations for the SCI) beam.
[longitudinal cmittancc is in units of ldcg-McV at
201.25 !klIlz.

McV calculated for both the SCD beam and the
actual beam using the slit and collector data. ‘1’hc
mismatch factor: is dcfirwd by

I

where 1{=[)1y2 + (12}’I - %alaz and al, flit VI (I 1,2)
arc the Twiss paritmctcrs for the matched and
unmatched cl]ipses. For u matched !wam, M = O.

‘1’A13LH3
Mismatch Factors at 100 MeV

I I)istribution
II Mx My

I
Ml, i

“DL!siyl”” SCI) (J.155 0.896 1.381

Mciisurcd Slit and 0,388 0.587 -
Collector

Figure 4 S!IOWSboth the iivcrage. t.ransvcrsc
and longitudinal cmitt.ances as functions of tank
numhc~ a Iong the SC 1, f(Jr t he “dc.+ign” SC [)
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Fig. 4. SCI. emittanccs for unmatched SCD,
matched SCD. and uniform inuut distributions.

%
Lon “tudi]~.‘ ~r ittar,.e is in ~nits of IAeg-MeV at.
805. 1]2.

distribution, \lso shown arc curves for an rms-
mat.ched SCD distribution tmd a matched uniform
distribution (uniform ellipsoid in real space and
approximately uniform in velocity sp;icc).

We created a matched SC1) distribution by
transforming the coordinates of each particle of L4C
“design” SCD distribution at 100 McV such that the
new distribution had Twiss parame(.ers identical to
thoswobtained from TRACE-3D3for an rms match at
the input to the SCL. The initial cmittanccs of the
distribution were preserved.

Figure 4 shows that there is a drastic
reduction in emittancti growth, bot”htransversely and
longitudinally, if the beam is rms-mutched to the
linac. The matched beam behaves very much like the
uniform beam, w!~ich is cv idenf. in both the
emittances arid rms beam sizes (Fig. 5). The observed
increase in transverse rms beam size new tank 33
(module 13) is due to a reduction in quadruple
focus:ng strength at this point in the Iinuc. The
average quadruple gradients and lengths remain
constant at about 25 T/m and 0.1 m, respectively, but
the tank lcngtl~s, and therefore the quadrupolc
spacings, approximately double. A factor-of-5
reduction in beam losses was also observed in the
simulations for the matched beam. This is probably
due to the reduction in synchrotrons oscillation
amplitude at the entrance to the SCI.. This energy
would otherwise Iatcr couple to the transverse
degrees of fleedom and cause part.iclc losses further
downstream in the Iiruic

c 29 40 5,3 8C lg,y ~: :
!onu nlJmce,

, ~-.
! I

,3 22 40 60 3; loo ‘::
! :., h f.Qmb2-

Fig.5.Trtinsvcrsc and longiltldinal rms bcum sizes
for the SCI) and uniform beam in the SCL
(1{rm~ = ~)(3 + V~rms).

IIoth longitudinal and transverse cmittuncc
growth are still observed for the ideal rrratched SCD
and uniform beams. Figure 4 clcurly indicates a
.Mup]ing between transverse and Iong it ud inal
degrees of frtiedom. The longitudinal cmittance
dccreascs as the transverse cmittancc grows. We
believe that this rclationsk ip is due to a lacl; of
cquipartitioning of the matched beam in the SCL.
[{MSmatching and vquipartitioning should result it,
a beam that more closely resembles an internally
matched beam and should therefore reduce the spacc-
charge-induced emittance growth.
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Physics issues

A ridio frequen(’} q’<trirup(~lc (I/l; Q) is
expected to pro\”ide the DTL wit!~ a 25 m.I\, II bcitm
of rm rmrmill ized eInittance t = 0.02 ii t[n.ll~ri~d k
both the tritnst”ersti and !ongitudinill phase spaces.
The zero current longitudini~] itntl tr;i!is~’cr~e
focusing strengths per unit ph~sici~l lerl~tb at the
entrance of tile 42S-M i 17. DTL are chi>setl to be
simile.r to those at the 428-}1 l~z l{f:(~ exit. This
ina kes a nei~rl}. current inclependent “RFQ to 1)’1’[.”
nliltcb,in~ section feasih!e. Accordingly the
transieerse [lr~dlongitudiniil phi~~eild~oIWCper ~1 iit

zero current Arc kept approximate}. At 20° and 1.3.5’
respec-[ijt>l} thro~ghou: Tiilih 1. A ! i.hough ri.tmpingl
the rf IIcl(i IE,,T) throughou[ the !)TI. \\il 1 shorten
the !inac, y)w”~:t-ilnd peak surface !i~Id requirements
Iimit this ~pprt)ilch. In [he presert: design, we choose
toI-:IInpF;,,’I’ard thes>nchrmow ~hii~e ($s ) [)IIIY in
Ti!nli 1 This rt’ riinlp prescription \\”ilS1lrst used in
:he IA)S ,\lanlos })l.()()l”-()t’p~.in.cipal RI*’Q gentle
;)unchcr sect ion.

The []-r[, starts with ~Is = -35’”’whirh is the
~iime us at the f{h’QLIi it. 1t is then rilmpcd tu -30: for
more vtlicient acccicri~tit)n l~sing

(1)

u.het-c Ip ‘ is the UOI.O cu rrcr,” Ii)ngitudinal M2pttrilt,l”is
w.idth in urtits of rf degrees, ill~(l ~ is the p~irticle
,:cl~)cit~.dii.i(led I)i?the SpCCCl of Iight; & iXIK{IP”iirc
I“elat+tih}”

I,I 1] ,1, :: I jI I ql ‘ III )/( I r’l)sIp ) (2)

‘l% is ql’ l“illll~ holds Ip’, ttw wicilh (If III in Ullits of
Ienflth, L’OllStilNt f\ tit?l”IO+ill t;)ii IS I 11(!t’illtlt! ()( -:li)d

ill ‘1’i:llli I , i t is hf~!~irolls i.: !1I , ii IIt)lt’i1)~1[1’I1)i111’1’(!ilS(’.
1“:,,’1’is l’ilIll~JeCi tl”olll 1..5 \l\:’lll (S;t’ill! il~ ;,t 111()[{I:(J
C*Xit ) to 4.0 \l\’/ll:. ‘l’hl>Iillil I 1’l,,’1’,4.() \l \’/Ill, is S{’1h}’
the Iimit 011tilt! ~t’ilk SUl”t’ilc(’ (Ilcctric li~’ld. I\ IiIICill”
l’illll~ i\;l~l”OSi lllilt(!S thl! I’:,,’l’ l“il111~ (Iwi:wd ~)}’till’
following IX~UiltioIl:

The ubove prescriptim kwps the Iongiludiml
I)ciim size (in units (It length) in “Rink I
ilp~l’OSi Illittt! ‘J.’ IX)ZISi.illlt K Iw$ping the heilln size
il~~l”OXiIlliltVl}” COllSli!Ilt Lhl”o;lgtlollt tht! 1)’1’1.

pret.ents emittanco glwwth t“rI)nl (!m!rg} esctmnge
l)CtW’UCIItho Iorigitu(!inai :.111(1transt’ul”s(! phitst!
SpUCPS.111‘1’ilnks 2, 3, ilt~d 4, 1;()’[’ is held ~al~llSti\ntilt
4.0 }l\’/lll illld +s = ‘:10” This l“t2$llltS in ii SIOW
Iongitll(iitlill eXpiltlSioll t)t’the I)t’illll sizu in l“42illSpi\CC.

‘1’l”iinSVUrSCIiwusing is proi’idcd I)y I)\l Qs
Two focusing Iiltt ices, I;OI)[J illl(l l:[)l~t)l)[)l)[) were
examined. We si :nllliitd, in i{ddition to the design
hmm of 25 111/\,il higl~ iill(l II)\\o-(!l])ittiin~c 75 !IIA
Iwam to observo the 1)’1’1.’sst~nsitijil): II) i.urrent ;ind
cmiltimcc. ‘1’ill)lC 1 ShOW’S\’l!l”}”IIttl(’ l!ll)ittitlWt!

grmvth ;II ill I CQSCS. Hoth tr;llls~’e!w focusing
schemes yiekl si Illilil I” l)L!ilIll $iz(+ \\’tlQ 1) !“iill(loIll

(!lliidrllpt)le m iSi\!ignrnents i~r~’ i11~Itldt’d. ‘1’illlk 1
I]AI{TRIIC1;2 ~ill~lllill ions:] w“c”l”u[io[w fol” hotll I hc
schc,ll][,s with I (1.O(K5 itwh I“ilIldoln Iun iform

IIJOL.IiSlng Currrnl
Illpl.lt I; L$IIIII ( )1111111[ IJO,.,lIll “[”rlll)st.~.r+~,

S~hvnw ml\
i’li;l.u Ad\ ,1111

I,vr i ‘,, II
c, C( t, t’, ,lt.:*rt,t.l

to(h) 2.5 () (1?() [).[130 (1,0!11 [).[1:!2 .)...!I

~rnlo 7.5 11.t)t;o 0.(](;[) ().(W) 11.(lli:l 0;]

flldo 75 01)1o 0.1111) 0.1)11) U.I):?4 .9;{

ti)t’oll(llll) 25 II11:[1 1)1):!() u 020” 0.(1?:1 20

1111,1111,(1(1’73 1)Il(i(l 1).lllii) [).1)1;.50.[;64 ?U

‘ II 1,111(, 75 0,() 1(1 ().01() U,ulI 11.!)?1) w——...,
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l“~ili l~l~ft I!dg(!l (Ill; l(il”llpl)il’ ill”l! 11.+(’(1 iiS input to
‘i’RI\Cl’t31)t;to L’ili(!lli [(! [h(; i)l!illl) pililSCfi:(i\’iiJllW,

incimliI;g Of’(!l”iilppi Ilg Irlilgl)(:tit lieids ilnd 1“!”
(icfocus ing, ‘i’ht’ ([(lil(il”tlpoiC” ~l’il(iil!lllS lllllSt t)f!

\“il 1“iud t(J Illil i Ilt;l i 11IJ,,t -’- S() ‘ il$i I il(! ~’111”1’~\’ ~ol!S (1[)
frolll 2,5 M(?V to 70 N(’\’ ‘i’hf! \’ill”iiitioll IIlllSt h(’!

> tl)()()th I II PI*U \’i!tl t i)t!illll fnislrlatch. ‘i’ile I)’l’l.

t I’il11S\’(’l’Sf’ii11(!io!lgl t (I(i iIldi t II!1(’ d(! pl”l?SSions (1/(1,,ill”(!
l).75 illl(i ().(; 1, \t’l)i!l”(: 11 iS i }1(! i)t)il Sf; il(i ~’illl(![! ])(!1”

ii)~,(l~sill~ i)(:l”if)d il[ ‘~~ J1l/\ irl iw[ww(’rl(hi* (;ink.+
I}ldl”eis il ;l~\.\ (irift sp:lc”(. 1111)1’(lUI”1(1ll)ili Illil in :1
smoot h \.iII. iilt ion it) i(~t)g i tud I nil i i)~’iim sizv lhr~](lgil
this 3\\.\ (it-iit 5pil L?l! I}](J tiil]k exit rf.~iips tIIld

‘1”:11)102
1)rl If l’IItj,. t>;triifnt. ({. r:,

I I I’;!l,k I

I t{ICml 1 It (1

*

+==

r. It.111I [) 50

r It.111I I 1:1

(, ((it.g, 11 [)

f ((,,, j 1).!

I1.51) I ‘J,sl) I
1),9 I [1.9 I

15.0 I ,H,() I
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1

1
1
1
1
1
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I
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I
I
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\
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\

I III:\ t)m]ll]+ 1.3 Y SLel’:;RFISli + tunk l“fl[i\\lli]S

I
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●Itlcllldes ?5

—- . JL —————

Fig. 1. Sch(:rrlaticcross.sect ion of a (irift tube, 1, ceil
lcng: !-t,1): tiink diam., d: drift tuhc ditir n.,r},l)ore
radius, U: ~ilp it!ngth, f tliit fii~~ lc~Igt h, rllj: innnr

t-?nose riI IUS,r,], : outer nose J.tid ids, illld r,.: corner
I’iidi us, iln(i rl” !’il~~ angle.

I]ermanent Magnet Qu ad rupoles (1’MQsJ

the t’ilri~tion$
t tle ilXi\ (Jf :1
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‘l”;lI)IC I

F’ot’ol)()[)()” \l?\(; sI’’’:1:l

Simuli\tion Results

i’ost (’ouplers

“1’}w1)’1’1,Iillds will 1)(!stiIt)iliZrXl l)}’ rcson:.]t
post couplers. Iol:;cel Iurlt stilt) i lit}” ~iin IW prrrvickd ;)y
piwing post coupler:, ..ldjilLcllt to C\er”>”01.hf:r ftllI drift
~111)1’ “1’}v:pIJSLct~uplers ?rotrud(t into I.t)(?tank ilt

..,L ~-- -1
“:i—-- i“

t 1

Fig. 3. Sill) U!iltf!d IY1’1, h(:ilnl properties VS Cell
nu nihor
‘1’l)p: Ilol”i?.olltill” I)in)ensiorl (cIll)
JI i(ld]e: fltlnch I.ungth (clll)
Ilottolll” 1;llfJl”~}”Spl”f!il(l(\lC\’)

“I”;ddll 5
\“.,rl!l;]l:?,wl rIIIS I.I:IIIII,UIIIIO III II cll].lnr,ld

I l.’(l~,r‘1’illlk SIIIILIl;It ItIII !

llllidl]lh

I ‘(lrrt.1)1
I Ill:\I

right angl(:s to the drift-tube stems ;Ilt[’rniiting from
side to side. Each tilnk t]ilsiln (!ver-i niin)l)er ()( ccl IS to

filCilili\tCthis plil{:elllL’rlt scheme. [n trildition~l pOSt
ct)tl]>ler-stal~ilizccl 1)’1’! ,s, the tilr~k diameter 1) ilnd the
drift -1.uhediilll)~ti:l. d ill”~CiJflstrUif)12d 10 ii nilrl”OW”

range by the ruIutif]u’

(),9 I,L’4) < [I) - d)/2 < 1.():] (.\/~) , (4)

w’h(!rc\ is ttic fl”~U-+pii~l! i~’;itelcllgth corresponding
h) the cavity I)pcr; ttir)g mo(!f>fre([ucncj”.

‘1’a]]ks2, :~, ilnd 4 I)f Lhc [)’1’1. \vcI.c designed
w-ith (])-(1)/2 with irl tile littl~c git’en in I{({.4. ‘1’unk1
nits [ 1)-d)/2 = ().86(.\/4), which is just I)olow the riinge

in I“:q.4. ll~(til~ls~ the post CIJUplUI”S in ‘1’ilnk 1 ~siil he
:<hor ”tcr thiin those in tho other t-iirtksi the}. tire Iikc Iy
[o he too high in frqucncy if thu Siilnc tip dcwgn for
the post is used. II s iighIl}.IUIWIOtill) can I)u US(XI on

‘1’ilnk 1 post couplers to IOWUI- I IN tuning ri]tl~c.
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Frequency Shifts nnd Frequency Krrors

LOngitudinili Fieid IIistri bution

qf!i(, ht:;illl.c\\.lli1111ic5ciesigrl prot.i(it,s fOr ii
ramptxi Ii(’l(i (iist ;ihur ion in ‘1’ank I ;In(i for il
C{)tlStiltlt 01’ “I1:lL” !icid in ‘i’illlkS 2, :1, dl)d 4 i:Or

~1’i\tif2d(} 11’1’1,S, the st(:m frequency uiluct on
ind ii itiui~l cells is liirg~r on th[’ iow-energy f.l.i~ ) ~nd
f~fthe !iillk th~~rlon the high cnerg}’ ( i 1b:] cmi. This
continuous (it-tuning of cel Is itiotlg the ca~ity lcn;;th
product’s :1 tl:tturi~i l>. rillnptd iongitudinili fi~l(i
distrii>ution. increasing in field strength towi~r(i the
1IE rnd. :\ tiiicul:(tiort of the stem-prorfuceci ceii -
frcquenc:, riiflhrcnccs comhitwd with a u~casuretnent
of the ti]~lii t i It. sensit i\”it}” gi t’es an CS[I lnatc of the
resulting cn,~ to-end fteid rilmp.

“i’o ;whie~”cthe design ficid in e:wh tiit\k, the
end ccIis wiIi he deturwd l)}”siightiy vary ing the
dt ill-tube I“aceangie ()( the twi-wali half (iri~”ttube
fr,)m the design face angie used throughout tho tank,
‘1’hisprow(iure helps to simpiify”iow-power tuning of’
!.he st rutturc i)y reducing ihe Ievc[ of ~xcittition of
:hu post coupicrs accessary to stiil)iii~e the (icsign
tiokfdistri hut ion. With a high iclei O( post-coupicr
t:xcitilt ifjn, th(: post couplers’ (iuui futlc[ ions of
st~lli 1ixat ion Nnd lield trimming tend to interfcre
it.it.h one ill]oti]cr. ‘i’hus, in ‘rtinks 2, ~~,iitd ~, lhC

stt m. prodl.~ccdriilnp wii i hc Iv?mo~”wfb}’ the etld-cc ii
(ictuni ng prfwwiure, atld ill Tank 1, the end celis wiil
t)e (fetuncd to make up I ile dif~erence iwtw.(wtl the
design ra mij atlcf tht~st(?m-;)rlxiucl!d t“iirnp.

Summary

‘i’hc I)’i’t, ph!sics design outiinc(i above
provides an exccl]ent schcn)e for acceleration from
2.5 to 7fl MeV u’ith an output-l)eam of high quiiiity.
“i’here is esseritiali) zero growth (in the ahscrtce of
fabrication nrrors) ~nelnit!ancc ior *he drsigrt beam,
iirrd thu ptirtic!es I)ccupy less Lhi{none It)irr.i of the

i)ol”t$ siw fot” ii 1111ili)rm illi)u[ i)~’iilll.‘i’hc (ivsign iM)wer
I.c(iIIirement fi)r (!il~}] [iink is I(ISSII]iltl 75”4, of th(~
;(VUi lilbl L’ POW(!1“of 4 Xl W ‘i’hl, (ie.+ign iltlfi Inateri; ils

t’t)l’ tile (irifi tlll>~!>iltlii ll)il~l)t’1 S1.l”lIL!LIII”(!Sii[”(! iill
with in I hu SCopC I)f iii’il ilubl(! tUChlloiog}.” ‘1’hl! 01 till)k
i)TI, Is 23.48 m lotl~. The fijiiuwitlg cfJtlsi(iet”iltiOtlS,

i! lllotl~ l)! Ill’l” S,(i(?ltlil I)ti l’il I“f!f”lli il [ tf,’tlt ion.
~ill f!flll tll(’ilStll”~ll)l!l)tS 011I}11’l’~.lQS IIIIISL ~lf!

lllii(if! i 11 !)1”({1’1”[1) i 1)S(11”:’ i’ 5 < (J,,l ~ 80° IM!Ii)r(! d r il”l
IUi)(!S ill”(!\\’(”l(l(’(idl”ollrl(ith(:lll Itl(ie:;ignitlg the [irif”t
tUIWSwith SL”i)l”li{i”’iSi i, ttl~ Incsh size used r:Ing(!d
(roll] ().()25 c“II1h) () [)45 ClI). ltl?gUllL$ l’ilt. iO1l of” cl: I I sixes

with il finer II]t’sh will ~w 1l(!l’L’SSill’}’ hufi)re
i“ili)ricatiol~ i“’utul”u “Stillii L!S ill’t! Ilwx!ssur>’ to

l’[)l~l”(i i tlil~(! “utlg in(w r i I)K (iLIsigns, l“ai)riciltion
Splx$iliciltiolls & cI)llt I”oi >) Stf-!lIIS” wilh “hl!itlrl

(i}”l]il IN ics ilt!l”li :“!ll; I?MX!, I IIHC Ui) iln(l f)i)et”iltiotl

IWI u irenwnts ” /\(iL!(i U;lt(. l) L1iLlll (i iilgn OStiCS llC’t U’(!Cll

ti~~’ till)ii~ it!”t’ \’iti\l (I)t” tl.;\:lS\’C!l”Sl! ll\i\LC}lil)~ iltl(i l“f’

cent I“(JI (iuri 11~ 0)111111iss io;li11;<illl(i ll)lltiIlc f)l)i>l”ilt ioti.

/\ i L}1!) Ugh t)ol PliltlI)c?ifor ilt this Iitll[?,it is i)t)s!ii h IC

tl) si)i it il (irit”tI111)(!({llii(!t”tlpl)l(’illl(i ;)llt iJmicrosl rii)
i]twhc itl thc l]~i(icileof il :irift tuhc. IVIIC*IIl}lc drift
tulw minus quutirupl~lo il:ll~th is ii\l.~C’u!Ioug!) for
mierost rip i)roi:(?s,It\cory-ith w II, frwcx;imi)le, cOUki
i)c c(iuippc(i with ii pt”oi)~*to It.ii~k tl]e l)~~iil]l ct’tltr{)id

I tlt”otl~h ii [iitlii ‘1’flis tr;lcitil)g t:~ltl SUl”t’L! ii+ ill)

iliI(!!”llllt(! lllt!ttl~)(i !“01” nlwisurinx t}w :Icwi)tdnce

l“Atht21’ thiin steering thl? i) f!iilll to I)i):wrvu a ciroi) in

t ranstnission. i!mittuncc grouth and horc used cj.frl
i)c significilntiy tninitniw(i i)} i)iiicinv the Iwilm in
tiIL”CentCrof ii tatlk’s (iispliiC~(fitCCeptant’C.

1.
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MOMENT METHODS FOR SIMULATION AND DESIGN”

Wnlttw P. Lyscnko
Los Alamos Nnthmnl Lnhorutcwy, Los Aliitm)s, N M 875.15

A13STRACT

1[ is (?flCll ii(l\’alllil~t’ OllS Lo (I(wrilw ii particle bCillll by
I lw IIKmICIItSof its phase-spacvdi:,trif)ut.iml. ‘1’)1is paper
rt’l:tles original work b}”S;~clwrer10 prwmt Iy-used Iillcitr
~lw.igtlcodes Iikv TRACE:3i) and to SC:iltlrccmt results.

INTRODUCTION”

i]canl bcktvior is often belter dt!scrifx!d b)’ the C!\”&
Iutirm of the pl,asc-space distribution rather tlliili I)y tht’

siliglc-particle II)otion. Consider ii periodic beamlinco It
t rarlsports a rtlatc}lcd IMaln with tio change in the dis-
[ rlt)ut ion. Dut the usual (single-particle) transfer lllaps
k.(]ltti~ill A Iargc nulllbcr of entries (alwrriltion cocfiicimlts)
rt’l:i[txf to the complicatcd Inot ion of the indil’id ual pilr-

1ich that obscure tfw siillpfe nature of tht? (!~wlutiotl of
[ hv [llatcli~d cfistril)utiou. OIIt? \\’i\}’ to dcscrilw :~ b~i{l]l

ill !erl]ls of the ~)tlilSL’-Sl)ilCt2 distrit; llti.]n is I)y Inolncnls of

t Ilis tfistributiml. Such il tlrscription Ilils two illlportallt

f~’ilt UreS IJirst, t tw Itlolllcllts ilrc closely related to olJ-

s(,rl.ables such as bcanl positions (first morncnts) antf sizes

(wcou,f Illollhmts). !+cond, thc Illonwnt approach is useful
iII sirnu1:1[ions becallscOIIlj’ ii SllliIll II(J Illbcr of lllolllcllts is
rtx~uirc(f to cfcscribe a t~t?iitlla~~llriitclJ’ to high or(fcr, a
ft,alurc cs])t>~iall},jl~ll)ortiinl ill 3-1) situiltions.

1;11971, Sachcrcr’ prcscntt’(f his results I)iI.SC(! 011 tllf!

Stx.orld-or(l(!r rnonlcllt c(Iu;L( ions, cxtendirlg previous work
CIII f,rllclol)u t!(llliit ions 1)}’Kapchinsky and \’lit(f inlirsJi}’2.
f.illcar tfPsigIl codes ]ific “1’RACE~I)3. Ir)i&! use of th(!st! re-

sul[s. L.atcr, Paul Chanrlc!l”l proposed using (he rnolmr)t
~quatic!risto higher order iLSt hc basis of a sirnulat,ior) code.

SUCh a code WiAS rlc~ttlopcd itt l.OS Alitrnos5. Rcwnt worli
cm Itlc rrmfrwnt descripticm II,asIcd to rnorc u.wf,ll dh$sign
iind sir]]ulilt ion took, inc]uding a rmw version of HE f) L,\ Mf; .

‘1’he new BEDLAM code promises to bc an cfflcicrit wit}’ to
do 3-f) problcrns inl.olviug space charge, wittlout silcrific-
ing accuracj’ or consun]ir]ghIIgc arl]ourltsof computer ti IIIC
corllputing the 3-D cflccts.

SACHEREI1’S RESULTS

‘1’hc original work of SilclN2rCr*on the rrrrs crivelapc
cquatiorl W*S a sccund-order rrlornent ca]cll]atiorl, \\,}lic)l
crxrcsporrdsto the effects of first-m!cr (linear) forces. J.ct
us do his calculation using aur J)rcsctltmorncnt notation,
I:6r sirnplicitj., we will k this for onc dq.jrcc of frccdotn.
‘1’twrcarc three sccorld-order rnorrwntrquations.

II
— <r])> = ~ <p?> +- <z I”>
(/1 1}1

(1
~<p?> = 2<pl,’>

(1)

\!’(? Call Clilrlilliitt! <];2> ill fil\’or of (~,,,~, tllc rllw {:r[lil-
tiiIIC(!$which is I III?followitlg furlct ion of sI,I”c)IItlII IOIIIISIIfs

( – ~i<J”2><p2> – <J”]J> 2)1/2.rn~.*— (’J )

~\ssurllcthe rnls errliI tancc is a krmwrl furlctior) of”I iIIII,.
‘1’hisreduces the uurlher of (!(lllilliOllS froll) 1Ilr,:,* Ii) I wj

d 2
- <.C2> = —<x))>
(u 7/1

(Oi}
(1
~<xp> =

<q)>? “’:,,,,,111(.!-(
+ ~J~ + < J“I”’>.

111<L”?>

If W’(?lt!iLSt-St~llilWS fit tllc force 1“’to ii lill(:;r flilll”ti(jl) (,1”J..
1“= kx, t!lt2forcoconstat)t k lurl]s m! 10 1)1:<JIO’>/<J :2>.

‘1’hllstll~ last tcrrrl it) Ille stwmtf rlwrtk:l]t 4:,[II;IIi,)ll i*fl(,\1°
cm IN! writlcm IL$k<x<>. ‘1’llcw,for(:,t IN: (o\tIIIII ion of 1lit.

second rrmncrlts dt:pl?rl(lsotIly 1)11t III! IiIk;lr I):lrl [)f I illo
force, dct(rlltirmf 1)>fvasl-stlu;~rls fil I ir]g.

NOW iLSSUIl)C t]liil L.hr forc(”is (“oIIIp(wI!(l of a ii!l,”:lr ,*s-
t(?rrlal focusir]gforce and illl arbi trar}”sI)ar(.-clI;lrgI: f(jl’(.l$.

i“’= - k,=t J” + 1“’,, (1)

‘1’11(!,1thf! rrloriwnt (’(lllill iolw 1):’m)rtu’

d ,)
—<X2> x 2 <J.],>
(It 1)1

(f <:p>?
~<rp> = – kcz[<J:2>

IV1<J.?>

,, .-,
111(!-( ~,,,,,

i- ~x2 > +. k.,c< J.’2>

wfmrwthe S\)ilCC!-CtliU’g12 force L“Ollsl;1111is git“(’li 1)}’

(:))

(!;)

Ijquation 5, wll icll is a syst(~lrlof Iwo first-fmlf,r I! II II; I-

I,ions, k cquivitlcrlt.to tht!single sccolld-orddr f!([llittioll fi)r

the rms cllvclopc givcll ill SiKlll>rPr’sp:l[)(:r. S;:o.IIvr(,r II;IS
shown tllitt t.llc SpaCC-CllilrgC force COIIStiIllt k,c is giivtl II}’

k,,. =
Lm!lst

,<,,.2> 1/2 ‘
(i)

whvrc t.hc corlstalI1.is a]rmst, irl(!clwjl (Icrll, of I III! s II;I[ III (JI’

1Iw Ctlilrg(! (!is:rit)ut ion. Ilu ditl I IIis IJyC(IIIIpIIl illg I III: cf;II-

S1ilIlt for 11rliforrlI, [)ar:tIJ(jlic, (;;illssiarl, :ill[f IIOII(JW(J: x
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tiaussian) distrihut ions. TIIIIS we ran use all} :Colllcllicnt
IllodI I Irj ColnIIUte (“,C, without rcgar[t to I II(’ lmrt icu Iilr

cl]:wgvdistributicm uudcr consid~’ration,

THE TRACE3D CODE

‘1’i,~’.?quations abotw assull;cd th,~ rnw elllittallcc to I>c
:~ I(I1OI”,”II flillc( ion of t ilm~: Oilt’n W(’just iL’’SUIll(! it to 1)(’

coIlstalIl. ‘1’his is a \“(’I y rcasotlithl~~ itSSU1llptiOl\ for lhu

llSlliIl apl)] ication of Sacllt’rcr r(’suits, which is found ill
d~sign Codes Iilic TRAL” F;3[)3. ‘l’ll(;s(’ cocks ilrt} used to dLJ-
sign Iwatlllint?s. \\’hilc cm]ittall(e growth could ill gvll.
,Sralbe sUIX$tiilltiitl,final designs, for which tlIe I)calll is
1!IJtchdd tO thIJh12itl]l]iI)L!,Ikillidlj’ Wil] [lot Cxj)Cri(?l~cVsig-
II IfrcatIt cnlittitncegrowlh and thus k accurately tfescrit)d

II}the %chcnx IIKA21.

Sacherer prcscntcd results also for three tf;’grccs of
fr~’cdorll’. For this situ~t iotl. t iw rtns crnittances arc
Ilot conscr~ul, c~.en for purclj” Iine;ir forces. m? 111o-

IIwnt intariants, dcscribcd bciow, itrt’Ihc collscr’:ml f\uittI-
[ i[ it’s. ‘1’R,\C”E3[) handles this sit uitl ion correct Iy t)(!CilllSC
i [ ei”oli’es tilt. u-n)at rix. which is a description ill tcrllls of
I IIC ? I sccoIId Illonmnts t !Iat c,xist for 3 degrees of (rcedoIII.

Since the space-charge lor~c C(>llSt:lllt is nearly intlc-
[~,:[ltientof tilt,clistrit)utiolldetails, WC Ciil)use an>” “equit’-

1;i1211t‘“ Lcanl to rcprwcnt the actual IMMIII. llcrc, “cqui\”a-
iel)t” nwans having t.hc saIIw st?colidspatial motnents It
wotlld bc collt”cnic[ltto take sonic simple equivalent bca]n
for which we cal sollv tIIe equations of motion and watch
tllc bcha~.ior01 its second Inomcuts, which shoukf bc close
[o 111OSCof the bcain we arc tr}’ing to sillltiliitc. lllit there is
Ilo bcitm that wc Iinow how to solve. If wc aSSIIIIICa hcan)
illit iall} uniform in (L”,y,: ), then after one tiIlk2 step, it is
110longer uniiorm. Tlwre is no such thing as a “1’RAcE3D
Ilwdcl distribtrt ion. \\.llat hanpcns is that, at each time
step, the space-chargeforce c~nstani is computed from the
secondspatial molllerlts. assuming u un iforrn charge dcn-
sitj” in a (x ,y,s) ellipsoid. Though we do not ass~mc that
an init.ii~lly urriform b(~antst a}.s uniforl]] aIId tlIrNIgh wc do

not know what the distrihut iwi is IIliIJ ill III’( iii, IIIII”:iIISr of
SW[Ur,[ nsult wc Ilo not caret.

Ciwn our prescrrt kIIm.ldgo. it appears t]13L III{!

physics of l’RACE~D is as good = it can be for a hncar-
force (second moments) irlodel. Unfortunately, there is no
way to dircctiy compare TitACE3D or fJther similar ]inear
code with ;I particle simulation.

OTHER MOMENT RESULTS ,

The rms cmittance is a function of second monlct]ts
tha$ is consert”edin systems with linear forces having

?Appendjx ~ Or ~},e TRACE~D manual discusses a &f_) distritsutiou
with ellipsoidal symrnet..y t}.at is uniform in all 3-f’) projwtions. ‘1’hc
rms emittanccs of Ais distribution are shown to be one-fifth of the
total ernittances. No such distribution exists. But thi~ is not a
prnl)lcm, as the existence rsf such a distribution is nut used in uty
way by TRACE3D. AU ~hat njattors is that <z:> is on~lifth of I IW
I \aximum Z2 vatue for an ellipsoidal distribution unik m in (r,y,z,).
30 wemustscafeail rmscoordinates by W when presenting data to
rRArX3D. which is what the manual irrs~.ructs.

one tlcgr(!c of frcmlo[ll. ltCCC1ltl}’,ii Whole fiill)il}’ of fll llc-
t icms of r]lot])rnts wrre disco’; vr(xl t o IN> illt’ariant for Iill-
cvtr Illc,t ion it] SYSI.I-’IIIS wil h OIXO,two, illl(l Lllruc dogr(:oj 0[’
~rcmloln Ii “ ‘“ 1“. ‘1’111?s4?ruollwtll invariitl)t.s i:r(! Colm’ri”,xl
for Iillr?ilr motion, cs’cn in IIIC I]rcv;t>t)seof ccruplitlg. I’or
(?XilIll])l(!, t hc following is :111illk’iiriiillt tllill is il fllllCtkJll 01”

scc(md ii)olrwllts and is l’al id for two d(:gr~xw of frctxloli I

l?? = <1.?><]):> – <J:p. >2

+ <y?> <p;> – <yp!, >2 (s)

-t ‘2< J”!I> <prpv >- ‘ ka’py > <ypr >

‘1’hisis the sum of the S(lUi\WS of t’fIc rms ernit.tallccsi]) I III.
two directions plus ii ccrul)lit]gtclrll. ‘1’here is i:llOlllcr ill-
Ir!pctldcnt int”itriitnt tllitt is il fuuctioll of secondInollwllts.
l’or three dcgrccs of frccc!ol]), I lwrc ,?rc tIIrm: illv;lri:illls,
‘h!rc art! also in\”ar]iihLst]liit m? fujlcliolls of llig]lvr Ill,).
Irwnts. l’or cxitrnplc, the follmvillg illvariitn t is ii (1II;I(I r;!l i(.

;u nction of fourth nlonlcnts for ~NI(Sd(:gr~wof frt, t:thull.

i.j.i = <3!4><p; > – 4<#pr > <Zp: > + :1<1’~p;>2 (!))

The rrloltwnt illVilriitrlts Cilll k? USC(IiL%(Iiitgllwilics ill
simulation codes. ‘1’his is done b}?COIIIputi IIg tile in\”ari-
itnts at each tinw step and ohscrving wllcrv the)’ begin
to change. (Aangcs intficatc tht i)rcscncc of nolllillt’ar ef-
fects. Rms ernittances arc not useful indicators of rlol]litl-
car effects in systerm with hends, for l!Xiill)plt!, l)i’Cil USl?tlw

crnittanccs can changd fron] froth Iongitud ina]- trilll S\”t2;SC

coupling as well. We ol)scrtw rrns crnittarlcc growtII insidr
tile bcn(i. The emittitticcs arc rcstorc(l to ncarlj, tlwir init-
ial valuesat tllc cnd of the bend, if LII12bend is ;icljron];itic.
‘1’hcsource of any unrcco.~crahlccrrlittimt-c growth CaII I)(.

rcitdily seenby exiilnining where the growth of the Illotl]cllt
invariant occurred. This technique has been applivd tc
PARhfILA Simulations for beam]ines containing skew bends
in which the com!inatl: rotations introduce rrns clnitt.ancc
growth that is not prlw,lll III t III’111111If I III! l)e:lll)line’ 1.
There cxisl.s ii sillljlh” Illgorilhlll for Illlllit,rlcil]]j C.OIII],UI.
ing 1hr s!’f-j~!l(llll~,llllllt illt:lrl:tllts!), it’llich is II srfll I fr)r SIIC]I

applicutwlis,

THE MOMENT CODE 13EDLANI

‘f’hC Origillitl BEDLAhi code Illlllmrica]iy itllcgrittcd L]W
rnomcnt equations, using a collection of init i:tl tnonwttts
as tne initial conditions. This code su~cred fronl iiti ins-
tability problem that prct!cntcd the sirl:u]ation of sys[I*IIM
more than a few focusing periods long. “IVecould not USI:ii
SymIJICCtiCintegrator to achieve stability b~cii~scthe rlm-
ment equations cannot k put into the form of ilan]ilton’s
equations. An important rcccnt result was the discovcrj
that the moment equations can be put into a 1larnilto-
nian formulation 12 using a generalization of the Pr3issou-
Ixackct kxmulation. This work led to the dcvcloprnwlt
of Lie-Poisson integrators 13*Id t]l}it. prc5cr\.c the braclic[

structure exactly, achieving numerical stability analogous
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,IILLLIII ~- C21~L~0id-

I ccatro,d —

1“’ig. 1. IXLtiLflow at tllc tOp Ivs”t’1 for ii BEDLAM Si!llUlit-
t ion. Iktangular boxes ill(licilt,’ dala film and l)OXCS with

rounded corners incii~iitt! prowsscs ltlilt lransform diitiL.—

Io that pro~’idedb}”s}”tllp]ccli: i!llt’grat ion. ‘1’hcnew HKD-
L ,\\t COde6 U:WS 1.ie-1’oiwm ‘I!!, ’$riit i(>l). (/\lso, the new

Codt’ h~s an irI]pro\”4xl S}liK”!’-(’tl:LrgC 1110(1(’1.)

ih:causcof restricl ions illlpused b}’ I he Lie-l’oisson in-
[(’grater, the llrs~ ltm[llellts (I,tmlll ccntroifls) arc hiill(lk(l

wspar,atcly in the new”BE1)LA M. l“igurc 1 shows lht! d,ata
[Iou”for a BEI)LAM siIllubtt ion. }$’c nt?d a Sciwtrate “ccn-
1roid code” to compute the first n)onwnls and generate the
(,stcrnal-forcti cxpalwioll llscd by t Ilc’ ilCt Ilal H}’ D1.AM CO(l(!.
l’lk’ cetltroi(l code l~roiidtw II,e us,r illterfacc. \~ariousex-
istillg parLiclccodescould be llmdili~xi to 1x2ccntrfii[i cotics
[or tl}:lJL,iJt. Sillcc the ct,vltroi(i IIml ion is not affsxtmi by
~p:icc charge ( !0 good al]prosinmtioil ) aii wc aumi of the
cc.l)troid code is k) 1race ii sillgie particic, witilout space
ciiargc 311rlC\”iiill~tC I Im focusingforces!it Lhcccntroi(i par-
Lic{e’siocation at each t inlc Stc>l).l] EDL,\hl Wii; tbcll (io the
ti i(ficult job of dctcr~llil;i[]g t ilr iligh-or(icr motion in Lbe

prcsencc of 3-1) sp;lcc cimrgc.

DISCUSSION
The Ilmnwnt approach is usf:;ul because moments are

ciosci}’ rciatmi to ol)scr$”at)ie quatltit Ids an(i aisf) sirllpiy t)c-
r; IIL5u it ficiLis with the distrii)u Lion ratllcr thnn the singic-
{Iiirtkk rrlotioa. [,itwar (icsiga codrs arc bascfiml tiic nm-
Im’nt. work of Sacl]t:rcr. A’cw rvsui:s aro tile discot”eryof
II I( 1111111t in~:lri:llits :111(i I 1](${it\ III,!, I I,, II f I I( 1. i, I ‘f ,iwnll it]

I , ;,1 il igll-(,r, i,r IIIOIIICII1 c,,, i,.. ;LI, ,..14, i ~, i 11. .
“11“i(it, ;L,:IIrat t’ 3- [) sI1:1II*. I I:1rgf, si II III i:I; it III+ I:llrl Ilirlll, III,

I 1, ~I li”~,.[llj JI I il~ I I I i I, III Ill, I 11,), I II1.1) 1111’illl .’1’ L’itll

iIatt: I]igll-ordm design Codvstusing IJIIIinlimrs.

‘1’hcnew HF,I)LAhl co(ic is ii{nlOSt rc!a(ij’ for t(ssting 011
r~:ai proi~icn Ls. ifre \\.i{{ s<)oll ~IIOW if I,lw prolnises of

[ ill. ucw a~)i~roach ‘.\”iii i)e rviiiizl!(i. Tilt!rv is Wet)iti now
in ]jrogrvss that pronlises CW!II nlf)re in]provcnmnts. t?i-

U2raat c Lic-PoissoIl integrators cw iliIli(iiC! r[lorc grnerai
Ilafniltonia[ts. A IICV.schcnw hving invrs: igatud hy P.J.
(.’lianneii and ,1.(.~.Sco~v:ishoui(i i~eable to bandic the Iirst

f]wrncllls d ircctiy in the lnornent code. Irnprovcd Inorncat
silnu]ations couid use moment, int’a:i,lnts as the dynaulit ai
t’ariabics, thus factoring out the jinear motion. !Iy soiving
dircctiy for the noniincar effects, we sbouid bc able to im-
protc nurlwricai eficivucy ili il manner that action-angie
or arnpiit IIdc-ptlase Incthoch.do for singl(:-porticie motion.

‘1’hf! BEDLAM SpiLCrNChNgc Il101i12i Colltaills llolliillcilri-

ties to aii orders tlliit arc trullcaltxi to the or(it!r approl)ri-
iltl! to tilt! order of the Ino[llt!nts ( iillcilr forces for scYollli-
or(im Irlo]nent simuiilt.iollsand Cuijic forcesfor fourt 11-crrtit’r
sillmiations). Thcmfore , ii Secoll(i-or(icr Hk;1)1,ANI si[l]ll{iL-
tion is not the silrllC (asa ‘1’RA(; E;]I) Silllu{atiotl. ‘! EI)LA\l
in its present form docs not use Siichcrt!r i(ica of using
ic,ast.-squarcsfits to get the forccs~. ‘1’estingof rr};l)l,,i,~l
wiii quantify how uscfui Sa~”hr2rcr’sideit rcitli! is. ‘1’11,$
high-or(icr aIlillOg of this schcrrmWouhibc (for frjurlil-nrti,,r
HEJ)LA hl) to dO a k!&\ L-S(~Uilrrs fit to fit the Sj)iiCC-(’]lilrg(,

forces to ii cubic pOiyllOllliili. 50111(! r(!{ilt(!({ WOrii ]liLS:li-

rcady been (ione15. Otw qucs’iotl to answer Is: I1OWIIIIICII

imi)rovcnwut Wol)i(i thf? IC&St-S(lllilH2S fit I;ring”? A n(i ca]i

wc (io belter sinlpiy by rl!llli ing HE1)LA hl Lo a h igilf!r or~i(!r”.”
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EMITTANCE GROWTH IN A MAGNETTC TRANSFER LINE
CAUSED BY THE VARIATION OF BEAM NEUTRALIZATfON 0

T. Wcis. J. Wicgand, R. Dolling, J. Pozimski, H. Klein
Instilul rur Aogewandle Physik dcr Johirno Wolfgang Goethe Univcrsitol

Pirstfach 111932, D-bOUO Frankfurtam Main, FRG
I Hofmann

GSi Darmstadt,Postfirch110541,D-6100 Darms!adt,FRG

Abstract

A bciirs] trirnsfcr I inc has been SCI up [o in~esligalc the
~nfluerrce of \.arying space charge neutralization on
transverse beam emittance. lle s}stem consists of a plasmir
beam ion source with lriodc extraction S!’slem ( 10 ~ev.
He+, J m+) followed by o solenoidal magnetic lens. me
beam emittance could be measured in front and behind the
llliIgfle~l C If.?fl.$. Uslnb a series of independently biased
c} Iinrlrical elecf rodes \vc were able 10 varj the beam space
charge potential at different 1ocaIions in the beam Iinc. The
IcIal decompensa[iorr of [he beam e. g. rcsulls in an
cmtltance gr~u”lh b! at least a factor of Iu”o. The
cIperiment~l resulIS will be sumnmrized and a comparison
with nlrrncric~l simula[ ion and emit Iancc grow[h Ihcor) wii i
5e gi\cn.

ln[roduction

Emitlance dcgradrstion and particle losses in ihe low
cncrg} purl of an acccl erirlor syslcm is a cruciirl point.
Since the major emil lance growth occurs in the accelercrlor
:nj:c[ i~n s.vstcrnspecial irtIention is SIrongly recommended
to keep the loss of beam qualily small’. The rms emil lance
[for definition sec below) is highl.v affccled by all kinds of
nonlincrtri:tcs of applied external fields and self fields of
[hc be~m-. I f \ve stick 10 Ihe LE BT seclion a cisreful design
of the LE BT c1cments and probab!y the usc of only a
[rac[ ion of the i;tirilable aperture is requested. A source of
I rans\ersc rms emiftance incre,asc due !U beam self fields
h~s been clear 1} identified 3-+. A space charge dcnsily
distribution which is not homogeneousneccss?rily produces a
nonlinear space charge field causing the charge der.sity 10
redistribu[e towards a more or less cons[ant density profile,
Ihus con~erling nonlinear rield energy into I rircsvcrse }“inetic
energy.

Charge density rcdis[ribution in parlly space charge
compensated beams means reisrrangement of both ions and
Irapped electrons (for positi\.e ion beams) to gi\’c a linear
In!errml se]f field. The electron veiocit!. disfribution is

5 Therefore the eleClronshcaterl Is} ion - eleclron collisions .
.Irc ,;J! ?Ii ?nJugh to be exircl]y pinned to the ion
dist ributicn ctI, Ii:. causing %roader”’ distributions cornparcd
Ia [he ion dcnsitj distribution.

The rearrangement of ions under space charge
compensation dcscsnot necessarily end up in a homogeneous
distribution. hforcover the process is ,Io[ ad;abalic. because
[he crcaf ion and IOSS oi e“eclrons is a dynamic process and
highl) afrected by energy exchange between external rields
end the beam plasmrr. The varicIion of neutralization rate,
cirused by changing of residual gas pressure or only by
\’ariing beam radii is ii conlimsous source fol emil lance
inc~e~s:. Measurements at GSi with a perlly compensated
A; beam indeed have shown significant incrcnse uf
emlllanceb.

Experimental SCI 11P

The properties of our magnetic Irirrrsfcr line have been
7 ~e syy~em (see‘ig”reported previously . 1) conltiins a

modified duoplasmatron ion source with a !riode extraction

“Work supported by BMFT under conirac: no, 06 OF 1861

s!stcm and a solenoidiri Icns isnri is cquippcrl u“ith IWO
cmil Inncc me~suring devices, t\i”o residual girs ion
speclrornelcrs (RGl 1. RG! 2) to evaluotc [hc space chorgc
po[cntiirl depth insirfe the beam iitld four cylindrical
clcctrodcs (E1-E4). The clcclrodcs can be biased
Independently IO positive or negatit, e potcnlials irnd irllow
for Ihe t,aria! ion of the degree of ncutritl ization.

Wc were able 10 ext rirct more than .I mA of Hc* ;lt 10
LV extraction t“oltagc, which is cquit”irlcnl 10 a bcarn
per\’emscc given by is 50 kcV proton beam of tJ5 m..l. The
rcsiduirl gas pressure al sourcc operalion was 2*10‘Srnbirr.

Unforlunatcly wc were no! ]blc 10 obtain ful I beam
trirnsmission throughout the syslem. After Ihc imcr!ion of it
COIIimator in rroni of ~.hedia~nosis box. a 100% trimsmissian
~[ a 1,j ~ beam has been reached.

We:ncce‘.,,’& @..A-~ -
:MI,lU

Fig. I, Schematic liryouI of the experimental

Experimental Results

The cvalua[ ion oi the beam cmitlancc

~Om

sel up

right ~f[cr the
collimirtor by inspcc!ion of the phizsc spircc patlern turned
OUI to be difficult. ;hc emi[tancc is highl!’ arrccted by some
lens pcrcen~ or neutrirl particles stil I present in the bcism.
Since most of these atoms have been neutralized in the
region or high pressure in II e first par{ cr the cxtrac~ion
system, a few of them have SIightly grcaler divergence
angles compaled [o Ihe beam ions, Ihus enlarging Ihe
measured phase space area behind the COIIimator. Moreover
I hc distance between slit and grid of the crnilluncc
measuring device I allow only a few wires of Ihc grid In IIC
hit by the beam. leading 10 a reduced resolution of I \c
system. Merrsuremenls of the ion source cmit!rrncc wII II I IL
la ;ge device 11 state Ihat the normirli?cd 90% rms cmii I(III:C
[ 4*/<x~><x”2~-zx.=] is 0.35 rr*mm*mrud. A rcducllilll III
the emitlanccpallerndue io the geometry of [he COI II III(IILII
gives a normalized emillance En, (90!4) of irppr.

7s’0,16 rr*mm*mrad :nd 42 mrad divergence tilr angle.

The degree or compensation has been cvaluirted using
the spectrometer RGI 1, giving 84% in Ihc neutralized case,
corresponding 10 3.3 V potential depth in the beam (fig. 2).
Roughly 80 V arc necessary to decompensate the beam with
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electrode El [20V total potential depth)’. The theoretical
value for a beam with homogeneousdensit} and 1.5 mA cnn
be calculated :0 19.4 k’. This indicates that the ion beam
density behind the collimator is nlmost cons!anl,

— ——— .—.

.

Q .0 , . 1
“-o 10 :9 30 40 50 60 70

Retarding \“ol(age (\”)
Residual gas ton energy E (e\”)

Fig. 2: Measured integral and differential residual gas ion
currents versus retarding voltage V and ion energy+Efor the
compensated and decompensated beam (1.5 mA, He , 10 keV)

The emittance and orientation of the beam has been
measured behind the magnetic lens for different focusing
SIIengths under space charge neutralized conditions. As” an
esampl e fig. 3 shows the obtisined transverse cmittance
pattern. The observed emittances for different lens strengths
showed only slight deviations. Numerical en~”eloppe
calculations gave a good agreement with :he experimcn!zl
results only. if a highly compensated beam is assumed’.

,:” rmld Fig. 3: Transverse cmittance pattern
: for the compensated beam behind the

solenoid. En~ms(90%)= 0.18 rr*mm*mrad,
2 Bo=4.1kG “

s ~-

.

.

11,,:, ,,.. , i: mro’~lh hiig been observcd in the
C.JSc 0f ,1 l,!!rI 1,1I I \ JIId IoInlly decompensiited beam (see
fia .1 ,: ~ 1 po~lli,,~ as W.eII as negative Voltawshavebeen
IPPIicd I J Ihc el cc rodes E 1-E 4 in this case. Fig. 5 shows a
Iluc.tr incrcace of fhc emitlance ratio Erinal/E,nltlal (90%

..IIUCSJ with the Jpplied positive voltage.
‘e” ““’R:corresponds 10 the emit fance for neutralized transport.

slupe levels off at appr. 40 V electrode bias (maximum
polen!ial deplh b~t”.~ecnbeam axis and ouler wall) and slays
conslanl for i.ureasing t“cttisge. L“iJlculations have shown
that [he e!ectric fields of (he electrodes have negligible
influence cn the pa; ticle [rajectories, thus acting only via
[he riecompensating ?roccss. Even high negative voltage bias
S!SO:/cd increasing emit lance, due 10 the fact [hat only a
displacement cf compensati,lg electrons in and near the
electrodes takes place. A slight reduction of the emiltance
as v el I as a reductionof gmalI aberrationsnear Ihe beam
Axis (see Iig. 3) has been observed for small negative
t’oltage bias. Enhtincerl l:apping of eleclrrms inside the

rrmgnelic lens !ogethcr with iI probably more linear space
charge field could be an explanation.

Measurements with the spectrometers RGI 1 itnd 2
showed, that the degree of compcnsafiwr in front of !hc
solenoid is unchanged if clecl rode E 3 is SCI 10 150V and
vice versa, indicating that [he beam is ulill ncutrnlized in
the lens region.

Fig. 4: Transverse cmiltancc pa~lcrn,18 lnradl
for the decompcnsaled beam behind the:
solenoid (E 1-E 4 biased to 150V), Bo=.l.l

2 r,“,rm8(90x) = 0.37 rr*mm*mrad
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AY tta;ed earlier in this paper crnillance increase is
caused by the nonlinearitics of exlernal and internal self
fields. The, eforc Ihe nonlinearity of the ac[ing space charge
forces as WCII as existing spcrlcal aberrations of the
solenoid has to be Iaken inlo ,lccounl 10 csplisin the
observed rc~ults.

Measurements iiI the two-gap iron cap.sulaled lens wi!h.
80 mrr aperture diameter hove been car! icd UUI with n
pencil beam IO evaluate Ihe abcrristion propcrItcs”. The,
existing CX1-version of IiIC parlicls code PARMILA
TRANSPORT (Parm!ra) hijs been cx[cnrjed :0 isl!ow for ‘he
correcl part!cic Irisnsformalion in Ihe solenoirhil lens
inc~udingsphe:;cal aberrations.

Numerical calculations with the code using pe~krd
initial density distributions shcw emiltisncc increase riuc la
density redistribution under decumpensated conditions
(aberrations in the Icns are ncglec~.ed) and a drop of Ihc
emil fance behind ltrc Icns, a ~esulI slated earlier by
R. J. Noblc9.

calculations with a cons[anl Initial density profile, as it
is the case ~n our cxpcrimecl, And dilfcrenl dcgrccs Of
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compcnsal ion gate lola 11) Inconsislcnl
the c~pcr imerst. In these calculullons

results compirred 10
Ihc rcriuclion of Ihc

.As memioned carllcr mcn J csnslanl ion dcnsit.v profile
does nol nccess~rii~ mean !hal [hc Jcling spac~ charge
farces Jrc I inear under pirTtIV neutra: ized conditions. For ?
Ihermal ~’clocil> distributio~ of campcnsaiing elec(rcrns,
Holnicss has shown !h~l ZJCisussiiwsr!cnsil~ distribution of

i~ns and electrons is a selfconsistenl solutton of the beam
pl~sma, the electron distribution hating a more “narrow”
shtipc Ihan the Ion riislritut ion:

:> ‘- r /-. r- .
ni (r ) = niO● e -1 .3J r }2.- r 2.; nc(r 1=ncOQe IIa.b)

Here n., ni~, n . n Jr e the densi[,v of ions and el ec{r~ns as
.I iunc~icn of ‘thce%islance r from the bea~ axis ~nd the
t al ues at Ihe bcam ccn!c: respeclli’cl?. . r-”. Jerm!cs !hc
>ccond momcnl of the ion distrib lion. For operating residual

-YgJs pressures Iowcr Ihtin 5*10 mbisr the influeuce of the
:csiduirl gas ions can be neglccicd and nio equals nec.
Experiments carried out isi Culham Laboratory were in good
.Iareemen~ w’itisthe theoretical irssumpiicnss,

.Assumed !hal the consideration of is [hcrmal ele~lron
\ cloc i! i distr ibution is s!II 1 \ a]id in the case of a beam with
:~ns I~nt densit}” profile. the SCI lconsisling space chirrgc
p~l~flll~l c~n ctisi[! bc derltcd b} numcris~l methods from
Ihe Poisson cqua!ion including Ihe BolIZmann dist ribu! Ion of
!hcrmal electrons (fig. 6). The electron tcmperafure kT has
been chosen IO 4.2 eV. The resulting pctenlial depth in Ihe
bcrsm comes OUI io bc 5 l’. which is in the order of our
~Ip..: imenl al \“aluc of J.3 V. According 10 equation (lb) the
G,~usslan densit} profile of [hc clcclrons is also show-n in
fig. b, indicating that Ihts solution is a good approximation
~1SJ In Ihe case of a bcum wllh homogeneousdensil,v.

rad:a i dis [artce r (mm)

Fig. b: Calculisted normalized charge densities for the ions
(Iirsc l). the electrons (Ilne 2 (calculalcd)arrd J (Gaussian
shtipc]) and cislcula!ed beam pcr!en!ial [1ine 4) versus tile
rariiai dislance r from [hc axis. For expl ana(ion see !CX 1.

The genera~ion of a Gituss\an shaped disltibulion of
backgrcwrd electrons hate been installed in the Pisrm!ra
cede. The adaption (o [he tariing beam radi, and ion beam
density profiles is done via [hc second momcnl ~ r“> of the
Ion distrlbu!ion equivalent to eq. (lb).

The numerical results obtained for various degrees of
compensa{iorse~plairr qualitatively a9 well as quanlilalively
the cxperirvcrrlal rests]ts obtail?ed from experiment (sse
fig. 7a.b ) and indicate that the more ssrIcss estimated input
ensil!ance of :ncrn,,[90%) = f3.lb t.mm*mrad is quite right.
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Fig. 7:Numcricall;; deri~’ed cmillancc patterns for lhc
compcnsa[cd (a) and dzcomperssalerl (b) beam irccording to
f’is 1..! :n ‘Ills (90%] is 0.175 (a) and 0,J50 x*mm*mrad (b).

The numerical derived ctolution of the rrm c:nitlancc
a;cng the bcism pllh shows ii slighl incieasc dur:ng !he
initial drift. an enhanced incre~sc in the Icns duc to the Icns
abcrrations fol !owcd b! a decrcasc of the cmi[ tancc behind
the lens.

Summary

We have shown :hat space charge nculraliza[ion is
ncccssar.v to keep emitltsnce deg:adotion m a systcrn wi[h
large Icr.s aberrations small. l%is is in this case due 10 the
rer!uced beam radii in the abcrrati~”e focusin8 cicrnenl. The
ckpcrimerrlal, theoretical ar.d numerical rcsul(s however
also irvlicalc Ihai after an initial density rcdi.slributicn the
uncompensated bcism transpori in the abwncc of ~berrat ive
c]cmenls is the only wa) IO avo”.d further e;nittal)cc
degradation. Unforlursaic!y the field nonlinesrilicz in our
magnetic transfer line arc dominzs!ed mainly by the
a%rralions of the Imrs. The argumentation IiIaI ernlttancc
growth in part!y compensated beams is due w the fimtc
c1I.; I ron temperature,?and a Gaussian shape of the electron
dis!ribu!ion causing field unlinc~riiics can therefore only be
preliminary.
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i d:w’dt=f(t.x.u) (1)
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Abstract

The three stage normal conducting c.w. race track mi-
crotron “hlAMI” (MAinz Mlcrotron) of Mainz University
has recently been operatedfor the first time at full energy.
The parameters of the machine are briefly communicated. A
preliminary report on its performance is giver..

Introduction

At Malnz Uni-*.ersity a c.w. electron accelerator with
output energy close to 1 Ge\’ w“asdemanded to allow co-
incidence experiments with electrons and photons in nuclear
and medium energy physics. A maximum beam intensity of
about 100 PA was considered to be ample for the experi-
mental program envisaged. For the sake of ruggedness and
reliability} and to allow inhouse manufacture we decided to
avoid the use of superconducting structure.. Following these
lines the concep: of a cascade of three race track microtrons
(“RTM” ) using normal conducting structurein C.W.opera-
tion wasdevelopedii]. The first stage (14 MeV), using a van
de Graail at 2.1 \le\’ as an injector, was set into operation
in 1979 ~2j, the second followed in 1983 [3]. This two stage
\.ersion, called “N AM1 A“, W6Soperated routinely for user
experiments until fall of 1987 with output energies variable
imtween 14 and 187 MeV [4], [5].

Setup of MAMI

The final setupof MAhlI - sometimes called” MAM1 B“ -
was carried out starting in 1986 in a new accelerator build-
ing on the site of the institute /6]. Its main parameters are
compiled its Tab. 1. A plan view of the machine is shown in
Fig. 1. In order to aUow operation with polarized elect:ons

‘TABLE 1
Mssin Parameters of MAM1

——
Genera]
Stage No.
Input energy MeV
Output energy
No. ofrecirculation)fe~’—. ————
Magnet system

Magnet distance m

Nux density T
Max. orbit diam. m
Weight per magn. to
Gap width cm
R.F. System
No. of klystrons
Linac length (cl.)
R.F. power dissip. kt;
R.F. beam power kW
Energy gain MeV
Beam (10(J PA) —
Energy width keV
Cmittance vert. pm
Emittance hori.
GFtion: l(Omk

I
3.46
1439

18.—— -

1.67
0.1028

0.97
1.3
6——

1
0.80

8
1.1
0.6——-

+9
<.17 rc
< .17 r——
1 gun a]

11
14.39
179.8

51

5.60
0.5553

~, 17

43
7

2
3.55
48
17

3.24

*18
< .014 m

—

111
:79.8
855
90

12.86
1.2842 ,
4.43 ~
45tl ,
10

5
8.87
103
68
7.5

< .014 Z < .14 x
three Iinac sections, 1

fed by another klystron
Extraction: from each even numbered return path

of RTM 3, i.e. in steps of 15 MeV
R. F.-structure: on-axis-coupkd biperiodic stwrding

wave, vacuum brazed OFHC copper
Klystrons: Thomson TH V175

50 kW C.W. max., 2449.6 MHz

Fig. 1: Plan view of .MAMI in the new accelerator halls.
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7’ a 3.5 Jle J” linac is used now P; rm injector for the first
;n;c;at:on JR:. The first anri second microtron ar~ modified
\.critons of the >nes used with \f.$ \l I ;\. “[’hisnew 190 \lek”
~ctup has been operated sc~cral tlrr.es starting in June 1990,
~(t(.r ~c,njlucra~!e ~,l]crallonal expcrlencc !l~d been obtalnml

.:arl:er with the injector Iinac and the new 14 JleJ: stage.
l“!te gefic:al experience is that the ncw setup shows consid -
~.r~bi>.better stablllt}. and reproducibility as compared to
!.1,\ \l I A. \lcIst of this lmprovernent is due to the new in-
;cc:c.: i:nac. whose performance is tnuch better than that of
[LCprcwtiusl>. used tan de Graaff. Further ctintribut ions are
iut t., Impr-.wed designs uf several c>mporrents Ilke stecrer~,
iuad;up~les a[id n:onltor]ng dswvces, and a better under-
,: lnc!]ng :.f t !:c mac h.ine bj” use l,f c,>mputer simulations and
: ..:::~uter alis 111,;peratian

\.ct further Imprmement is desirable if the new role of
: !:e i 5!: \[e\” assembly as a mere injector of the third stage

:, :aken Into account. There IS some evidence that some of
“‘.e :eused components cf the interiace bttween stages one
a:. i IN: rhd nut keep up wrth the new st~nriards.

[II the :hl;cf stage. :he beam has tu be recirculated 9fI
:::[:,:5: “:e: a ::la<rwt distance oi almc,st 13 ml:ters and through
: 12 .mrn illmcte: orifice (defined by a pmtectwn collimator
:: !:,JII! I the i:nac ) Tirereicre, we fcit that in this stage
::::ciul h~m,,genlsati>n and adjustment of the reversing mag-

::.;!> “Sk”.:l(I L,: ~art:cularit. helpful to ensure sufficient opera-
..: :: :: [[:[. rt “Circrefore,the rrwth.>clC,fSeld hamogcnisati:n
L:,.p. Ie flee :.; rrectin q cm!s alreaci}. used with the magnets

,: ~<..> ,r.c anti tW.. was M“{,rkwiut further in se~”erai
:...;: ?..! j ~. .! 1~-,.gr-at :~re wa.i :aken in calibration and

.- . ,.* . -: r,.iv::l:iz . .. ! :n the fi~c accelcra:lng sections,

[::< ~
5}”rrchr~.trn rad:a.
[I!.n ,jf [!IC ortv ts
:ILt hc Icft magnet
,)i ItT\13 as ln~h.
ca:cd it-. Fig. 1
IJr},;t nulnbt:r

Increasing f;c,m
upper left tfi
l,;.v~,rright.

On !r)t}j of .~ugust 1990, when at the first time ah para.
:ne:ws were set LO their calibrated nominal values, the beam
c,;uld be guid~d very easi!y within ak. outhalf an hburthrGugh
the ?)(Jrecl:rulations. During the procedure the beam was

~ft~n ahead :,f the operator by up to about 10 turns. In !act.
qru :e unexpectedly the first operation of the third stage was
qrucker and easier than that of the previous smaller ones

~n~ we assign this to the special precautions mentioned.

Fig 2 shGw.s the syrwh:otron radiation of the recirculaterf
i,~ams. displayed in seven partialiy overlxppifig lines cm two
‘[”’,. :Cj;it.;:s. Thv size <,i tirebeam spots, as far as can

be wets by a prc]irrri:lary ~va!,~atior,, is CI-JInpatILIC with ex.
prctatitirr. II is SCC,lfrcrn the phot(igr~[,h thtil in this first,
“h]st,>ncal’’run there was stll’ w-,rne~ilsl:latd]. particularly

In t!lc vertical plane. ‘~.ctthe beam t ransrnlsslon was 1fJ(J C7C

{ii far as could bc stwtt from the m,;nltljring systcm. IIcam
Intcns,t:: at this first run was t;clmv I ~,! c.w ffowcver, thc
Intcr~slty during the 1,) :,stic rnarklng ~ulsm for beam rn~,:,1.
t,ririg j1: was about 100 p:\. “rhls dcmc,ns: rates that bv;t~n
tnterrsi ty Is at !east not lirnltwi by rrni t ta nm

[n a later rurl, !ht [ A“ bciircr Intcnslt!. was ralscd w“lth.
,Ut an}. rt:adj,ls ”mcnt :p :., Is IL,\ i]}’Just Incr,:asl ng t hc
gLr~current For .af(:t:. v:~i,.ns x1. rcfr,:] nmi fr, .II*.a furth~!r
increase because piirt c,f:he monl t. .:l:lg ~Lndhearrl III1,.rlock

s!”s.tern Is still in a prell rrilnary state A nvwa}., the rxccilent
hcam trinsmisslon was c,,nfirmecl b}. the !,w radiatl,,n ‘c,::]
after tilts rLIn

.Icktlowlefigc,trlcjlts

“1’hclist ,( auth,,rs of this paper c,,ntains ,nlj tile ~clvrl.
..

t:!lc st~tf :n~.cl i.cd. fluu. c~.cr, :]ndc,ubtuily the rca]iza[ i,.,rl,,f
\I..\\! I c, UISInot ha~.e been carried tj~t ~r~hout ti;c c,,rnrnl t
rntmt c! the rntirc tcchnlcal statf ,,f the IIIstl t uIC. \\.c wcjul!i
1]ke to mpeclally rommertd G. \lc}.cr, Atl(, d,:srrtcri we]] ,,f
~~l<.~rlcc}:alllca] ~rlglnecrlng ,Jf \I.! \I I It II. \I IISSC: ffir hls

I. )ns:.,etltlorrs work all c,t.er [he r. f s}.stern and it. [i;Am
~ I ~,sr expert know- h,,w c:.nt rlLutcd rnucil to the g .~)d PC:.

forrraisncc fif the .V.+J[l electr!jutcs.
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Controlling Multi-Bunches by a Fast Phase
F.. J. Decker, R.fi. Jobc, 1/. Merminga, K.A. ‘1’hompson

.Stan~ord Linear Accelem!or Center’, .$tonjord, Cal~omia 9430S, USA

Abstract

in lhsear accelerators with two or mom bunches the beam load-
ing of one h~nch will in?uence iheenergy and energy spread the

following bunti;es. This can b(, corrected by quick]}. changing the
phase of a travellirtq wat”e strwt ure. so that each bunch r~cicves a

slightly different net pitase. At : he SLAC Linear Collide: [ SLC)

three bunches. two (e+, P“ ) fc.i the h!gh encrgv collisions and
one ~e- .s~at.engcr) for producing positrons should sit at difTer-
ent phases,due to their differmrt tasks. “rhe two e- -hunches are
extracted from the damping ring at ihu same c}.cle time about
50 ns apart Fast phaseswitihiug of the [{F to the bunch Iengtb
compressor in th., Ring-To.[.inac (ftTL ) sectiou can produce the
necessaryadwmce of the scavenger bunch (ahcut 6° in phaae).

This allows a low energy spread of this thircf bunch at the c+-

production region at 2/3 of the Iinac length, while tile other
bunches are nut influenced. The principles and possible other
applications of this frsatph~e switching as using it for multi-
bunches. as well as the experimental layout fw the actual RTL
compressor are presented.

Switching

,,..----..,// \\../

1 Introduction

In current rfeslgns for future linear colliders each RF cycle ac-
celerates scwera.ibuuches in one pulse train to drop energy coats
and !Oincrease the luminosity (Fig. 1). This multi-bunch scheme
can be disturbed ‘ . longitudinal and transverse wakefields of the
higb if,tensity bunches or by different purposes of the bullchea,

as in the SLC ( Fig. 2“). Here the tIvcI interaction bunches, e+
and e-, are followed by a scat”enger buitcb which produces the
positrons for thp next C}.CIPat about 2/3 of the Iinac (Sector
!9). At this point the scavenger beam should bave a minimum
energy spread. while the other two L ,es are still decreasing
~heir energy spread.

For the transk.ersestability of the .:s an energy spread ie
introduced in the beginning of the linac, called BNS-dampiwg or
autopha.sing[1, 2, 3]. A*. the later part it is decreased so that
the energy spread of the bunches is a minimum at tbeend of the
linac. At Sector 19 the beams have about three times the final
enm~v spread. By changing the longitudinal position of only
the scavenge: bunch by about 6° in phaae ( 1.75mm) the energy
spread can be compensated there. This relative position shift can
be either done at the beginning of tbe Iinac with a compressor
ph~ing or by a faat phase switching of th.? RF drive to the Iirsac
after the first two buncheshave passed through.

rI n-1 0002 1 . . .,,,
- —— >

66S&’
Figure 1: Linear Collicier with multi-bunchee.

A lmm of $eceral Itinches M ezfracfed Jrvm a dampmg nng (DR) ond
acceferaf-d. The erseryyOJeoeh bunch should bc tii ame (En = En-, )
and the energy apread mlntmtzed beJow .olhdgrtg w:fh the olhe~ bunch
tram.

.WOrkKIppowd by k Departmentof Enctgy,coatrsct DE-AC03-76SFOOS15.
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Figure 2: SLC ?nergy profile.

The tmnsvtme mohon of ‘he particle~IS >fabthztd {BNS-dampmgl

by tncs-tas,ng and a/terwords Jccr?os,ng the tnergy sprcod ~lihln the
banch. M the ttiwd bunch (scoucngcrj woufdytan m(olcm$le big rn-

efw spreadat thepoat~~n pmduciton a:.e.x,Ij no fast Pl,aae adjuslmrwl
would be done.

The principle and some details of thiBfast phase switching are
presented first. Then the current set up for the scavenger Iseam
with some experimental data are shown, At the end a postiibl~?
scenario for a multi-bunch scheme tven at the !3LCdemonstrates
bow Powerflll this faat ph~~eswitching can be.

2 Fast Phase Switching

A fast phase change introduces a phase gradient in an accel
eration structore (4]. The spatially separated bunches can be
influenced diflerwttly in integrated phiase and amplitude.

2.1 Principle

A traveling waveacceleratorstructure k fed by an RF soJrce
which produces a msrldersphaae change from 0° to 90” (Fig. 3).
A bunch of part. +$ just prior to this cbange will see no ditTer-
ence. h will experience a phase of O“and ampfitude ,41. A sec-
ond bunch, say t}mscavenger, arivefi a time f~ later, which corre-
spmdsto theburwh Reparation. When tj is the filling time of the
whole structure, tb/ (~ of itslength ia filled with the new phase.
(htr !osnc~in a constant impedance .~:ucturc are assumed.) For
a 90° pi..Me change the secor,d butv.!t wiU see a net phase and
amplitude of

\

()

t~ ~(tj - tb)2 + t?

92 = arctaw Y-—- , .42 = Al —
[~ – tb tj

For tj = 6C0ns and fb = 60 ns this sjves ~z = 6.3° and At ~
0.9A1. Figure 3c) shows the phaaors Gf that change. ~ero phase
is horizontal, 90° is vertical and the hvagthbetween the time steps

364



.1I
.,

. I . -fxxl
! ; .-~;l) – t i 9s

— ,~-..... .

- .. = (1

,’, . ““..- , = .!r!”“!::: . . = !1..’!
/“” ---r, .“/\l(j~A..:..-. :. >- ... /q’ \: IL

.— -J
L“) “ :- :;

\
~ ~.,.,:.

(j.,

,wrrc,pmsds to [he amplitude ot’ the ateraqxf seen RF field. By
,.itanulnx I he input phase a little bit arour. d 90° the ampficude
.1: can tw iartml while the phase keeps mainly constant.

[rl gmv?rd it is pusssib[e to chanqv the phase ~, and ~:np~[U&
4: it-r a isllnrh numhcr I b}. a cer!,aiil amount is}. -hanging the

1,II,IIIy ~inu I he amount of the phase I ilange.
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Figure 4: Phase changes in a constant gradient structure.
;)u. !O the Jlflrrrn( Yroup t eloc:ttc~ at the Input and output, about

32 ..ri) or 15 .:I:: can befilled L:fA Aflrrcnf phases w:fh:n 60 us. .-l Jmte
n<rlsm~ o/ the pul~r drcrrasr.~tha.~ralur.

2.2 Actual RF Set Up
‘t’w.ophase steps, which act at ! he input anti lhe output. can pro-
~.idc twicv the phase change. Ir] the constant gradient structure
rrf the SLC compressor the higher group ~clocity at tfre input
rather than at the rrutput changes tLc possible phase t.ariatiorl in
60 ns to about S..5° (in) and 4.0” (out), see Fig. 4.

The risctime or transition time fir)m one phtwe to the other is

finite This and the dispersion within the accc+yratio,, structtlre
decr~sw the amount of a fast phase switching. For tire input i!
is about ’25% less in 60 ns ( Fig. .5).

+

Arnpmtf,er f Fast P>aSFJ 08” 0,

,Dfi” ?
Klvslron 500.s

dl I I I , , , , , , , , ,’,mLuLuiL
2 ! T

,1
)

o I I 500 1000
I t [.s)

t,,.. = 120ns

Figure 5: Set up of the fast r)h~e switch.
Brtwcrn the RF.source .snd “!e klystron. whtch Jteds the comprrasor
$ectton. a Jasf phasr swtfch h~>been tnstallcd. .4t the :nput coupler a
/as! phast cssrt:mc (Nns) has beersobserved, uh,le at the output the
dMpcraIoritn the str-rsrturehiss stronqly deer-rmcdthe slope.

3 Experimental Result at the SLC

}“igurt, ti AN, an IIxpwilnenfd rmu]t with a hwtm. ‘1’lwhunch
phase is normally set I.Ot hu zero crossing (If Ilie compressor Rt-.
A fast phase change rsf the R}’ pro\”idcs :1different mvan ,wvx} l,f
t I:e btvitn and rIwroforc an ofTsct J~ in IIw high displv.iorl r~’~ion
of the R1“1..So I he secondhunch will arrit’e carliw [or Ihter J in
the linac. “I_hemeasurd amount is in gorJd agrcomeut with t ht.
exiwctcIi ixluc of ;1/.1of Q..j”. ,\ nlore detailwi diwussio[l is givwr

in [!~, which can b? summarized itl tlw fullow ing way: t ‘0111rol-

ling t!Ic W aIId also ~he amplitude of the Rr p})ase change.
changes t tie effcctit.e phase antf an]plit u[fc for IIII, ,Cxond I)uncll
in tfle compressor. which detercnintfs the @ and bunch ICIIKI fl
ill Ifie linac resulting to a ccrt ain energy and energ!” sprea(f at t IIe
W1l.

\\”ith IIIe ill!i>ler[terltat,,]n of the (;ist phase suitcll t he ,~,t.r}
day operaticm is simplifietf fJy the possible separate djustnwul
of t he energj. spread of the scat, enger bc:irrl.
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Figure C: Beam respond to the phase switch.
The long bunches~~the dampmg rmq ILIR)are compressedin the Ring-
T*Lmoc (RTZ,Jwtton. A Justphase change proutdes that tAe second

bsnch, about 60ns later than the first one, M scpamtcd up to Az =

2.2 mm m /he RTL. uhach correapon& to a phase uarration of 6.8° or
to AZ = 2 mm earher m the L8nac.

4 Multi-Bunches

In a mrdti-bunch scheme with high currents the energy of each
bunch would be different, if no compensation is used. Changing
the amplitude of tbe RF by partially filling the structure for
the first bunch j5J, provides a good compensation, especially if
the bunch is riding on the crest. Because of BNS-damping or
longitudinal wakefielrfcompensation, the beam sits OKthe crest.
So beside the amplitude, a phase change is also necessary. Even
a pure phaae variation COU!4adjust the individual energies, if the
bunch length from bunch to bunch is waried in an appropriate
way (see Fig. 7).

Thenumericalevaluationoftheeffectshow6[4], that even at
the SLC three times five bunches of 5. 10’0 particles could be
controlled by a fast phase switching.

/ -t- Beam Loading

( ~

A$

c /
AA- —A

A - Accelerator

\ I / B - Burrching

5 4 2 1
.

SW
6S36A9 z

Figure 7: Compensating beam loading by different bunch phases.
IISgeneml the beam loadingof one bunch mtmduces an amphtude and
phase change (AA and A+) to the neri bunch. By putting the bunches
to diflemnt phases, e.g. bunch 5 later than bunch ~ Icter than
bunch 18 the beam loading can be compensated. Besides a compensat-
m9 amphtude variation, a fast phase $witchlng helps, especiallyfor the
comprsuatlon oj the A@ beam Ioadins m a compressor mg:on.
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FORMULAS FOR THE TWISS BEAM PARAMETERS FOR A MATCHED BEAM
AT THE ENTRANCE TO A LINAC*

G. R. Swah
LOS Alamos National Laboratory, Los Alamos, NM 87545

Abs:ratt

Formulas for a transver::.:y-matched beam

arc derived in terms of the r-matrix
representation of accelerating and focusing
elements in [he first period of a Iinac structure.
The formulas predict beam parameters ciose to the
values actually used in tuning the LAMPF 805
MHz linac, and give reasonable-looking results in
the other cases for which they ‘UCbeen applied.

1nt rod uctio n

A beam occupying an ellipse in transverse
phase-space may be said to be transversely
matched into a Iinac when for a given emittanct! E,
the Twiss parameters a and B at the start of the
Iinac minimize the largest transverse widths of
the beam in the first peiiod or first few focusing
periods of the linac. This results in a beam which
is uniform (except for adiabatic damping) from
one focusing period to the next: the width does not
breathe in and out at twice the betawon
frequency. We have round that we may obtain
reasonably matched beams by finding a’s and ~’s
that are the same at the start and end of the first
focusing period.

Transformation of a’s and p‘s

The equation for the beam ellipse in one of
the transverse phase spaces is of the form

yxz + 2axx’ + px‘2 = E/KC, (1)
where x and x’ are the position and divergence of
a particle on the boundary of the ellipse, E is the
emittance, and the Twiss parameters a, ~, and y
are normalized such that

~y - a 2=1. (2)
‘I”he final coordinates Xf and x’ at the end of af
section of beam line may be related to the
coordinates at the beginning using the R matrix:

(3)

.-. —------ —----
*Work supported by Los Alamos National Lab.
Institutional Supporting Research, under the
auspices of the U.S. Department of Energy.

For rcprcscnting linacs, v:e need the
transformation for the Twiss parameters through
the section when the determinant of the R matrix
is not Lnity. Using Eq. (1) and the inverse

relation corresponding to Eq. (3), we find1 the
parameters at the end of the section are given in
terms of those at the beginning by

rfIfl rd
(4)

where

r 2 -2r 2
‘1 1 1 lrl 2 ’12 1

~
T‘d I ‘r1I ‘2 1 ‘1 lr22+r12r2 1 -rl 2r2 2 I

L 2
‘21 -2r2, r2 z r222 J

and d = rl ~r22 - rl ~r2, . (5)

Phase Advance

We may also generalize the concept oi” phase
advance to apply for situations when the
determinant of the R matrix is not unity. Any
matrix whose determinant is unity may bc
represented in the form

[

cos p + a sin p
RI=

- y sin p

for appropriate values of
and y. The parameter ~

p sin II

1
(6)

Cos p - u sin p

[hc parameters v, a, ~,

is known as the phase

advance. (We will come back to a, ~, andy in the
following section.) If we have an R matrix for a
focusing period of our structure for which the
determinant d is not unity, the matrix

‘1 1 ‘1 2
R, =4 I

will have a unity determinant,
from

‘1 1 + ‘2 2
Cos p =

24< “

(7)

and wc can find K

(8)

For the types of linac that wc have studied, K
increases as the focusing strength of the
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quadrupolc doublets incrctiscs. and the focusing
streng[h that gives ~he smalIcst beam si?.c for a
given- emiltanc; occurs
p may be used as a
focusing strc,~gth.

Formulas for

near v = 85 degrees. Thus

guide to find the optimum

f$latchcd a and ()

Wc [akc the matchccl condition to be wi.en
the Twiss parameters for the beam ellipse are t.,c
same at the exit of the first focusing pf’riod of a
linac as at the start. We assume we :an find a
~“alueof y (with O c v c X) that satisfies Eq. (8).
Then using Eqs. (6) and (7) wc may take

r, ~

‘=6 sin p ‘
(9)

‘1 1 &- r2 ~
a = ( lo)

2 ~d sin B ‘

‘2 1
and y = - (11)

~.li s in p “
(These satisfy the normalization indicated in Eq.
(2), and IhUS only a and P arc sufficient to Specify
a matched beam.) If we substitute Ihc a, ~, and y
given above in the right side of Eq. (4), we find

af=a and pi= (3, and thus Eqs. (9) - (11) give the

Twiss parameters for the matched condition.

Application of the Formulas to the
LAMPF 805-MHz Linac and a Pdac Design

The horizontal and vertical Twiss parameter
values as used for normal operation of LAMPF
805-MHz Iinac and the va!ucs given by Eqs. (9)
and (10) are listed in Table 1. The calculated
values are quite close to the standard ones used in
practice, and a plot of the beam widths for the
calculated match is practically indistinguishable

from such a plot for the standmd match.l

TABLE I
Standard and Calculated Parameters For

The LAMPF 805-MHz Linac

a Px ax 13y

LuWka.0 ( &.IXll@f J

Std. 0.337 329. 1.240 556.
Calc. ().402 329. 1.39 573.

The first focusing period of this Iir,ac Lakes
protons from 100 to 103.2 MeV kinetic energy,
resulting in an R matrix whose determinant has
the value d=O.9836.

The prcccding example had an R matrix for
the first focusing period whose determinant was
not ~ar from unity. Next, wc look at a case for
which this determinant is significantly different
from uniiy: a rcfercncc design for a Iinac Ior
pions (pilac). The first focusing period of this
Iirmc uscs nine cavities, and takes the pions from
5(JO to 634.5 McV kinetic energy, resulting in an
R matrix whose determinant has the value
d=O.8198. The entire pilac has three focusing
periods and takes the pions to 920 MeV. The
widths of the beam for calculated values of the
Twiss parameters are shown in Fig. 1, and each
plane is reasonably matched. (There arc nine
Iincs on this plot per focusing period.)

P1:ACS31X3B:1.3m Lank, 12.46 t4V/m w 20-WW30 13:54
Ws x(a4) -6.5 0.0 6.5 ‘“ ‘“” - - - “’
2-1 o.m . •***-~*****=s.
3-1 o.m . ●*******.*** .
4-1 o.m . ***w**-**”.>! ~.m - ***,****,*. .
6-Io.m . ●***********.
J-1 o.m . **~***9******.
s-l L1.ol . ●************ .
!4-1 O.cxl . ●*********”*** .

w mm . ● ************** .
II-: o.m . ●***********~ .
12-: o.m . ● *** ”**** **c .
:3-1 O.im . “***9****** .
14-I o.m . ...9. . . . . . .
:54 o.m . ● *******o* .
16-1 o.m . “****”**** .
17-1 o.m . ●********** .
18-10.03 . ●***********.
19-Io.m . ●************.
20-1 o.m . ●*********. .
21-1 o.m . ● ********* .
22-1 O.cxl . ●******”” .
23-1 O.m . ●***”**** .
24-1 O.m . ●******** .
25-1 o.m . ●********* .
2*1 o.m . *G********* .
27-1 o.~ . ● ***** **.** .

28-1 o.m . ● *********H .
29-1 o.m . ●**** H***os* .

Y(u.1] -b. Y U.u b.>
0.00 . ●*..*..,****..**.
o.m . =os***.O*.**.- :
o.m . ●*oo*o”*s****.
o.m . ●**00*0*-*0*.
o.m . -*o-w*** .
O.co . $**-*******.
o.m . ●***-*s*** .
o.m . ●**o***-** .
O.LX . ●***********.
O.m . ●***************
o.m . ●**s**********:
mm . ●o***********.
o.m . ●s***s***os*.
o.m . *****o**.* .
o.m . ●*o*”*s*** .
O.m . ●******** .
o.m . ●=**.**..* .
o.m . ●***.**-*. .
o.m . ●************.
o.m . ●*D-o*.**. .
o.m . ●*-******* .
o.m . ●*********.
o.m . ●**o***** .
o.m . ●***o**.* .
o.m . ●**sw** .
o.m . ****+***. .
o.m . ●**w**+** .
O.co . ●**********.

Fig. 1. Horizontal ti,id vertical beam widths for a
Piliic reference design, initial a’s and P’s

from matching formulas.
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SEMI-ANALYTICAL CALCUJ.ATION OF ACCELERATING 13EAM IN A
PHOTO-INJECTOR CAVITY”

Harunori Takeda
Los Akuno.s National Labowitory, Los Alamos, NM 87545

Abstract

The acceleration of electrons in an ]ujector induces a

t,eam tluittance growth. T.. ,Ludy the em;ttance growth in

a photo cathode injector, we model the acceleration process
malyt icall}”. Then, the anal}”tical model is compared with
ilumerica] simulations using the P.-\ RX!EL.41 code. Although
the analytical model cannot represent the correct beam
behai”ior caused by the space charge, we model the normalized
emittauce in an m~”iroument of a magnetic field produced from
axial coi!s as represented b}”a mechanical angular momentum.
\\”e Jcri\e analytical relations from a relativistic eq:lation of
mot ion of a particle ~en~elop~ equation). Using the en}”elope
equation, we study the enlitt ance growth in the acceleration by
a numerical integration.

Equation of Motion

The rf cavities accelerate particles cmittvd !rom a ca. ., 1
Representing the equation of mot? m Nitll the c}”iindl ,;
coordinate S>’SteiIl (r, 0, 2), we int?:rpr ! part iclr [II f 1011 4.s

the k ?!11HIW2]OPC? prOpa&i~ 1o11 a!,,:lgtht? 1$0S1! ,LXIS.

T!lis assumpl Ion is i“aiid on]> while t ry]in, !r \, l:metric
b?31il tnalllta]]ls its ctil.,renct the ~rt i ., envelope
S!a}s ~v~t!~e eni.>iope ail,! the par: 1 ir pil. ,, ,.m stays in
thpbea,l] along 1;N! pro; ..qation. i>or d , Il,. symmetric
t,ealll propagating ill an aiiall} s}.11,111.. Ii.ironrnent, the
r enuttam”.- ~nd t h. y eni.i tance a, ~nd they can be
r..presented a.+,Yr.n=,.t .a~, where r~,,, .,0 are the radius
and the t rallsiwrsc t! 1,jcit>.. respect I\ ,1”the particle rm

I I , I 111[t Ill Ce Nl! !I the
,Nthe ent”e]ope. This

:1 the enclosing phase
...tic energy factor, the

:0 relativistic velocit}

(3)

components of fields given as Br, II., and P.,, respectiwly, In
an ideal accelerator cavity operating in the TMolo mode, the
accelerating electric field is along the z axis, and the magnetic
frehi ’30° out of phase has only an azimuthal component on
a :ransverse plane, IIowewr, in tra~.ersirig each accelerating
ccli, the dfect of the azinmthal magnetic field cancels. If the
glli(ling coils ar,~ aligned to the axial ceutrr of the accelerator
ca~”lty,and if we can ignore the imperfection of the cavity field,
the azimuthal magnrtic field can be ignored. [f the effect of
azl inuthal nlagnetic tield does not cancel, the emittance can
groo.

Integral of Motion

T’he azimuthal motion (Eq. .) cat, he readily integrated,
and the conser.;ation of angular ll~onwl~tum m. h-l (Busch’s

theorem guar mtccs the conserratiol, ,,\.en if the B, varies along
the pilth) can be stated as

Normally, *he cmmnical angular momentuln is cunscrwd if the
space charge an,! #IIher nou-axially S}[mrv ‘ii: forces acting
on thr I,eam, which lncrcase tlm emitt ~ilce, can be ignored.
[f we measure the mcchahical part of the canoulcal angular
momentum in UIIits of the rest nu ,Ilmntum MOC,the mechanical
angular n]or;w.I,icm for I c).lindrically symmrt.ric beam is equal

to the nornl ,!ized Lealti , lnittahce tn (in our argument, we
cormider the cntittance ~,, defined only by the azimuthal motion
of el.:ctmm).

In the i,,lcgration of the mechanical an;lular mmnentum
w.~$!] : illle, Weassunle that Ihe coil field is static in time aud is

neal 1} ,.onstaut B. at poaitlon z ~ s. Definiug t. as a time
that takes to reach Zo, wc divide the time integration into two
domains, t < t. and t. < t. The mechanical angular momentum
is expressed as

w.llcre [ IW cot!stant Ii I.; giic,rr with the quantities on the
athode (i subscripts):

e
Ii ‘/11.,l!~i + — t.~l?,i

2nlor
(6)

\l’ith rrsl,ecl :,) tile norllmli?ctl rmitta,. ce CO,Kq. 5 CWI he

reu:. tellas

,9
cn(t ) ‘ ~1.-- = {n(u)

c
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wl:ere the rl~rnlallzcd hearn emittaiice at cathode !f”a.sgi~”cnas

C,,(O)= !i/c.
Equa!icm i implir.s that we can reduc? emittancc, u ith these

CO;I JItions. ( 1) if the },~rticlcs are emitted normal to the surface
oi the ca: hode, L,,(O) = 0. (2) if the part i. !CSexpmence 110

nng!wtic field at th, , :thc-de, }t:i = 0, and (3) if the coil field
IS 00( present at the emittance mm-surlng posit ion, B, = O.

It’ the particl,:s :ire emittt.d norll]al to the cathode, and a
bucking coil hehind the cathode IS S,OIto ran:el t):v miignctic
5eld cmthe cat Imde, the emiitancc ob~. “A downstream Z. < :
LScause.! b}’ t [le Intrl!lsic ,Slll:i t ?.Ilc,. :.~~kcd ,Ilming O < ! < to
smd by die elllit tance enl Iance IIi. ,IIP c.,il field f-l,. ‘I’ll,?
i:ltriusic emlt[ ~nce acquired up to i.. ..~ bc expressed .ss

(6)

t’sing ELI. i alIL.I th~relation (,,(0) = ?I<O;/:, “he angular

:IIO:IWIIt UIII al t]llle I ; > to) can be exprcssrci ill terms of
,.]uantities al tiw catho,de and the IIltrinsic emil t allce as

Tu wa!uate tht model (Cq. ;), we conlpare the !tumcrica[

siIIIulat IoII ::sing the P.* RN EL.+ code for !he Injector usfid

m tile H!B.+F2 facility at Los Alamns. Table 1 aj;d Table 2
show the Injector and Lealll parameters for a bunch with
a Gaussian telllpor.11 profile. ,\ fter the -lth cell, the sanm
-ith eel! structuxe repeats. Figure 1 shows tli, P.-\RMELA-

calculated normalized e]liittallce after the 7th cell as a fuu;ti~u
of magnetic field at the cathode. The beam kinetic energy is
about 7 Me\’, and the bunch charge is 0.5 n(’. Tke slope of the
enut tance near the minirmum, calculated fron] the P.ARMEL.+

simulation, is in the range 0.26 to 0.33 = mnl-mr/G, and the
anal> llcal coefficient - tr~/(2m@ ) cqu als 0.32 ~ nm]-mr/G for
a t runcateri Gaussian with the 0.34-cm F\$”HM beam. These
slopes agree well.

Azimuthal Angles of Particles Enlitted fron~
a Nlasked Catl:ode

Sol~ing ELI. 3 for 6 and integrating o~~r time followed by a
substitution of K wtth the emittance at cathode, we obtain an
expression

e(t) = – --f-
/2rnoc ~‘?dt+(&)BJ’r’l%

( )/

r: dt t’ z
+— —

H )
~Bz+l,iB, dt’

\mOc o 7(~)r_2(~) o

(10)

If the particles emerge normal to the photo cathode. v, :: O,

the beam starts w.lth no emittance : <n(0) = 0, TIM bat

term in Eq. 10 drops. For a smooth envelope, a part of radial
dependence is canceled in the third term; the radial dependence
also comes from the second term in Eq. 10.

If we set the magnetic field at t!]. cathode to zero, the

image at the cathode is preserved iizlrnuthall}. through the

Ilunch Charge

(nc’)
(1.j

22.07 6.02
11 14 11..;:1
S.() 11.53
j..l(i 1: ..33

TAULE 2
Bealu Paranwters

111111(’11Length Spot Ridiils on Cathode

iPs) (cm)

35 (20.. -=12 ps) 0.42

\\ ,
“.

\
\\ J

Io——7——--— 7

.)m -w ,$3 ● lCcl
B, ;ield (G)

Fig. 1. The Imrmalizecl ,Tlllittance nlinimizcs at zero cathorlv
magnetic tield.

varyiug mag:wl !( field chaow-1 TO test the radial dependence
of azil]mthai auglc from Ihe second ternl, we set a \,erLical slit
for a laser to prcdu :C elvctrons ,tt the cathode. If the magnetic
fie]d is pres~,lltat the caLh~>iie,the image at downstream could
be deformed azi]l];lthaiiy accord]](g to the amount of change
in the bcarn radial position. If the t,eam is transported with
a constant radius, the azitlmthal angle will show no radial
dcpenflence: tllr straight shape of the beam will be preserved.

Figure Za SIIOWStIlcr-~profile of a beam produced with the
P4RMELA code at + IOU-G cathode field. The bunch charge
is reduced for a Il,?gligiblespace charge effect at the narrow slit.
The beam experiences a coil field change to a peak –476 G and
then to a reduced –22 G at the profile point (: . 11.33 cm from
the cathode). The beam is rotat,d counterclockwi.sc. Because
the coil field extends only up to 60 cm, the beam rotation M

nearly preserved at z = 487 cm, Imt both ends of the profile

are expanded counterclo.:k wise. This is shown in k’ig. 21~.If we
appIy an opposite magnetic field, we observe a clockwise bewn
rotation. The wings also extend clockwise. \$’ith no magnetic
field on the cathode, the straight shape ]t. prcserted.

Numerical Integration of Motion

In an actual phot~injector, the electric field acting on the
particle varies according to each cavity gap voltage. Also thr

I
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Fig. 2. The healn rotation by Lhe coil tiel(i: obserwd at
L = 11..>3CII1(2a), at Z = .1S7cm (’M).

parth-lcs ,Iear the ~Iholo-r:idIo,lc . Pcrience a large phase slip

wit II r~,spuct to t lle rf u“(i}”c.In our ~nl”elope nvmi~i, wc include
~!le ~a~, ,,>[tage at each Cai”it!”.but Ihe tra]mlt, Lilnc effect is
at”erag~,I Assul~ling that the ref,ercnc,. particle is always on
t lte b,~all~t.li~elopel u.e intcgratr !ill. ~il;tjlo})~ cquat icms Eqs. 1-
3, withou: Da term,

For Ihe 1[1B.AF injector, as an example, Fig. 3 shows
the profile of nlaguct ic field D(2) from field coil along
Ilie injector The step-like acceleratil,g electric ti:.ld E’:,
}’ig. 4, is also SIIOWNsitllil.ar .y. l\’e compare tht results
frcml t,>st l~article illt<gration with the PARhl ELA sinuslaticw

‘m-

0 L.--._. ‘L.
0 W 40 &

Z (cm)

Fig. 3. ‘1’IIccoil hid, f?,, tIll,IIg t!le : axis,

m .
I

0 ~-–— - -- —.- -–
J 26

~
w w

z (c:)

of canonical angular nmnwl)tulll, tlw assulnwf ak ial s)’nmwf ry

in the modrl prociuc,d z,,ro ~ltlil IMII-Cwhere the coil field is
Iertllillatrd. ‘1’licn]agnil Ildc is iil>{lllt t.w.otilnrs larger than the

c;!l~ltiallcti caicutate~i w it h t be P.\ }{ M kIL:\ code. ‘1’11is IS bticausp
Ihr sil:lpiiliwl slIiIct’ charge nmdt!l does nol rcprt!scnt wll t III:

profile of the buuch, whlcb was G:~ussiall Iwtb in L,lnporal imd
L,rnss-sr(.Liollal dlmetwicms.

d)

“) S: E-z

E
04—-——————. +-J

o m 4C m 250.
Z (cm) Z (cm)

Fig, .3. ‘1’ilc bcalll envelopes from the tmw+lopcmodel (~a) and
from Lhe P,\R31 EJ..A codt (.3[, ),
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~

The aew rele=e of >IAFIA is now amilabic in \esion 3.1. The
,vell-pro}.enrekx+e 2.s versior! is now OperaLiorkdin ’32 countries at
cwu 120 Iocmiors. Over the recent yearn, the \l.AFI..l codes ha~,e
been completely overhauled. .+ new coherent user interface WM
dew~ed which includes online help..nacros, s},mbobc variables,do-
ioops.flexible me handling, btul~:n edicor, rnnem,>nic conmmnd
names, and an e~y-t-unrferstand menu strucLurc. The range of

. .
app~c~bl~ty h= been extended by adding new solvers for elec~x~
statics ~nd magnetos: acics, particle-irs-celfsimulation, and antenna
radiation analysis. All two-dimensic.nal solvers for frequency- and
tim~domain sirnultiiong (L:R_\lEL xnd T13CI) have been rewritten
.md incorporaccrf inco \l..\FL\. \\’ichthis new ~.ersionof MAFI. +,
which is now available, the user 5M a cohe~nc computing LOOIfor
salting Yfaxwell’s equations in 2G and 30 far J wide range of prob-
lems.

[nProduction

T$e \It\F[.A f~mi]v of codes which SOIVCNI.Axw~ll“S equa-
:ions by :he F inite Integration Algorithm is widely used in
the computer-tided design oi acceler~tor components. Rf clv-
ities and vacuum junctions, collimators and magnets (to a~.mv
bu: a few) have been successfully designed using these pro-
gr~ms. The programs use \laxwell’s equiLLions in thwr integral

iorm and prod u::e a set of mat :ix grid equatio,,. which are then
solved. :1 full rlescrip Lion of the dcrlv~tion of these equations
,:an be found in the liter~ture (i].

The afiocarion of the three dimensiorraf field components is on
a rectangular @d, using the Yee lattice [2]. The analytical
prope:r. ies of the matrix operators are preserved on the discrete
s:d ~tj. Hence this method has the advantage th~t, after the
eigenvrducs O( the problem are calculated, the numerical results
can be tested f~i their physical correctness and any spurious
soiL:ions :emo~.ed 3utomaLicaily.

The Progr~ms

The 2D Prcgrarns

[t is very useiui to nave 2D versions of tlw 3D programs for
,cy[imfrtcdly symmetric structures ~ncf for explora:o:y tests be-
fore J larqe Jd model wi:h many mesh points is calculated. The
M.+FIA paclr~ge includes ?D versions of the 3D programs using
the same user InLerflce, mesh generator and post processor.

“The Mesh Generator. M

Th2 mesn is defined in car:esian coordinates aad allows a non-
?quidis:ant g.+r!. r-z coordinates will be avaiiable in release 3.1
tor use with ?D versions of the prograrms and r-o and r-b-z will
be added fo: release 3.2. Each rectangular ceil may be divided
(n half along a diagonal to give a better approxirv :.tion Lo the
lnpUL geometry. Within this mesh of rectangul ~r cells mate-
rial fillings may be defined ir, various ways. Rectangular bricks
.T.aybe filled with muerial. Cylinders of arbi!rary cross-section
with axis parallel to one of the coordinate directions and fig-
ures of revolution oh! ai no,! 4y roLaLinq 10 ~:bitr arv plane shape
:b,rcugh a g:ven JIIgIe rrIJ: ‘)e gent-r~tcd.

Fi!aments represent line currents or wire electrodes and a large
choice of prc-defined shapes is ~vailable.
At all stages Diagnostics LSWlfntemc[iue Cmph:cs Display is

provided to facilitate the visualisauon of the geometry and to
aflow the user to check the input. E~ch input shape can be di~
played superimposed on Lhe approtimatmi mesh model. Then
mesh lines can be interactively added ur deleted and the effect
oi the regenerated mesh on the mesh model is immediately dis-
piayec!. Two dimensional cuts along MIy mesh plane can also
be plotted. Finally the mesh model, with or without hidden
lines, can be viewed in three dimensions ~nd can be rotated,

The Static Solver, S

The Static code, S, solves !vlaxwe]l Equations for electr~ and
magneto-static p:oblems (.1]. The electrostatic potential @, the
field E, the flux D and the electrostatic charge distribution
q can be calculated, or altcrnaLivcly the magnetostatic field
I-I ~nd the flux B. An “open” boundary condition is included
which uses an iterative method to analy r,ically ~pproximate the
potential @nthe houndary, thus enabling A much smaller mesh
to be used for the same problem. Ideafly conducting or ideally

pe:meable materials may be defined in .c.11Lhe 32 codes. [n ad-
dition S allows matetials with finite, non-zero icmf anisotropic c
~ncf p or with t and Mdependent on the tield .sLrength and the
non constant distribution may also be calculated. Filaments
m~y carry linear currents or be defined u lines of constant po-
tential. The solver uses an SO R over-relaxation method where
the accuracy of the solution is an optionid input parameter. A
multigrid soiver is also available for large problems.

‘,:::+,. . . . .,, . . . . . .,
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Figure 1: Modelled geomeLry of body and coil of a r-chin and arrow

plots of the H- and B-field exited by a constant wrswrt and cLLlcu-

laterf with S.
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The Frequency Domain Solver, R/E

The MAFIA codes R and E run in sequence, solve Miuwell’s
equa ;ions in the frequency domain. The rn~terl~ propertks
..:id the boundary conditions are defined in R where the matri-
ces are set up. Periodic boundary conditions have been added in
release 3.0. Then E calculates the fields E ~nd B and the eigen-
[requencies. As diagnostics, the accuracy of the frequencies is
given and the qu~titiec iiv L), diuB ,Lnd lcurf E - k2El. The
Solver uses the SAP (~] eigenvalue solver, which has been much
improt’ed in both speed ud accuracy rising a method which
combines iteration and modified polynomials. Severed hundred
modes can he calculated. The 2D V’ersion of R/E (formerly
called L“RMEL ) can be used to obtain the frequencies of r-
Lationdl}” symmetric modes with azimuth~ field variation and
~rbitr~y angular mode numbers, (monopole, dipole etc.). The
cutoff frequencies of waves in longitudinal waveguides cm also
be calculated using x-y geometry.
Figure ‘2 shows the modelled geometry of a multi-cell accel-
erating cavity with coupler and the E-field distribution of *.
2x/3-mode calculated calculated by E.

Figure 2: One half of a modelled nine-all accelerating fitructure
Iabove) ud the a-row ploc of a 2x/3-mode calcufaceri by E (below).

“~he Time Domain Sol,’er, T3

T3 calculates the fields created by J moving, rigid bunch of par-
:icles :5] providing the E and B-fields at user-specified time
steps, tire fields as a function of time it user specified posi-
:ions and the longitudinal and transverse wake potentials. In
.lddition :he caiculxtion of the propagation of tr~nsient electro-
magnetic waves has been add in release 3.1.

“Open” boundary conditions are available LO simuiate cm inti-

nite krcam pipe .Jr optn ,pace. The :r:msverse hu nch position,
:.he charq~ discrlbu~:on wtth]ft the buiwh. the particle speed and

the number of time .s:cps to be performed are dl input param-
eters. A window option i~ alSOavtilable far ultra-relativistic
particles. The 2D I’er.ti[;n T2 (the former TBCI) calculates
the diffraction of TAMwaves in addition LOtransient fields and
transverse and Iorrgitudinid wake potentials.

Figure 3 illustrarrs the s lt:ering of A plane Wave by an elec-

tronic device consisting oi J dielectric plmte carrying some ICs
surrounded by a Partla! ntetdlic shielding. The exiting plane
wave is propagating fronl above towards the top of the shield-
ing, The arrow plots show the scattered time-harmonic E-field
(reaf and imagini,ry part) surrounding this device.

—. \ \ \

r“ NI

-‘- ---------- -” ----------------- --:-j
“. : : : : : : I~~,, , , , . . .‘.. I

-0.. . . .. . . . ;: ::: ; ; : . .: ;: :;; : I

~..

%i!ii~ >/...,.:;:“ ; : : ; : : ;
. . . . . . . . . .

. . . . . . . . . . . I

-#
-------- , , , , , ; , , , . . . . . . . .

I .. ---- ‘ ; ~:’ :
—.

Iac-n:::...“-”w. , .- . . ,7.:—

~ . . , .- . . . . . . . . .

> G ., :. , , , Lr: : u. : .J‘. II II . . . . .
< . , , , , . . u-.

, :., ,L : , , L , , : , # I o .. : :~; ; : ,; : : ; . . , , ,8, , ,

, I

Figure 3: ,ModeUed geometry of ,. diele,:tric plate carrying an array
of ICs (above and rniddlcI .lwrrmnded by J MeLdC drselding, Scat-

tered time-hamnonic E-licld III J cuLplarIe exiced by a plane wave

propagating from above ;UICI ,:alctdi.ced by “r3 (below).

The Self Consistent Time Dom~in jolver. TS3

TS3 is a particle-in-ccl] COLIC,which enables the sim.;latior, of
rf-kfystrons, electron sources et.:. Maxwell.s -:quations and the
equations of motion fo! the plrticles arc sol vecl self consis-
tently, so that particle t.rajectorles c~n be calculated taking
space charge into account. The charge distribution within the
bunch is alSOcalculated. The initial conditions for the velocity,
position and charge density of the particles are rfefined by the
user. Static or resonant fields can be preset on the mesh.

o 1 D Version, TS2 [6] both the initial field and the!n the . ~
particle distributions have angular symmetry.

The Postprocessor, P

In the postprocessor, secondary rescdts M~Ybe calculatedfrom
the fields, fluxes etc. which have been calculated. Field energy,
power 10SS,shunt impedimce and integrafs over lines, areas land
volumes can be obtained. f’he results can AISObe represen Led
graphically.
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&row ptota are used to .wprerient a 3D vectcrfidd in a mesh
plane, hoiine md contour plotn show & scalar fieldoc a vector
compxmnt in L meehplaneaad line pioteshowthe variation
of the sameaionga line. Ail p!otaand calculatioox cari be
reatncted to wmdowa. R—

Figure & Two cell Wakd%ldTr~”armer, beam ciircuion along the

z a.xis,calculaccd by TS3. The ccctrai beam is accehmzted by the
wakzficldswhichare produced oy the MS borunwhich mrrounds it.
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r=L <V&7-=
Fiw 5: .+.rrowP1OCof the E-field and isoline plot of the curnat in
a cut dOIUJ the beam axis, a quart= of the ring beam currat waa
generated.

.ManY new features are included in release 3. The powefi

Command P~-mor includa a Macro Facility and Symbolic
Variables xndenabk the construction of Do hops over a range
of commands. The Command &mor Checking facility issues di-
agttastic meseqcs. Fk=”ble File Handling is a feacure.Sequen-
tial files are used for printoutput, aon-interactive command in-
put aad for recording the commands of an interactive session.
Profiles can be created for particular mod&s, for individud
users or Gx ~oupe. There ia a Euilt-in Editor both for th~
.Nesaadfor :ommaad sequences which have been entered inter-
actively, thexe may be edited and then immediatelyexecuted.
The main MAFM Data Boseie a direct access file where all the
resuite -e stored. Up to Lwentyoutput devicee are available
for Gn3pfn”c3Outpu~ e.g. metatile, termm“ al, plotteretc. Mouse
Input ie ah provide+.i for. The ~en~an;~fled User Interjke
idudu an On-line Kelp Faci&ty. The coda are Completely
Hanhme Indepwsdeti

Mecnory I@ u,i~emeate.-
Tke tquired memory fix 32 bit accuracy using 100:000nodee
VM~ bet- 3 Mbyte for the mrsh generstor M and 14 Mbyte
for both th+ eigenvdue solverE and the prticle in cell code
TS3 (for 100,000partickaj. The other codes uee 8 hfbyta
OKless. T3 inclndes a m“ndowoption which enahka 1,000,000
nodes with 100,000nadcx k the windcw for 11 Mbyte.

Hiudwareand SoftwareRqtiremenM ..
MAFL.\ Reieaae3.0 consists of separate source modula for each
program and a utility library of :cutines common to all the pr~
gwuc. TLue are wrictenin standard fortran77 and wiUrun on
=Y ccmputer with an error-free ANSI-F0RTRAN77 compiler.
A built in facility will switch operatiura from single to double
precision, avuiding the comparability problems of the standard.
Ali installation Jependarit operations are called via a system in-
terface and s grsphies irtterke. T’hes~kter ensureths: the
prograrne are fully portable and insmllation independent.
Thua MA.PL%runs OKany machine, e.g. IBM 3t190 and IBM
Riec 16000, DEC SUN, APOLLO. EE. CMY and many more.
Similarly any ~.aphics system may b= used, e.g. GKS, PHIGS,
DISSPLA.

-Sk
A definite step forwardin the computer aided design of accel-
erators has been achiwxi. The physical comctnese and de-
pendability of the Rele=e ‘3iMAFIAia combined with the new
module S and TS3 and compatible 2D versiona under one uni-
fied user interface. Release 3.0 ie now ready for distribution,
including the progruns M, R, E, S, P. The Z) versima of R/E
and S and the modules TS3, TS2, T3, T2 will be avdable to.
wud.v the end of the year with release 3.1. Rdeaae 3.2 will
include the eddy current module W3 ad an autamah facility
for M aa well ax c-+-z coordinates.

(1] T.Weilan& “Num.erical Solutknz of -wall’s Eqtim For
S&ic, Raooant and “&amakntFields,” Proccedio&of the M.
URSI Symposiumon Eleocroma~ecic Theory,
pp.s7-542. !3UdapeebAug. 1966

[2] K.S.Yae: “Numerical Solution of InitialBoundaryValue Prablema
Involving Maxwdl’s EquAUonain Iaotmpic .Media.” ~ AP-14,
1966, pp.3i12-207.
(3] T.Wcilan4 “On the NucneriA Solution of MaxwdL’s Eq~
tiune and Applicaciona in the Field of Acceieramr Pbyaica,”

AccA?rataH1S (1964), pp.24S-292 and references therein.
(4] F.Krawcayk und Tb.Weiland: “A S/.. Stat,ic Solver with
Open BoundaryConditions in the 3D-CAD-System MAFU,” m
lhma.in .Mag.22/1(1988) pp.%57
[5] T.WeiiaA ~anaient Electromagnetic Fickle Exciti by
Buacho of Charged Particlee in Cavitiee of Arbitrary Shane.”
Proc. of A? xr-th Izuernaziooal Conf. on High Energy - -Accrderatore
Genevm19s0, 3irkheuaer ‘#erh& Bead pp 5~0.
[61F.Ebelimq P.Srhiitt, T. Wti, “Salf~naiatant Simulation of
k-gbPower%bae with TBCLSF,” Race of EPAC Conf-
~ Woridsa~c h 1989, pp.6%660
(71j. TGckmand, ‘Applketionx of SAP in URMEL”,
CkRN/EF/RF s&s, Ii July 19S3 end ati
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‘.l’HE(~llEY1’.ICAL/N’[JIME1l.lc: AL IN V ES’1’TGA’I’1().N OE”IN ~lJCTION CAVII’Y
Ihlf’ !o;DANCES FOR htoDEI1..4TE ‘.rO L,\RGE GAP WI DTIIS ●

T k’. D{~l’ord. .
L-6X, LLNL, Liverwort’. CA 94550

Abstra,. t
In ordt’r to understand t~lc>ctluplillg Jf ii tha:gtd par-

1lisle bea:n t,) nmdes in illductlol! cells with gap width
to - he:~nl~,ipe r?.cliits ra: io u’/b > 1, tht.~“imation of

tht’ trans’;erse .?;’Q L; both iLXiidl}” syrnnh tricanrf axially

~-~ Inu]t’tri: dipole lll~l,i~=in this reginle is investigated. It
IS fCl!ild : :1.n.t the grcss behaiim of the axially symmet-
ric Inodr> wllt’li u’/”S >, 1 & at ],.asLconsistent with the

approxirnat< -ualysis of Briggs, et al [1], although a thor-
ough comparison has not been undertalien, The axially
asymmetric modes are found to be unimportant until w/b
approaches 2, and they generally exhibit lower values of
ZL/Q than the axially S}’mmelric modes.

Introduction

The coupling of a charged pavticle beam to cavity
modes in linac inductiori modules can pose a significant
~hicat to beam stability in high current accelerators [2].
In particular, the convecti~w beam bleakup (BBU) insta-
Liiity”has been shown analytically and experimentally to
put. sin’ere constraints on the cavity mode Qs and gap ge-
ometry. For low Q modrs, the effects of the interaction
between the beam and the induction cell may be charac-
terized using the coupling inlpedance, and it may be shown
that the asymptotic BBU growth rate is proportional to a
positive power of the impedance [3]. I’or high Q modes,
the relevant parameter is Z/Q. 13rigg.s,et al. [1], have
shown that for fixed b and small ratio of gap width - to
- beampipe radius, w/tJ, the transverse dipole ilnpedance
scales linearly with w/b. This finding, coupled with a min-
imum gap width given by breakdown co~lsiderations, yields
the requirement of relatively large diameter bearnpipes in
high current accelerators. For a fixed vult-second require-
ment given by the gap \“oltage and the pulse length, the
amount of ferrite or other magnetic material needed for
inductilw isolatici! in an induction cdl scales linearly with
the heampipe radius. To reriucc the cost and weight of an
induction machine, one wculd therefore like to make the
beampipe radius smaller and incre=e w/b.

In this paper we analyze the scaling of the impedance
with w/b of the modes in a “Ilriggs pillhGx” when w/b > 1,
To simplify t!le it~terprctation of the results we consider
only undamped modes, and thcrcfore focus on the value of
Z1/Q instead of Z~ itself. This effort is primaril}’ a nu-
merical code exercise, since analytic models for the modes
either do not exist in this regime, or are only approximate.
The AMOS wakcficld code [4] is used to obtain the Z1/Q
\“alues for dipole modes in a ~arir;ty of casscs int’olvirrg dif-

* \Vork perforn]cd under the auspices of the U. S.
Dcpartmmlt of Energj I)j Lawrence I.ivertnore Nationid

l.almra!.ory llnd~r rnnl rxrt \l’-’i40; -I;S(; -1S.

fvrrnt u~/b ratios. It.is fouiltl t.llat 111(’impmlanccs [;f tlw
traditional IIIllJ mo(lcs, i.e.., those which arc symmetric
across the g,ap, all increase Inrmotonical Iy as w/b incrc.asc.s
w’ith b fixed, until w x 2c/w, whtm a rolloff occurs. AsyIIl-
nwtric gap morics are found t (J have a very different func-
tional dcpendcncc on w/6, and they do not exhibit sig-
nificant values of Z1 /Q until w/b excccds approxinlately
1.5.

Dcfinitiom

The radial component of tlw dipole wake potentia! in
a rctationall}’ symmetric strlictllrc has the form [4]

where 4 is measured frorrl the positio!. 0! t!lc source charge,
r is thc position of the test charge, z~ld

l’m
W.1(s) = —

2q, II E:,(r=b, z, t) (i:ds’. (2)
,= &

,,=0 2=--W e

q, is the source cllargc, which -notes axially at radius r~ =

b, and Etl is the dipole moment of the axird electric field
induced by the source charge [l{cf. 4, Eqn. (27)].

The impedance that corrcsponrls to t!,e wake potential
in Eqn. (1) is given by

r-m

Zrl = ; “1W,l (s)eiQ’’/cds. (3)

-m

lt can be shown tba.t the singlr-mocic response of the rota-

.. ...,--- *

p-~ -.
1 1.

~ J I_______.————....
b = 1.5 cm.

--------- - -- - --- . __ -- — -— ---- - . .. - - .- - - ~- -----

Fig. 1. Rotationally s}”mmctric “llriggs pillbox” used in
all calculations presented in !his paper. Pillhox is
terminated with a perfect conductor. Ilrnmpipe
was long cnougll so tllitt tlw Ijcatll!>ipc tcrnlirla-
tions did not affect calculated results (cmwidcrc~l
mly rnoflcs wit]l rcsoniint frcqutmcie,s less ttliill 111)10

healnpipc cutoff). l’illtmx radius (1= (;.’lb= 1(1.0~)
(.!!1
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where ~i and Q, are the resonant fr{’qucncy ali(i quality

factor of the ith mode, respectively. }Yith reference to
the impedance spectrum of the cavity &Sit would be conl-
puted by .AMOS, the value of ~i may be obtained from
the position of the local nmsinla corresponding to tile ith
mode. N’hen Qi is sma!! enough, the values of Qi and
Z.l (wi) can also be obtained dircctiy from tile impedance
spectrum. Howel”er,= Qi — .x, :X(Z.l (wi)) –-* CO,
and the ratio JR(Zrl (tii)) /Qi must be m?aluatcdindeptm-
dently. one method is to use an eigenmoric solver such as
URMEL-T [6], wilich wii! ca!culatc tlw ratio d.irectiy. in
the e~.ent ti, at the impedance spectrum is abailabie, and
the modes are reasonable isoiated fro:)I trot’ another in fre-
quency, a less computationaiiy irltensi~”;:approac]l 1nay be
used. For each mode of interest, t!le ratio can be computed
by windowing the impedance function to remove the other
resonances, then applying an inverse Fourier transform to
the windowed impedance spectrum to obtain tile compo-
nent of the wake potential which is due to that mode. The
value Gf Z1/Q is related to the ampiiturfe of the derived
wake poten~:al using the expression

where !+V$~)is the amplitude of the sinusoidal oscillation

LEGEND
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Fig. 3. Electric fieid pattern for 3.3 GHz axial!y symmetric
mode when u//b = 1.4.

SimuIatiozl iksults

The geometry under consideration is shown iu Fig. 1.
The series of C;LICU]atiOIM ;hat wiii be shown ail involve
the dipole (m = 1) modes in the s!,ructure. The value
of Wib was changed by altering w whiic leaving all other
dimensions fixed. For each case we calculated the quantity
Z1/Q for ali resonances beiow the beampipe cutoff.

The results of tilis sljrvey are depicted graphically
in Fig. 2, which shows the calculated ZL /Q values for
dipole modes in the Briggs pillbox when it is terminated
by a :hort. In this configuration all of the modes below
the beampipe cutoff are undamped, ar,d Eqn. (5) is used
to obtain the mode parameters. Shown are two types of
modes: those which have a unidirectional axial electric field
across the gap (axially symmetric modes) (Fig. 3), and
one’ in which the axial electric field changes sign across
the gap (axiaily asymmetric mode) (Fig. 4). For small
values of w/b, the 21/Q for the symmetric modes varies
iinearly with w/b, and the asymmetric mode is negligible.
For larger values of w/b the impedances of the symmet-
ric mod= peak and fail oH, while the asymmetric mode
becomes evident for w/b >1.

/

,/ --7s
If it, is assumed that the axial eiectric field doesn’t vary

/ across th: gap for the symmetric mode, thvn the analysis

q
oK /’”’—-—,————-—-!

0.0 0.5 1.0 ios 2.0 2.5

wlb
Fig. 2. Variation in Z1/Q with w for first (iowest fre-

quency) three axially symmetric dipole modes and
the first asymmetric dipole mode. Result is for
r := r~ = b, and I.; = 0.

of Briggs, et al., shows that the impedance should vary as
w (+)-’ sin’ (~), which yieldsa maximurnat w AZ~.
For tile three symmetric modes being considered, we find
that ZL/Q should peak at w/b = 4.0, 2.2, and 1.5 for
the 1.8 GHz nlode, the 3.3 GHz mode, and the 4.7 GHz
mode, respectively. These values are within 10Yoof those
observed (see Fig. 2).

Tiw character of the axialiy asymmetric modes in the
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Fig. 4. Electric field pattern for lowest frequency axially
=yr-mnetric mode when w/6 = 1.4. Note that the
mol?e is wanescent into the beampipe and into the
radial line. Resonant frequency of this mode is 5.4’2
GHz.

Ilriggs pi.llbox changes significantly when the frequency at
which a half wa~”elength will fit in the radial line falls below
:he cutoff of the bearllpipe, which for dipole modes is when

rr
; > —.

1.841
(6)

Below this limit the asymmetric modes must evanesceinto
tile radial line (Fig. 4) and can only be damped by means
applied in the viciriity of the gap. For tu/b > 1.7 the
impedancr specl rum rapidly” becomes more complex as the
familiar p = 1 (1/2 wa~,eiength axially) pillbox modes are
supported. These modes extend to the pillbox termination
(Fig. 5). and in principle are subject to absorption by the
ferrite load in the cavity, or by other damping mechanisms
not supported at the location of the gap. It is interesting
to note, howe~wr, that the lowest frequency asymmetric
mode persists, and remains weak!}”evanescent into the ra-
dial ]iue. even when w/b > 1.7. This mode is neither a
P ~ 1 @rp = O pillbox mode, but rather a mode which
exists only because there is a joint between the beampipe
and thr 1adial lil)e. More detailed discussions of this mode
have been made i+. by Godfre}. [7], and by Craig [8].

Conclusions

In induction ca~”itieswith gap width – to - beampipe
radius ratios that are greater than unity, both axially synl-
metric and asymmetric dipole modes ma>. be expected.
The \“alues of Z1/Q for the . ..mlly symmetric modes are
seen to peak at values of w/b near those suggested by the
Briggs model. For the rallge of w/6 in~’estigated in this
work I lie axially as}”mrnetric nlodea gmerally !la~.elower

Fig. 5. Electric field pattern for axially asymmetric (p=l)
pillbox mode when w/11= 2.4. ;Jote that this mode
;S not evanescent into the radial line, but is evanes-
cent into the beampipe. Resonant frequency of this
mode is 5.13 C*Hz.

values of ZL/Q, as expected, but they nevertheless may
pose a BBU threat if t,hc geometry is such that they are
localized to the gap.
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hIODIFIED-YEE FIELD SOLUTIONS IN THE AMOS

C. C. Shrtng and J. F. DcFord

\VAKEr’IELD CODE “

Abstract
A new numerical procedure h}?which field calcula-

tions in t\\lOS [1)are upgraded to model rotationally sym-
metric cat”ity structures in a more accurate fashion is de-
scribed. The riei.elopment work is aimed at implementing
a modified finite difference update scheme on an irregular
grid s}”stem. Elements of an irregular grid ma}’ be cho-
sen to better fit object boundaries, resulting in increased
solution accuracy’. Our approach inl”ol~”esthe p!acement
of field components on a non-orthogonal Led}. fitting grid
and on a dua! grid which is ort!logonal to the first grid.
It is found that this procedure retains se~.eral important
computational advantages, including the ability to exploit
the implied spatial relationships between nodes. Propa-
gating fields on an iiregular grid systwn have been ob-
ser~”ed and comparisons between finite difference A?.fOS
and Jlodificd-}”ee .4J10S field calculations are prob”ided.

htroduction

cat?i~}?cells with geonletrical cotnplexity are usually

modeled with staircase approximations to the surfaces.
Depending on the level of the cell complexity, the task
of gridding the de~”ice may be either itnpossible or un-
satisf}’ing. The well-known time domain discret.ization of
Xlaxw”cll’.sequations (Finite-Difference l’ime-Domain
FDTD). which was original}” proposed b> Yee [2], is the
slandard field solver currently employ’ed. Howm’er, the al-
gorithm’s primary limitation for modeling cur~’ed svrfac=
lies in the fact that the fields are distributed on a logically
regular grid s~”stem.

Holland [3] demonstrates that staircase approximat-
ions to oblique surfaces cause large errors for the scat-
tering problems encountered in radar crm.s section calcu-
lations. The work of Craig and Anderson [4] shows that
careful representation of localized features insir!e a cav-
it~”yields significant improvements over idealized models.
Thus, it is often important to increase the geometrical ac-
curac}”of the model.

The Modified Finite Volume (MFV) algorithm pro-
posed in [s] shows how electric and magnetic field compo-
nents may be distributed on a nonorthogonal grid s~’stem.
This type of field update scheme allows better boundary
modeling. Howe}.er, for the particular problem of the cav-
ity cells, one needs a combination of the computationally
efficient FDTD calculations in the interior with more ac-

curate geometrical MFV type modeling on the simulation
boundaries. Hence, in order to perform these hybrid cal-

culations, we pursue a field solt”ing scheme which is, in

● \\’or~ performed under the auspices of the U. S.
Departmentof Energyby LL~L undercontract W-7405-
ENG-48.

essence, the limiting cam of iil FV or a Modified-Ycc pro-
cedure.

Numerical Procedure

The FD-AhlOS walwficld code computes fields in the
rotationally syznmetric cavit}’. Hcncc, the fic!ds are of the
form

F = {P c~s (l~cfi)+ J$ sin (rt#) (1)

To perform the corresponding hlodified-Ycc calculation in
2 – 1/2 D, placement of six field components on an irreg-
ular grid is required. Fig. 1 shows how the field compo-
nents are distributed on a sample dual grid systerll. The
nonorthogonal solid line mesh is the electric field grid, and
the dashed line mesh is the tnagnctic field mesh.

m

i :. / . ~ L J
Fig. 1. Distribution of fields on sample irregular grid.

It can be readily seen that the two grids overlap in an or-
thogonal fashion. In cylindrical coordinates, E+ nodes are
distributed at intersections of solid lines and A“e nodes are
placed at intersections of dashed segments. The field com-
ponents in the r - z plane are located at the intersections
of the two grids ( t 4 ‘tangential’ and n - ‘normal’).

In order to describe the implications of this arrange-
ment, we rewrite the Efif time dependent curl equations

(2)

(3)

in tke integral form

!i,(lZ=- ~~(all )~ -I- 1;, ● dA
p 01

(5)

In Fig. 2, the graphical interpretation of Eqn. 4 - up-
date of an E’e node - is illustrated. This particular update

378



requires the values of the magnetic freids along the inte-
gration path with the contour integral being performed in
the counterclockwise direction.

+’L’---l
Fig. 2. Update diagram for E4 node.

Oa the right hand side of Eqn. 4, the temporal derivative
is performed by differencing the Ed nodes at a time step
k (previous time step) and k + 1 (update time). The 3
conduction and source terms are asurned to be at the k +
1/2 time step (current time). IIence, the explicit update
equatior, for Z@is given purely in terms of 11fields and J,.
This update IS precisely the same in both cylindrical and
cartesian coordinates and may be written M

where A is the enclosed area, c and a arc the pcrmittiv-
ity and the conductivity, respectively, and At is the time
increment.

TOobtain tlie update equations for field components
in the r – z plane, the procedure is similar. IIowevcr, the
geometry of this case yields a Contouipat}: which requires
integration of fields with a sinusoidal variation in ~. This
1$dependence gives rise to a term with n as will be seen.

For the general-oriented field co~t]poncnt in the r – z plaIIc
(Fig. 3), it can be seen that substituti~lg Eqn. 1 into Eqn.
4 yields a discrctized form givcli by

H;+~
(7)

where rl and r2 arc the radial distancesto the Jl@,and /f@a
nodes, rcspectivcly, At is the distiu~cc bctwccn # nodes,
and R2 > Rl .

Itshould be noted that, if the tield component is ori-
ented with the field direction of positive slop{>(ill r - z),
the sign on n is switched to rcmain consistent with the
convention of positive frclds in the +Z direction. Next, we
examine special cases involving L’components which !!e in
the r and z direction. Referring to l’ig. 3, onc can scc
that as El becomes z-directed, R? - rz and R1 ~ t-l.
Iicnce, the update form for E. follows immediately from
Eqn. 7. The update of the E. component is also similar
in form to Eqn. 7. The primary difference is that. the arm
enclosed by the integration path is I? At,where R is the
radial distance to the E~ node. q’hus, onc may write E~ as

b++k+ i _ R H;+~+nAt H. ~{R He

@+l = R At - J:: $ – Ej{; – *}

()

;+&

(8)
By duality, we obtain the discrctizcd f~rms of the 11

field components which arc

z-l
.
,.
“, ~$2

KHn

R2 *

~

\ El

HOI \
r - z plane

/ “\.

‘-—- —-—-—-—-—-—- —-– %—-—

(10)

I

I

(11)
The principal reason for this approach in dis-crctiza-

tion is that one may easily match a I$DTIl grid to the
nonorthogonal body tit Iing grid. In Fig. 1, thu edges of
WC irregular piece fit xactly into an FD grid. As lnen-
tioned previously th,: irregular grid calculations require a
large amount of information storage per node, primarily
invo]i?inj~ Lhc sp;LLial itltcr(,l ;ftiO[\sll ips I>t:twvrn nf>dvs. 1f

I
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tiwrc are large interior free sII.lce regions, M itt cal”itics,
crdculatiom are more c,l[icionl I }“ pcrforlno I on finite d ifrcr -
ence cells where spat i:d rclatiimships betwven Ilodcs are

implicit. and tllUS, frolllitc(~lllj~llt~tiOlliil point of \iew, do

nc~[need to he stored.

In IIlis s(’clion WCperform a calculalion to illustrate
; i:enotion of ll~ixedFDTL) and irregu!ar mesh calculations.
Referring to Fig. 4, wc perform a numerical propagation
experiment int”olt ing a coaxial structure.

Y.<..--,).,

b-
7/

/~’”(-
3./,,..-t-
J< -
,-s—
-t---f
“ .t

tlA ‘!-

or

/“’”’’’%:’’’””O’
~ ,“’”m---;zq;zq

\ Irregular grid patctl
l-.-—-.-—-—-—— –.- q —-— . J

! ‘ig. 4. Propagation in a coaxial structure

A gaussian pulse with a l/r dependence is driven in the
center of the coax (in :). On the left hand side, WI insert
irregular grid patches that match exactly into th finit.c
differeilce cells. At t = O, wt’ drive the nodes wllil a #-
directed excitation. Two identical TEhl pulses arc formed,
with one traveling to right and the other to tile left. [t
is found that the pulse, w}lich must propagate through
the irregular ;~tch, emerged on the left of the patch with
minimal reflection (Fig. 5).

I I %;;:;?;a%h

‘“”l=vv=l
1 J

z
Fig. 5. Propagation of tl,e TEM pulse tf~rough the irreg-

ular patch.

AN effective roflec t.ion coc’lliciellt. is c~~lnputcd by r.al -

culating the crrcrgy conl:~itlml ill tllc 1)11Ise aflcr it cmcrgcs
from tlw irrvglllitr Pittf”ll( f,’,,)all(l till’11comparing it to the
energy containm! in tllr I~I)k jllsl prior ( E~) to entering
the irregular region, i.e.,

(12)

The cffrctive reffcction coefficient (energy) for the
patch of single cell thickness wiLs foun(i to be 3.2t30e-4.
Calculations involving thicker irregular patches such as lhe
two ccl] wide supcrgrid (Fig. 4) were performed, resulting
in accuracies similar to tllos: ohscrvcd in the first case.
The eflkcti~’crdlcction coef!icicmt for the t}$o cell wide su-
pergrid was approximately 5.30W-4.

\\’hen modeling curvilinear or oblique surfaces (in r -

2), one would not, in most instances, usc irregular patches
much more than two CCIISthick. ‘1’heresults from the nu-
merical propagation tests seem to indicate ttliit, at these
patch thicknesses, the snmll numerical reflections may bc
to sonle extent typical. IIowcver, there could be instances
where an irregular mesh of poor quality (i.e., nodes poorly
distributed) might lcmf to rroblctm in numerical rdlec-
tions, phase velocity, and/or stabil,:y. WCare investigating
the effectiveness of the procedure in the different regimes
in order to gauge the robustness of I.IICalgorithm.

Conclusions

\Ve have demonstrated a field solver on an irregular
dual grid system which will match into F’D cells. The or-
thogonality between the overlapping dual grids permits si-
multaneous FD and irregular hlodified-Yee calculations.
This is useful since we may now model simulation bound-
aries with a greater degree of accuracy, and simultaneously,
in regions away from the boundaries, update fields which
remain distributed on finite difierencc cells.

1
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5.
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WAKE POTENTIALS AND IMPEDANCES FOR THE ATA INDUCTION CELL ●

George D. Craig
Lawroncl’ Livtmnore National Laboratory, University of California

Livermore, Cidifornia 94550

Al)st I“nct

Tlw A\loS \\’alwfi(l{l ( ‘odt’ is ustd to calculctt,* tlm
i II IpII(ittncw of I IItJ i IId IIt.1ion cell IISI d in the Ad\’a[lcd
‘1,.>: Acct’lt’rit[or (A’i’:\) at l.i~”ermorv. \\’c prcsenl the
\t”;\kL’fleltiSIIlld llll~”!t’(liIIICl’Sfor tIIIIll ipolw III=(), 1 and ‘2.
‘I”llc:\-l’,\ t-{’llis calculal~~l 10 bavc a Illaxillmlll traust’ersc
i[lll~miancv of :l[~i>rc~xilllti((’1}’1000 (2/111at 875 hl 11: wit b
d (ltial it} facl or Q = .5. 1’1](sstwsiti~’it}”of the inlpedatlcc
+~~~”~lr:i 1t) lll(~tlt’1i Ilg l“arial ions is (1is(. (lss(~(i,

Intr{~ductitm

‘1”11,,,\’l”:\ is it;l S[1Ilwt(fr Ioug induction Ilnac drsigmxi
10 accelerate a 10 k:\ t’lectroll healll Io 50 Xle.i’ for a wide
iarielj ~~f,appli(”iltiot)s.[t consists of a 2.5 hIc\T injector
nll[l 1!l[~induct ion cclIs of 250 k\. tach. ‘1’lwCVIISwere
,I,,si.g[l(,tlto ll<al.(~IOU.Q-l,a] II(.S(Q < 10) i11order Io lnin -
IIIIlzI’ Spllri~~llsh(’allI-(”it\’ it :“ i Ilt t~raclions. [n practice tllt~
\aclllll I I t r;i[ 1<1mrl was lillllttd to () Iit\ bv t Ill, onst$t of a
i,eiilll I,r,.akll1) inst ahil it}, a’L7S5 \l 11z. ~:arly Iheorct.ical
f~fforts idt,[lt ifiml I lw ‘1’1[ 13[) nmk ill the 041 ‘as the sollrce
(11.t Ilc ins!al I i1iI!“.1 1n Ihis paptv w.c examilic a more re-
:t!ist ir [lmdt’1of t 111.:\’l’:\ crll using t III*A\lOS \\’alicfield
L.(,[1,~.~‘1.tll :\\l OS co(10was (lt~i~’lop,xl10 prot’ide a more
I,tnf.(,rful IIht hot! for II,,signing Icm”illllwdanct> 0’11sfor fU-
1urt’ l),i$l clirrent ind uc[ ion Iinmx. ‘1’lw A itl OS Inodcl of
I 1,(s A 1..\ cell ill(lsl rates I IIt. I)owt,r of t Ilis t(~l>lfor t~l”al-
tJ:{til,lg Ir),I11~.Iion [,eil tlrsigns. \\’l* IJros,.llt Ilit’ walwfirlds
:1II ( I Ill Il)[dalll ”es fl,r n)=tl, 1. and 2 as .-\’l”:\I)rllchllmrks for
1I Iil)ro~t~[ll(’[1[III IIIIIirts~li’sighs.

Tim Mt>(i(d

“1tit A310S llmdel of tile A1’A induct ion cdl is shown
i[t I>ig I. flogillning from the ccwtcrliue at t Iw l~ottoln of
I!,,. figll~{.ail(] rlm~,illgupwnrxis. [11~’iIItlllction cell ran be
IIII(!r>rslowl :is a t)[!iiltlpipe \Vlt h all accdrn at or gap con-
IIWt d I o :1 radial transnlission Iin!’ WII i(’l)is term iIlatrd at
its out ~r radius l)} a tcrroidal sui)erst rucl ure. This compkx
s!r[lct ljr~.cot: I :11 ns t III, ~’acuUII1-Io-oil insl, Iator, the oil, and
t I]f’Iarg,, fcrrit~j toroi(l whir-h prol”itlvs IIIU~.olt-seconds for
[ht’ inJIICI ion CI.11. ‘1’he reflector at [h,’ top of the rii~!ial
Iranslilisslo[l Ii[ii>ser~ts to din.rl Iwam+xcitcd Rk’Inodes
into a SMOII(I[Ilin ferril f. toroi(l placed against tile left wall
,~[ IIIe CCII w ]l~~ro t II(* IIKjd~,s are aixorbd. ‘1’lle radius of
t IIe beam pipe IS (!. ;.2.5 CIII arid [he width of accelerator gap
is 2.70 CII~. [:(,r mo(lt’ling purposes, the CCIIis ass!;:nmf to
IJC,.}li]ldric;iil~ s}.nlllwl ric. The nmxinlllrjl radial extent is
41..5 cnl an(l I III’ (.nd-to-rnd hcarl) pipe I(>ngth is 47.0 cm.

,l.!li~,,10(],,1of ~tle ..\’I’,\c,.11is S(,I III) with tll(’ DRt\GON
(r~.c,rl]pt,ri~.t,[]it,Jr.: Zollf=sizes tlr=2. ”24111111and dZ= 2.25.-.
IIlltl provide a 30 ZOIIP resolution across the bran) pipt?
;l!l,] I Y ~ollrs ;lcross t!le radial trii[]s~nission line. A few
Z()!ws[aircil.$illg t rarlsi[ ion f)rtweml ttle two is provided
to r(ducr utlrcalistic diffraction scat[rring from the source
rt)ilrgt~, The f_)1L\[;03’ editor itutunlat ically zones up the
cclI illt(Orior,not ing material changes. ‘1’lle typical ATA
cell protjlen] cotwists of about 20,000 zones. mle Insulator
ant] oil haiw di(,lc(t ric const i]nts5.6 and 2.3 rcspccti~vly.

+ N’orkp..rf.-mmdt!nderthoausplccwof [he US Depnrlmcntd Energy
t.,t)8.l.hwr..l,a.I.t\..rr,)(Jr-S3tIcJrIdI.;sb,rmtory111,.I.*\\’-7.105-t:N’(;-.fh

l’he It*ftand right ends of the beitm pipe are terminated
with a 377 ohm impedance boundary condition (lIW).

The ATA cell is actually three dimensional (3D) where
it connects to high voltage feeds nt the top and bottom
of the cell. Beam excited R.h’can always propagate out
these cortxial feeds as TENI waves and thereby affect the
impedance of the cell. In an attempt to rllodel this port,
we use a 250 ohm IBC at the top of the cell, equal to
the wave impedance of tile oil, and insert a metal septum
which should help couple out 21) ‘l’EN! waves. Adding the
septul]l reduces the frcqllency of t II‘ dominant 13BUmode
a fmvpercent ant! llmvcs it closer to the experimental value.

~ High voltage feed

r

Iector

f
t

YRadial
transmission
lineJ,,

II

// / Accelerating

Beam pipe > MXp
I

!...-...-.E--...-.....-...--....-..-.--.--..---..------
Fig. 1. DR/\GON rendering of the ATA Irlduction C~cll.

The cell is rotationally sytnmetric about the
axis, except for the power feeds.

\\re use a simple “get lost” model lor the ferrite sug-
gested by the experimental observation that the thin ferrite
toroid reatlilj’ absorbs microwaves with frequencies near I
GIIz. In this nlodcl, the two pieces of ferrite arc replaced
by respective 250 ohm IBC’S which absorb norrllally inci-
dent RF modes. (“Recently a nmrc sophisticated rnagnctic

loss modri for the ferrite-has been d&eloped.3 ‘l’he--rnrtin
di fkrences in the ATA impedances using the new ferrite
Inodcl are noted bt~low.j

Results

\Vake potentials and impedances for the ,\TA cell (fe-
scribctf above arc calculated with the AR1OS \Vakcfield
Code. AR1OSuscs finite diffcrcncc time-domain techniques
to calculate multipole moments of the wake potrntial. The
impedance is then calculated from the Fourier transform
of the wake potential. The wakes and impedances for the
rnonopole (m= O), dipole (m= 1), and quarfrupole (rn=2j
rnonwnts of the ATA cell are summarimd in Figs. 2-4.
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S (meters)

Fig. 2a. Longitudinal monopole wake potential
Wfo(s) vs distances for the ATA cell (m=o).
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Fig. 3a. Transverse dipole wake potential Wll(s) vs
distances for the ATA cell (m=l).
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Fig. 4a. Trnns\,erse quadruple wake potential
WJZ!S)vs distances for the ATA cell (m=2).
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2b. Longitudinal monopole impedance Re (Zfo(f))
vs frequency f for the ATA cell (m= O). The
BFCO frequency f (TMOI) = 1.71 GHz.

m = 1 ,BPCO~

o “ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ “ “ ‘ ‘ ‘ ‘1
0 1 2

f (GHz)

Transverse dipole impedance Re (Z11(t3)
frequency f for the ATA cell (m=l). The
BPCO frequency f (TEI,) = 1.31 GHz.
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Fig. 4b. Transverse quadruple impedance
Re (Zu(fl) vs frequency f for the ATA cell
(m=2). The BPCC? frequency f (TE2,) =
2.17 GHz.
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A P P 1/1( !A-l’lt ) N () F LIN’EAR M AGNETIC L(JSS MODEL OF FF.R.N ITE
‘1’() INl)l I(“1’ION CA\rI’t’Y SIMIJLA1’lt~N “

.1. k’. [)t’k’lwd nn{i C;. Iitlulill
I.-62(3, LI. NI,, Livcr:li(wt’. CA 94550

A l)st I“lll!l

:\ Iiil(’ar. fr~$llllt’llc} ili,ltl,t’[ltl,’tl[ 111{,({{>1 (lf ttl~~rf prop-

1 SoitL’rril, llit-~ II(WI iItlj)i(’Ill(*llLc’({ill~~rlI(ISIll Ilntll:LS,N
Ii[lilt’-(lilf(,rt,llct,, I illt(’-ti. t, liifl. t,lt’, t rollmgn(’tic sil[lulatim]
,111 A\l[~~ for lh, pllrl),ht> If st u,i}iug lillilCill(iuction

Casl! iw. ‘1 III’ silll})l. IIlt)(!el ct\l~sisls Ofadding i! Ilmgnetic

COIIti(IC Li\. it y t ,$rnl (u,,, :1 ) t n I’arwf:,3” IAw. ‘1’11(’Vidllt’t>1“
,7,,, t}i:\l is ap I ,r~)l)riat c f~)r “t givc:l fcrri 1‘ ilt ii particular
lr~.(lllp[lc1 is ~ht ,11II,XI ~,ia an rf rt~tit:ction vxl~eri Incllt on ,a

~“crt t II in ft~rritc toroi(i ill il shorl A coaxial Iine. It was
fou_rid I bat in 11]~’freq!wncy r:wgc 100 t,} 1()()(1 Mllz, t III’
r!quircd valur or o ,,t \“arim 0111}’ sl i{ht Iy ( < 1t)’;:), iilld so

wc ~;)pi”oxilnalml il .W a fr~,(lllt’ucyin(iqwn(i(,nt \):\rsnh’-
I.t’rill .-iNIOS ;i ,icw’ri~~ticvl of the expcrinwnt.al s(I il~~all(l
1Il. Im-l]niqur IIsI.ti I() t’xt.ra{-l t II(> ct>rnples p frortl tllf~ tlK>a-
suretlwlits IS dose- ilw..!. ‘1’ht’ Illod($i has hwil Ilwd to st.Uti)”
t11:silnp~dallces \Tf”i IIU 1).A Ii II’I’ il]ciuct.mn ca~”i1}’,and cOlll-
parl~,J1lXbct~~’(’t’11t Ilesr cxpminlontai Illca<urcvnctlts :t:~,l
,\ 3!OS calclllat iol)s is presented. Inll)lcnwnlal itm (~’ a fw

quency dcpcw(irnl I!ersion of this INo,lrl ill ,\llUS is Iwing

l~ursuc({, ;ind a Giscussion of this efli~rl is gi~’cn.

Introduction

f’~’rrite call pla}? an illlportant. role in cialllping I/k’

mocit’s in induct i(>n Iin .~c acc~lcrat ion l)), ~,1uks i I ]. 111the
freqtlcllc> range of interwl f~)r tllc indl]ctit)n WIIS of the
:id~.a]tcetl ‘1’rsl ,\ccelerator (A’1’ \) anti the I;xpcrimental

Test Ai.celerat,>r -11 (lVt\-11), which is 100- iOOO NIHz,
skill (it’i~ths in thv ( unhiaseri ) sof[ t~’rrito ypically use{i in
induction cores arc a f(’w reli~iIIltol.r”rs, ano thus relatively
thin slabs ma> Iw placcti at strategic locations in a cell 10
clkct i\I’ly lower the Q‘s of troul~lcsome modes. In order
to quantif}” t!le rifkct that fmrite );iLS on the impedances of
cavity modes usi]]g a til]ll’-lionlain coriv such = AhfOS [2],
it is necessary to have itit elect rml]agnctic model of ferrite
that accounts for the lossy nature of f.hr n]iderirrl. For inci-
dent freltis that result in large swings in the Inagnetization
in ttlc fcrri~c, tile appropriate mmiel is nonlinear and will
in g~~ncraldrpvIIIi i)ll tllc. history of the sample. Howeww,
for incident fitslcisthat prorlucc only slnall pertui oations
on tile magnelizatirm, a lineiu, twnsor permeability is ap-
propriate [3]. Jf’hen the sample Iws zero net nlagnctizatiou
(virgin sarnp]e), there is no prcfcrrrv{ ,iirwtion ill the m;~-
tcrial, and tile Lrmsmcollapses to a scnlar. In the renlitnent
state in soft ferritcs there is a preferential direction that
(i~:pends 011the rectmt bias history of the srtmplc, anci this

.——
* \\’orlr pcrfor:(w(i jointly und~’r tllr auspices of the

U. S. Department of Energy hy I,I,NI, umlvr crmtrw:t W-
7405-ENG4, for the SD1O atul the U. S. Arnly Si.rategic
Dcferrse Command in supl)~wt.of SIJiO/SIX~-A”K~ R411’11
NO. \l’4:\-(:rlI.-u-5 of)7

M.i I I l(~ii[l to Slllilll (Jfl.-(lI:Igoll:il t’l!’fllf’l)tS in f11(’t~’nsor. IJ(J;
t.h(’purimscs Of t Ilis work W’ llilv~’ pO.$ifll/l/Cfi III;IL t.llf’prr-

, .,.
‘ I l~}”:1 +(.ilIi\r ill Lll(’ :Il,s,llrtil~t>il.1 It}’ 111,1}’ 1)($ Cllilr:l Ct orlxt (

c)f all it])l)] itxi fiel[i. I.;xperillltmt ill]}’ this itppt’~wsjllsti tic(i
for the salllplr?s we comid~rd as tlwrc werr m’gligihll’ dif-
f!wcncosI>rtwtwu tlw results for virgin fi:rritm ;uld swnpl~w
ill a rmllancnt st<ll.t’.

‘1’0rc’presrnt ttw c(mlJ~lex scal;w pmmc;~llilil!, It =
~:’– iift’, of unbia-smi frrritc in the t.inn’ I Iol]l:tin, \V~o;L(j(l ~

Illilgllt)’.icr[mdll 1.1ivit}’ trrm to I“:lra(laj ‘S I.aw, i .V.,

.~ ~ [? ,7,,, 1! + p’li , (1)

u IIIr~,a,,! is t II(, Illitg114. f ic COII(I (I ~“! \ i 1.}’, \, tl !!’11 IS ‘t)liilt~[l to

I IIe inlagillar> l~art of h}’

(, = k,/1 dp”p:’, (2)

wherr IS 1III t_rlk,-Sl)aII. I,(!rllw:ttjili I \ lti genera], cr,n is
a frcqutv]c}’t{,:)tvIdm)l1,:;ralnrt I,r, ~il t{ I incoqmrate this
charw.1(’ri. lic I II(O A 1[ ( W req! res ., slglliticant extension
to the stan,.iitrJ titlll wtliflvr! t’, 1i,.,, domain aigoritlml.
\\.hilt? this t.}’l~t~II{“;tpiil~i)I{} R+th(t (~t~Jcctof some interest
in the sirrmlathm crmml Ili(y [.1!,all Micicnt algorithm for
~tweral frcqut:ncj. (1(’ptvl(ivllciesis not ~.ct available, and
for this effort wr assume that a,~ is independerlt of frc-
qltwlc::. lt w= ft\lin\! expvrirncntally that its value did not
changc signifrc :.ntly over ttw frequency range under inves-
tigation (100 MHz - 1 G Iiz), although outside this range
til(’ frequrmcy ricpenriencc does becornc important. The
varii~tion in p: is larger than the variation of cm over the
frequency range, but as it is smail as com~ared with either
II: or (r over most of the range, its variat.iorl is relatively
uninlportant.

Experiments on Sinall Ferrite Cores

To obtain values of c,,, that arc representative of the
fcrritrw used rw induction cores, reflection mcasurcmcnts
were made 011thin riaml)ics, from which the complex per-
meability and rrm could be (icriucrxl. The experimental
setup is illlwtrat~ri in l’ig. 1. The ferrite samples used
in the experinmnts were thin toroids of rectangular cross
section that Ila(i an outsi(ie diameter of 3.1 cm, an inside
diameter of 1.9 clrl, arid had axial th ickllcsscs of 1 rrml anti
‘2 rlml. ‘l’tie sarnpb’s wcr(: heate(i ahovc the ( hric tcrn-
Iwritture ( 1:If)OC for the I,XA-11 frvritc, ar]d 205°C for the
A’1’Aferrib’) and tlm cooje(i to morn temperature prior
tn ttlnking I.}Wrilc~sllr~mwrlts to (,nsllrc that they were in
ntl Iltjjrjaglirt imtl stat.c.

The rrwirsllrcd rcilcction c(wfficicnt (nlagnitudv and
phrtsc) for the 1 rnrn thick sarr)l>lcs of ~; TA-11and A’1’A
fcrritcs arc sh(m’rl ;Lsfunctiorw of frequency irl Fig. 2. The
l~erlrlt,;lt)ility is crhtain(xi t)~’invvrt ing the expression f(wIhe
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Fig. 1. Schematic of reflection experiment setup. Geomc-
tr}’ is cylindrical, concentric about dashed center-
line. 1 mm thick ferrite toroid is shown; experi-
ments were also done on 2 mm thick samples. Ef-
fects of radial discontinuity and small impedance
mismatch accounted for with calibration run.

0.
0

0

1 LEGENO

I
!, = m8g(R)-> ATA1mm
s = nlag(R)-> ETA-II1mm

+
. = mOrj(R).> ATA1mm

“~K ‘u’ *L . = mO(j(R).> ETA-II1mm

y“ :.7._. -,:—–, -TV”,,,, ,–r-,,,. ,,i ..., --, ,- TTITT

10’ 10’ 10’ 10” 1
Frequency (Hz)

Fig. 2. hleasured reflection coefficients, normalized by the
reflection realized when no ferrite is present, for 1
mm thick samples of the ATA and ETA-II ferrites.

normalized reflection from a slab, of thickness A = lmm,
backed b}. a short,

~ = [(1+ exp-i’ka ) -V. (1 - exp-i’ka)] expi?h,fS
———, (3)

(1+ w:p-i2kA) + q. (1 - exp-i2kA)

~~hcre% = ~~ is the relative wave impedance of the
ferrite, k is the wave number in the ferrite, and k. is the
free space wave num}. . . R as shown in Eqn. (3) has been
normalized by the rc. icction ohtairwd when no material is
presenl.

A first estimate of p, is obtained using the small ar-
gulrwnt (12kAlz < 1) expansion cf Eqn. (3), i.e.,

I–K!
p, = 1 + —

i2kOA
(4)

and then this value is refined using a numerical search. Val-
ues of p, for the ETA-1I and A1’Aferritcs arc shown in Fig,
3. The curves show a I>road resonance or relaxation at low

frequencies, and then a second rcsonancc around 2 (:]1 7.,
These two fcaturrs hnvc htv’n attrihut.cd to domain w;III
motion and to spill rotation within dUlliiillS, rcslwclively

[5]. Values of am derived fronl the ferrite pcrnlcabili~y arc
showli in Fig. 4. Note that they are rclati vely constant he-
twccn 100 MIIz and 1 GHz, and that there arc only small
differences bctweerr the values derived from the 1 mm sam-
ples and those taken from tllc ‘2mnl samples. These small
differences may result from variations between samples, or
from an inaccurate value for the permittivity. l’or both the
ATA and ETA-11 ferrites, the permittivity was taken to be
c. = 13, and assumed to be independent of frequency.

Fig. 3.

Fig. 4.

I~~....,,,,,,,,,,,,,,,,,,t,,,1,tl;-, rr,,,,q
10’ 10’ 10’ 10 10’0

Frequency (Hz)

Values of pr derived from the measured reflection
data Using Eqn. (3). Values shown have been mod-
ified (multiplied by the ratio of short area to core
area = 1.3) to accouut for the incomplete coverage
of the shorting plain by the ferrite.

“o.

7
LEGEND

..ho !’ t, = 0., .> ATAj mm
ZF; 0 = 0,. . .. ATA2 mm

A= Cl”,->ETA-II1mm
i’ o = o,,, -> ETA-II2 mm

-o I , , t 8,! 2., , , , , ,,,, [ ;- I Trrfn~, ‘rr r!I*IIr 10” 10’ 10’ 10 10’0
Frequency (Hz)

Viilucs of am derivrxi from the pcrmeabilitics shown
in Fig. 3 using Eqn. (2).

Induction Cells: Simulation and Experiment

The first prototype induction module (called the Mod
Ocell) of the Dual Axis Radiographic Hydrodynamics Test
Facility (DARHT) accelerator has recently been fabricated,
and RF impedance measurements have been made on this
CCIIwith a partial ferrite load (see Fig. 5). The ferrite
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IIwri in th,. “IARII’1 ,(.I ,;~ 1~,.is i(ieutical to the fcrritv
115,.: .:, (1, , 1.\ !.. .IIICt.k~ltIIIwlulcs. ,a.ld for this wmlpar-
isol} the pow(.r (cA Iim>shair hrcn rcl]lotwd frolll the ccl]
and the re[llainlng holes were l)lugged. ‘1’hrse modifica-
tions have the effect of making t11(0cell rotationally sym-
nwtric, which then allows a dirtwt conlpmrison hetwecn t.h(
expt?rilllt!ilta n>’ Ilwasured impdalices and the A 310S pre-
dictions. Ttw ferrite prepcrtitw that w(’rt> used in the

Fig. 5. Geometry of D. ARII”I’protot}l~c ccl] with power
feed lines remol”cd. Cell is rotationailj’ symmetric
about centerline. Shown with partial ferrite load.

simulation were ot~ainecl fronl the small core experiment
on t!~c .4T.4 ferrite, which }’ielded \.alucs of p: = 1.0 and
cr~ = 7.4. ~104S2/It~.The experimental and calculated val-
ues are in good agreement, as showli in Fig. 6. Additional
nleasurernents are currently being taken on the SNOMAD
and E rA-li accelerator modules, and these data will be
compared against AMOS simulations to prox.ide additional
information about the model.

0

0
0
0-1

01

1(LEGEND
o ~x erlment

J’. .-A. .W-.
r

~.,rj $&...wj ~., .,.—. -,,
~1 -T-F ,—-~. .– , —,— - ~——~.—..,.—,—-7

0.0 1.0 2.0 3,0 4.0 5.0 &o 7.0 8.0 9.0 10.0
Frequency (Hz) ‘lo’

Fig. 6. Measured and calculated transverse (dipole) imped-
ances vs. frequency for DARIIT prototype cell.

If impedance data outside the given frequency range
had been required, the values of am would change signif-
icantly, and the material could no longer be treated as
non-dispersive in a spread-spectrum calculation, In gen-
eral, time-domain modeling of dispersive materials requires
a convolution, which, in the case of a freqlierlcy dependent

perllwiil>ility, takest.ht>forlll

1

};(t) = J/((/–r)/7(T)dr(5)
T=(I

This equation is very Cxp,’mii’(’fr(ml a comput aticmal st.afltl-
point Ijecallw it. requires proviolls valuvs of /1 for rwalua-
tion, k$’orliis ongoing to alleviate the conlputational bur-
den by representing m:,, iII a Lwlll for which the convolution
can be computt’d ,asa running sunl, thereby eliminating the
need to store prcb.ious values of )~.

Conclusions

A simple, linear model of thr RF hchavior of Iossy
soft ferritcs hcasbeen implement txl in the elcctrornagnctic
simulation code AhlOS. Tbe model represents the R.? niag-

netic losses via a magnetic conductivity term in Faraday’s
Law. The value of u,,, that is appropriate for the ferrite
of interest is obtained hy making 1-D reflection measure-
ments on thin samples. The III{XIC1h,as been validated by
using it to simulate the rcflecticm experiments, and also by
measurements made on the DARIIT accelerator irrductiori
module. The current incarnation of the model is frequency
independent; however, work i’jundcrwa~. to incorporate the
measured frequency dependence of the permeability to en-
hance the frequency range of applicability of the Inodel.
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MUTUAL COMPENSATION OF WAKEFXELD AND CHROMATIC
EFFECTS OF INTENSE LINAC BUNCH?3S*

J. T. Seemrm and N. Merminga
Stanford Linear Accelerator Center, Stanford University, Stanford, CA S,1309

A“mtract

Mutuai compensation of transverse and chromatic ef-
fects for intense electron bunches in a high-energy iinac is a
recent Novosibirsk idea which provides a new control of emit-
tance enlargement. In this paper we elaborate on the prin-
ciples and constraints for this new technique which requires
careful matching of internai bunch parameters with exter-
nal forces. With specific v.4Ms of the bunch length, bunch
intensity, and idystron phasing, the transverse-wakefield-
induced forces within the bunch can be canceiied by energy-
dependent forces from the quadruple lattice at ail positions
along the linac. Under these conditions the tolerances for
quadruple alignment, dipole stability, and injection launch
errors are significantly relaxed.

1. Izrtroduction

The primary goai of linear colliders is to maximize the
integrated luminosity for the experimental program. Smail
transverse emittances are a necesslry condition for maxi-
mum luminosity. However, a number of single-particle and
current-dependent effects cavac emittance enlargement.l In
particular, the spectrum of particl+ energies within the bunch
aifow chromatic phase-space mixing. Furthermore, current-
dependent wakefield effects can result in emittance dihr-
tion. A technique203emanating from the Institute of Nuc!ear
Physics in Novosibirsk caifed “autophasing” can be used to
mutuaily cancel these chromatic and wakeiield effects. A
description of the physics principles of this technique, the
method of application, and an example for the SLC wiif be
discussed in this note.

In Section 2 the difference between autophasing and
present practice is discussed. In Section 3 we start from the
equation of motion of a particle in the presence of transverse
wakefrelds anti derive :he condition for autophasing. Fur-
thermore, we attempt an intuitivr discussion of autophasing.
In Section 4 we describe the procedure used to arrange the
linear focushtg of a lattice in order for autophasing condi-
tions to hold. Finaliy, in Section 5 we apply the results of
this anaiysis to the SLC iinac.

2. Present Situation

Off-axis particles traversing an accelerating structure
generate transverse wakefields which deflect all trailing par-
ticles. There are many causes for a bunch to be oiT-axis—
betatron oscillations, local bumps, head-tail transverse off-
sets, or collimator deflections. These wakefield deflections
accumulate along the linac and cause emittance enlargement
of the beam. This beam blowup by wakefields can be re-
duced by BNS damping. The effect of BNS damping is to
reduce the efl”ective defocusing nature of the wakefield force
by providing extra focusing for the core and tail particles.
This is accomplished by lowering the energy of the trading
particles relative to the head w that the quadruple lattice
focuses them more strongly. The trailing particles are difTer-
entiaily lowered in energy by back-phasing kiystrons early in
the accelerator and forward-phasing downstream klystrorm
to keep the energy spectrum small at the maximum energy,
The overall goal is to minimize the emittance at the end
of the Iinac using as little extra acceleration as possible.
The best configuration depends on many machine paramet-
ers and must be calculated for each case. However, with this

●Work supported by Department of Energy contract
DE-AC03-76SFO0515.

adaptation of BNS damping the effective emittance is not
controlled in the middle of the linac, and sensitivity to local
errors is a result.

In this paper we present a new method of controlling
transverse wakeiields originally suggested by llalakin ct ai.23
This method is based on the phenomenon of autophasing:
aii particles within the bunch–taking into account all forces
acting on them—should oscillate with the same ami)!itude,
phase and frequency. The significance of autophasing is that
the bunch will remain coherent in its motion imiependently
of any dipole ‘Jkeperturbations to its trajectory at ail loca-
tions, and hence the ~mittance will remain unchanged.

3. Autoplmsing

Let us assume a relativistic bunch whose transverse
dimensions are zero. Let Z(Z,s) denote the displacement of
a particle in thr bunch a~ a function of z, the longitudinal
position relative to the center of the bunch (z is positive
towards the head of the bunch), and s, the distance aiong
the accelerator.

If we asaumc that the beam energy increases lil;carly
with s as a result of acceleration and that the distance to dou-
ble the energy is long compared to the imtatron wavelength,
then the equation of motion for Z(Z,s) can he written:

112
— 2(2, s) + P(Z, s) 2(2. s)
d.i2

Ca

ro
=— Idz’p(z’) ~L(Z’ – Z) Z(Z’,S) ,

y(z, s)

(1)

x

where V(Z,s) is the heam energy a~ position s in units of mc2;
p is the iine density of the particles in the bunch normalizcxi
to the total number of particles in the bunch ,4; eWLr is

the traverse field produced by a point charge displaced from
the axis by z at a distance z’ - z behind that point charge;
k(z, s) = 22r/A(z, s) where A(,z,s) is the betatron wavelength;
and ro = e2/mc2 is the classical radius of the elec’ ron. In
writing this equation w~ have assumed that the t>ctatron
focusing is provided by a smooth function, rather than from
a series of discrete quadruple magnets.

To find the conditions for autophasin.g wc attempt to
find an identicai solution for at! particles indcpcmient of lon-
gitudiuai position wi~hin the bunch. Let us consi(icr an cx-
pressior of the form

2(2, s) = 20 Cos(kos + 40) , (~)
where #0 is an arbitrary initial pi)ae, an{i derive the con(ii-
tion that needs to be satisfied in order for this expression to
be a solution to Eq, (l). Inserting Eq. (?) into Eq. (1) anti
noting that Eq. (2) is independent of z, an(i hcncc that it
can come out of the integral, wc find

al

k2(2, s) = k: + ~ Jdz’p(z’) kvL(Z’ – z) . (3)
y(z, s)

z
TCJgain some insight into the purpose of the previous

mathematical manipulations, we first discuss the meaning
of Eq. (3) anr.i then we come to the SOIUtiou of the equa-
tion of motion, Eq. (?). A particle at posit.inn z within the
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buncb, subjected .O wakefield forces from all the other par-
ticles 3htxK! ic the bunch, will experience a frequency shift
given by the second term on the right-hand side of Eq. (3).
The tirst term on the right-hand side is the square of th~
frequency with which all particles are required (by the form
J the solution) to oscillate. For this condition to be pos-
sible, th- external focusing forces must be such that when
they act alone on the particle, i~s betatron oscillation fre-
quency is gi~”en by k(z, s). Hence, by carefully balancing
the two frequencies—one coming from the chromatic effects,
tbe other from the transverse wakefiehf effects-all particles
in the bunch will oscillate with the same amplitude, phase,
and frequency, ~ Eq. (2) suggests. It is important to note
that the autopha..ing condition, Eq. (3), is in. dependentof
the transverse ofTsct zo of the bunch. This condition is to be
satisfied at cdl Iinac positions s.

To furtber realize the significance of this result, sup-
pose tilat a dipole-like error perturbs the trajectory of a
bunch along the linac, giving rise to a betatron oscillation.
Since the autophasing condition is independent of the trans-
verse displacement, it still holds true in the presence of be-
tatron oscillations of arbitrary amplitude, and hence in the
presence of any type of errors causing betatron oscillations
in the machine! Dipole-like errors may come from injection
errors in position and angle, from quadruple displacements,
RF kicks, or dipole strength changes. In the presence of any
of these errors, the bunch wifl remain “compact,” maintain-
ing the beam emittance constant. Further, this technique
is expected to work successfully for any charge density, x
long as Eq. (3) is satisfied for each point in the Iinac, thus
ensuring the emittance preservation throughout the whole
machine! [It should be pointed out that chromatic effects
can still occur w-hen beam steering is done on a scale that is
short when compared to A(s).]

Next we demonstrate how the lattice parameters can
be adjusted so that the external energy-dependent forces
compensate the internal wakefield forces, and the condition
for autophasing is satisfied.

4. Lattice A@stment: kE

Let us define kw(z) ss the right-hand side of ~.heau-
tophasing condition, Eq. (z). The subscript W wrv; s as z
reminder that this exprasion depends on the wakefields and
on the internal parameters of the bunch. The goal now is to
adjust the quditipo16 lattice and klystron phasing so that
the ertergy-depemlent forces cancel the transverse wakefiehf
forces at all points in the linac. Equivalently, we need to de-
termine an energy-dependent function of z, kE(Z), ~uch that

kw (Z) = kE(Z) . (4)

In Fig. 1 we give a pictcxial represent~tion of Eq. (4). Fig-
ure l(a) is a plot of the bunch density along the bunch. The
Gaussian bunch lel:gth in this example is 1.75 mm and we
assumed 3.5 x l(l~” particles per bunch. Figure l(b) di~
plays the integrated transverse wakefield as a function of
the longitudinal position z. By adding the frequency of the
bunch head ko to the integral according to Jiq. (4), we ob-
tain Fig. i(c) which is a plot of kW as a function of z. Fig-
ure 1(d), on the other hand, shows the beam energy along
the bunch. Longitudinal wakefields have been taken into ac-
count and the klystron phase has been chosen to be 8“ in
this particular example. Finally, Fig. l(e) is a plot of the &-
tatron frequency along the bunch as determined from lattice
considerations and the bunch energy. The goal is to match

,,, L-J,** 1,0,,,<” ,:”m, - ., ,,

Fig. 1. Schcmalic rcpr(,scntation of the rlIIItual conlpcnsa-

tion ot wakcfkld and chromatic effects of a buuch.
This example is taken at the 100 m position in
tbe Iinac.

the shape of Fig. 1(c) to the shape of Fig. 1(e) by var ~ing
the bunch length and the klystron phases.

From the definition of the chrornaticity of a lattice ~:

6U

7’% ‘
(5)

kE is given by

[

Eo + <(E(z) - EO)
.k~(z) = L%

EO 1$ (6)

where E. is the energy of the head of the bunch, The energy
E(z) corresponding to the betatron wave number k&(z) is
given by

nr
E(z)= Einj+ M= AE, COSII$, + ~(Z))

(7)
Oc

+ As,
1

w,,(3’–
1

z) p(z’)dz’ ,

a
where Einjis the injection energy; @, are the klystron phases
(which are free parameters); d(z) = 2xz/A~~. where ~~~
is the RF wavelength; AE, is the maximum energy gain in
the distance As, ; and the bt term on the right-hand .&’e
of Eq. (7) is the longitudinal wakefield contribution i.- ~he
particle energy.

Thus, the goal of lattice parameter adjustment is to
determine the vafues of the bunch length and the klystron
phases so that kE = kw at every point afong the bunch and
the Iinac. In the following section we use the SLC linac as
an example to demonstrate how this careful matching can
be done in a realistic situation.

5. Autophtaing Applied to the SLC

The appiicabiUty of autophaaing to the SLC linac was
studied with the goal of potentially improving the luminos-
ity. A computer program was written to match the lat-
tice and wakefield-determined spatial frequencies kE(Z) and
kw(z) over the Ieilgth of a bunch at every longitudinal posi-
tion along the linac. In parallel, a proposal to experimentally
study this effect on the SLC has been made.e
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Fig. 2. Case 1. Klystron phases .+, = -25”, -25°, -25”,
IS”, 18°, 18”, 18°, and 18°; bunch length u, =
1 mm; and finaf energy spread u.E/E = 0.30~o.

Computation inputs were made as realistic as possi-
ble. The transverse and longitudinal wakefields were those
calculated for the SI,AC linac. ’ The betatrou focusing was
assumed to be provided by a smooth function. A detailed de-
scription of the computer program can be found elsewhere.a
The autophasing match was studied for 6 SLC Iinac condi-
tions, assuming 3.5 x 1010 particles per bunch. Only two of
the six cases studied are presented her=. The rest can be
found in Ref. 8. The functions show in the following plots
resulting from the calculations are for kg(:), kw (z), and p(z)
at four Iocatioos in the Iinac.

Case 1

Corresponds to the presently used BiW damping con-
ditions and is shown in Fig. 2. The autophasing match is
not good, as shown by the separation of kE and kw in the
region of the bunch core.

Case 2

The bunch length was incrcaacd to 1.75 mm and the
phases then were optimized. Results are shown in Fig. 3.
A very good match h obtained over the entire bunch. The
internal frequencies oi the curves match very well.

Conclusions

In this p~;.cr we have studied the requirements of au-
tophasing. By carefully matching the internal bunch param-
eters with external forces, mutual compensation of trans-
verse and chromatic effects for intense electron b~~llchescan
be achieved. With this compensation it is expected that the
alignment and launch tolerances can be significantly relaxed.

We started from tti. uquation of motion of a parti-
cle in the presence of ti-ansvelse wakefields and derived the
condition for autophasing. We then discussed the physical
meaning of the result ~nd concluded that its significance lies
in the fact that the bunch will remain coherent in its motion
independently of any dipole-like perturbations to its trajec-
tory}.and hence the emittance ideafly Wiilremain unchanged.
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Fig. 3. Case 2. Klystron phases ~, = -7°, -10°, -20°,
-l”, -1°, 0°, 0°, and OO; bunch length u. =
1.75 mm; and final energy spread uE/E = 1.40%.

These results were then applied to ‘he SLC Iinac. In
our numerical computations we used the transverse and lon-
gitudinal wakefields calculated for the SLAC Iinac, but as-
sumed smooth focusing. We determined the appropriate
klystron phases and bunch :tingths for autophasing to hold
in several positions in the !Msc. These initial studies in-
dicate that autoph.wing is possible for the SLC, and that
more studies and possibly beam experiments should be pur-
sued. Additional studies of tolerances and applicability using
FODO lattices are being made. The effects of non-Caussian
bunch shapes (e.g., those produced by the SLC bunch length
compression system) will also be studied, and reported else-
where.
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NEW COMPENSATIONOF TR.4NSVERSEWAK.EFIELDEFFECTSIN A LINAC
BY DISPLACING ACCELERATING STRIKTURES*

John T. Seemac
Stanford Linear Accelerator Center, Stanford, California 94305

Abstract

Bes.rns accelerated in the linitc of a linear collider
expediencetransversewakefie!deffectsdue to small residual
rnisafignrnentsof the acceleratingsuucture.Thesewakefields
lr=adtoemiruwcegrowth.The crisditionaicomccrionmethodis to
MM inducedbetmonoscillations[Oih trajectory of thebe?mto
counter~cttheeffectsof theunknownactualerromand,thereby,
reduce the emittance enlargement. However, practicJ
considerationsmakethissolutionopermionaiiyditTcuh. In this
notea secondcomectionmethodisproposedwherethepositions
of theacceleratingstructuresarerm-imelycontrolled.By adding
positionoffsetsof the RF structurets[the spatiaffrequencyof
betaeronosculations,directwakefieldreductioncanbemade.A
hardwaresolutionsuitablefor theSLC’is presentedwhichdoes
notmovethequadnrpalesor positiorimorutors.

History

Thecorrectionmethodfor mi.sdignedstructureswhichis
traiiaondly proposed[1,2] hasthree parts.(A) The beamIS
steeredto the axisof the linac at low “&amcurrents.(B) The
beam intensity is then raised, exposingthe effects of the
misalignedsrrucmrcsk termsof trakxtoryerrorsanderniuarwe
growth. (C) The rejection launch condl~ionsinto Ihe linac
(x,x’,y,y”)of thec:rjtroidof eachbeamareadjustedtominimize
the emimrtcc at the exir of rhe hnac. Trajectory amplimdes
comparabletothebeamsizeareusuallyrequiredExperimentally,
this comectionhas been shownto work [3]. However, the
follGwingpracticalconsiderationsretie thissolutiondifficult to
use.The optimizationrequireseightparametersto lx adjusted
simultaneously.This pushesthe limit for human control,
requiringcompuierfeedbackandcomplicateddataanalysis( spot
shapedetermination).Furthermore,thereferencetrajeaoriesfor
the launchfeedbackcontrollersneczinon-zerovalueswhich
changewith time.Finatly, therequirementthatbth beamsbe
s[eeredat low cummts thenraisrxitohighcurrentsletidstobeam
10SSproblems (the trajectorieschangedrastically), makes
positronproductionproblems(e.g.scavengerextractionenergy
changesand Sector1 beam!oading),andexasperatescurrent
de+endanteffects of the damping rings and bunch length
compressors.

Effects of randomly misaligned accelerating structures

A two particlemodelof transversewakefieldswill be
used to calculate the effects of random displacementsof
acceleratingstructures.‘Ile onlymisalignmentsin theaccelerator
complexarethedisk-loadedwaveguir!esectionsthroughwhich
the beamspass.The headparticleof chargeN/2 traversesthe
entirelinacina straightfree.Thetai!particle(chargeF%?)fOUOwfs
thesametrajectoryastheheaduntil a misalignedaccelcrtitoris
reachedas is shown in Fig. 1. The transversewakeficlds
producedby theheadin thisoff-axisacceleratorwill deflectthe
tail whichwill subsequenrjyexecute.a betatmnoscillation.The
beratronoscillationfmmall themisalignmentswill addlinearly.

● Work supportedbyDepartmentof EnergycontractDE-AC03-
76SFO0515.

For thesecalculationswe iw+sumcsmouthfocusingwith

?
conswntbetatrorrwavelength , noitccelerarion(caJIbem!dedif
ncedeti), and length; of of set acceleratorstb;~tare shon
comparedto@ The trwssvemeot’fselX2of thetail particleM the
end of the Iinac is given by the standitrdmrnsportequit(ion
downsuearnof theposition(zL)of theithrnisaligmi~ccelemtor.

X2 (L) = 61POsin[ k ( L - Zi )1 (i)

wherethe&flection angle01 isgivenby

and C = (e2NW)/ 2. (3)

W isthevahseof thewakefieldpotemialonthetail pakclc,dl the
transverseoffsetof the acceleratorscrtsctur:,Ic thelengthof a
typicalRF structtm,e ti~celectronch~”ge,E. [hebeamenergy,

PO theawrw betatronfunction, and k the lattice spati~l
frequency.L = n k wheren is the numberof structures.Each
structureis assumedto havea uniformoffset.Airglescaneasily
& addedbutdonotaddanydir,gnewtothecalculation.

An rrnstail offset for an ensembleof machinescan he
calculatedbysum.ningtheoffsetsovertheentireiinacassuming
thattheacceleratoroffsetsarerandomwiL+a normaldistribution;.
Replacingthe summationby an integrid,thermsoffsetcanbe
obrai,wd.

c X2(L) >ms = C PO< tim~> b w/ E. (4)

For example,with N=5 x 1010, < dm~ > = 40fl microns,~. =
20 m, b = 12 m, E. = 10 GeV, C=O.011 GeV/m2 (particle
separation= 2 mm), andn =232, thenc x2(L) >m~ = 1.1r-nrn.
This vafuc significantlyenlargesthe emitrartce( X 20 ) and
devastatesthe luminosity. However, if the beamis launched
witha selectedoffsetartdangle,thenwakefieldeffectsdueto he
forcedbetatronoscillationcanbemadetoreducetheaccumulated
effem hornrandommisalignmentonthetail [1] catcuiatedfrom
E+. (1).

Complications from BNS damping

A methodto reducetheefftcts of injectionlaunchjitter on
emittancegruwrbistointrcduceanenergydiffwencebetweenthe
head and id of the bunch [2,4]. This method works most
effectivelyif thefollowingconditionis satisfied (from ttre two
particlemodel).

e2N W / (4 ~ k ~k) = 1 (6)

Herek =2X/~. Thedifferenceink betweentheheadandtail is

~k, with the rail having t!re lower energyand higher k. The
differencein k is chosento makethe wakefieldforce and the
additionalquadruple latticefocusingcancel. WhenEqn.(6) is
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sansfie~iiretail follow~theheadexactiytiong thelinacd~ng a
“~tarmnoscillationandnogrowthoccurs.Therefore,onceBNS
damping is used, the above correction schemeof induced
injectionlaunchoscillationstocancelmisalignmenterrorsis no
longer effective. Arm:her method mus[be used.( The BNS
dampingac:ually usedin the SLC doesno! satisfyEqn. (6)
exml! and,thus.injecricnewm CM beusedtocancelsrrucmre
offseteffects.Fhvever, themagnitudeof therequirtdinjection
emorsmustbelargerthimuithoutBNSdamFirrg.)

The effects of coherent strtrctute tnisalignrnents

A controlof the tad displacementcan k obtainedby
delit.craIelydisplacingthe ~ structureat Lhe beuttmnspatial
frequencj I!a;oiigh exlernal means. With mechanical
displacementssetat thebermorrfrequencyof thebunchrail, dl
~jc ccr%xtionsreceived5y dsetail addcaherent!yanda large
:ftec; isohined. Sincethelarnceisunchangd.thetrajectoryof
(heLeadpaniclerrinainsa straight!ine.Thesedrivenofl-seuwill
k usedtocancelrandomerrorsin thestructurealignment.BNS
tixnpingwill not3ffectthecoherentaddition0!’thedisplacement
cftkns if thespMi21frequencyof thedisplacementsISthatof the
:J!l of Ihe bunch(not the hcsd)includingboththe )auiccand
w~kefsc]dseffeas.

Giten a structureoffsetalongtheiinacwithamplitudeda
‘m.dspatiaJfrequencyof therai!kwl, thetail offsetM theendof
L5=tinac\L) cm “Xc~culalcdusingthetwoparticlemtxiel\Eqn.
!;.

(7)

Themrioof thisti.wn M grmvth( cosine= 1! m thatproduced
byrandomoffsetsCA-.ix obtainedfromEqns.(4) and(7).

1,8)

whereii ~ = i. For n = 232 and< dm.s> 3bout ~ miCtVt?s,

a coherentdis:omonda of about37 microns on the average
~ong theIimc canbeusedto ‘cancel’theaveragemndombuild
up.This is nota l?~gcmechanicidnlo$emcnt.Algorithmsusing
tie positioninfcrma!ionafongthe linac as well as beamsize
inform.xionat theexitof theIinaccanbemade:0 optimizethis
effectWowingIocalx wellasgiobaiadjuststobemade.

\\”ith thisnew conmd the procedurefor increasingthe
ham currentwou!dbe10i 1) steerthebewr:at Icw imensiry,(2)
=ise ttte imensi~y.and(3) adjustthe structureoffsetsuntil the
10Uintemirytrajectoryandemittancearemsrored.his believed
that if the ‘wtat.ma spstial wavelength along [he Iinttc is
~n~n~ ~hi[e tie ~cc~!~mtorconditionsdrift, thiscorrection
wiii bes“db!ew-ithrime.

Displaced
Accelerator Accelerator Iris

*
--”——

—~*—–
Tail Head

-.

Fig. 1 Displacedacceleratorstructuresproduce
+akefieldsefi”ects.

Computer simulation

A computertrackingprogramWAKTRKACCEL was
usedto studytheeffectsof randomanddrivenstructureoffsets.
A simulatedbeamwith 24 longitudinalslicesusingacceleration
anda corrected(0.3 %) energyspecmtmat47 GeV wasstudied.
The as-usedSLC lattice and energyprofile were usedwith J
beamUf 5 ;; !fll~ particles.The bunchlength was 1.0 mm.
Acceleratorofts.etsfor each12m girderhadanrmsvalueof 40!)
micronsandweredistributedasa gmtssianto (+/-) hree si=ma.

The Uansversedisplacementsof [he slicesfrom [he
acceleratoraxis were usedto compue the emittmtcefor w-r
ensemble of twenty distinct machines with offsets. Ten
acceletittomusednoBNS darnpingwitha!lkfysrronphasesat +9
degreesto compensatelongitudinal loading. The other ten
simulatedAcceleratorsused BNS dampingwith the first 56
klystronsat -25 degreesandtheremaining176klystronsat ~18
degrees._I%en,acceleratoroffsetsat theWttron frequencywere
addedto compensatethe errorsin eachcitse.The phaseand
amplitudeof theoffsetswereadjustedfor minimumemitnnce.
TheeminanceenlargementswithoutBNSdarnpingwerereduced
by a factorof 100 to 100 usingcoherentdisplacementswith
amplitudesof 50 to 400 microns.With BNS dampinghe initial
cmittarrceenlargememswithmndomoffsetsbutnocompensation
were about 50 to 100 times smaller than with no BSS.
However, the useof coherentoffsetsm the bevtt.ronfrequency
with B,NSd,arrpingdid red.lcetheemittanceenlargementsby J
factorof 1.5 to 8 with strucuveoffsetamplitudesof 7010400
microns. The resultingcompensatedemittancesin bothcases
were approximately the same. These resultsconfirm the
expectationthattie requiredcoheremdrivenoscillationswould
be larger with BN”S damping than without it for a given
etdargermm,butBh”Sdampingallo’.vslessenlargementinitiafly.
Theamplitudesof Lbe moved stmcrure were luger than predicm.i
kom thetwoparticlemodelwhichindicatesthata morecomplete
cafcufarionwouldhavenonlineartermsmd thataccelerationplays
a role.

Additionalstudiesare underwayto determinewhy the
emitrarrcereducriocfor all therandomseedsarenotequaJanu10
&terrninetheeffectsof acbscretefccus:nglattice(FODO).

Application to the SLC Lintic

The SLAC Linac wasforruimrslyconstrucwdin a way
whichallow’sindependentadjustmentof chetransverseposition
of ihe disk loaded waveguide (DLWG) relative to the
qur.drupolesiind beam positionmonitors[5.6]. The position
monitorsare mountedinsidetheqwtdrupolesw“hich Me in mm
mountedon the thick aluminumgirderend plales.Eachgirder
endplateissuppcmeddrecdy from thetunnelfloorandwall by
rigid butadjustablejucks.A genera!ktyouris shownin Fig. 2.
The acceIerimr structureis :dppo:tedby a 40 foot, 24 inch
diameteraluminumlightpipesuspe;ldedbetweenthegirderend
p!ales.TheproposathereisroaddrerrmtelyconrxdfedhonzontaJ
andverncaijacksanchoredto thetlcmrandwall andisuachedto
thecenterof thegirdc: to forcemovememsof upto +/. 1 mm.
The centerof thegirderwill move,bu!thegirderendsincluding
thequadruples andpositionmonitorsdo notmoveastheyare
ftiy heldt)ytheendjacks.The structurewtienbowedwuh an
amplitudeof upto 1mmwill givea ret offsetof about0.5 mmto
the entire girder, which is sufficientfor wakcfieldcorrection
giverrthe spectrumof offseterrorsknownfor our accelerator.
Theacceleratorwithtikm.ions adjustedtotheMatron frequency
wouldlooklike theschematicin Fig. 3.

Theacceleratorwiff notbedamagedbytheseadjustments.
Eachgider supporssfour IO-foot sections.Eachsectionhasi(s
ownindependentsuongbackwhichissupportedateachend.The
sectionsate weldedtogetherby a flexibleislet.The flexingof the
girder duringtheproposedcontrolwill occurat theseislets.The
worst angle is in the cenler islet where only 0.002 inch
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differentialmononis expectedoverrheIsletdimeter of 6 inches.
This mctionisnol likely 10bea problem.The presentalignment
procedureof thelinacquarterpointsproducesmoreflexingthan
this new conrrolwould make. However, the new prwedure
wmddbedonemore@uentIy.

Therearesevcd possibledesignsfor thenewjacks.The
presentplancallsfor connecungams on ‘bellybands’artached
to wormgearlinearjacksdrivenby CAMAC. Sincespeedisnot
required.theCAMAC modulescoulddrivethemotorsdirectly.
Only one CAMAC modulewouldbe neededfor severallinac
sectorsif a simplefro-outchassisisbuilt.The costmustbe low
asthereareabout240motorunitstobuildandinstalledif half the
Iinac is insuumenred.Since the girders have known spring
constants(5(X)Ibsin thecenterbendsa girder I mmhoriumd.ly
and0.7 mm vertically!.loadcellscouldbe usedto meastxethe
applied force. Linear potentiometerscould also be used to
measurethe position.The armsshouldbe built suchthat arty
longitudinal motionof the girder is not resisted suchas for
temperaturec}cling. Someadjustmentsin theconnectingarms
areneededwhenthegirderendjacksaremovedduringnormal
quadruple alignment.Finally, themoversmustbe earthquake
resistant.

Somesoftwaresupponis neededto providefor online
adjustmentof thesemechanicaloffsetsandto calculatethesitle
and cosinespatialfrequenciesfor bothhorizontalandvenical
planes.Positronsandelectronsexperiencethesamecorrections
with slightdifferences given by their complementarybetatron
functions.

Structure displacements versus oscillating beams

If betarronoscillationsstartingat theenrxancetothelinac
can be usedto reducethe emittancegrowth. why shouldthe
effort andexpensebe usedto make the accelemangstructure
movable?First, thestructurealignmenttolerancecanbe made
lesstight. Second,the srnscmremoverscan be usedto cancel
mznyemor~uencies withintheaccelerator.l%ird if theoffset
errorscanbecartcelledreasonablylocally.thenthedisplacement
correctionis likely to bestableovera longtime.Bothcorrection
techniquessufferfrom changesin theenergyprofilealongthe
acceleratorwhichchangesthe betatronphaseadvancebetween

d+
Fig. 2 Schematicviewof positionjacks

toproduceoffsetsin thecenter
of thegirders.Theposiuonof
theendsupportsholding[he
quadruplesremainsfixed.

separatedregionsof the acceleratorcontainingerrors.Fourth,
with [he structuredisplacement[he headof the bunchtravels
alongtheacceleratoronaxisratherthanoscillatingoff axisgiven
by thebetatronoscillationcomection.SincetheheadISon axis.
thetrajectorychangeswilh beamcumentchangeswill likely be
smaller.

Future linear collider

Iltis displacementtechniqueof acceleratingstructurescan
be usedvery effectively in the next linearcollider where [he
ahgnmemtolerancesm vetytight Sincefhemisalignmentsat the
beratronfrequer.cyarethemainconcern,thistechniqueaddresses
thisproblemdirtctiy.Alignmenterrorsovera verylocalregionin
the structureMe not as importantand can have muchlooser
tolemrtces.An impmverncntof thesrructh-etoleranceof artorder
of magnitudeis expecled.New simuhsrionswill address[his
issue.

Girder - Ap/2 —
I

~
laM ,..9.1

Fig. 3 Useof distortedacceleratorgtiders to make
structureoffsetsatthebera&xtspatialfrequency.
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STOCMTICELECTNONBEAMS IN THE ION-FCCUSEDREGIFiE1

K. J. O’Brien and J. R. Freeman
Plasma TheoryDivision 12410SandIa National Laboratories

P. 0. Box 5800,Albuquerque.NM 87185

Abstract

The ion-hose instability can catastrophically
disrupt a classical electron beam 2ropagatin& in the
ion-focussed regime (IFR). Ion hose is driven by a
rasonant interaction beLween the smooth electron-
batat.ronand ion-betatronorbits. In a classicalbeam
phase correlat.ionsdacay secularlyin time
c(t)/c:to)- (to/t)n (o%s2). In a stochasticelectron
beam r.he electron orbits are chaotic. Such a beam can
be immune to rasonant Instabilities bacausa phase
correlationsdacay exponentiallyfasc c(t)/c(0) - e-ht
thus ds.>croytngthe coharenceof the e:ectron :esponse
on the growth time ll?g if h - ~&. Using the same
pz;nzl~lsswe can aiso envs;ona stochasticdampingcell
in which electror,phase correlationsdamp exponentially

-hz ~hus centeringand conditionlnma baamc(:)/c(0)- e
mo:e e:fe:tlvelythan a classicalphase-mixingcell in
~~:c~ C(z)lc(zo) - (zO/z)n. A “triple-Bennett”IFR
s?-tez and the aaalogous “tr~?le-wire”damping cell are
anllyzed. The K-entropy is introducedas IIfl&ure-of-
me:lt fo: such stochasticelectronbeam systems.

InLroductlon

IFR-g”ldlng:S a proven tachnique fOr transporting
short-pulse-length (7 P - 10 nsec) 1-10 kA, 1-50 MeV
ciasslcal ele:tron baams in sub-Torr gas or plasrsa.1-8
Long-pulse-ier.g:h(r - 1 #see) classicalIFR beams are
eas:lydisruptedby fen-hoseinstab~lity.g-loOffset,Or
alm:nh exrcrs In launching a be=. onto an In channel
:yF>cal:yprovide the initial partarbatlonsfrom wh~ch
the :r.s:ab~iit>.develops. Tn reduce these errors the
beam may be cond:t.~onadin a phase-mix damping cell
p:lo: to launch. Furtherphase ❑ixing wall occur 19 the
IFR channel due to the radia~ly anharmanicpotential.
In the cond:t:on~ngand launchprocessesit is desirable
LO have sL:c:3 phase mxxlng Ln order to quench any
growing perturbations. In classlcal becms this
oecor:elatlonprocess 1s a shesred lamina:flowin phase
space in wh:ch phases “mix” ergodlcally(mLxing rate a
pgwer law in time). For stochastic beamsll the
cor:espondlngflowIS a nonlamin.srmixing flow called a
K-flow (mixingrate exponentialin time) (Figure 1).

Fig. 1. Relationbatween classicaland stochastic
elactronbeams

In this paper wa compara the phase-mixingpropertiesof
a classicalIFR/wireayatemwxLh thoaa of the sto~hastl~

triple-IFR/wiraaystam.

Stochastictrissle-IFR/wiresvst.ems

For the IFR/wira systams depictad in Figure 2 the
fiamiltonian for transverse electron motion is (in

aPPrOPristedimenslonlassvariables)

ti- p:12 + P:12P2 + V(p,e;t) (1)

whera the potential Vip,@:t) is

V(p.O;t.)= $ 10g[c3p3sin 30

+ (1 + P2 23
+C) - 2c2p2(l+ pz tcz)] (2)

Here , s d(t;/a. Tha time dapendentd(t) antarsbecause
tha IFR/wireseparationis z-depandent(cf. Fig. 2) and
for a f~xed sagment of beam we hava z = L?CL= ct. The
radius a IS the IFR/w~reradius and p = r/a [thewire is
treated !sytaking a - 0 in tha sense that a is much
smallerthan typicalorbit radii].

Fig. 2. Triple-IFR/wiresystem Ueomet.ry

The corresFondlngclassical IFR/wiresystems are gotten
by satting c-O so V - VO(P) whera VO(P) is a Bennett
potential. Self-field effects of ordar 1/72 are
neglected as wa consider highly relativistic baams.
Figure 3 depicts typical rrbits of Eqs. (l-2). The
chaoticnature of the orbits for d/a = 2 is nppa,ent.

-B .1 .1 Ian
:

l.work supported by the JS Department of Energy and
fully funded by tha Strategic Deftanse Initiative
Organlzatlon
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K-entropyand uhase decorrelat.ion rates.—

In order to quantify the effectiveness of the
stochastic IFR/wire sysLems we consider the global
stabilityof orbiLs. Consider an orbit of H which we
specify as n(t)- IP(L),o(t)oPr(t).Pe(t)l At each
point on this orblc the linearized version of Medlton’s
equaLlons for Eqs. (1-2)evolvesaccordinsto

.!
A; = (l;C-)AP

@
- (2P8/P31AP, (3b)

3;e - -Vd’ - ‘eoAe (3d)

where subscripts on V indicate partial derivatives
evaluated at q(t). Hera An - (AP,AL7,Apr,APO)is a
\te:LorIn the tangentspace at O(L) and the coefficients
a:e also evaluaLedaL Lhat point. The elgenvalues.Aq(t)
of Eqs. (3) descrttrethe Local propertiesof the system
at the point q(t). Lscally, we cannot properly
disclnguashbetween the s:nchastic and regular cases.
Foz example, Lhe axlsyrmnet.r~cBermeLt.poLentialhas an
:nflection point at 0=1 and Lhus has crbits which
separate exponentially(but, do so only locally). For
Lhls reason, we proceed LO look at the global
properties. or the “tangent map” deflnad by these
eq~a:xons. The SOIUL1OnSof Eqs. (3) are of the form
A?(t) - exp(An(L))Aq(C) Geometrically,the tangentmap
exp(An(t))maps VeCLorS from the LrmgenL space at v(O)
into the tangent space at q(t; and it ia in Lbls sanse
Lhat it describes global propert.aesof the orbit n.lb
Ihe de:lvatavesdAq/dL = An(t) are determined as the
:OOLS of Lhe quarLlc characteristicpolynomialof Eqs.
(3). The eiganvalues Am(t)are then the time integrals

(4)

Figura 6 daplcLs :he positive real pa:t of ,Aq(t;for a
representativeorbit n(t). For this particular .srblt.
the reai part of An(t) is zero for all four oigenvalues
unlass c > 1.3 (approximately).

so~ 1

1 AM’$A(O
40

m
●=2.O

so

6=14
10

n
-o IOMS040WM20 eewlm

betatron periods
Fig. 4. Positive real part of ,An(

represantat~voorbit.
t) for a

The quantity IAq(t)/Aq(0)l will grow .Xponmtially
during those ti-eswhen at least ona ●iganvalue An(t)
has a psitiva raal part. To globalizawa introducetha
mean exponentialgrowth rata h(q)

h(q; - lim lam + log IAn(t)/Aq(0)l (5)
L?I(CJ)-Ot-m

This quantity will certeinly vanish (or be negative]
unless one elgenvalueAn(t.)hus a pOslLive real parL for
a sufficientlylarge fractionof tho lime. Eigenvalucs
of autonomoustwo-degree-of-freedomHamilLonliuisystems
are always of the form (-A,O,O,A)where A may be pure
raal, pure xmts.sinary,or complex ~us, LO?klngOnly at
the one eigenvalue with a positive real part (if IL
exista)wa may write

h(~) - lim ~ Re[Aq(t)l (6)
t-a

Whnn r(q) > 0 the orb;L is “unstable in the global
aenso”. Figure 5 1s a plot of the raLlo Re[AV(t)]/tfor
the orbit of Fig. ~. We sae thaL the ratio converhesto
a posi%ive constant, indicat.ina strona orbkt
ins~ahility.

“l——————

00 ~.J
o 1osoa34eMm meealm

bctatron periods

F18. 5. RaLio Re[An(t)/t]- h(n) as t-a.

r.positiveh(q) indicatesexponentialinstabilityof the
orbiL q. A relaLedquanLlf,yis tha Kolnmgorovdynamical
entropy or “K-entropy’’.13 strictly apeaking, Lhe
K-antropyshouldba Ge’.dnas an averageof h(q) over the
triple-infinityof tistinctorbits

h = Jdu(n)h(q) . (7)

This would account for the fact that different.re8ions
of phase-spaca can dnvelop exponential instablllLytit
diffarentrates (as a functionof c). For simplicitywe
Lave identifiedh-h(q) assuminghoioohenaity.

Next.,consider a pair of phase points (1,2) which
are infinitesimallyseparated at z-O. In Figure 6 we
plot X2(2)-XI(Z)for the orbit of Fi8. 4. For c=2 the
exponentialaeparaLionrate is apparant..

10”

K
.-

lcf

: w“”
A* ,3->

IG”’

10-” .,..,
02 23: 30C

Mm)
.—

no !Ooc
lb

Oc 2SC $>3 n.o IC:s
Ssml

Fig. 6. Separation X2(2)-X1(2).

Tha autocorralator c(z) daccribaa how rapidly an orbit
1089a mums-y of its paat For an orbic [x(tiz),y(mz)]
n-1, ,N wa define an m-ordar correlntor

394



cm = ~ siSn{x(nAz)x[(n+cn)A:))/(N-m)for m91,...,2/2.
Not,e,Cm - *1 is perfect correlf4tion/anticorrelation.
l%e furtharan orbit is fromregularthe closer cm is to
zero. In Fig. 7 we plot cm versus m for c-1 end r-2
(same orbit as Fig. 4). Noh
for c-2.

,:

~
“

-L:
c: 0s: 256: 1s40

“

the strong decorrelation

ic

-lC
0 08C 15b: 3WC

Fig. 7. Autocorrelai.orcm versus m.

The K-entropy enables us to ❑ake star-ementsabouL
decorrelatton rates.l’ In fact, wher,h=O, as for a
classicalbeam, one obtains a power-lawfor correl&tion
decay c(t)/c(tO) - (tO/t)n (0<ssS2) [The Bennett
po:entlal is mazimally enharmonic and has n-2.15] ~

the other .Iand,whan h > 0 one obtains an exponential!
law for correlationdecay c(t)/c(0)- a-ht. In a fixad
segment of beam the ion-hose instability grows
ex~nantially wich a g,rowthrate Tg scallcg roughly as

‘8 - (2T0/7bmea211’2.g-11 Growth rqulras a coherent
response of the electronswithin a given beam bagment.
Phase decorrelittionrasults in a Competitionbetwean the
growth and decay of this coherence. To gat an idea of
che degree of stochasticityra~diradto supprassgrowth
we equate the growth and dacorralationratas. We thus
find the requirementh > 1/(23/%). As indicated in
Fig. 5 this is a value of h which is not difficult to
achzeve. Thus. we have a possible❑echanismto suppress
hose growth. Likewisa,by empioying a tripla-wire(or
seineother arr?y of wires) we may be able to conditiona
baam more efficiently than with is single wire. A
convergingwire array has anothar advantage iunralatad
LO stochastlcity)in that.it provides a mora adiabatic
transition of a badly centered beam to the singla
channel;thus, the emittancegrowth is less than with a
slr.61e wire.16
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INTENSE ION BEAM TRANSPOR1’ IN NEUTRAL GAS”

Craig L, Olson
Si~ndia National Mwra[ories, AIbuquerquco NM 8“/;8.5

Abstract

An analysi~is madeof the gasbreakdownthat occurs
whenan intenseion burn is injectedinto neutralgasand a
high electricalconducti~ityis -Oeduced. pro~idingcharge
and current neutralization for twain transpcm.

Introduction

lmenseion beamtransportIn neutralgasis usedin
sei’erallight ion fusion(LIF) transportschemes,J in some
heat? ion fusicm(H IF) transportschemes.lqand hetu’etm
acceleratinggapsin somemulti-gap linear accelerator
schemes. Here. the macroscopicpropertiesof charge
neutralizationand currentneulralizaticmare examined.
Then, asshownin Fig. 1. !he microscopicpropeniesof gas
breakdownare examined.includingiun impacl ionization.
secondanelectronimpact ionization. eleclronavalanching.
and ohmic healing. Theseresultsare combined10gi~ea
physicalpictureof gasbreakdown.includinggrowthof the
plasmaelectricalconductili[!.

For LIF parametersfor [he light ion laborato~”
microfusionfacility (L%IF).’ it is desirable10have[he
plasmaconducti\i{yreacha modest\alue t- If)l” sl ) ve~
quickly ( <1 ns). md then risemuchhigher (- 1014s‘ ) by
the time of peakion current[o avoidthe filamentation
instability}.Estimatesfor LMF parametersare given
showing[he desiredgrowlh in u(I).

Charge Neutralization

Chargeneutralizationis requiredfor intenseion beam
:cartsportwhen the ion current1,exceedsthe spacecharge
Iinliting current Il.

11= t3i(Yi-l ) [Rpc3/e] (A/Z) [1 + i’ln(R/rb; 1-1
(1)

= ($6@)(31Wl + 21n(Rfrb) ]-1

where [he ion axial velocityis 13,c.y, = ( I - B:) 1‘2.c is the
speedof light. MOis the protonmass,A is the ion mass
number,e is the electroncharge. rhis the beamradius
(solid beam), and R is the metallic guideIube radius. The
current1, is the cumentthat would createan eiectrosta!ic
potentiaJdepressionequafto c,f(ze). so that for 1,2 II the
beamwould stop. Here c, is the ion energyand Z is the
icrr charges!atein [he gas. To permit beam propagation.a
neutralizingelectronbackgroundof densityn, mustbe
presentwi?han adequatevalueof the chargeneutralization
fractionf, = n,l(Zn,) where n, is rhe ion beamdensity. For
LMF type parameters(30 MeV Li+~, R s rh, particle
current lb = 1 MA. i, = Zi~ = 3 MA), 1,x 9711 so
f, >0.99 is required.

If no chargeneutralizationis provided.large space
chargefieldswill be producedquicldy!hat will draw
electronsfrom nearbysurfacesby field emission. For

“R’orksupportedby the U.S. Departmentof Energy.

injectionthrougha foil itha[ boundsthe gastransport
region), the electricfield at the foil would be

E = 2rrJ,I%r 0< t <1, (2)

where J, is the peakcur-remdensityand t, is the ion current
risetime. For LMF parameters(J, = 3 x 2 kA/cm:,
t, x 10 ns). this is

E = 3.4 x IV [t(ns)]~V/cm (1)

Thi$ showsthat on a nanosecondtime SCJIC.elcclric fields
large enoughto causefield emissionwould he crea~ul.

Gi\”enthat electronswill tie providedhy gas
ionization. tleld emission,or drawn from plasmasurfaces.
it is of interestto estimatehow well charge.ncu[ralizedthe
beamfront can become. Basedon e!ectrontrapping
arguments,hthe potentialwell deplh M [he beamfront will
sdwaysbe 2 A+ where

eA# = l/2 IT@l:d (4)

and mt is the electronmass. For LMF parameters
(30 MeV Li), [his is 6+ ~ 2.3 kV.

Current Neutralization

Curreat neutralizationis requiredfor intenseion
beamtranspoflwhen the ion currentexceedsthe .41fien
magneticlimiting current

1A= t3,Y,(MPc+le)(A/Z)
(5)

= S, (A/Z) (3 I MA) .

Generally it is desirableto havecurrentneutralizationso
that the net current In@= II (1 - fo,) < IA, where f~ = IPlli
is the fractionalcurrentneutralizationand I is the plasma
returncurrent. For LMF parameters,Ii = /’0.4)1~so the
beamcould propagatewith Matron particletrajectoriesfor
fm = O. However, for certain LMF transportscenarios,:it
is desirableto haveessentiallycompletecurrent
neutralization(f~ ~ 1) so tha! the trajectorieswill be
ballistic.

The evolutionof the net currentcan be describedas
follows. For beaminjectioninto neutral gas, the electrical
conductivityu startsat zero. but quickfyrisesas the gasis
ionizedand heated. The plasmacurrentdensityevolves
accordingto’

JPtt~+ aJplat= -aJbfat (6)

where the magneticdiffusiontime is t. = 4nar~lc2and Jhis
the beamcurrentdensity. The simplestpictureof the
evolutionof J and J.Gtis shownin Fig. 2. Initially a = O,
td = O, JP= b, md Jn,,s Jb. If, at somelater time T the
conductivityhassuddenlyincreasedso td is large (t~>>tb
wheretb is the ion beam pulselength), [hen from thenon,
the magneticfrcld will be frozen at its valueat t = ?.
Specifically,analysisof (6) shows
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Jnet=Jh(t) O-”1-r
(7)

Jne;:Jb(~) T- 11,.

To havegoodcurrentrreu[ralizalitmIhere!(.rcrequiresthat
u risequicklyso Id>>lb.

Gas Breakdown

Ion beaminducedgasbreakdownoccursby sewral
processesas follows.

( 1) Ion impact ionizationoccursthroughnwthe
whole ion beampulse. Growth of the plasmaelectron
densityis givenby

dn,~dt = nh([)it, (8)

where the ion impact ionizationtime is t, = (n#,co, )”1, n~
is the neutralgasdensit)’.and Ocis the crosssection. lt
canbe showntha! a, scalesroughlyas

ac - z2/(chf3:) (9)

where Cpi< the electronbindingenergy. For 1 MeV
protonson hydrogen,!, x 0.55 ns/p(Torr).U Using(9). it
followsthat for LMF parameters(30 MeV Li - J on helium),
t, = 0.23 nsfp(?orr).

(2) Secondaryelectronionizationis causedas the
ne~ly crealedplasmaelectronsare acceleratedtowardthe
ion hearnby [he bearn.sspacecharge The electrcnsmay
be trappedand continue[o oscillatein the potentialwell
near the beamhead. Theseelectronsionize the gasby
electronimpact ionization,

dnC/dt= rr~(t)/tC (10)

where n: is the “fast”electrondensityand tCis the electron
impaci !onizirtiontime. Typically tC< t, for these
energeticelectrons.

(3) Electronavabnchingoccurswhenan electric
field E is present:and the parameterE/p is in an optimal
range( IFs E/p (Volts/cm/Torr) s ltY) where p is the
neutralgaspressure. For higher E/p values.the electron
may leavethe s)’stembeforeit doessubstantialionization.
For lower E\p values,the electronmay nevergain enough
energyto make ionizingcollisions. The E fieldsthat can
drive avalanchesare spacechargefields (beforef, = l),
inducedelectricfieldsat [he headof the beam(for f, = I
and f~ < I), and the later time inducedelectricfield that
drivesthe plasmareturncurrent. When ion impact
ionizationand avalanchingare the dominantprocesses.

drr,/dt = n~(t)h, + nc(t)i?, (1 I)

wherethe electrona~alanchetime ~~ = ~~P/(gIn 10) and
TFP is the forrrm!i%etime investigatedby Felsenthaland
Proudfor many gases.gFor example. for helium with
E/p = 600 V/cm/Torr. t, s I ns. Note that exponential
growlh in n, will occuron the T, timescale.

For f, = I and f~ = O. the inducedelectricfield at
[he beamhead, on tis. will be

E,” = - [l,/(C:I, )] [ 1 + 2 In (Rlrh)] ( 12)

As the beambecomescurrentneutralized.E,nwill be
determinedhy din,,/dt.

(4) Qhmic heatingis the returncumenthealing[hat
occurs after breakdown and field freezingwhenthe relum
currem is describedhy

J. = aE ( 13)

Sincefor goodcurremneutralization. I J. I = I J,I .

E = n,eZt3,clo ( 14)

The powerdissipation(W/cmJ) for ohmicheatingis

and this goesinto ionizationand heatingof the gas. II can
be shownthat the maximumenergygainof an eleclronin
the E field givenby ( 14J in one collisiontime is

At = 1/2 m,s~c: (ZnJnC): . ( 16)

For LMF parameters(30 MeV Li) thisshowsAc is large
enoughto causeionizingcollisionunlil nC/(Zn~)exceeds
about 10.

A physicalpictureof how the abovefour ionizingand
heatingmechanismscombineto causegasbreakdowcis as
kd10w5. (i) The charge neutralizationphmehegins~.iidl
ion impact ionizationand serondaryelectronintpact
icmi:a!inn. The E fielosare :!ectrostaticandare large.
(ii) The currentneutrdizalic,l phaseincludesion impact
ionizationand electronavalanching. The E fieldsare
inductiveaid are decreasing. (iii) The ohmicheating
phasecontinueswith ion impact ionizationandohmic
heating. The E fieldsare small. Throughoutthe entire
process,note the continualpre:enceand importanceof ion
impact ioniz~.iOti.

ConductivityGrowth

At eachstageof the gasbreakdown.the electrical
conductivitya is givenby (for no magneticfield)

a. = ner?/(mcv) ( 17)

wherethe collisionfrequenc~v = VC,,+ VC,,the electron
neutralcollisionfrequencyis givenby

ven= (5.9 x 107)ITC(eV)J1’~PCp(Torr) ( 18)

and the electron-ioncollisionfrequencyis givenby

Vei = (1.5 x 106) ncZg(lrM)lT,(eV)]”]’~ . ( [9)

Here PCis the “probabilityof collision,”10and Z is the gas
1atomicnumber. Combining(17)-( 19) and using n?.x 10.

ao-(2.5x.108)nP[(5.9x107 )p(Torc )Pc~Te(eV)]1’2

+(1. 5x10-5)neZg[Te(eV) I-3’2]-1

:20)

Early in the ion beampulseaOis dominatedby v,,,.
whereaslater in the pulse00 is typicallydominatedby WC,.
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If a transversemagneticfield is ptC’,IoIIl(eilhtv a self
magnetictlelJ m an exlemaf mngneticfieldI [hen Itw
relevantconducli~i[iesare u,, along B and u~
perpendicular[(I B (Pederwn, .mducti~i[}).

whererACC= eB;@@. For N‘(ISLC‘< 1. O* <<‘O. and

currentneutralizaliimis impehf Fur VIW,C>>1, OL z O.
andcurrentneu[rislizalionproceeds.

LMF Example

Transpl~rt scenarios for LNIF includea hallislic’lens
schemewhichusesballistictransportin gas:and wrll-
cwnfind chrrrrrwltransportand wire-guidedtrar,spt]rt.hcrlh
of uhich uw Fmllis[icfocusedlranspoflat their inpu(.
T“hereioreneu[ralga~lriulsp(lrris relc~ant10a!!
ispproachcs

The parametersassm.iatedwith one l(m beam in LMF
are: 30 hle~’ Li”1 a[ tire di~u.te.IO hlel’ Li” ‘ iiiler lhc gas
cell f~~il. 1 $1.4 peak particlecurrent. 1( = IO ns.
1P= 30 m. r,, = 18 cm. R ~ r,.. and I Torz helium gas.

_fle firsl L~vzsiderationfcwLhlF ballislic’lei]s
[rimsporris {hat [he iruzen ne[ currem he assmallM
pcrssible.Ion impactionizationdllllewill makea plasma
densi[! equal to the ion heamdensi[}”at the lime
I = 2 1,= 0,46 ns. AI [his lime, (20) gi~”es
UO: 5 k 1010s 1and Id = 225 ns. soalreadyt~>>(P. in
adiii[ion. fhe net currenia! this time shouldbe less[han Ihe
beamcurremhecausethe chargeneutralizingelectronswill
flow in a direction[hal aidscurrentneutralization. T!ZUS
field freezingshouldoccureasilyin < 1 nsand the current
neutralizationshouldbe very high.

conducti~ity** qrminq currwstnsulrallzatbnchargansutraltzatbn

The secondconsiderationfor LMF transponis thist
the plaslllacnnductivi[) be high (- 10’ :1) wlws the full
cummrtis reached.to avoidthe frlamcr,tationinsustrility.
ion impact ionizationalonewill creistea pl:sma density
n, z 1014cmJ and u > IOIJsI. Includingelectron
avalanchingand ohmic healingshowsn, > 10’$cm’ and
o ~ 10’4s ‘

Conclusions

The basicmechanismsof gasbreakdownhaw Iwcn
exantined.and examplesfor LMF haveIwen gitwr. The
processesshouldnow & examinedwilh computer
sirnulrstionsand explicit cxpcrimcmswi!h ex[racmdion
twams.

I electronfkw- 1 lelsctronsdram In)

naulralqas

References

1, C, L. Olson. J. FusionEnergy 1. 309 11982).
2. D. Mosher. D. D. Hinshelwoo~.J. M. Neri. P. F.

Ollinger, J. J. Walrous. C. L. Olson. and T. A.
Mehlhom. Proc. 8th Int. Conf. High Power Pwriulc
Beams,Nrwosihirsk.USSR. July 2-5. 1990.

3. C. L. Olson. Proc. 1988 Linear Accelerator
Conference.CEBAF Repon 89-001 ( 1989). p. 34.

4. Heavy Ion Inertial Fusion, AIP Conf. Proc. 152.
~ed by T. Ciodloveand R. Bangerter(AIP. NY,
1986).

5. J. J. Ramirezet al, FusionTechnology15 2A, 350—
( 1989),

6. C. L. Olson. ref. 4, p. 215
-1. C. L. Olson, Phys. Fluids~6, 529 ( 1973).
8. C. L. Olson, Phys. Rev. A !-l, 288 ( 1975).
9. P. Felsenthafand J. M. Proud, Phys. Rev. 139. A1796-—

( 1965).
10. S. C. Brown, BasicDrxa of PlasmaPhysics(MIT

Press, 1966), p. 13

bn impzdionization I

sirtgkpvtic.bMad
—.- -.———- -+ekctronavalanche

ladw CollactlwtWts
- --- - - - --

ohmichaatjrrq
contirrwstohaatplasma

Fig. 1. Gasbreakdownprocesses.

398

—

J(t)

7- t

Fig. 2. Current neutralization.



DESIGN STUDIES OF SSC LOW-ENERGY-BEAM-TRANSPORT
SYSTEM USING EINZEL LENSES

Chu Rui Chang
SuperconductingSuperColliderIAorii[ory

2550Buklcymudc Avenue
Dzdkts,Tx 75237

Abstract

A 35 kcV prcinjcctor for matchinga 30 mA H“ bc~~m
intothe ritdio-frequencyquadruple (RFQ)sectionoi the
SSC Iinac has been designed using the SNOW cock.
The distinguishingfeamrc of this injcck.x is that [!-w
conventional gas-ncuwalizcd transport and matching
units are replaced by two einzcl lenses. Some
advantagesof thisapproacharediscussed.

Introduction

Thispaperdescribesthedcslgnand simulationresultsof
a dc H- injc~t~jrfor a 428 hlHz RFQ. The systcm
consistsof a magnetronH- so~tcc, a single-gap.wwwcc
Extraction system Unda low energy beam L.llnsporl
(LEBT) systcm. Normalized rn]s cmimmcc at [/.>
cntranccof the RFQ ,hould be kept approximately0.2
x n~m-n]rid. In the LEBT systcm two elects xuuic
Icnses are employet!. They perform IWOmajor
functions: (1) provide sufficient Icngth (2 20 cm) for
gts pumping; (2) protidc proper focusing IOmatch the
beam imo the RFQ. Major cmphasis in the designis to
minimize beam cmittance and mitximizc the beam
transmissionthroughRFQ.

Electrostatic Focusing

Our ncw approitch for uansporr o(’ H- beam uscs
electrostaticfocusing insteadof the usuitlcombination
of magnetsand gas neutralization!.2, The benefitsof
usingchargencurralizationfor focusingof the IJcamarc
WC1lknown. However, there tie many disadvan~gcs
such as plasma ins-tabilitics,reproducibility and the
problem of transition from the ncu[ralizcd to
unneutralizcd sta[c. More impel [iin[ly, the
ncuts-alizwiontime mus[bc very short comparedto tic
pulse length;otherwise,a large !racticmof the beam a~
the front of the pulse will bc lost duc M[hc iniiliequate
focusing. The SSC linac rquires a pulselengthof 7-35
//s. For such shortpulses,we bclicvcil is better to use
electric focusing, since i[ r.squires no ncuualizi.tion
time. The electric tlcld provides sufficient focusing
strengthat the low energy. It also prcvcn!~the plasmti
buildup, [b. eliminating the associa[cd problcms of
v~ing Crikb ncutf’di~tion.

—
● Opcratcd by UniversitiesResearch Association,Inc.
for the U.S. Departmentof Energy underContrac~No.
f3E-AC02-89ER40486

Design anti Simulation of the DC
Prc-injector

I?ksign Constritints

In our designs[udics,the minimun]sp~cingd be[wccn
tiny two clcctrodcs with pomn[i;ddit’lcrcnceV must
satisfytheelectrostaticbreakdowncritcrion3

~I[cll,121.4 X 1~1”3V3’21kV!

Furthermore, in order w minimize. the cmimmcc
growth, the maximumbeam radius SI1OUMnot cxcwi
about5070of the Icnsradius.

Source Extraction System

Thc 35-kV beam ~’ol[iigc is IOWenough thtita singlc-
gttp source cxtriiclion syslcm is prct”crrcd. The
paramc[crsof the cxtmclion syslcm arc optimind by
SIWW and arc listed in Table i. The cxpccwi Iuun
envelopeis shown in Fig. 1

Table 1: Pmamc[crValuesoi”lhcExtractionSystcm

Paramclcr vdllQ
Rsource apcrlurc 1.2mm
Currcnl Dcnsilv 6.63mA/mm2
Rcone tipmm 2.3 mm
Mire. Gap Icngth 6.0 mm
v breakdown 56.$ kv
ExtractionConedepth 35 mm

LEBT System

Whiletherearc at leaslfourtypesof electricIcnscsthal
can be usedin the LEBTsyslcm,thedc~lrosiiiliccinxcl
Icnsis thesimplestcandidatefor 30 mAoperating
currcm, Sincethebeamis roundbothitt thesourcetmd
at thecniranccof LhcRFQ, if imisymnwtricIcnscsurc
used,onlyonc lensis neakxi [oprovidetwodcgrccsof
freedomto matchthe bcam4. At Ic&stthreeIcnscsarc
nw-dedifoncusesckmrostaticquwirupolcs5or
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helical clccwosmticquxirupcdc lcnscs6. Wc usc two
cinzcl Iurscs [0 gain CXKildegrees of’Inmiom illd [0
provi(ic enough spacing bctwccn :ht suurcc :m~iRFQ.
\\’e do not USIJciassicul thin-piil[~ aperture ILVISXS
iwc:>u.:’ wc wish to avoid cicctric fickicomxmrations.
1“.)rcuuc:?the sphcricaiabcrru[ions.we huvccarcfuiiy
sh:qmi:{!Lclccuodcs so that no sharp comers exist. The
[C>cusingclrc[rodcs in our fini!i ticsign look Iikc rings
~,nt.:urlw beam), similar m [hc “ring lens”aLLawrcncc
B~rk~]~},L~~IaLor\,7. Fig. 2 showsthe physicaliayoul
oi the tww einzci icnscs. NIX( that aii insulators‘arc
hiddenhchmd~“onductorciccwodcsandarc shickiedfrom
the i-w:m).Tiw ccntcr riccuodc that scpara[cs[hc two
cinzcl icmcs is splil inlo fourpicucs,il (iif(crcnf ~’oitagc
c:m bc :q}pliui cmeach piccr. This wiii t$r~iltc a dipole
-+[ccring l“icki10wrrccl miwiignmcnl crr(ws.

“l’able2: Parameter \’aiues of :ht? LEIIT

Lens So. \’ol13uc “lm< Thickness ‘beam
1 -34.5 iiV 20 mm 40 Il)ln 8.()mm
a -33.7 k\’ 2 i mm 40 mn( 10.()mm

The bc:un cnvclopc~’sliistanccin tiw LEBT ~ystcmis
shown in Fig. 3. The ovcriay of the a~~~pti~ncccilipsc
ui the RFQ and x-x’ phusc spirccdistribution at the
mrarrcc of RFQ is shc”~rrin Fig. 4.

“rransport Through RFQ

Ii;c hai”csimulated the beam from~hccxi[ot’the LEBT
tillwjgh the RFQ using PARMTEQ. The conceptual
design pwurmcrs for [heRFQarc iis[cdin TtifIic3.

From Fig. 4 wc scc the phiIscspacecliipscof the beam
is not pcrfcctiy matched v.’iththe-RFQ ticccptancc
cilipsc.This mismatchcauses rci~tivciyiargccmittancc
growth in lhc RFQ. However,since [hc particlephase
sp:licdistributionis containedaimosten[irciy insidethe
acccplancc ciiipse, the transmission ‘ate is high.
Simulation rcsuits show over 93~0 transmissio~
through the RFQ. The par[icicdistributionsin x-y, x-
X,}’-Y’and W-$ ~flci-the RFQ arc shownin Fig. 5.

Table 3: Parameter viiiu~s of the RI;()

Paramclcr Vaiw

IVi 35 kcV
Wf 2.5 Mcv
Rborc 3 (~mm
Length 2.2 m
Emax 1.73Kilpmrick
Iin 30 ma
tn~s,in 0, i28 rr mm-mrwi
Iout ~7.96 nlA

‘n,mls,out,x ().237n rrlm-lllril(i

~n,mls,oul,y 0.211 n mm-mr:i[i
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crossection at x=O piane. Right: ~-y crossection at
center electrode.

IONTRAJECTORIES:R VS Z
1 1 I

+

/-

4I.m a.90

Fig. 3 Beam envelope vs distance kide the low energy beam transport system. ‘he entrance of the RFQ
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Fig. 4 Overlay of the RFQ acceptance ellipse and x-x’
phse space distribution at the entrance of the RFQ. The
smaller ellipse is the 4crmSof the particle distribution.
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DESIGN STUDIES OF LOW ENERGY H- BEAM TRANSPORT WITH EL13S2TI10ST~TIC

LENSES=

C. :\llen, C.R. ChzingtandM. Rciser

Laboratoryfor Plasma Research
tlni~,ersit}of Mar~.land,CollegePark, MD?071’2

Abstract

We report the results of design studies for low-energy

transport of a 35 k\;. 30 m.+ H- beam usingelectrostatic
quadruple (ESQ) and einzel lenses. Ernittance growth is
obtained from a modified P.1R\! IL.1 code for the ESQ con-
figuration and from SNOW for the einzel-lens system. A
comparison of important design considerations and parame-
ters for the two electrostatic s~”stems will be presented.

Introduction

In this paper we report the results of conceptual design
studies for a 35 h\:, 30 m.-\ H- LEBT system using either
electrostatic quarlrupole (ESQ ) or einzel lenses for matching
the beam into a Radio Frequenc> Quat.irupole (RFQ) acceler-
ator. The H- beam is assumed to hai?e an initial normalized
rms emittance of 0.f169rrmm-mrad and an initial radius of
approximately 1 mm. These numbers were chosen to achieve
an emittance in the range of O.i rr to O.% mm-mrad at the
entrance of the RFQ, which corresponds to the parameters
of the BE.AR project 1 and the SSC2. The spacing betw,een
source and RFQ WM !alien to be 30 cm for the ESQ design
and 20 cm for the einzel lens system. TCIminimize nonlinear
effects we limited the maximum beam radius, Rtix, to aLout

10 mm.

There are several important differences betw~n electro-
static quadruple lenses and einzel lenses: ( I ) The ESQS
pro~”idestrong, first-order focusing while the ~inzel lenses are
weak. second-order focusing devices. Consequently, ESQS -
in doublet or triplet configurations - operatewith lower volt-
ages than einzel lenses to achieve the same focusing strength
per meter. (2) For matching purposes, one needs a mini-
mum of on!y two einzel lenses, but at least four quads (two
doublets) in the ESQ case. (3) Spherical aberrations are gen-
erally more severe in axisyrmrwtric than in quadruple field
configurations. Consequently, the fraction of the lens aper-
ture ( ‘Imear aperture” ) available for the btam i? !aiger in
ESQS than in einzel lenses. For our design studies wc chose
Rw to be about 75% of the aperture radius of the ESQS
and 50V0in the einzel lens system. (4) Since the electric field
lines are predominantly in the transverse direction in ESQS
and ongitudinal in einzel lenses, chromatic aberrations tend
to be more severe in ESQS than in einzel lenses. This effect
limi:s the ESQ voltages to less than about 2070 of the beam
~“oltage while the einz.el lens voltage can be almost as high
ss the beam vo!tage.

In our design studies, the minimum spacing d between
zny two electrodes with potential difference V must satisfy

“R~uctIwpportsdbyONR/SDIO and DOE.
fPresentsddras: SSC, Dallas, TX 7S237,

the volt?ge breakdown critcrion~

+“,1 > l..~ )( ICI-O

Electrostatic Quadruple

The basic design studies for the

(1)1.;(;.

(ESQ) Design

ESQ system were per-
formed with a linear beam optics code developed in house’
that solves the coupled K-V envelope equations fcr .Y(:) and
}“(:) given by

(’.Y” + It=.!’– & –—=
.\,3 C!

2A’ (2
y“ + Kv}’– — – — =

.Y+ Y }“.3 0“
(21))

N- and NVare assumed to bc hard-edge focusing func-
tions of !ength / and separation L with \“alues Ix:j = IKYI=

(~/~) (1/R~), where ~ is the beam voltage, ~ and RgLhc
quad vo]tage and radius, respectively.h’ = (1,’/o)(2/J3) k

the generalized perveartcc, with 10 = 3.1 x 107 A, J = v/c =
(2q~/mc2)112,and has the value of A’ = 3 x lfJ-3 for our 3.5
kV, 30 mA H- beam. c is the effcctivc cmittancc given b}?
c = ~~ = 0.276 mnl. mrad. where i = ~-.

In order to minimize spherica] and chromatic aberrations
we tried to satisfy the constraints &X// ~ 0.10, Rmx/Rg <
0.75, V~u/V6 <0.05, where VmU= V(R~x).

After many runs with the K-V envelope code we chose the
six-lens design shown in Fig. 1, with the parameter values
listed in Table 1. Note that the lenses 1 and 6, 2 and 5,
and 3 and 4 are identical so that we have essentially two

mirror-image lriplets. This is a mere convenience for the
comp~tation, and in an experiment one may ..vish to vary
all six voltages rather than pairing the lenses. The relative
\.ariation of the !~ard-edge focusing function K=/Ko is shown
at the top and the two beam envelopes X(z), Y(z) at the
bottom of Fig, 1. We note that the two lenses (3 and 4) at the
center act like a cell of a FODO transport channe,. The first
and last lens doublets accomplish the ac;ual matching of the
diverging beam into a converging one. Thus, for matching

alone one needs only about 20 cm. The 10-cm FODO cell at
the center is only necessary to cover the total distance of 30
cm. We note from Table 1 that we were nor,quite successful
in meeting the aberration constraints. However, our design
is not yet optimized,

The second step of our study was to design an actual lens
system equivalent to the hard-edge approximation and to
calculate the realistic focusing function x(z) using a Laplace
solver. This lens configuration is shown in Fig. 2 (top) and
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& ESQ LEBT: Equipo~eni;nls

.1~ I

! I
II““’+—_______In 1120Is 10

a (cm)

z? — x ●OV

I ------- Y ●m

.3~ 10 ,, .% 1, ,0

1 (cm)

Figure 1: Hard-edgevariation of the focusingfunctionN(:)
at top and beamenvelopes.Y(s), }“(:) at bottom.

Table 1: Parameter values for the ESQ Lens S}”stem

Quad Xo. 1/6 2/5 3/4
i [mm] ~~,oo 60.00” ~0.01)

L-[m.nj 2.50 ~.jo .5.00
I& [mm] 4.00 !3.83 8.S6
R, [mm] 6.00 15.00 15.00
~ [kV] 3.53 6.47 6.00
\:U/\’~ [in %] 4.5 7.9 6.0

the K(=) Itiriction at the bottom of the figure. A special com-
puter code calculates the nonlinear force components up to
third order w)th the aid of integral functions of x(z). The
results, including chromatic aberrations, are then usedM in-
put - in the form of fringe-field matrices - for our modified
P;\ RMIL,A code, as described in Ref. 4. The results of our
best P.iR\lIL.\ rum so far for the six-lens i?SQ system are
sho~.n in Fig. 3. The two phase space plots at the begin-
ning (z = O) and after the last lens (: = ’29cm) illustrate
tiie e~’olution of the particle distribution and the effects of
nonlinear forces. ii-e used lens ~oltages that differ some-
what from the ~“aluesof Table 1 for this run to obtain better
agreementwith the K-V results. These voltages are shown
in Table ‘2. The normalized rms mnittances obtained from
this PARMILA run are listed in Table 3. The a~”erage final
rms emittance (normalized) betwen the z and v direction is
0.111 rnm-mrad and the corresponding emittance growth is
1.60, or 60yo, which is not excessi~+c.

Einzel Lens Design

The einzel lens s>”stem is being studied as an option for
the SSC. as reported elsewhere.z The design differs from that

, III),

6 E5Q LEBT
I-,-

,1
;I :

0.s,!

.—,

Figure 2: Ceometry with potential distri:>lltion of ESQ s}s-
tem (top) and variation of K(i) akmg z-axis (hottmn).

Table ‘2: Modified Quad \’oltages for PAR\l IL.\ Run.

Quad No. 1 ~ 3 4 .5 6
V?[kV] 3.460 6.395 5.700 .5.7.50 6.010 3.MO

Table 3: PAR!dILA Results for Normalized RMSErnittance
# ;:1: ~~:~ :(/) ~:

mrn-mrad 0.069 0.120 0.101 0.;11 0.04”2

for the ESQ CO(‘tguration in scnrwai respects. First, the total
effecti~”e length of the matching section tmtwcmr ion sourrc
and RFQ entrance is only about W cm. This was dictated
by the desire to use only two einzcl lenses, (It is cquiialcnt
to leaving out quads 3 and 4 in the ESQ design. ) SccUrId. all

of the design st,udies were done with the SA”O\\”code. Third,
the initial radiusand slopeof the beam emergingfrom the
source were R, = 1.2 mm, R; = O, as ccmpared to R, = 1.0
mm, R: = 0.020 in the ESQ design, The larger radius and
zero slope make it easier to match the beam in the ein,m]
lens design.

The SNOW code ifi its present form can only handle
a laminar beam. “the corresponding distribution in phase
space (r, r’) is a line. The nonlinear forces due to the sptmr-
‘cal aberrations of the lens fields deform the Iinc into an
S-shaped curve. From this curve an effective emittancc can
be calculated.
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E’igure 3: Ph,ase.space plots of the particle distribution fro[n
the PAR\l IL.\ code at the bt:ginning and cnrf of the six-quad
fXQ >~stem.

The results oft he einzcl Itms dmigri with the SSO\\’ code
are shoif.n in Figs. -! and 3. with rclmant parameters listed
in Table 4.

The electrode configuration and the potential rfistribu-
t.tm are si]~lt”li at the top, the ior. trajectories at the bottom
of Fig. .t. >ote from Table -! that ~er} high negati~”e po-
ttmtials of -3-!.5 k\” for the first lens and -33.7 k\’ for the
second lens were required to achie~”e the desired matching
conditions. The $shapcd cur~.e representing the effects of
aberrations on the Iaminar beam at : = ‘22.2cm. is shown
in Fig. .5. The corresponding normalized rms emittancc pro-
jected in t+e ~-x. plane is calculated tG be -li~~} = 0.10’2
mm-!nra’!. .\ciding the thermal emittance in uncorrelated
form }ielcis

with a corresponding emit tance grcw:h of 1.7S. Thus, to the

EQUALPOTEN riAL PLOTS

0 2.1 .6 6.S M ,!3 13..s 10.1 18.4 2: 7 1>u

z (cm)

ION TRAJEf;TORIES, R VS. Z

0 2.3 4.6 6.s WI 1!.s 11.s 16.1 !9.6 ao.1 2s.0

Z[cfm)

Figure :: Liectrodeconfigurationof the einzel lens system
with potential distribution (top ) and $eamprofi!e (bottom)
frnm the SNOWcode.
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Figure .3: Phase space distribution of (he ;.]lll:(]iirIwanl frcm
the SNO\V codeat : = 22.2 c]n.

Tahle ~: Parameter \’ahses for the Einzel Lem !i}stmn

Lens Aperture Electrode Gap
No. Voltage Radius ‘rhickness \Vidth

1 -34.5 Iiv ’20mm 40 mm 10 mm
~ -33.7 lib’ 21 mm 40 IIilll 10 lmtl

extent that the two codes are accurate aud can hc comp~rcd.
we find that the einzel lens system produces a sligh[l}’ larger
emittance growth than the ESCj system.

Comparison of the Two Systems

Our LEBT design studiesfor a 30 mA, 35 liV H- beam
with initial ernittance of ;. = 0.069 mm- mract :how that
either electrostatic quadrupoks or einzei ienscs can accoln-
plish the desired matching task. The ESQ system requires
relatively low voltages and a minimum of four quads \ two
doublets) to match the beam in both directions. However,
wc used six quadsto tnver the total LEBT lengthof 30 cm.
The einzel Ien, system r-quires high potentials - comparable
to the beam voltage - and two lenses for m ~tching within
tne ’20cm d, ‘-~,,c. The emittance growth was found to
be slightiy 16wel in ttle ESQ design than in the einzel lens
s}.s!em (60~o versus 78”~). Howet’er, it is not cicar whether
the two codes (PAR\liL.AandSNOW) are adequatetools
to accuratelyevaluatethe emittance growth. Furthm work
and experiments are planned to fully assess the relati~.e mer-
its of the two schemes. In particular, one needs a better
assessment of the capability and accuracy of the codes.

References

1. f’.G. O’Shea et al, Nuci. Instr. and k!eth. in Phys. Res.
40/41, 945 (!989).

2. C.R. Chang. paper at this Conference.

3. M. Reiser, C.R. Chang, D. Chernin, and E. Horowitz,
Proc. of SPIE, Vol. 873, 172 (19!38).

4. C.f?. Chang, E.J. Horowitz, and M. Reiser, Proc. of
SPIE. \’O]. 1226, (IWO).

404

—



HESQ, A LOW ENERGY BEAM ‘FRANSPORTFOR T1-iEiSSC LINAC

Deepak Raptia

Stqwconaucring Super Collider Laboratory*
2550 Beckleyme.. e Avenue

Dallas, Texas 75237

ABSTRACT

A Hclicd Electrostatic QuadnrpoIe (HESQ) is an
Ot>iiunfor the IOUenergy barn transport (LEBT) of the SSC

Imx to transport arid matchs 35 kc’,”H - beam froma circular
s!rnnlcwicSta:netron ion source [o a 428 \fHz RFQ. Being
~, clwrrosrxic focusinglens, the HESQavoidsneutralidon
of hie H- hewn due to the backgroundgas. The HESQ
IJfiX.~~jo,.:de~UonScrfjm[-~rderfocusingin contrastm we~
Xx:mJ-mk: k-usirw of einzellenses3nd is also strongerthan
~[~,~~:in~~r~di~n~t&.using. In this paper, K’ew“itlpresenta
ek>ly Gn3;CWIISof a PICcodesimutarionwithspacecharge.

IXTROD LICTION

The lowenergybeamtransport(LEBT)is the section
~~t”[iIciin~c that provides the matching betweenthe Ionsource
amt ih:’radio frequencyquadruple accelerator ~RFQ). The
i~g”f c~n~i~ts of lenses rht focus the beam into the RFQ.
Ttw barn from M ion source is re13ti~x4ylarge in radius and
d~crg:fice and musthc nmtched10theRFQ.

ExistingLEBT sys[emsfor H- beams use magnetic
i~w-wr~solenoids1‘3or perrmmrr[magneticquadrupoles4.
‘i%eseLEBT s}’stemsutilize charge neutiiza[ion in tie
t:~:~grmrrd gas to minimize the required focusingstrength.
_lh: neutralizationtime must be short compared cothe pulse
[cs~[n:orha-wise,much of the beam at the front of the pulse
x111b: lest dve to inwlequate focusing. During this
neu’~ti~fion time thespacechargeforcedurnges. Bwausc of
~iischc&am phw spaceetlipw rotates.makingit difficultto
m~ch L!!ckarn la the RFQ acceptance. Additionalproblems
MIS due to ham-plasma instabilityand L$e fact that the beam
:m>comcschxged again, when it enters the electricfield of the
~ccclerating structure which sweeps away the charge
ricuu-dizin:icns formedin the collisions.Impropermatrhiog
m ~uch trmsl;ions and emittance growth from sheath
~ansitionsintc wri out of gas neutralizedregionsmay caused
~~-ii~k 10SS.

‘“Q-KM by theUniversitiesResearehAssociation,Inc., for
the Departmm of Energy under contract No. DE-AC02-
S9ER-KXS6.
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The SuperconductingSuper Collider (SSC) linac
requires7-35psec pulse lengths. The neutralizationtimeis ot’
the order of 100 “WC with hydrogen as the residual gas.
During the !irst IWI psec the beam focusing would be
ch,arrging.lltat meansone woulduse a pulse lengthfrom[he
ion source of 107- 135 psec and considerably reduce the
lifetimeon the ion source. The neutralizationtime citn kg
reduced by introducing xenon in the LEBT; however, full
neutralization will always considerably increase the pulse
length required from the source. We hat,e chosen to avoid
neutralizationby using foeusingiu the formof electricforces
whiche-anbe providedby: (1) Einzcl Ienscs. (2) Elccwostalic
quadruple FODO channel (E@), (3) Hcl::a{c.kcwosiaiic
qele (~Q). w (4 w~~fw~n~y qu:~u~ic (RFQ).
lle FODOchanneltvpicallyuses very hiqh voltage and hiw
typicatlyhad significantreliabilityproblems. The RFQ can
probablytransporthighercurrents with less abcrmion, but it
is morecomplex“ ‘addsanmhcrRF s}’stem.EinzclIcnscs5
and HESQ6S arc rncleadingcandidatesfor theSSCIinitc.

HELICAL ELECTROSTATIC QUADRUPLE
LEBT

The buildup of plasma and charge neutralization
cannot occur in electrostatic lenses, as it does in magnetic
lenses, since the electron-ion pairs produced in co!~isions
betweenbeam particlesand backgroundgas are sweptout of
the beam region by the electric field betweenthe clcctrodcs.
Furthermore,magnetic focusingis particularly ineffectiveat
low beta because of the velocity teln in the force equation.
Electricfrxusing,on theotherhand,has no such velw.ltyterm
in the forceequationand shouldbe a primecantlidit[eior [he
focusing role at low ~$elocities. The main problems In
electrostatic focusing is breakdown and aberrations. The
problemof thebreakdowncan beovercomeby prot.idinglowcr
but spatially continuous focusing forces, as in a HESQ,
insteadof spatiallydiscreetbu[ higherfoeusingforcesas in a
FODO SLWCtU. The spatially continuous fccusing forces
also help keep the beam size smaller all the time, thus
minimizingabenation.

Our new approach for trartsmrt of H- beams uses
HESQ foeusirtgirts&idof usualcombinationof magnetsar.d ~
gas neutralization or the ESQ9. The HESQ is merely a
eontinuoudy twisted electrostatic qtmdrupolc (figure 1). The I



HESQIenscsprovidt strongerfirst-orderfocusingin contriist
to wwtk sccend-order focusing of cinzcl lenses, stronger
(m-using [him the alternating grwiicm type :nd an axially
s>n~metr]cbcarn which is ncccssary for the RFQ mxtching.
The ideaof a hclicd quadrupolcis notnew!O-14. Pastworks
were about magnetic helical quadrupolcs’ for different
purposes. SCMINof the futures of our plasma-freeLEBT arc:
(I) gas independence pcrmi~ beam with arbitrarilyshortpulse
lcng,hs (~, ~as inde~ndence improvtxreproducibility. and

(~) ~nll(~d: c srow,~ from plasma noise and from sheath
transitionintoandcwtof gasncutriiizcdregionsis eliminated.

BEA!bl SINILILATION

Ttw main parametersfor tlw SSC HESQ arc shown
in tdbic I . HESQ electrodes will be built by the nickel
c]ccrr~forrnlng.Indii”idualclcmcntswillhavethrough- tapped
holes near each end for installation of studs for ceramic
stmdoff mounting. The beam cannotdirectlyhit the ceramic
and thereshould notbe chargefmildup(figure2). The HESQ
is longitudinally di\’ided into four sections to provide four
degreesof freedom for matchingto the RFQ. Each sectionis
0.75 }. long. The first and third sections electrodes arc
pwcred individuallyso tlw stccnngcan be prok”idcd.

Table I: HESQ Specification

Length 22.5 cm

\~ollagc 7.0 k\’

Bruk dcv-mvoltage 100.0 kV

Pitchof the Helix(L) 15.0 cm

Elemodcspacing 1.46 cm

Boreradius 1.5 cm

Beamdynamicsand the cons-mintsof the HESQ has
been discussed pret”iously8. Here we will present the PIC
code simulationresultsonly. This code is a two dimensional
code which uses a 4 X 4 matrix representation for each
component. The code also includesnonlinearspace charge
effects. Figure 3 shows the x and y profiles through the
HESQ.Nctice that the beam size is alwayslass then equal to
1cm, i.e. 66 % of the aperture. Figure4 showsthe inputand
outputphase space plotsof the HESQ. Figure 5 shows the
inputand outputphase space plots for a misalignedinjected
beam. Table 11shows the input and output beam emittances
tor differentcurrentsfor thewaterhaginputdistributions.

Particle distributionsobtained from the HESQ were
used to simulate the RFQ performance using the code
PARMTEQ.Thetransmissionwas more than 90% with 1570
transverseemina.ncegrowth. The main parameters of this
RFQ are: “boreradius=3mm,max field=l.73 x Kilpatrick,
length2.2 rrstcr, frcq=128hlHz, outputenergy2.5 MeV.

Table 11: Ernitttinccs (RhlS)

Current input ouIput
.. —.-

0 mA 0.18 rrmm mritd U19n mm mrud

30 mA 0.18 x mm rnrid 0.22 x mm rnrtid

50 mA 0.18 n mm mrwl ().24x mm mrwl

CON CL US1ONS

The usc of a HESQ in 1{- LEBTs uvoids
neutralization problems for short pulses. II provides an
axially symmetric beam which is ncccssary for the RFQ
matching. ‘J?mHESQ is prcscmlybeing developedimdmay
havesuperiorpcrfonnanccand reliabilityth”anotlwrLEBTsfor
shortpulsedbeam.
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CONfY1’RUCTIONOF ATEm MAGIWI’FOR JTA, FIhAL FOCUS

K. Fujii M. Kikuchi, K. Kuno*, S. Kurod& T. Mataui,
IL Nakayam% K Oide, T. Tauchi and N. Yamamoti

NationalLahoratoxyForHighEnergyPhyaidKEK),
1.1Oho,T’sukuba.ai@fbaraki.ke~305JAPAN
*Mitsubishi WC ti~llitiOQ Kobe wo&,

Wadaaaki-cho,Hyogo.k~625JAPAN

Ahatract

.410 cm long test quadrupoie magnet having a
bore radius of 2 mm has been constructed with
~~anadium permendur as an R&D model for the
final focus s}”st~m of the future e“ e- linear collider,
JLC (Japan Linear Collider). The bore of the
magnet is 4 times larger than that # presently
planned final doublet. Measurements by a small
Hall probe show that the qradrupole magnet
produces a 700 Tesla/m field gradient in the region
where the radius <1/3 the half aperture without any
serious field deformation due to saturation effects.

Introduction

A TeV e+ e- linear collider, JLC (Japan Linear
Collider), is one of the most promising candidates
for KEK’s high energy accelerat.ar following the
TRISTAN e+ e- collider [1]. Since the annihilation
cross sections drop as 1/s, where s is the squared
center of mass energy, the luminosity required for
the TeV collider is more than 1033cm-2sec-1.
Therefore one of t.h most crucial questions to ask is
whether we can realize a final foc~s system that
focuses beams to a nano meter le~el.

In accordance with the present JLC
parameters, design studies have been cm-ied out
for a final focus systim that produces a 210 nm (H)
x 1.7 nm (V) beam spot using conventional
quadruple magnets with a 1.4 Tesla pole tip field
as a final doublet near the interaction point. The
basic feature of the system is to “?SCtwo families of
sextuples for correcting the chromaticities of the
final doublet [2].

Following the conceptual design, experimental
works are now under way to verify the design”s
feasibility within the scope of the present day
technology.

In this paper we present the d~sign,
construction, and preliminary:’ test results of our
first R&D magnet.

Magnet Deaign

Design constraints for the final focus doublet
near the interaction point are as follows: 1) The half
aperture of the quadruple is 0.5 mm with a pole tip
field of 1.4 Tesla and the uniformity of gradients is
better than 0.01% in the central region of 1/3 the
half aperture. 2) The outer radius of the magnet is
less than 50 mm. The inner radius is determined so

as to let the 1O-Uenvelope of the beam go through
without any disturbance from materials, and the
outer radius is restricted by the detector acceptance
for physics experiments.

We decided, however, to make a test magnet
with a bore radius of 2 mm, since techniques at
hand should be good enough to precisely measure
fields in such a test model and also since the
experimental verification of our field calculation for
the test model should justify the extrapolation to the
JLC final doublet.

To design the test quadruple magnet, we
used a computer program JMAG [3]. Prior to the
detailed geometry design of the pole tip shape, we
made a rough calculation with various B - .Hcurves
to select materials which can produce a 1.4 Tesla
pole tip field that corresponds a field gradiant of 700
Tesla/m. The gradients at the highest excitation are
sensitive to the choice of material parameters. The
calculation showed that the required B - H property
is characterized by B25 >2.10 Tesla and Bloo >2.35
Tesla, where B25 and BIOO are magnetic flux
dwmities at H = 25 Oe and I-I = 100 oe. This means
that we need a saturation magnetization higher
than that of conventional sofl iron. We found the
condition can be satisfied by vanadium permendur
(49%Fe, 49% Co, 2% V).

Using the B - H data for a sample of vanadium
permeridur, we optimized the shape of the poletip
to keep the uniform gradient region as wide as
possible. Fig. 1 sketches the geometry of the pole tip

2.0 I

1.5

1.O

0.5

nn“.”
o 0.6 1 1,6 2 2.6

X(mm)

Fig, 1 Geometry of pole tip and mesh in JMAG.
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together with the mesh used in the calculation. Fig.
2 shows the expected field gradient inside the
magnet when we supply a cwrent of 1500 AT, In
the region r c 1/3 the half aperture, the uniformity
is exp~wtedto be better than 0.01 70.

710 -

Ii
$ 700
.

I I I . \]
670

0 0.6 1.5 2
X(iull)

Fig. 2 Expected field gradient (1500AT ).

tiILStlUCtiOrl andTedixu

The quadruple yoke was machined from a
single piece block by a wire-EMD (wire electrical
discharge machine) and the geometrical accuracy
is better than 5 ~m. The current is supplied by five
turns of water-cooled conventional hollow
conductors, 6 mm” (outer dia. ) x 4 mm$ (inner
dia.). The maximum excitation requires the
current of 300 A corresponding LO1500 AT in total.
Fig. 3 is a photograph of the magnet whose
parameters are summarized in Table 1.

Fig. 3 Photograph of the R&Dmagnet.

Table1
ParametemofTheR&DMagnet

Bore diameter 4 mm~

Pole length 100,5 mm
Field gradient I 700T/m

We excited tho magnet and performed
preliminary measurements of the field quality
using a small Hall probe (FC - 32, Siemens). The
Hall generator has a 2 mm x 3 mm sensitive area
and is placed in a ceramic box which has a
dimension of 6 mm(W) x 1!? mm(L) x 1.5 mm(H).
The probe was calibrated by NMR in a dipole
magnet. Coefficients of a 12th order polynomial
were fitted to the data of the relationship between
output voltage of the Hall probe and the field
strength. The error i,l the calibration was
estimated to be less than 0.5 Gauss.

Fig. 4 gives the excitaticm curve measured by
the Hall probe placed at (x, y) = (0.8mm, 0.0). The
results are almost consistent with the calculation
and show a field gradient greater than 700 Tesla/m
at the full excitation.

L 1 I I

O.e

0.2

0.0L(..!
o 100 200 300

i(A)

Fig. 4 Excitation curve measured by the Hall
probe placed at [x, y)= (0,8mm, 0,0).
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Fig. 5 plots the field strength on the median
plane ( y=O.0, -0.8 mm < x c 0.8 mm ). The field
gradient uniformity was confirmed toan accuracy
of 170, although the required accuracy was not
achieved yet because of the positioning error of the
Hall probe. Nevertheless the present results
strongly supports the feasibility of constructing a
1.4 Tesla/m quadruple magnet having a bore
radius of 0.5mm.

We are now constructing a positioning device
using techniques that have been developed in JLC
alignment R&D [4]. The system can control the
probe with an accuracy of 10 nm using piezo
transducers as a drive unit and laser
interferometers as a monitor unit. With this
device, we expect to be able to measure the field to
an accuracy of 0.0170in near future.

0.5

2
% 0.0
&
❑

-0.5

1“”’’”’””’”’”””’““”1

-i -0.5 0 0.5 1
x(m)

Fig. 5 Field strength on the median plane (
y=O.0, -0.8 mm c x < 0.8 mm ) at the full
excitation of 700 Tesla/m.

Summaly

We have constructed and tested a 10 cm long
R&D quadruple magnet, which has a bore radius
of 2 mm, with vmadium permendur (49% Fe, 49cZ0
Co, 2% V). The magnet has a 4 times larger bore of
the JLC final doublet. The magnet has produced a
design field gradient of 700 Tesltim without any
serious field deformation due to saturation effects
by using a material with high magnetization
property. The results from preliminary field
measurements strongly suggest the validity of the
design calculation. We thus believe that the
construction of the JLC final doublet is quite
feasible using techniques at hand.
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BEAM 1 RANSFER BETWEEN ‘1’HECOUPLED CAVITY LINAC AND
THE LOW ENERGY 1100STER SYNCHROTRONS FOR THE SW

Superconduc ing

Abstract

R. K. Bhanditri and S, Penner
Super Collider LaboriitoryO, Dallas, Texzs 75237, USA

Ionopticaldesignof the transferline, whichwill be used
w injectH- beam at 600 McV fromthe CoupledCavityLinac
(CCL) into the Low Energy Booster (LEB) synchrotrons,is
dcscribcd. Space charge effects of up to jO mA averagebeam
currcnlhavekm takenintoaccount.

Introduction

The tmnsfcr Iincmus~delivera properlymatched,stable
and clcitn beam of smallmomentumspreadand cmittitnccto
the stripper foil in the LEB. Nominalcmiuartccat rhc Iinac
c.tit is approximatclj 0.2 n mm-mrad (rms, normalized) in
bolh tritnsvcrscplanes. Simulationstudics112show hat the
phue spitccellipsesarc almost uprighthere with ~x=3.13 m
and ~},=9.97m. The longitudinalcmittancc (rms) is about
26Hx kcV-dcg and ~1=0.00b6 dcglkcV yieldingan rms bunch
iz: of 1.327dcg for the CCL fr~ucncy of 1284 MHz. The
;Icsignavcrugccurrent for collider filling is 25 mA although
thr rated value for the CCL is 50 mA. The puke rate is 428
\lHz which is t.hcDrift Tube Linac (DTL) frequency. ?hc
twainmocropulselength is 6.6 w for colliderring fillingand
up LO35 ps for the test beam operations.

The transferIinc, figure 1, hasbeendesignedto perform
\tirious functions e.g. beam transport, achromatic bending,
phxc spitcc matching, etc., with an cmphasis on cfficicnt
mc~surcmcntof the beam propcfiics, stabilizationand clcim-
up as WCIIits dumping the beam during tuning. The
calculationspresented here correspond to matchingan LEB
twit functionof 10metersand normalizedtransversecmittancc
ot’0.3 x mm-mrad(rms). An energycompressorRF tank will
bc used in the Iinc to adjust the longitudinalphase spuccso
thotthe beamis efficientlycapturedby the LEB RF systcm.

Description of the Transfer Line

The Iinc was initiallydesignctiand optimizedusing [hc
TRANSPORTcodc3 ignoringspace charge effects. Various
segmentsof the lineand theirdesignconsiderationsarc briefly
dcscribcdin the followingsections:

FODO Array

This segment is made up of 21 D and 20 F quadrupolc
mugnctswith intcrquaddriftspaceof 2.38meters,Therearc 20
id~nticalunitCCIISin the array. The phaseadvanceper CCIIk
()() dcgr~s. Th~c q~drupolcs havean CffCCtivCIcngti of 70
mmandan apertureradiusof 15mm.
..- —--- —----- —--- —.—.——
*Opcra\cdby the UnivcrsmesResearch Association,he, for
the U.S.Departmcmof EnergyunderContractNo. DE-AC02-
xoER404~~

Emittance Scraper Seflment

The function of the scraper is to rcmovc cxtrcmc tails
from the beam profile - at most, a fcw pcrccnt of the bcum
current. Twoaprmums,scpartttcdby approximately90 tlcgrecs
of betatron phase, provide the desired cmittancc limit. First
aperturewill be plucd at theexit of the lastquadrup~lcof the
FODOarray. A quadrupolcdoubletQ1,Q2providesthedesired
betatronphaseadvance, ‘hc .sccondapertureis plawd withina
24 metersdrift followingthisdoublet. At the end of thisdrift
space. the doublet Q3,Q4 rcfocusscs the beam into the
followingspectrometer.QuadrupolcsQ1 and beyondhaveitn
cffectivcIcngthof 300mmand an apertureof radius37.5mm.

Achromatic Spectrometer

This system is mirror symmetricabout its ccntc- point
where the energy stabilizingand scraperslits will be heated.
Optical aberrationsin the spcctromctcrarc minimizedwhen
there is a double waist at the symmcwy plane. Energy
resolutionis maximizedby minimizingthe horizontalwaisl
size. We achicvcthe desiredwaistconditionsby adjustingthe
gradients of Q1 to Q4. Dispersion of the system al the
symmetryplane is 1.534metersand the momentumresolution
is 0.04% (rms). Since there is only onc constraint on the
settingsof Q5 and Q6, wc chose to cxcilc thcm to the sarnc
pole tip field but with oppositepolarity.The dispersion(q)
beyondthe spectrometercan be adjustedby changingthe ratio
of fields in Q5 and Q6, while maintaining the condition
R26ef) at the symmetry plane. Angular disprsirm can bc
changedby breakingthe symmetry,i.e., by settingQ5’and/or
Q6’differentlyfromQ5 and/orQ6. Two scxtupolcmagnetsin
the systcm arc used to correct for the second order ficltl
inhomogcncityin thedipolemilgncts.Theyare symmetrically
placed 35 cm upstreamof D] and 35 cm downstreamDI’.
The dipoles arc rectangular,uniform field magnets, with an
cffcctivclengthof 2 meters.

Emittance Measurement Range

FolIowing the spccuomctcr, the quadrupolc doublet
Q7,Q8is used to producea doublewaistnear themid pointof
a 20 meter long cmitta;lcemeasurementrange. Three beam
profrlcmonitorswill be used for thismeasurement,the central
onc beingat thedoublewaistlocation.

Matching Segment

3%issegmentmatches the beam on to the stripper in the
LEB ring throughthe injectionsegment.Quadrupolcdoublcls
Q9, Q1(Jand QI 1,Q12, scpualed by an 11metersdriftspace,
pruvidcflexiblecapability to match to a varietyof input itnd
oulpu! conditionseven for beams with high space charge
effects. A 12 degrees dipole magnet midway between the
IWOdoubletsis pulsed on to guide the beamto the second
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bum dump, sothatno beamentersthe LEB ring during umc-
upof ttwIinx or buwccn the LEB fills.

Injection Segment

Abe.”t2.8 mc:crdownstreamof Q12, the beamcrr[crsthe
mjwtion A“p[ummfignetof Icngth !.407 mclcrsand bending
xrglc 5.66 dcgrccs. The injw’[ionbump magncl, 10 cm
downstream of the septum miignct, is 0.6 meter long itnd
bcntisthe beamby 2.46degrees.The stripperis located 10cm
tlownstretimof theexitof the bumpmagncl.

Second Oidti;- Effects

TRAN!XQRTcalculations(or theentiretrarrsfcrlinehave
beencarriedout to .sccondorder. Secondorderirbcrmtionsarc
fuundto k> negligible,cxccpt ‘or the cftcct of Lhcscxtupolc
componcn[ of thedipolefwlds.

Space Charge Calculations

Spa.c charge cftccts have been estimated in a linear
iq)pruximationand lhcbeamIincpiuamctcrsrcoptimizcdusing
TRACE3-D imcractivccodc4. In the zerobeamcurrentcase,
agrccrncntwith TRANSPORTis cxccllcrit. 13camenvelopes
for 5 timesthenr.s cmittancc(90%beam),obtainedusingthis
code,arc compwcdin figure2, with and withoutspacecharge
effects of 25 mA itveritgc beam current. In both cases, the
phuscspxc matchingConstrainsiIlthestripperarc same.

Due to rather long f,ighlpaths in the transfer Iinc, space
churgceffects depend stronglyon the energy spread in the
beam. They are morepronomccd in thecaseof shortbunches
like thosecmcrgingfrom the CCL. In view of this, location
of the crwrgy compressor cavity in the beam Iinc is very
importitnt.

Location of the Energy Compressor RF Cavity

The energycompressoris a coupIcdcavitytank operating
at 1284MHzand consistingof 20 identicalcavitieseach ~m
in Icngth.Its totalIcngthis thus 1.85metersfor 600 McV H -
beam. Synchronous phase,$s, of the rcfercncc wdclc is
-90 degrew. The rate of change of energy of Lhcions with
chargeq arrivingat thecavityat phase$ is givenby:

dw
— = qEoTcos@
&

where, EOT is the effective peak accelerating field in the
cavity.Requircmcntson the tankare such tha~

I) The rmsenergy spread(AEm~) at the stripper in the LEB

iscompressedm about 100keV for longitudinalmatching.

2) The half bunch length f.)r the rrns beam (AOrm~)at the
tankentranceshouldbeabout25 degreesso thatmostparticles
see the linearpartof theRF waveform.

3) The valueof EOTis as lowas possible.

This optimization has been carried out using the
TRACE3-D code. First, rhc tank is placed in one of the drift
spm-csof the FODO arritysuch that condition (2) is uloscly
.siitisticdwithspacechargecffCCL\for thedesiredbeamcurrent
turned on. Subscqucnlly, EOT is optimized to obtain the
tlcsircdenergyspreadthestripperkiltion.

Variouscasescorrespondingto theavcrirgcbeamcurTcnts
of 25 mA and 50 mA have been sludicd. Some of thcm arc
sunlmiuizcdin the table 1. While for the-25 mA case it is
rckuivclyeasy to satisfy the abovcmcntioncdconditions, the
50 mA case offers some difficulty. In this case, in order to
wisfy condition(2), the tank must be placed at 41.95 meters
downstream of the linac exit. It was seen that in [he
subsequentflightpath up to the stripper,spaceChitrgccffcxls
ovcrcomcthe energycompressionintroducufby the tank itnd
the desiredenergy spread could not be achicvcd. In view of
this, the tank ncuslbe moved furtherdownstreamin order to
satisfy the energy spread constraint at the stripper. This,
however,is at thecost of longerbunch Icngththan the desired
25 dcgrccs at its cntrancc. Figures 3 and 4 show,
rcspcctivcly,variationof the rms energy spread and lhc half
bunchlengthat the stripperas functionsof EOT for the tank itl

two diffcrcn[ Ioca!ions. These figures clearly indicalc lhi.tl
minimumvalues of these parameterscorrespondto a unique
valueof EOTwhichdependson lhc tank locationitndthebcatn
currentasdiscuwd.

TABLE 1
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At the tank At the stripper

I d EOT AErms A6rms AErms .AOrms
(~~) (m) (MV/m) (kcV) (dcg) (kcV) (dcg)
.. .--... -------- -------- ... ...... ---------- -------- ---------

25 56.65 0.825 673,5 24.95 100.0 31.69
25 46.85 1.130 662.2 20.04 99.8 2?.87
50 56.65 0.852 927.1 34.42 99.9 39.40
50 46,85 1.227 913,9 27.65 102.4 22.41
50 41.95 1,302 905.0 24.31 157.6 28.88

d:distancebctweat the Iinacexit and the tankcntram

In the transverse directions, however, even with space
chargeeffectsof up to 50 mA, the beam rcmainsWC]]within
acceptablemagnetapetturcs. Desiredphasespacematchingat
the stripper is easily achievable by slight tuning of the
matching quadrupolcs. TRACE-3D readily finds ncw
solutionsfor thematchingqua?rupole‘A’;.bngs.

Conclusions

TheCCL - LEB transferIinchas a flexibleopticaldesign
capableof handlingalmosttwice the nominaflinaccmiuancc.
Space charge effects of up to 50 mA average beam current
have been determinedto be tolerable. Longitudinal space
,-hargeeffectsstronglyinfluencethe positionand excitationof
UICenergycompressorRF tank. Phase spitcematchingto the
LEB requirementsat the stripper are easy to achicvc. Ray-
tracingcalculation~5show that fabricationaltoleranceson all
the magnetsof the linecan be easilymet.



Aclincwlcdgements

We greatly appreciatethe thxp intcrcslandmanyuseful
suggestionsfromJerry Watson in thiswork. Manythanksto
Dcxsp.tiRapariaforhishelp in runningtheTRACE-3Dcode.

References

i. SSC Site-specific Conccpmal Design Report, Dcc-
mbcr20, 1989,Chap;cr4, p.138.

M FODO ARRAY -

~F TANK

2.

3.

4.

5.

T. S. Bhatia, Los Alamos National Laboratory.
private communication.
K. L. Browil,F. Rothackcr, D, C. Carey id Ch. I.sclin,
ReportNo. CERN 80-04,CERN, 1980and D, C’.(Lucy,
Report No. 1546, Fcrrnilab, ScptcmhcrI%M.
K. R. Crandall, ReportNo. LA-11054-MS,LOS’Alamm
NationalLaboratory,August, 1987.
R. K. Bhandari and S. Penner. an SSC rcnort ( w bc
publishc.d).

yol BEND rlll’ BEND f_ Qll,~12
_ LEB

I sTRIPPER

Q1,Q2 ,

Figure 1:Layoutof thebarn transferlinebclwccnthecoupledcaviiyIinacand the lowenergyboostersynchrotrons.
Q: Quadrupolcmagnets,and D: Dipolemagnets. Total Icngthof the Iincis about207 meters.
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Figure 2: Buim cnvclopcs for 5 timesthe rrnscmiltanccin the transferIinc l“io~ linacexit up to the stripper in
tic LEB ring; Full Iinc:Zero beamcurrent;Dotted lin~:25 mA beamcurrcr?t.EOTfor the RF tank
was set at 0.366 MV/mfor thezero beamcurrcnland 0,825MV/mfor the25 mA beamcurrentcase.
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Figure3: Effectof variationof EOTon the rmsenergyspread
at the stripper. RF tank is bcatcd at, (A) : 56.65m
and (B) : 46.85 m from the linacexit.
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hIEASU1l.EMENT AND SIMULA’1’I~N OF WHOLE IIEAM 131UGII’1’NFSS

ON TIiE ETA-11 LINEAR INDUCTION ACCELEI1.ATOI?. ●

\ -.! ( ‘Iwn, ,1. C. (~lark, A. C. I’a$,l, \$’. h;. Nexscm, and tt’. C. Turner
Lawrence 1.ivcwmore National Laboratory, IJniversity of California

Livermorc, CitlifOrlli.194550

:il~strav.t

i!,,.~surc:wntof beam radius as a function of focusing
st rvngth of an upsl ream solenrridal field allows simultaneous
cfeterminatio:t of the beam energy, hrightuess and tilt of the
phase space ellipse. On ETA-11hcam radius has bt!cn mciL-
surcd by a:~alyzing foil emitted Chcrcnkov light with a gatcd
(5 ns) image intensified CCD camera. The beam energy nwa-
surenlent is corrolrora:uf with a spectrometer magnet and core
brightness with a two !;oIc cmittanm diagnostic. For a 6 hlcV,
1.6 k.% LIcam, the whole kanl brightness was measurccl to hc

4.0 x 106 A/(n~-rad)Q with au :nncrcore(few pcrccnt) lxight-
ncssof 1.2 ~ 109 .4/( nl-ra(l)?. The (iata wassimulatedwith a
parlicle transportcodethat includesthe effectsof energysweep
and magneticmisalignment. The code predicts a halo produced
by iLn orbital rcsonace that is also obwrvctl experimentally.

Introduction]

The Experimental l;~st Accelerator-11 (12TA-11)1 is the first
induction linac Jcsigncd specially to be usca as a tlrivcr for a
140 C}lz microwave FEL. The nominal beam parameters for
these experiments r.re 6 hleV crwrgy, 2 kA current, 1 X 108
..\/( m-rad)f brightness, 20 ns pulse flat top at the wiggler with
a pulse rcpition frequency of U.5 11z. In this paper we present
the results of rm.asurements and simulation of beam irrightness
on ETA-11. The 2-hole brightness measurement, the Cherenkov
mea~urement and the energy measurement were all made in
a single run for each injector configuration in order to get a
reasonable cmparison of the data. The Cherenkovdata arc
simulated witb two particle simulation codes. Good agreement
is found betwccrr the compilter simulation results and the ex-
pcrimen~..

Experiments

E’1’A-11consists of an injector and six 10-cell blocks. Two
injector configurations, the D-1 diode and the T-3 triode, with
a 1’1.7 cm diameter cathode were used. The D-1 diode was
designed to achieve 3 kA at I hfV from the injector for the
microwave FEL experiments. It was expected that the diode
would have an inherent brightness less than the T-3 triode that
wasdesignedfor high brightness for up to 2 kA of beam current.
The brightness measurements at ?.5 hfeV with the T-3 triode
was reported in Ref. 2. No previous brightness measurements

had been made with the D-1 diode.

The beamline contiguratiou of ETA-II is shown in Fig. 1.
The energy analyzer and the 2-hole brightnes: diagnostic rely
on quadruple focusing for imaging the beam. The solenoid
lens F1 is also used for the 2-hole brightness measurements in
~rder to obtain the needed focus at the first aperature. The
er,ergy analyzer measures the beam energy by measurir,g the

-.~!eflection of the beam in a known dipole magnetic field.

● Wcrkperformedjointly under tht auspices of the U.S. Department
of Energy by Lawrence Livermore NationalLabrxatoryundercontract
\\’-74O5-ENG-48,fortheStrategicDefense[nitiativcOrganization and
the U S Army Strategtc Defens< Command in support of SDIO/SDC
h\[PR No. W43-GF3L0-W07

‘1’hcmagnetic field in tlw bending maguct is calilmitcd using a
rotating coil gaussmctcr that is accurate to better than O.1%.
‘1’hccntrarrcc angle to the hcnding nl~gnef is dctt!rmincd from
tbc OKSUISof the current nmnitors T2 and 1’3 which arc in a
fkld free drift space. Likewise, the exit angle is dctcvminwl
from the olfscts of EA 1 and 1;A2. l’hc olfsctand tlw Ircmiing
magnet data is comhincd to get the energy as a fnnction of
time.

Oundrupolo fhamcurrcrtlA n n<l
doublets

ETA.11final 1Oumlz.
~osition’non’’--, ~ ~ ~,~n,fi

C...,, nllnll

Brlghlness
,.. - diagnostic
t., < .-.. 1 1 I4’_Sto.rMna

I
A!L— u

~ Energymmlyzcr

Fig. 1 ET.\-11 lrcamlincconfiguration

‘1’hcfield-free, 2-hole cmittance sclcctm consists of two apcr-
aturcs with 3 mm holes separated by 67.5 cm. The impinging
current is 11. The current tasnsrnitted through the iirst aper-
ture is 12, and that through current through the second apcra-
ture is 13. The configuration is the same as that used in wtcrgy
measurements except that the apertures have been modified to
be installed and rcmoved remctely so that the beam can be
characterized and then transported into the FEI. wiggler. The
normalized brightness is

J=
Is

(PY)2~4t5 ‘
(1)

where fly is the usual relativistic factor, V4 is the acceptance
of the collimator and 6 is a Epace charge correction factor. The
Irrightness measurelnmrts are made by focusing the beam cur-
rent 11 to obtain a waist at the center of the two apertures.
About 125-150 A of current 12 is transmitted through the first
aperture. Steering and focusing of the beam onto the first aper-
ture is aided by a fast-gated TV camera that views the beam
image ~.t the first graphite aperture. The sine/cosine steering
coil set located between the two apertures is used to steer the
beam onto the second aperture, and current ]3 is maximized
with this steering.

The radial distribution of beam brightness was made at the
same time by measuring the beam generated light intensity pro-
fileat the cnd of the accelerator as a function of the upstream
solenoid magnetic field in the last 10-cell block. This allowed
the beam energy, brightness and tilt of the phase space ellipse
to be extracted from a self consistent fit to the focusing data.
The excitation of the solenoid focusing field of the sixth ten cell
block was varied from 30 to 280A. The beam profile was mea-
sured using a fast-gatcd image intensified CCD camera vicwil~g
the Cherenkov light generated in a thin quartz foil which is
Iocatcd 3?..? cm away from the end of the accelerator
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Emwgy Amdymr results

The energy measursxf 5.9 to 6.4 hl(!\’over the main part of
the pulse for the D1 diode configuration. ‘1’hcenergy usedfor
thc l,rightncsscalculation is 6.2 \lu\’. ‘1’hisis tile best match
for the energy during th~s IISgate-widthof the ‘fl’ cam m and
corresponds to a time near the pc~k of the f:i current, though it
is not possible to Jjrccisclj, measure the rclitti$’c!timing hccallsc
of unknown propagat i,: i delays through different instruments
such as the oscilloscrrprs and thv “l’\’ cameras. The rehtivc
timing in the pulse is probably known (rr within 5 ns.

The ‘1’-3 configuration requires a higher iujcctor vcrlatgc to
otstain a 1.6 liA Learn current. ‘1’hc individual accelerator gap
voitagcs were reduced to compensate for the incrcasc in injtctor
\,o\tage, howe~.cr, the totalbeam energy is slightly higher. In
this case the energy measured 6.4 to 6.7 \lc\; . The cncrrgyusmf
in the 2-hole brightness calculation was 6.5 Mci’. ‘1’hccnrrgy
from tbc C’hcrcnkov data is 6.4 \lci’ for hot}] the D-1 and T-3
configurations.

2-I~olc3brigllt.tmss nmasttrmnent rwsults

“Nleresults of the brightness tncaurcmcnt.s for the 1)-1 diode
and the 1“-3 triode are sutnmarizcd in “I”aldc1. The ham crtcrg~e
used in the calculation of brightness is taken from the energy
analyzer mcasurcmcnl. s. [n both lhe D-1 and the T-3sets of
data the IS current is consi(lcrabl.v narrmvcr in time than tbc
12 current. This is a~r:sult oi the Iwam sweep inrluccrf by the
corkscrew instability “

Table I. 2-HoIc 13rightnrw

Date I?(A) ?:,(A) J(A/(m-rarf)2) 1/6 I-l(\!ck”)
D-1 iniector
12/06/89 1487 14.9 9.0 x 1Ob 1.15 6,2

1?/06/89 12’3,2 14.3 8.4 X 1Ob I.14 6.2
12/06/89 140.7 14.0 8.4 x lob
“1’-3iniector

12/18/89 144.4 24.5 1..?0 x 109
~2/18/89 138.0 ~~.3 1.20 x 109
12/18/89 135.0 21.0 1.17x lof’
12/21/89 129.8 15.3 8.30 x 1Os

.14 G.2

.18 6..5

.16 G.5

.16 6.5

.13 6.5
12;21;89 129.? 14.7 8.00 X IOa 1.13 6.5

Cherenkov measurement results

.Analysisof the Chcrenkovdata (beam size versus upstream
focusing solenoid field) at different light intensity contours un-
folds the beam emittancc, phase space tilt anrf energy as furlc-
timrs of radius. in the data analysis the beam is reconstructed
at ti~,,beginning of the sixth cell block. The W)V-JCbeam energy
used in the analysis is 6.24 hfeV for both configurations.

The whole beam brightness is

(2)

where c is the whole beam crnittarrce. ‘1’hc Chcrenkov light
intensity is at its maxim urn on the twarn axis. The light in-
tensity wlt}lin the 90% light contour represents the very inner
core of the beam. 1[ we assume that the hcarn has a parabolic
four-volume distribution function. then 97(% of the Ircam is
enclosed by the 10C~Olight inkrrsity contour. ‘1’hc 106/0light in-
tensity contour defines the beam edge. The beam current 14(r)
is the current enclosed fJya radius r. The core current /c within
the sub-ellipsoidal phase space associated with a Matron am-
piitude r is roughly the same as the current passing through
the two slit emittance sr4cctrzrof aperture radius r The core
brightness J,, core current 1,, an rf 14 as functions of radius
f,ljtainfx]frorll t}ICallalf.sis f(,r ttl~.I)-1 afl(l ‘[’-3 configurations

arc given in l;ig. 2. ‘1’licl>rigl~lut,sso[ lilt: 1)-I hcam v~rics f~oni
3.83 x 1OR,\/(m-rad)2 at the hcamcrfgcto 1.14x 100 A/(m-
rad)2 at the core to br rwmparcd with a value of 8.6 x 1()&
A/( m-rarl)2 IIl(!ilSUrMI Ity ?-hoh: cmittanm selector (“1’ali 1).
‘fk brig},trwss of the ‘1’-3lwam ~ariw frmn 5.68 x 108 A/(nl-
rad)~ at the ham cdg!: to 1.1’i x I(1!’A/( m-rad)z at the core.
The core brightness I[luitslirt(iby the ?-bole brightness di:tgnos-
tic on the satnc day is 8.2 x 1Os A/(m-rad)2.

-- 10’0

109F’;”
I

I,(A)

(

1.71e+09 . -:>—. A--./. - #.- 1, (A)~-/“
~-*T-30 5.68c+08 -

\

/// D-1

t~ 3.77c+08
1.14e+09

It

10000.0
E

If.do.o $

. .
0 0.2 0.4 0.6 0.8 1.0

R (cm)

Core brightncs~,corecurrent IC and ),, ls fun[ I‘,,ns

Simulatimls

The cxpcrimcntal conditions of t!:c T-3 rxmfigrrrationon
12/21/89 were sirnulate(f with the I)PCJ5and WIRI.:6 COdW.

DI>C was uscrf to simulate the beam from the cathode to.?Ocm
into the anode pipr. ‘[’he WIRE code was then used to fol-
low the beam through the six tcn-.e;l blocks to the Chcrenkov
foil. In the simuiatlons, wc used :fl,. mea..ured tilt? of the CCI1
block solenoids. The tilts of the interccll magnets were CIIO
scn such that the corkscrew amplit~rfcs of a 1200 A, 4.t;MeV
beam calculatedby the BREAKIJP’codr matchedthe exper-
imentalco~kscrcwarnplitudcl at all ‘ .:am bug locations. The
Chercnkov light was gathered over a 5 ns ~.ime rdicc. Tvpi-
cally, the beam energy changes 3Y0within a 5 nscc period1. In
order to simulate the effects of corlcscrcw oscillations on the
Chercnkov rncasul. incrrts, the IVIR!l code was run thwc ti:ncs
with 2000 particles with slightly different accelerating gap volt-
r.gcs for each given solenoid [(;cusing current. The accelerating
gap w,ltages were chosen such that the beam energy of each run
different by 1.5% with an average cnc:gy of 6.2 Me~.!.‘i-he par-
ticle data generatcrf by these three runs ~rc anaiyzed together
in order to obtain the beam radius and brig) ltncss.

Simulation results

The WIRE cork calculations indicate ihat sornc particle
orbits are irl rcsonancc with lhc periodic magrwtic structure
in the first two 10-cc~l Wx.ks. ‘1’hisrcsonancc ]cads 20-25Y0of
particles to walk aweay‘rem the bulk of the beam and form a
halo. “i’hcnorrnalimxfbeam enlittan,w tripled within the frrst
two 1O-CCIIblocks. There is 1 large corkscrewmotion for the
5 nscc beam segment. The large corkscrew motion and beam
halo cause some current loss when the bcarn is dcfocuscd. The
beam current at the Chrwcliov foil varies from 135oA t~ lti50A
overthe 50-280A f(,cusirigcurrent rangeof the last lrJ-cellMock.
‘l%cimages rrft}w T-3 twain arid I1,~simulatr,(f hcam agree vcr~.
Well,
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~’,>nllmrisL~tl l)c,tw[,cn tile b~~lltsixt:sobtaind fronttlt~simu-
lations (dashed curves) and Chcrunkov and~sis (solid curves) is
shown ill l~ig. 3. “l’ticlocations of the minimum and maximum
hcarn radii-s at the various irrtcnisty Icwrls agree bctwccn sim-
ulations and cxpcrinumt. l’he simul.~ted kam sizes arv smne-
what larger than thiit fittwi from thr Chcreukov light data.
Only the light intensity data nwasurcd within A:! cm from the
center of the beam ill both the x and y directionswererm-mr~icd
ill the ~xperimcnts.\VIWII tile hcam is iargcand fil!sthe li~.agc
frame, the baciigroudsubtraction during the data processing
wiil Icaci to an underest iI: ~tcd beam size. By applying tiiis
procedure to the simuh! ion data. wc ‘.-,.nd that the beam sizes
at tite 10% intensity contour were reduced by rougitiy 10Yo.

— C.herenkov

------ Simulations ~
/\

“-”----- Simulations Y “

t. r’
t! t!

‘m

‘\”~’

\k./”

o 50 100 150 200 250 300

Soienoid current (Amp)

Fig. o COrnP2~iSc.Rbetween the simulated (dasimd) and
Chercnkov analysis (soiid) beam sizes for the 10%
beam intensity contours.

~-—l-l-l-~fl

8

o

100”/0

/A
i

50 100 150 200 250

Soienoid current (Amp)

I-’ig.4 Effecttveernittance versus focusing current for 10,
20,...9(I7oof the beam current. The effective
emittance increases as tile focusing current in tile
iast cell block moves away from 80A.

The effective emittance4 of tile beam within a 5 ns slice
is larger than the ninstantaneous” beam emittancc duc to the
presence of the corkscrew oscii]ations. The effective cmittance
increases when the corhcrew amplitude increases. If the soie-
noid focusing current in the last Io-coii biock is ver},ciiffcrent

from that inthv tiftil 111-c(,l!I)lo<li, thu m:lksc:rc$vanlpiitudr in
CreisCS dut, tt> Lil(, i~l ~. I r:~nsv(,rsv nl;tguvtit. ticid itt lilc il\lerc(,ii

rcgiou. III I iw cxpcnnwnt ( iI(O kcusing curwnt in tilt, lift]] I l)-

ceii ijiocii is S 1.9.1A. ‘1’iIIo simui.tl iom silow tila I the r-flirt i tv
, (SI I. l:i~,cmlttarrcc lncl ras.,s 4) and thr clicctivc I)rightnr+s

decrc,ascs ,3.sI ilr t. IcII.sIug currt, u; III t itc i;isl 11)-wli birrcii IIIOVm
(awayfrOlil 80A. 1$1:11curve.s oi t,fl”t.t.titk:i~hlS t,nlitt,ancc, },:,r.sll>
frw~$*j:lgr-urwnl art. plrrltrxl for 10, 20, 100% of the hc,am L.11r-

..UL.For tiw titl A fo,”usinksoi(.l\(,iti current case,thecaicui~tv~i
:.tfcctivc RhlS cmi ttal,ct: is 2.5 CIII II; rad for 800/0 of tile im-rm
(encioscxi by the 10% Iigilt intensity contour) an(i 5.7 cm-nlra(f
for tlw who]c I>ea]il. Tiic w!gccmittaucc is four times of the
RMS cmitturcc for a paraboiic i,(!it]]l. The Ciwrcniirrvarmiysis
gives a vaiueof 1.53 cm-mrad for tile Rh!S cnlittancc witilill

the 10Yo light intensity contour. ‘1’hc bri!:htness awragcd u\w

tiw 50-280A range of ftrcusing stricnoi{i currcrrt for 80Y0of the
Lcam curreut ( 1280 A) is 1.3’7x 1fJbA/(m-rad)2 wiiicil is to iw
compared with a vaiuc of 5.75 x 108 A/( m-rid)? obtaincri from
tile Chcwcnkovaun]ysis. The inner r:orci)rigiltness is 1.81 y !I)9
A/( m-rad)z from the sintuiations, 1.’11 ~ 10k]A/( m-r~d)2 from
the Chcrcukov tccitniquc,aud 8.15 x i 0s A/(ru-ra(i)? frotu tiw
?-hole : Ightncss!II,lgnostic. By suhlracting the beam Imioo{
20?4currm~t,the ,i[ijustedChcrcnkovViliIIC becomes 4.60X 1Ob
A/(nbra(i)- tor 80% of the lsrnn; and I .37 X 109 A/(m-ra(i)2
for the inner core

Conclusions

‘1’hc whoic beam brightness nleasumd by tile Chcrculirrv
tecbniquc on ETA-11ranges from 3.8 x 108 to 6.8 x If)a A)( III-—
rad)z for both injccttrr configurationsoperating at about a
beam current of 1600 A. Tile iwa:n core brigiitncssfrom tlm
Cilercnkov analysis ranges from 1.1 x 109 to 2.f) x If)s A/(m-
rarl)2 to be compared with t}m 2-hole brightness diagnostic \.al-
ues of 8.15 x 108 anti 1.4 x 109 A/( 1,\-rad)2. Tiw IVIRE code
prrxiicts a halo caused by a parametric instability of particle or-
l)its that is alsc observed cxperimentaiiy. Sirnuiations SitOWtbr!
ETA-11beam experienced iarge corkscrew oscillations within
the 5 ns time siice of the cxperimellt. In gencr~l, parametric
instabilities are relatively easy to avoid siniply by adjusting tile
parameters of the machine such as tbe magnetic tune and beam
energy. Studing the ETA-II tune theorecticaliybefore runnin

&the experiments wiii allow us to avoid parametric instabilities .

1.

2.

3.

4,

5.

6.

7.

8.

References

W. E. Nexsen, et al., Proc. of the I/t/i lnf. FEL Corrj.,
Naples, Florida(August 2ff-Sept. 1, 1989).
W. C. Turner, ct ai., Proc. 198!? Part. Acccl. CUnf.,
Chicago, Illinois(March20-23, 1989), p. 996.
G. J. Caporaso, et ai., Pro:. of the 5fh HighPOWCIPar/.
~eams Conj., San Francisco, Ca., Sept. 12-14 (1983).
Yu-Jiuan Chen, Nucl. !nsfr. and Meth., A292, 4SS
(1990).
D. W. Hewett and J. I{. Boyd, ~. Comp. I]hys. 70, 166
(1987).
G. J. Caporaso antiA. C. ~olc,IEEE 7’rans. Nuci ,$’ct.,
pls-30, 2618 (1983!.
G. J. Caporaso,A. G. Coic, and 1{. W. Struvc, IEEE ‘Z’rrrns.
NUC/. Sci., ~s-30, 2507 (1983).
W. C. Turner,et ai., “Reductionof BeamCorksclew hlotion
on the ETA-II Linear Induction Accelerator”, this confer-
ence.

416

—



EtIEiLGX SWEEP COHPEN8ATXON OP XmUCTION ACCELERATORS

s. E. SaMpayan, G. J. Caporaso, Y-J chant T. A. Declccr, and U. C. Turner
Universe:>, of California, tiwrence Livermore National Laboratory

.P.o. Box 808, Livermore, CA 94550

The ETA-11 llnear induction accelerator (LIA) 1S
rles.:qnedto drive a microwave free electron laser
(FEL). Beam ererqy sweep must be limited to ~ lt for
50 ns to limit beam corks:-ea motion and ensure high
power FEL output over the full duration of the beam
flattoo. To achieve this energy sweep reqwircment.,we
have <+lcmented a pulse distribution system and are
kla:.nlltqimplementation of a taperad pulse forming
line (PFL) in the pulse qenerator- drivinq acceler-
ation qaps. The pulse distribution S~SteM assures
proper phasinq of the high voltage pulse to the alec-
t.ran beam. Additionally, cell-co-cell coupling of
bean induced transients is reduced. The tapered PFL
compensates for accelerator cell and loading non-
linearitles. Circuit simulations show qood aqrcement
with preliminaryd.stis~nd predict the required enerqy
sweep requirementcan be net.

Abstract accelerator cell, N(s) and V s) may bo adjusted.
f

For
an ideal V(s), i. e. v(s)= S- and a non-nerturbina
pulse distribution system, H(s) can be made to
aPPrOach a cOnstant by mOdlfying the total cell cur-
rent to eliminate non-linoaritiea. This modification
of H(s) can be done by adjustinq tho beam current
profile or by introducingadditional components at the
accelerator cell, i. e, non-linear components (61, RLC
filters, etc. Modification of V(s) for a defined N(s)
requires modification ot the pulse generator.

Introduction

Linear inductlcn accelerators (LIAsj are used for
the production of high averaqe power charge particle
beans. These acceleratorshave been operated at high
current (qreaterthan 1 kA), moderate enerqy (order 10
fleV) and at hiqh repetition rates (order 5 klfz)[1-3].

An LIA consists of an inlectorused to qenerate
the initial charqe particle beam pulse, multiple
acceleratorcells, and a pulse generator with a pulse
distribution system [4). The injectornorma~iy con-
sists cf multiple acceleratorcells with an internal
conductive structure, which in the case of ETA-II,
contains an electron source on a ‘cathode shank” and a
re-entrant anode structure. This injector geometry
sums the enerqy jain of individual cells and allows
achievementof the required beam qwalities.

Enerqy sweep is defined as the quantity dE/Z, and
representsthe variation of the keam energy about some
mean value. In the LIA, non-linear loading at the
acceleratorcell is inherent. Consider a simplified
model of the pulse generator and accelerator cell
(Fiq. 1). The energy gain at the accelerator cell,
proportionalto vb, is a function of the cell current,
i. e., current throuqh Cgap, the ferrite current: and
the beam current. As ferrite current is a function of
the inteqral of the voltaqe at Lne cell, a non-linear
acceleratorcell response results [!ij.

From the circuit equations, the effect of the
ferrite non-llcerity takes tne form:

(1)

As an example, ETA-II uses PE-llB NiZn ferrite and a
cell source impedance of 2.=40 ohm. From previous
data [5], dVb/Vb, which is proportional to the energy
sweep, is calxlated to be 68 when 758 of the volt-
second product of the ferrite cores is used.

For the sinplest case, compensationof the energy
sweep contribution at an accelerator cell, on the
s-plane, requires:

!,f~) 1/
—=Q f 1 -esT)
K(s) s

(2)

where H(s) is the pulse distribution system and cell
reeponse, V(s) is the applied pulse, T is the pulse
width, and V. is the accelerator gap voltage.

Tc compensate the energy saee~ contribution at an

Minimum total accelerator enerqy sb.eep rcqulres
minimum enerqy sweep at the injectoror the use of
compensating acceler.ltorcells. The latter assumes
the energy sweep associated with the injector is fixed
and the initial accelerator cells are used fo: compen-
sation. That is, the sum of the injector and these
accelerator cells result in a minimum tOtdl cnerqy
sweep. Although slightly lesathan ideal for minimum
corkscrew notion [7], this technique IS considered
here.

z~

‘ :3
—
T

Cgap
Vbz! lb

T
Ferrlle

I

Vb. beamvoltage
.2V0-(IC+4 +Ib)zo

Fiqure 1. Simplifi~! Pulse Generator and Accelerator
Cell f40del.

Energy SWaap COmp_fISationon ETA-II

The prti~ominantfactorson ETA-II which ii>fluence
H(SJ are: beam and applied high voltage pulse phasinq,
accelerator ceJ,l feed structures, and the non-linear
efff?ctsof the ceil ferrite. In the initial stages of
development on ETA-II, the accelerator cell feed
structures b’:redominant in the determination of H(s). “;

?leviousETA-llsyslem Nowmuili.caClosyslcm

t t

r“’’r”’’’’’dc
L’!0.s ‘! km

Figure 2. ETA-11 Modlficat!ons. Previous ETA-11 bus
structuro (leftJ. Modified ETA-II ott.do
cell” As structure (right).

The high voltage pulse on ETA-II vas previously
aPPlied tO the accelcraCor cell through two bus struc-
tures on each side of a module of ten accelerator
cells (Fig. 2). The pulee generator, 1. e. HAG1-D [8],
“wasconnected to the 10 cell module throuqh a slnqle
cable. lwo effects were associated with this struc-

417



cure. First, the capac 1Lance associated with each
acce1erator ce11 combined with the bus structures LU
form J slow wave structure..Second, tho beam return
current introduced transients on this slow wave bus
s:ructure with a polarity oppoeite to t~e applied high
voltage pulse. Improper phasinq of the high voltaqo
pulse with t!~e bean and severe dtsto:tion of the
NAG1-D PUISO resulted. Compensation ~as much mole
difficult sin:e the total r6sponse of the feeds,
cells, and their interactionneeded to be considered.

A new accelerator cell feed was developed and
implemented. The slow wave bus structure was replaced
with a >,QS cnnnectinq two accelerator cells. This
“Swo-cell” feed structure placed the cell capacitance
across the bus termination. Slow wave transic time
effects were eliminated. Distribution to each two
ce!l structure was done with individual transmission
lines properly timed to the beam transit. Thus, this
new =,.=tem only introduced a time delay and nearly
isolated the response of a ainqle cell.

In this ne.~ system, compensation can be accom-
plished by adjustment of V(s). This compensation may
be done in two ways. The first method relies on the
output characteristicsof tne MAG1-D at various vol-
tages, i. e., the cutput pulse shape varies with out-
put voltage [9]. By ptoperly adjusting the output’
voltage pulse amplitude, a minimum energy sweep may be
obtaine?. Tnls techn.que, however, cani:nes the
accelerator to a sinqle operatinq point in our en=rqy
range of inrerest. We present the modelinq, seJ)sAti-
vitles and prelimi~ary test reSUltS ir,the ~ection
Single Operating Point Compensation.

The secand method requires the use of a variable
taper PFL [lOj, i. e., a PFL with an adjustable impe-
dance variation along its length. The impedance vari-
ation results in an output pulse shape rewired to
meet the cell impedance non-linearities

10s5.
with miniroum

enerqy This method allows energy sweep compen-
sation at any accelerator operating point. Me present
our inicial anal)eslsand sensiti~sitycalculations In
the section $lultlple Operating Point Compensation.

Single Operating Point Compnneation

Cell response modeling using SCEPTRE [11] and
prototype verificationwere performed to determine the
performance of the two cell structure. The model
included the non-linear effects c.fzhe ferrite and was
implementedby a function derived from experimental
data. Typical performacze of the moael compared with
measurement is shown in Figure 3,

The combined effect of the bus structure connect-
ing the two independentcells was taken into account
by directly measuring the voltaqe across a two cell
structure. Aqreenent bett.eenthe measured and calcu-
lated two cell voltage pulse shape was within Lt in an
area surrounding the ;eak. Absolute amp:itude was in
aqreement w~rh~n 10%.

Anal>sls ~f the accelerator performance was simi-
larly performed using MAG1-D output puise and previous
beam current data (Fig. 4). Significant en6rgy sweep,
however, associated with the injector is present in
the ETA-II system. Elimination of this energy sweep
reguirei intentionallyir,troducingadditional sweep at
the accelerator cells which counter9d that of the

120 !70 190 210 210 2s0
T,IN.,

fi. -
Calculalu

j

10L --l

Figure 3. Circuit Model and Prototypa Yeasuremect

The parameters of Injector I{ming (injec..orpulse
to acceleratorcell voltage pulse srrival timing) and
HAGI-O ifiput Charge Voltage, “’JO. were varied to

418

obtain a maximum pulse width (tctal accelerator energy
sweep) of 38 ns, : li enerqy sbeep (Fiq. 5). The
optimization curve exhibits the croperty of being
relatiVel~ insensitiveto bcth parameters.

In our present exparime,,c of 20 accelerator
cells, the ❑inimum tota! energy sweep occurred at an
accelerator Cell gap vc:tags of 80 kv. We are pres-
ently planninq a 60 cell esperlment. ‘The solleitivity
of the energy sweep irt ifldividu.slcells to timing
jitter at this voltaqo, however, was faund to ;e un-
acceptable. Further analysis showec!that this sensi-
tivity was significantly less at 90 kV without degra-
dation in the total energy sweep. Thus. consistent
with the ob)ective of max~mum pu~se width at the cell
and ul~imura sensitivity, we p{d,: t~ operate tt,e
ri!m.?ining 4L2accelerator c~lls at this gap voltage of
90 kV.

Simulations were also performed usii]3 the BREAKUP
code [12] to predict the resultant cozkscre:, ampli-
tufi~. Results from Rhe calculation indi~ater!cn
amplitude on the order r? : 250 microcs. Comparison
with simulations devel~p6d l’ortho previous E1’.%-IILuc
structure (Fig. 6) indicate tihztthe corkscrew ampll-
tude will be r.:.lucedby at lease an order of maqni-
tc le.
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Figure 4. compensation of the ETA-II 20 cell exper-
iment.

lb.1.5kA

Fiqure 5. ETA-II 20 Cell Experiment nllse Width Opti-
mization Surtace. Pulse width values are
for dE/E=: 1%, Ibeam=l.5 kA.

Mnltip26 Operating Point Compensation

Additional calculations wero performed to
evaluate t!w performance O: a vaziable taper pFL in
the 14AG1-1pulse generator. Physically, the device is
a tri-plats transmission line. This configuration
allows two objective to be met. p!~et a more unifO~
constant impedance transition can be roadefrom the PFL
to the coaxicl output switch, and second, roecha.~ical
actustors necessary to control the impedance taper can
be easily implemented.

Optirouroimpedance tapers were calculated for two
experimental beam currente (Fig. 7). A resultant
pl:leefor the matched cell caee, i. e.,
is shown in Figure 8. It wae det%~i%” t~~~
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Devolopm.at

Further refinements in the modeling effort are
required. In additio~ to rafinementc in modellnq
magnetic materials, i. e. acceleratorcell ferrite and
t%e nAG1-rl output switch, investigationinr,odesiqn
centerinq ot the PFL taper is required. We are pur-
sulnq each oi t, ese areas.

We are also considering the aiternate implementa-
tion of the tapered PFL ir. the UAG1-D dr~vinq the
Inlector cr. ~A-11. This ispleaentationwould allow
ccmpel:sationof the cell response by adjusting the
beam current profile.
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CH.AR.ACTERIZATIONOF FIELD ERRORS OF LA} ER WOIIND SIiORT SOLF:NOIDS●

William i?.
Lawrence Livermore

P. 0. Box 808, L-626,

Abstrac!

Wt report on a smdy of theerror fieldsof a set of lavcr-
w~)und short solenoids of the [)’pc used in high-current
clcctrcmlina~’s.These rrror fields are mainly caused by the
.tzimuthal l“ariation of the winding pitch angle. The
conl”cntiondwindingpaucm design tends to concentric tic
error fields in a dipole mnponcnt perpendicular10thescknoid
axis.Compoundingtheproblemare smallerconrnbutionsduc
[C)tic as}~lmcwiccoil feedsand conductor crossowm fromone
Ia}crm tlw next. Wc haveconstructedand testeda prolotype
quxlrufil~ solcnoidal magnet which utilizes s}mmctry to
cancel the cftkts of current leadsand cro.ssowrs and, in the
~bscnce of w’inding errors, should habw an intrinsically
straight magnctit axis. This design tends to concentrate the
error field in the much less harmful octupolc component.
!iIcxuremcmsof the dipole etmr !Icldyielda \afue of theder
of one millimdianfor the quadrufdarmagnetas comparedwith
sbout six milliradiansfor the conventionalETA-11maqws
and tw’clt’emilhradiansfor the ATA magnets. The improved
coolingof thequadrufilardesignallowsDC operationat fields
alnws~thm tiimx higherthan theconventionalmagnets.

[ntroductinn

High-currentIinacs require magneticfocusingto avoid
space-charge-inducedbeamloss.Forachromaticbeamtrartsporl
and high awage accelerationgradient. the magnetic ilcld is
usuallygcncmu.?dby an army of clmsclyspacedshortsolenoids,
most of uhich are built ii~to the induction cells. For
satisfactory beam injection into extraction devices such as
wigglers, the magnetic axis of the individual magnets must be
afigncdto a small fractionof a milhradianwith respect 10the
me.ch~ical axis. Problemswith magneticmisahgnmem have
beenencmtntcrexfin two hnacsal LLNL,the 50-hfeV ATA and
the 6-hleV ETA-11;as a consequence,a progmrnwasundertaken
to determinethesourceof theseerrors.

Solenoid design considerations

Fabrication

Maximumfieldsof the order of severalkilogaussmaybe
requiredforbeamtransport,makingnecessarythefoti cooling
of the magnetwindings. The ETA-II magnets,for example,use
a 0.25-in.2hollowwppc.rconductorcoverd by a 4 mil glass-
dacron insulationlayerheat-bondedto its surface.The magnet
has fourlayersof about33 turnseach;a singleconductorlength
(or tilar) is used to wind two layers, so two conductorIemgths,
eitxxricaIIy in seriesbut witi parallelwatercoolingpaths,form

● Work performed jointly under the auspices of the U. S.
Departmentof Energyby kvrence LivennoreNationalLaboratory
under contract W-7405-ENG-48, forthe StrategicDefen.wInitiative
Organizationand the U.S. ArmyStrategicDefenseCommand in
supporrof SDIO/SCC MIPR No.w31 RfYM-D4074

Nexsen, Jr.
Nationai Laboratory
Liverrnore, CA 94550

wtch mttgnct.The magnets are vacuum impregnatedwi[h an
epoxy formutittionthil[ provides mechanical strength and
dimensionalstabilily,

Pcrpcndicuktrdipole field windings (sinicoscoils) were
incorportmxfin the newer ETA-II design to compcnwttcfor
misidignmcrtu and error fields. The winding pattern is
photoctchcdon circuitboard which is then wrappedaroundtlw
magnetprim to imprcgnatiowThese trim windingsarc limited
in Ihc ticld the~”can produceand arc not cffcctivcin correcting
the higher-ordermultipolcsthat may cause cmittancegrowth.
Thus, even when trim coils arc used, there is a prcmium in
producingw error-frtca magnetas possible.

Sources of error

A perfect axially symmetricshort solenoidwill show no
azimuthal variation of its field compcmcnts around its
mechanical axis. I define “error ficlds”as deviations of the
measured field from that cxpectcd from a “perfect” short
solenoid.Such deviationsmay be duc cithc~”to the choice01
winding pattern or to errors in attempting to rcproducc Ihot
windingpattcrml%e convcntionrdsingleftktrwindingputtcm
describedabove even if accurtttclyrcproductxidoes not haveu
straightmagneticaxis. Asymmetries at the ends causedby the
currentIcadsand crossovers(the regionat the cnd of a winding
Iaycrwheretheconductormakesa transitionto a Iargcrwinding
radius in preparation for the rctum winding)cause all of the
fieldlinesm bend in theseregions. Theseeffectsitrvsmall,but
they arc not random;ctmquently, in an accclc[amr the total
cmor introducedis Iimxr with the total numberof magnetsin
series and can lead to !OSSof tlw beam in the itbscnccof
correctionfields.

These end effezts can be eliminated by the usc of a
multifilar winding pattern. If the symmetry numbers is the
number of indistinguishablepositions to which the winding
pauem can be turned in one completerigid rotationaroundthe
winding axis, then s = 1 for the conventional single filar
winding pattern. Winding patterns with s >1 hiivc no
perpendiculariicldcomponentalong theirwindingaxisand the
magneticaxis coincideswith the windingaxis. Any deviation
of the axis from straighmessin an actual magnet with as >1
winding pattern IS only duc to symmetry-breakingwinding
errors whichmakes = 1.

Windingerrors can arise in two ways,as variationseither
of the windingradius or of the winding pitch angle. Of these
two the Iattcr is the much more importartt for Iaycr wound
solenoids.Thewindingpatietn foran error-freeconductor!itycr
is given by

x = R cos 0, y = R sin 0,
210= [(n612rr)-i+l]w, (1)

for i-l< (nM?rc)< (L/w)+i-l. Here n is the total number of
fikirs, i = I...n, w is the separationcenter to center between
adjacentconductors,L is the axial lengthof the winding,andR
is the me~ radiusof the windinglayer. Axial windingerrors
modifytheprme.mto

Zi = ZjO + 621(0) (2)
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Commonly,Iaycr-wound-rnagnctconducmrsarc packul its
closely as possible to maximize the number of turns. Close
packing forces the conductors to bc nested with the axial
coherence length of perturbations long uompcucdwith the
length of the magnet. Thus the perturbation is cyciical to
Iowcstorderandcan be rcpnxcntcdby a Fourierseries,

&(0) = Xm (&)m COS(l’fle-@m) (3)
Forsmallmeanpitchangle theaxialsurfacecurrent

densityis givenby
kz = (UW)[(nw~rrR) -(UR) % (~z)mm sin(m~rrt)l (4)

whereI is the conductorcurnml.The azimuthalvariationof the
axial surface currcw is a source of multipolc radiol error
iields. The dipole contribution (m = 1) produces the only
as}”mmctricfield component with a non zero value on the
mechanicalaxis.Alongthis axisthe normalizederror fieldis

B1/Bz = (bz)l~R. (5)
which is independent of z, To illustrate the sensitivity 10 this
type of error, a single layer windingof radius 100 mm will
rwed a (6z)1 c 200 pm for a dipole error field less than a
milliradian.

Eqn. 5 should be compared with the expression for the
variationof peqxmdicularfieldalongan axis tilteda smallangle
a with rwpcct to the magneticaxisof a perfectsolenoid

B1/Bz = a(l+(z/2Bz)dB@) (6)
?tIcasurcmentof the axial variation of B1/Bz should aid in
identifyingthesourcsof error fields.

Measurement of error fields

Solenoiderror fieldswere measuredwitha systemsimilar
LO that described in Ref. 1. A F.W. Bell Model#81IAB meter
with an HTJ8-0608 transverse Hall probe, capable on its
highestgain settingof coveringthe mngcof 0.01 to 100gauss,
was used. The sensor area is of the order of 1mm2, The
instntmentuses a precision-machined2-in.-diarn.,24-in.-long
rotatinghorizontalbmssshaftwitha coaxiai@ taperedholeat
eachend. Axialthrustccntcrstheshaftbetween61° fuwxtbrass
dead centers,which arc supportedby precisionx,y adjustment
stages. lle shaft is rowtedby a steppingmotorthrougha drive
belt coupling.The Hail probe, oriented to measure the radial
field component,is inset in a milled slot in the shaft and can
be w at a numberof uial positionsand two radial fmsitions in

the slot. The instrumentaxis of rotationis alignedeither to the
mechanicalaxis definedby alignmentrings on the magnetor
to the coil id. (if there arc no alignmentrings on the magnet
undertest). The accuracywith which this can be done sets the
exf~rimcntalresolution,whichwe estimateto be of theorderof
a !ewtenthsof a miiliradiart.

For each set of magnet measurements,the value of the
coil currentand the Hall probesignalwere read out after every
5° stepof azimuthalrotationfor one revolution,after whichthe
axial positionwas shifted.Separatemeasurementsof the axial
fieldprofdewereusea to normalizethedata

A; each axial position the data of the radial field
measurementswere Fourier analyzed to obtain the amplitude
and phase angle of the first five terms, BO...B4, of the
muhipolefit to thedata. The azimuthallyindcpendem[erm!30
is not an error fieid but is present if the plim~of the sensor is
not exactly parallel to the axial field and/or is displacedwith
respect tc the axis of rotation. The dipole and higher-order
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muhipdc termsarc the error ficidWrnpOIK’nL$.The sum d“ the
five term Fourier series mittchcdour mcuwrcd data to a small
fractionof I%.

Experimental results

Data from eighteen ATA-type and ihrcc ETA-I! type
magnets havebeenrcduccd.In additionwc havebuiltandtested
a quadrufilarmagnet(s = 4). For the set of ATAtypemagnets,
the average value of ths dipole fichi, normalizedto the locid
valueof the axial field and the averagephaseangle is shown
in Fig. 1.The errorbatxshowthe standarddeviationof thedata.
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Ilg. 1 Averagedipolefieldnorntlizcd to localaxialfieldand
averagephaseangleof sel of eighteenATA magnets.
(dR=0.39. R=91mm,L=21Imm) Solidcurve is from
Eqn.6 fora ultcd magncL

The set of lhrce ETA-II magnets all hitvcdipdc strengths
in the same range with a mean value of six mrad, about onc
half the mtxn ATA vahtc.

The quadrufilar magnet was dcsigtwd to rcplacc a
conventionalETA-11inductioncell soicnoid with only minor
modificationsto the cell; it uses the same size conductorand
has the samedimensionsand numberof tums(Fig.2).

,(,0...,
:, 7
,,

! {,., ,..
“. ,1

.:%7::}, ~ &r ;fl%i,,.,
0. ----. .. . -. . .

/

.[ , z 37 . .

I
[:.5s !,, . :’ ,; :?5.1$,0 B‘ ~“ ;“:9

.... ‘../ .,, Y*,#;* ,.,.:,:,.~
,.,..,2 ..

,.

...,

,,.;
!.;.

,,,,,.,;?, !., . M cm .“ .
,,:0t..l

Fig.2 Prototypequadrtdilarmagnet.

A numberof separateruns were made on this magnetto
checkthe reproducibilityof results. Figure3 showstheaverage
va)ues and standard deviation of the multipole strcng[hs
obtainedfrom the reductionof four runs with the sensor al a
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normalized radius a/R=O.44. The mcirsuremcrrtsof ;hc
normalizedmultiple strength arc reproduciblewithin a fcw
tenths of a millirar!ian, in agrccmcnt with our previous
estimates. This data shows that the quitdntf~iarhas much
smallercmorIicld than theotherstested.In Fig.4 wc comparea

1

0.1

...-”-... -&--. --+-..—.

,..-..-–....C--””- ..... ..... .... ... . .

j

L. 1-1~:~!~
..........+....-....-...+..-.-...-..+...-.._...-&....-.._...l ..... .... .... .

j ?-.-...-.’------- +..-...-...-..~-..--..-....-i.... ... .... .. .-’.. ----

0.01 i
-0.6 -0.4 -0.2 0.0 0:2 0:4 0:6

z/L
Fig. 3. Strengthsof first fourpolesof theerror fieldof the

prototypequadrufilarmagnetnormalizedto the local
value of the axiat field. (afR=O.44, R=81mm,
L=237mm)

field line calculated from the ETA-II magnet data with one
calcukttcd from tie quadrufilardata. For these data we have
found the set of Eulerian angles to transformfrom the initia!
X,Y,Z coordinate system to the tilted x’,y’,z’system, in which
the z’axis is parallelto rhcmagnetic axis and the fieldline Iics
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Fig.4 a) FieldlinecalctdatcdfromETA-IImagnetdam.

b)Fieldlinecalculatedfromquadrufii &la

in the x’z’ plane near the origin which is located ti[ the field
maxima.The ETA-H magnetIinchaslargedisplacementsfrom
the x’,z’plane and changes of slope near the ends,whichwe

ascribeas due to IJCasymmetriesof the feed and crossovers,
The quadrtrfilarmagnetline is much betterbehavedand Iicsin
the x’,z’plane over almost its entire length. In Fig 4 b) we
comparethesedatato theparaxia]expressionfora ficltlline

x‘= -(x’,#)lrr(Bz/ Bzmax) (7)
Here X’o,the displacementof the origin fromthe mitgncticaxis
is a fit parameterequal in this case to 146pm. The fact that the
data points Iic within a maximumdistance of a few microns
from the x’,z’plane and withina maximumdeviationof 6 w
from the paraxial ticld line fit indicatesthat the symmetryof
the quadrutlar windingha..eliminatedthe problcmsconnected
with the feds and crossovers.The fit also impliesthecxistcncc
of a marytcticaxis displacedfrom the origin by about 150~
and straightto less than 1(Ip.m.

Discussion

We expect the same mitgnit~,deerror fields in both
conventional and mullifilar windings for d given pitch
variation. In the conventional magmctswhich wc ha.
measured, the dipole field is large and shows a dcgrcc of
rcpca~bilityof magnitudeand phme that suggestsa systematic
winding error introduced by the design, The conventional
magnet winding pattern with a sil;gle wedge establishingthe
windingpitch is prone to emphasizedipoleerrors if the wtxigc
angle is not exactIy right. Because these wedges have a fixed
rekitionshipto the leads and crossovers, their effect wouldbe
repeatablein magnetsof thesamedesign.The fourwedgesused
in establishingthe quadrutiktrpattern,even if theyare not right
but are alike, should emphasize the much less harmful,
oetupolecomponent.This hypothesisis supportedby the data
of Fig. 3 where we see that the dipole error has beat grcady
reduced from that of the conventional tmag:letswhile the
octupcdefield is only exceeded by the dipole. Note that th:
octttpolecomponent drops rapidly away fitxn the ends; Lfiis
may be evidence that the coherence length for the shorter
wavchmgth winding emors is short compared with the coil
length,

Ilte alignmentof quadnrfilarmaguti with errors of the
ordermeasuredin theprototypecntddbe irnprovcdby indexing
the alignment rings to the measured magwtic axis. For the
existingmagnetwe would need to shift the ring positiononly
by about 100~ at each end to accomplishthis.

A dividendof theuseof a multifilarwindingpatternis the
improved ccoling due to multiple, shorter cooling channels.
The fieldmeasurementsof the quadru!ilarwere madeat 800 A
magnetcttcent, the limit of the avai!ablepower supply.(Data
from the ETA-II magnets were taken at 100 A and fromthe
ATA magnetsat 450 A). With a c ding-water preasuredrop
across the magnet of 90 psi, the temperaturerise was -20”C.
From thesevalues,we estimatethat for this samepreasuredrop
a limit of 60°C rise would allow operation at a maximum
magnetcurrentof over 1.4kA producinga maximumaxialfield
of-8.5 kG.,almostthree times that obtainablefromthe ETA-II
design for the same prGcsuredrop and temperature rise.

Reference

1. H. Nishiharaand M, Terada,J. AppLPhys.39,
4573(1968).
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I>ROGRI?SS IN ICTA-11hlA(; N1tTIC IIV1~LIJ,\ LI(; NMh:N’I’USING S’l”RETCilkJD WIRi? AND 1.OW
1{N1;R(;}’ 111.l;C’I”[?ONII1;AN1TIXHNIQUKS*

1.CCV. Grit’fithandFredJ. Dcadrick
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Abstrtict

Flux Iinc alignment of the solcnoidulfocus magnels
USC(Jon the ETA-II linear induclion accclcrmor is a kcy
clcmcnt !cading to a rcduc(ionof beam corkscrewmotion.
TWOtechniqueshave beenusedon t!w ETA-II accelerator10
measure and csmblish magnet alignmcrw A low energy
electronbeam has been used to directlymap mngncticfield
lines, and recent work has utilizeda pulswlstrctchcd wire
techniqueto measuremagnettiltsand offscts withrcspwt to
a referenceaxis. This paper reportson the techniquesused
in the ETA-11accelerator alignment, and prcscrwsresults
from those mcasurcmcnts which show that accelerator is
magneticallyaligned[0 within-t200 microns.

Introduction

Alignment is a critical step in tic assembly of any
linac. Mechanical/opticalalignmentof acceleratorhardware
is only a part of the totalprocess. It is equally importantto
assure that the magnetic flux lines produced by focus
solenoidsalso be aligned to high accuracy. The rnagnctic
axis of a magnet may not always be coincident with the
mcchmical axis, and thus it is imponam that the magnetic
axis be used in thealignmentcriteria.

The ETA-II, as presently configured, is a 9.4m long
ticcc!cralor,consistingof a total of 28 solcnoidalmagnets.
Four solenoids arc in lhc injector, and the accclcralor
scctiom arc configured imo two 10-solenoidcell blocks.
The rcmainingfour soicnoidsarc used as intcrccllmagnets
in the trilnsport regionsbctwc~athe CCIIbkks. Eachof the
solenoidmagnetsarc fabricatedwithscparalchorizontaland
t’crtical trim coils. The trim coils arc used to correct for
magnettilts,but not for mttgnctoffscLs.

To minimize the bulkiup of beam cortwcrcwmotion,
wc attcmptcd to align the magnetic flux lines of ETA-11
solenoidsto a straight Iinc. To accomplish this, a straight
line rcfcrwrcc axis on the mcchi;nical ccntcr was first
established bctwwn the ir!jccto, and the end of the
accclcrmor. Zach solenoid’s magnetic axis was then
measuredwith respect to this reference,and where feasible,
the magnetswere physicallymoved to make their magnetic
axiscoi~cidcwith the rcfcnmccaxis. Additionally,for each
magnet,a horizontaland verticaltrimcorrectioncurrentwas
established to compensate for any inherent magnetic tilt.
The mannerin whichthe magneticalignmentwas performed
is(lcscribcdin mole detail below.

* Performed jointJy under the auspicesof the US DOE by
LL,NL under \\’-74O5-ENG-48and for the DOD under
SDIO/SDC-A-ITMIPRNo. W3IRPD-8-D5005.

Magnet Alignmtnt Techniques

Low Energy Electron Ileam Alignment Technique

Since magneticflux lines cannot be vicwui directly,it
is necessarythatonc resort to measuringthe influencethala
magnetic field has upon a measurable quantity. For
instance, one way to map magnetic flux lines is to usc a
low energy electron beam. The low energy c-beam will
closely folkw a given magnclic field line, and a phosphor
scrccn can be used to convert the e-beams energy to light.
The lightspotcan thenbe digitizedwitha computerandTV
camera10map the positionof the field linesas ii funclionof
distancedown r.heaccelerator. This trxhniquehas already
been succcssti.rllyused during the initialasscmblyof ETA-
11,and was reportedearlier by Clark,ct al.l. The difficulty
with using this technique is that the entire accelerator
assemblymust be undervacuum,and all solenoidsmustbe
energized to properly transport the c-beam. Additionally,
magnetoffsetsand tiltsarc notdirea.1y obtainableusingthis
technique.

Stretched Wire Alignment Technique

An alternaiivc tcchniquc for measuring magnet
alignment is to sense the force produced on a current
carrying conductorplaced in a magnetic field. With this
trxhniquc,a wireis stretchedaiongtheccn[crrefcrcnccof the
accelerator through all the solcnoidal magnets. A short
current pulse, 1, is then applied the wire, znd if any
rransvcrscmagneticfieldsarc prmcnt, i!!cl.orcntz forcedF
produced on an clcmcnt dl of a conductor is given by
equation(1) a..:

dF= f dl x B~. (1)
The force on the wire will ca:lsc tile wire to Jcflcct an
amountproportionalto the ~i]~gni[udcof the transversefield
errors. Thisdcftectionpropagatesas a triivclling~.vavcalong
the stretched wire, and one can sense this dcfle.ct.ionas a
measureof magnetmisalignment. Sincea perfecllyaligned
solenoid will have no transverse fields on its axis, one
attemptsto nullout thedcfkxtionsof the stretchedwire,and
when the dcflcctcdsignal is nulled, the wire thtmliesalong
the magneticaxis.

The stretchedwire alignmenttcchniquchas been uscxl
successfully at LANL by Warren and Elliot* in the
fabrication and tcsLingof wigglers,and by Liska,ct al.,3 in
the precision alignment of permanent-magnetdrifl tubes.
The inherent simplicity of the strctchcd wire alignment
tcchniquc is an attractive feature. No high vacuum
conditionsarc required as with the c-beam technique,and
both the offset and tilts can be obtaimxlfor each individual
rrwgnct,

I
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Stretched Wire Implementation WC usc a thin
(4-roil) BcC’Uwire strctchcdthroughlhcboreof the Iirmciind
posi(ioncdon themcchirnicalcwrfcrrcfcrcnccaxis a! !hc two
ends of the accclcmlor. The wire is auachcd ;O a X-Y
t.fans]iitiL)n stagI> il[ cti~hcnd SO hl lh~ wire ~ilnbe moved
by mcasurahlcamountsoff the rcfcrcnccaxis to dcwrminc
i~fiwf~ WCm~gnc[icaxis 0[ a givcll stknoid is Off lhC
mechanicalaxis. Whilethe wire is wsioncd near its tensile
strength to minimize the cirwmry droop from the vertical
axis, W’CMICUINC [heamount of Ca[cniiry011’wIiII ci]ch
solenoid, and include this as a correction to the vertical
Offsetd3ta.

Two photo-opticalsensors positioned 12.t?cm away
fromthe [crminationpoin[arc usedto sense the minute wuc
deflections. One of the sensorsis used LOmeasurevertical
motions, and the other sensor measures horizontal
cicflcctions.The sensoritselfis a ve~ simple,lowcost, and
a readilyavailablecomponentusedin industriesas diverseas
computers to textiles. 1[ consists of a GaAs infrared
cmittingdiode illuminatinga siliconphototransistoracross
a 0.1 inch gap. The detector senses the deflection of the
wire in the gap by the wire”s affect on the light
transmission. Figure 1 shows typical detector sensitivity
curves obtainedfor4 and 8 mil wires. We posi[ionthe wire
at a point of maximum slope on the dcuxxorcurve to give
the greatcs sensitivity,which in the case of a 4 mil wire is
on the orderof 25 millivoltsper micronof motion.

15
MIIWwe
MIIWire w%

s
a
%5
o
L00 I
z~

-to
0.0 0.5 1.0 1.5 2.0 2.5

Posltlon (mm)

Figure 1.Detectoroutputresponsefor 4miland 8mil wire.

Figure 2 showsa block diagramof electronicsured in
the data acquisition system. The horizontal and vertical
detector circuits are simple opamps to increase the
sensitivity, and the oscilloscope is a digital storage unit
with signal averagingto improvesignal to noise ratios. A
singlesolenoidis energizedatone time,and a 1 millisecond
longcurrentpulseof 1-2amperesis typicallyapplied to the
stretched wire. Any transverse magnetic fields due 10
magnet misalignmentswill cause the wire to be perturbed
off axisby theLorentzforceon the wireduringthe timethat
the current pulse is applied. This deflection pulse
propagattxdownthe wireat theacousticvelocityin the wire
and passesthephoto-opticalpositionsensors.

By viewing the wire deflection waveforms it is
possibleto distinguishmagnet tilts from offsets, since tiks

and offsets hitvcdil”fcrcmwi~vcf{)rmsignaturesas shown in
figure3.

WmOlduae JL Ocs.5

ttaluad

““- L , 1 /i I

Figure2. Blockdiagramof detectorcircuit.

To quantify magnet offsets, the wire end points arc
moved in unisonnnt.ila null occurs in the offset waveform
sigrmturc. To determine magnet tilt angles, wc apply
current to the trim coils, and wc convert trim current to an
quivalcnt tiltangleby usingquatirm 2 Mow:

Tlmo

Figure3. Responsesignaturesfor magnettiltsand offsets.

Magnettiltangtecan then becakulatcd as

1BLdz
J-

a=-2

I &&
)40

(2)

wberc we have measured the relationship between trim
currentand theperpendicularmagneticfield,BL producedby
the trim coils, and measured Bz as a function of solenoid
current.

ETA-II Alignment Results

This sectioIIsummarizesJrc alignmentdata on ETA-IL
Allalignmentworkwasperformedfor a Bz fieldof 1.3kGin
the accelerator and 540G in the injeetor. We believe the
injector,intcrccllsand aecclcrator1O-CCUblocksarc aligned
to within *40@m with an rrns misalignmentof 270~ in
the horizontaldirectionand 120pmin the verticaldirection.
Figures4a and 4b show the measuredoffset valuesfor each
of the solenoids. The alignment measurements were
repeateda numberof timesin order to obtain con!idcnccin
the repeatability of the measurements. Magnets in the
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injcc [or ;md 1() -ccl I l); Kks :1rt$ 11(}1 i l],] Ii,idl];ll l}, ;djUSklhlL’

mcc ”h:mically, simx the ussclllhl 1~’s:Irc pin atigncd ill tlw
lililc (’t”asscmhi}. Thcrcforc, wc adjusk”d Ilk posi[iml01’ihc
cn[irc t.cl! IIl(k.k II [hc hcsl Iinw I“i[Ihroughlhc nwlsurcd
d:l~l. lf’CiiCLWUllbXlIi)r the GNcn:lry dtllcclitu! d“ h: w’irc hy
L.;Il~II1:1[ing the catcn:try~’iIlucl“orc:ich(.1’II, ;IIIII r;~iscd lhc
wirecnd froinLs an ilppfoj~ri:i[t.;InlountI()t“(mlpcns:iltli~rthe
drotq). Individuid magnetsIIIIIICintcrccllswere nmt,caldc,
awl we positioned lhcsc coils hy !t~ming lhc wire on the
refcrcncca.iis,11thecoil, and thenmo~”cdthesolenoidsso its
to null ri~strc;chcdwire response. I“hisadjustnwntwas not
completely successful, however, twcausc of difficut[ics
arising fromover-constraintsit) the m~~hanicitllicsign,

~ “
= >:~
5 ,0
~

i “=: ad

~~gurc4a MeasuredF.TA-11solenoidhorizontaloffsets.

Ca
. . ...... ............. ...... ............... ........ ... .. -a

5 ~a

at
cdb tt.m

Figure4b MeasuredET.\-11solenoidvcrdcidoffscls.

Figures 5a and 5b show the rcsuhingmdgnctlilLsfound
by cviduatingequation 2. It should bc noted [hot the tilts
shown are for cods with no co, rcction currcrws applied.
When trims arc applied, the fkdd tilts arc conlpcnsittcdto
bcncr than fl milliradiartbastxluponour confidencein the
repeatabilityof the mcasurcmcnts.

~)ru$’idcUSwith u plot ol dw llul~:[wticI“icldIinc’sthr(m):h
tlk!;lC’CCICriltor,W’Chil\’Cmc:lsurcdIIIL’l“i~’ldI“[)rl’ilCtl of” ttw

lllilglll![S USC(1or; ETA-II, illld this (I;llilL;Ill 1)1’ II!W(I ;Ilollg

wi[h the ti1[id t)ffs~t(li\tii [() ohlilin ii[] f’(llli~”iilt’l)[ flIIX Iinc
ililllCrn bi{St!{!Ilpon ii superposition 01 dl~ indi~i(luil; field
componcn[s. This plo[ is shnwn in I“igurc6.
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Figure6 Calcukrtcdhorizontalml vcrlicitl flux line biLwxi
uponmagnettilts and offscls.

Conclusions

We huvcfoundlhcstrctchcdwireidignmcnttcchniqucto
bc very useful in rncasuring the alignment of ETA-II.
Mcasurcmcnttimes for the 28 solenoidsis on the orderof 4
hours, with potential improvcmcms requiring even ICSS
time. The tcchniquc Icmis itself WCIIto establishing
magrrclica]ignmcn[ during the fabrication tind asscmbly
slagc of the accelerator CCI1blocks, and [his will bc
implcmcnmdin the fulurc.

Our in[crprctationof the till and offset waveformshas
been based upon that of an cxpcricnccd user. Work is
currcmly un’dcrwayto develop an on-line digital signal
processingcapabilityto extractoffscLsand lilLS dir~dy from
the waveforms. When.somcof the opcramr’ssubjectivityis
rcm.ovcd,it is believed that even greater accuracieswill bc
obtained.
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:
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Figure 5i3MeasuredETA-II solenoidhorizontalli]L%
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Figure5b MeasuredETA-11solenoidverticaltills.
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While the magnetoffxvs and tiltsas dctcrmincdby
:hc swctchcd wire alignmcrrt tcchniqu~ do nol dirccdy

425



1’Ul.Sh:l) T.AU”I’-\VIRE A1.I(;NhlENT OF MUL’I”lP1.l;
Pl}t?hl.$NltN’1”NIA(;NI[’1”QUADRUPLES*

(.’ehl. i“ol”l~illl~$ 1..11. l); tuclsbcrg, ~’, (;visik, 1).LO L isli;l, ill)(l R.lj, S11;11’(’1”
l.1)~ :ilit~)t)s Niitit)niil L~boi’ittor},” 1.{)s /\l;ln~()\, Nhl 8754S

..\I)str;lct

;\ lmlsc’d[:wl-wire S)slc’nl Ic)r aligning nlany CdlillCilr
~~k’rln:illcn[I\I:lgI)Cl qll;idrupolcs (PhlQs) is dcscrikd.
.Applic.~l[itmsinclude illigningnugnc[s in drifl lube Iinuc
(D”f_L)[;mksi)I)d Iincw f.ransportIincs. A short (< 100-j.Ls),
rc’~”twrgul:lrcurrentpulse ii~~~l~ril[cs [hcwire tritnsvcrsclyiit
c:ichP\lQ by WIamountproportiomdto the displiuxmcmof
dw w’irc!rom du-!magnctit ccn[cr. ‘l”hctransversewilvcs
pr{)p:lg:uc:Il~mgdrcw,ircw a mrsor wherefhcyarc mcimrrcd
using ii wid~’-tmndnoninlcrccp[ivckwhniqucsimilar to t.h[
used l~wmcwuring beam posilion. Displacing the wire by
kmlwn ;mmrms using trtinsl:liionslagcs giics an accur;~lc
cd itmion ot’sigwd size tcrsus misalignmcrw A tcchniquc
for ln~’;isurirrgthe grudicnl-lengthproduct01”ir PM(J using
ih~’pulsedLlul w’ir~. is Ao (kscrithd.

Introduction

The [cuhniquc of using ir [:Iu[ wire 10 align [hc
qu:idrupotcsin ii f)TL MWSdcJwlopcdtit Luv:rurcc flcrkclcy
S:)lion:)l L:lhor:itor)” (LBL) ;)r(mnd 1974. In lhc LBI.
tcchniqut:dl IIw nimywls M ;mc arc mrncd off’ cuchtimethe
NIrc is puld u ]:h uurrcnl. The wire is dcflccwd if it is not
pofi[i(m~’dLII[ficmiynctic ccmcr of the mtignc!urrdcr[w.

In this numncr,the magnc[icccnwrs of itll [hc miign~ts are
nlcdsurcd, onc at ir time. The wchniquc wus (urihcr
dc~ctlo!xdI“r)rl“inding the magnclic ccntcr of individuirl
pcrmancn[mtignc[quxtrupo]cs irt Los A!amos.l Bccmrsc
thesemirgnc[scould 1101be tumcd off the measurementsM
to M doneon indi~”idualdrift tube magncfsbeforeasscmbi}
of the DTL. Warren and Elliot 2 first applied the idea of
usingJ short currcm pulse [o give [hc wire m-rimpulse, in
[h: form of [rwrsvcrsc momentum. The impulse varies
i]l~ng the Icngdl of the wire in proportion to IClocal
magnetic f’icld. This work was performed on mirgnctic
dipolesused in wigglers. The wtnsvcrscmomentumsplits
inmtwo equalarl~plitudewaves thiittravelalong the wkc in
oppositedirections.Bccmrsc[hcwirvcsfromeach magnetarc
cr&t!cdIJywr impulse [hey arc spaced irlongthe wire und
ar:i~t.tit(fiifcrcnlLimesat a fixedsensor[hirtmeasureswire
position us ir t’unctionof time. In this manner, multiple
magnetscan be mcirsurcdwith a single current pulse. Wc
hirl’ccxtcndcdthe tcchniqucof usinga shortcurrentpulseto
irlignPMQsin DTL ranks. Tcchniqucshavekm dcvclopcd
w obtain an irbsolutcmcasurcmcmof the position of each
mqyrct with respectto the WUC,itndto subtritctout wire sag
whcrrdoing verticalalignment. In itddition,we measurein
si(u thercla[ivcgritrlicnt-lengthproduc[for all the magnets
af[~rth~ywc asscmb]~ in tic D~ ~nk.

I“heury

If, a! t = O,a short current pulse (short being defined
bclowj is appliedto a wire displacedfrom themagneticaxis

“ \\’ork Suppnncdand(Unddb} tic L’Sf)eparirncnt of Dcfcnw, Army
S!ra[cgic DcfsmscCt~mmand.mfcr tic 3uspIccsd rhc L“Sf)cpa~ncn[ ,]f
l;ncrgy

of U llUiKkUpl)lL! I)J’ illl :1111011111L\.XIII;IgIIK’11lhClrim~’:rsc
impulseimpirrlcd10d lengthdz ~Jwirc is

p (!7.VA = 1At G(z) 1!2.Ax,,,;,x (1)

w’here I. AI, G(z) p, Vx, and AXlllUgilr~ (hc currcnl, puls~
Icngth, quadrupolc grildicnt, wire Iillt!ilr ll)ilSS dulls’ ii)’,

mmsvcrscvclocily,and Illilgill!t diSplilCCllk!nt from IIrcwir~’,
rcspcctivcly. The tritnsvcrsc impulse splits in h;itt’and
pK)pil&ltCS along Ihc wire at ;I sped giwn hy c= 4Tr;;
where ‘ris the wire tcusion. Aflcr th~ tliln S\°CrSt! \\”ii\”L!

passesii givenpoinl irlongthe wire, [hcdisplirccnkmto!”lhr
wire from its initiirlposilionis gi~’cnby dw time inl~gr;]l

AXW.irC= ~ VX(lt

=(1 At AX1lltig/ (~ l) ) Jj ~;(z) dl

=(1 At AXll)ag / (2 P c) ) j G(z) dz

=(1 Al G LC/(2 p c) j AX,,,,,g (~)

whereLCis fh~cff~ti$”t!knglh of tht:quiidrul)olc”ii[](lG is IL\

avcrigcgradient.

I“hc SIOpCo!’ the Iinc thi)t dcscrihcs :1X~.lrCv~~rslis
AXnlagis proportiwridto GLCthe.miigrl~t gradicnl-lcng[h
product,itnda mcasurcmcntof /, At, p, irmlc dclcmlincsIhc

gradient-length product irbsohrtcly.3 WCusc translation
stages to move the wire by known amoun[srckuivc to the
magnc[,thus varyingAXmag. For each posilion,[hcwire is
pulsed with the same 1 and At and the wire dcffcction
(AXwirC)is measured. Typicalvaluesfor 1,At,G-L,, p iid

c arc 20 A, 40 KS,5 Tcskr, 3.8x10-5kg/m, and 130 m/s so
[hatthe proportionality constamrckrtirrgAXu.irCilndAXllltig
is of orderunity; thcrcforc,rcsclu[ion for mcisurirrgmiigrlc[

displacementis approximwcly C(juiil I() the rcsolu[ionof the
rcnsor and itssocii]lcdelectronics for n)ciisuring wire
positiun. Accurate mcitsurcmcnts require sillisfying (hc
transverse impulse approximil[ion, thirt is, that !hc w,irc
moves a negligibleamount t.ritnsvcrsclyduring lhc currcn[
pulse. Given two quitdrupolcsthal arc of opposi[cpoliirit}’
but equally displaced from the wire, Ihc mcitsurcmcnl
should,of course, indicateequal displirccrncnt.I{owcvcr,if
the wire moves transversely before the currcn[ pulse is
switched off, the focusingquitd will IIIOVCthe wire into it
weakermagneticticld andthedcfocusirrgquid intoitstronger
magneticfield, and the mcitsurcmentwill Ihus indicitlcthot
the defocusingmagnet is a greater diskmcc from the wire
[han the focusirv;magnet. Mtithcmatici]lly,the condition10
be sa[isficdis

V, At/ AXmak= (1At2 G )/p <c 1 . (3)

An easy check on this conditionis as folltr!ws:u rcvcrsulof
[hc sign of the currcm cffcc[ivcly changes the poktrityof
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GKI]lllilgll~lyicltiing illS l!({Uiil hl oppositetktlcction Oftk
w,ircduc 10 each magmu. A scconilcondi[ionon thepulseis
ttt:~tI!ICdis~lllccthe wi~v~spropagitk along the wire during
tht turrcnt pulsc tx smallcomp,arcd m IhCdi::tarrcebclwccn
nMgI)cts, so [hat waves from di(fcrcnt mugntus itrc nol
wpcrimpwxi. 11’M is the disrxrcc bctwccn magncls,[his
condilicmis wtist’icdif ~\7.> c 3[.

\\”iru [+ksition Jleasurwuent

The )\’irc position n]cwsurcnwrlttcchniqucis bitscdon the
dc~”clolmlcnt01cl.’ummicsfor precision,rcitl-limeposition
nw:lsurcmcntd’ hunchedparticlebc:mts.4 .%ferrite-loaded,
20 XlI{z 1/-$coitxial cavity is driven with - 1 W of RF
pot~’cr.“l’hewire passes :hroughthe innerconductoralong
[hcaxis of tt]ccitvityiind is coupled to the longitudinal RF
electric lick! at the open gap bwwccnthecenterconductorand
dw ca~’ilyend-wall.In this mitnncran RF currcmis induced
oll lhc ~mpim\\’irC. TIN RF field from the wire is dctcc[cd
by !otlr Bt~loops tha~ arc used with signal processing
electronics m rncusurc the x iintt y position of the wire.
Pr~>scnlly,I\irc position is measured with it 10 micron
rcsotuticmand 35 kHzbandw’iclth.The bandwidthrequiredis
dctcrmincdhy thedistitnccbctwccnmitgnclsand longitudinal
wit~cspeed. For irpplications[ha[require lowerbandwidth,
[IN signal-m-rroisc ratio improves and Lnus resolution
improves. Sensitivityof the wire positionmctisurcmcntis
dctcrmirwdby mo~.ingthe sensor relative to the wire with
~;tnsliltion sugcs. Our apparatus with a 4-mmapcrntrchasa
wnsilil”it)’of t.4 mV/nlicron.

E:xperirnental R~sults

Figures1ami 2 arc cxismplcs01raw dfilafor verticaland
Imrizonul dcllcctwns rcspcc[it cly fromit DTL tank,bc[orc
alicnmcnt, wilh -lo PhlQ magnets amimgcdin it FODO
lu[~icc.The pilrtiklic shiipcof the envelope of the vertical
d:mt in Fig. I is dtw 10 wire sag over the 2.3 meter-!ong
[wk. The ak’cragcsignalgets Iargcr(smaller)in the middle
01[hc tank if the wire is suspecdcdbelow(above)the center
ot’the magnets. I’hc first step of analysis involvesfinding
thepcztksin thedatam indicatedby theCUCICSin Figs, 1and
2. ForcttchmagnetIkedeflectionof the wireciruscdby that
magnetis calcukttcdfrom the diffcrcncc bciwcc.nneighboring
pcirks.This proccdurcis rcpca[cdatlcr translatingthe wirea
known distance (AXmog) itnd agwn measuring [hc wire
dcllcctionciiuscdby each mtigrwt.Thediffcrcnccof the wire
ttcllcctionfor the two citscsis titkcn,inverted,and multiplied
by the umount[hc wire was moved to yield a calibrationin
microns/volt for each magnet withouL any explicit
mciisurcmcn[of the ctsrrcnt,pulse Icngth,wave speed, etc.
In prac[icc,the wire is mo}’cdbctwccn twopositionson the
opposite sides of the magnc[icccntcr, and thus signals of
uppositcpolarity arc obtitincd,as shown in Figs. 1 and 2,
Thcrcforc, by simply adding the absolute values of the
deflections wc obtain a number proportional to the G-LC
pr(xluctM in(tica[cdby Eq. (2).

An cxhmplcof thisresult for horizontaldata is shownin
Fig. 3. The top curve of Fig. 3 i:; invertedand multiplied
by thes.lismnccthe wuc is moved10obtain the micrtms/volt
calibration for each magnet. With a calibration file CS-

toblisiwdimiibsolulcmwsurcmcntof the misgnctalignment
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Fig. 1. Vcrticitl position raw datit for two diffcrcnL wire
positionsseparittcdby 1.02mm,

200, I I I I 1 I I I
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Fig.2. Horizontalpositionraw data for two differentwire
positionsseparatedby 1,14mm.
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Fig. 3. Curves 1and 2 arc itnidyzcdtlurizolltiddilLtfor lwo
differentwirepositions. SUM, the additionof curves 1und
2 is proportional to the G-L product along the magnetic
axis.
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is obtainedin the followingmanner.
Figs. 1 and 2 the magnitude of the
cidculiwd and then subt.v: ~d fr lm

For data as shown in
average deflection is
the magnitudeof the

dc!icctionducm eachmagnc[. Tht magnitude-oftheaverage
dcllcc[ion is proportional[o how far the wire is displaced
from the magrrctson avcragt, whereas the differencefrom
th:u~~’cri~gcm~i~ur~s howfareach magnetisdisplacedfrom
Lhc magnetic~xis. Finidl}’, this dam is mullipiiuf by lhc
calibrationfactors m give a plot ot’the rcla[ivcpositionof
c;lch m:]gnc[, in microns, w’ilh respect to the average
displamrncru of [hc mi~gn~~sirom the wire.

Ewnphx of Prcsc n~casurcmcn[sin bo[h planes arc
shotill in Fig. 4. With analysis IIM[yields plots such as
Fig.4 the magnetscan bc prccisclyaligned. Fig. 5 is a plot
oi [hc cuiibrutcddisplacementafter tine adjustmentsto the
nlil~n~t positionsh:i~”clxcn mw.lcfrom the case shown in
Fig.4. The xtjusuncms are made [o fit the vcr!icaldata to
tlwp:lriMti thilLdescribes[hccdcul~[cd~g Ofthc tiiutwire,
w’hcreas the adjusuncms iit the horizonriddata to a straight
lint with z.e.ros[opcso thal the magneticaxis is pamllclwith
Lhcwire.

00 io 10.0 150 200
TIME (ins)
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300 ; \ I i I I I I I I 1
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-1oo , 1 1 xI I 1<
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m
Fig. 4. Horizontal (a) and vertical (b) alignment before
adjustingmagnetpositions.
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Fig. 5. Horizontal (a) and vertical
adjustingmagnetpositions.
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A SMALL-130RE HIGH-FIELD SUPERCONDUCTING QUADRUPLE MAGNET*

D. 13. Barlow, R., H, Kraus, C. T. Lobb and M. T. Mcnzel
Los Alnrnos Nntional Laboratory, Los Ahunos, NM 87545

P. L. Walstrom
Grunlrnan Space Systcnns at Los Almnos, NM 87545

Abstract

A protoiype superconducting
was designed and built for use
coupled-c al.it}” Iinacs where the

quadruple magnet
in superconducting
use of permanent

magnets is ruled out by consideration of trapped-!iux
losses. The magnet has a clear bore diameter of 1.8 cm
and outside diameter of 11 cm and length of 11 cm.
The nlagnet was operated at a temperature of 4.2 K and
obtained a peak quadrupolc field gradient of 320 T/m.

Introduction

Small-bore, high-field quadruple focusing magnets
are required between cavities in superconducti:lg
coupled-cavity Iinacs. Stray n-,agnetic fields of only a few
gauss in cavity walls before cooldown can be trapped and
cause excessive rf hxses during cavity operation. Fields
of a few-hundred gauss, when applied to cavities after
cooldown, can also cause excessive rf losses. Accordingly,
d~e focusing magnets must have a low fringe field during
operation and be capable of being turned off during
cavity cooldown, Superconducting quadruple magnets
are a natural choice for the focusiug elements, since
they can be turned off during cavity cooldown, be
designed to occupy little space, and be kept at liquid
helium temperature by the refrigeratioil system for the
superconducting cavities. Compact superconducting
quadruple magnets wound from commercially at”ailable
superconducting wire can cperate with field gradients of
hundreds of teslas per meter in a clear bore of a few
centimeters. i’his performance meets the needs of most
superconducting coupled-cavity Iinac designs.

Design and Construction

‘l’he 2-D magnet codes POISSONl and PLUX2D2
were used to optimize the geometry and design of the
magnet and to calculate the expectecl fields and operating
currents. A schematic of the prototype magnet is
shown in Figs. 1 and 2. The magnet was designed
to fit between cavities in a typical array of small
supercomiucting accelerating cavities, and includes field
clamps to minimize fringe fields. The magnet has a clear

“Work supported by the US Ilepart.ment of Energy, with
Los Alamos National LaboratoryProgramIkvelopment.
funds.

bore diameter of 1.8 cm and can be assemhlcd around a
beam pipe and vacuum flange r,rojert:ng t’rom the end
of a cavity without removing tile tlangc or aJtiing extra
beam pipe between cavities. Tht’ outsi(ie dimensions of
11 cm long by 11 cm in ciiatneter were kept as srnaii as

possibie to minimize the spacing between cavities. Tim
poles, flux-return yoke, and iicld clamps were all made
of iow-carbon steel. ‘rile 6-cm-icmg poks were made

witil flat instead of hyperbolic tips, since tile poics arc
aimost completely saturated at nominal operating ficifis.

~ieldSpmer ,

Clamp
Alignn,
King
coil
FFame

tiil

— -—-—---- — - -— - — -—

1cm
_._J

Fig. 1. Schematic of the magnet (side view).

, Barrel

Fig. 2. Schematic of the magnet (end view).
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POISSON was used to detei,nine the width of the
pole that would minimize the the first allowed (n=6)
harmonic. A pole width of 1 cm was foul!d t.c null out the
n=6 harmonic aud produce higher order lields o! less than
o.()~~c~f the quadruple at a reference radius of S nlnl,
at t}?pical operating cllrrent densities. ‘1’hc 3-D COdf?,
TOSCA3, was rua foi” the final nlagnct design to estimate
the gradient- length product and the IIlagniturle of the
st ra}”field beyond thts ends of the magnet. These rvsults
indicated that tlw I-cm-thick field clamps, which were
separated fro~n the central part of the magnet hy low-
pemwabilit}” st ainlcss-stec] spacers on both ends, reduced
the stray fields c~”er}’whereoutside the magnet to less
than 100 (1 at nominal operating currents.

The coils for the magnet were made of com-
mercially available 0.25-nml-rliamet.er, 54-filanlent
FJbTi/Cu superconducting wire. The racetrack-shaped
coils contain 762 turns of conductor and have a
rectangular cross section measuring 2.00 by 0.35 cm.
The coils were wet-wound with an aluminum-oxide-filled
epox}’ on a slightly oversized mandrel. After the epoxy
had cured, the coils were pressed off the mandrel and
the inside dimension rela..ed slightly to form a snug fit
when mounted on the poles. The cross section of several
sample coils were inspected umier a microscope to check
for uniform packing of the windings. Each coil was
checked for internal shorts using an impedance meter
to measure the coil z Q as a function of frequency. (A
short would have caused the coil to hab.e a Q value less
than thenominal.) The cails were then mounted on the
poles and potted with epoxy into stainless-steel frames.
The frames were needed to contain the outward Lorentz
forces that would cause movement of the windings and
premature coil quenches. After being potted, the coils
were individually tested at 4 K to be sure they operated
above 70 A without quenching; this current in the coil
test configuration corresponds to .-95!%0of the short-
sample critical current specified by the manufacturer.
After testing, the coil and pole assemblies were mounted
in the barrel of the magnet, aligned and held in place
by the fou- pole blocks that were adjusted by set screws.
The alignment of the poles was fixed by means of an
alignment ring mounted on both ends of the magnet. The
four coils were connected in series with superconducting
bus bars made of heavy-gauge copper wire wrapped with
several strauds of superconducting wire. All joints were
soldered with iridium, and care was taken to insure that
the coil leads had no sharp bends or unsupported sections
between the coil and the bus bars. The bus bars were
routed out the side of the magnet and indium-soldered
to the ends of vapor-cooled current leads.

Results

The assembled magnet was tested in a bath of
atmospheric pressure liquid helium (a temperature of

.-42 K). At this temperature, the maxinluin current
o~tame(l was 62 A. Only a few training quenches wero
requirmi to bring the magnet up to the maximum curreat.
Fig. 3 shows a plot of the peak field in the windings,
calculated by FLUX2D vs the current. Included in Fig. 3
is a plot of the short-sample critical current vs field for
the superconducting wire. The intersection of tbr two

L&--_------l
0 2 4 6 8

B~~ (rksIa)

Fig. 3. Load line (solid curve) vs critical current (dashed
curve) for the magnet. The calculations of the peak
field in the coil win~ingsweredoneusing FLUX2D. The
critical current vs field was provided by the manufacturer
of the wire.
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Fig. 4. The quadruple field (B2) at a reference radius
of 5 mm measure? by the Hall probe (solid points)
and calculated by FL b”X2D (solid curve) vs the magnet
current.
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curlw indicates the maxinmm current ach iwablc. A
peak current of 62 A for t he complete magnet

1 in t.tw coil windings,correspon(is to a field 01 ~3.7 ‘ ‘
which is x95% of the short san]j~lc critical current..

The radial ikld near the center of the nlagnet w,as
rnecwurt=ciwith a small Hall probe at a radius of 5 mm.
Tht* Hall probe could be rotated about the axis of the
magnet and pro:idtd a ulap of the central fit’ld. The
resolution of this measurement was ji.nitcri by the finite
size of the prohe. In addit ioa, a rol.ating coil was
used to measure the integral tkki map anlf integrai
multipoie strengths of tiw nlagnet. Tiw coil consisted of
100 turns of wire Wollnd around a rectangular forlll that
was paraliei to the nlagnet axis an(i exwmitxi heyon(i tim
fringe fields on hotll en(is of the bore. The coil voltage
was integrated by a ~“oltageint egriltor an(i tile coii angle
was meast:rcxi b)” a pot.crrtiomcter to obtain the flux as
a fllnct ion of the iiIlgit?. A piot of Iiw quadruple fieid
me,asure[i b}’the I[ail probe as a fuaction of the magnet
current is shown in Fig. !, aiong with t iw fiei(i caicuiateri
bj. FLUX2D. The reason for the z1O% {iisagrecment
between the calculated anci rne,asured tieids above 5 A is
not understood. Sat uration of the irrw poir tips occurs
at a current of 5 .!. as in(iicatcd by tile c!lange in slope
of ti~is curt”e. At 60 ,\ the poie-tip ficid w= 2.88 T,
corresponding to a quadrupok gradient of 320 T/nl.
The rotating coii nlea~urcci a grarficnt-icngth product,
normalized to 60 A, of 16.4 ‘r. Fourier anaiysis of the
rotating coii data at 55 A indicated tilat tile integrai
dipoie and sextupoie contributicms were 3% and 1%,
respecti~.cly”,of the quadruple, at a radius of 7 mm. The
dipole term is most likeiy the resuit of a +0. i mm offset
in the aiigninent of the rotating coii, while the sextupoie
term is probabi}” the result of a slight misalignment of
one or more of the coiis. After operating the magnet at
60 A, tile relnnant fieitis on the surface of tile magnet
measured iess than 1 gauss.

Surumary

~ working Frotot;”p~ sliperconducting quadrupoie
has been bui!l ZVCItested. ‘rhe magnet aci]ieved .43% of
its calculated crit]cai current !imit. At maximum current,
the magnet produced a quadrupoie gradient of 320 T/m
and gradient- iength product of 16.4 T. ‘!’he smali stray
and remnant fieids of this magnet shouid not interfere
with the performance of nearby superconducting cavities.
An estimated 25%Jincrease in the qua(irupoic strcngtil of
the magl]et could be achieve(i by operatiug the magnet
at a reduced temperature of 1.8 K. L’aicu]ations ako
inriicat;. a 10% increase in the fieid .strcngth ccmid bc
reaiized by using the rare-earth metal, holmium, as a
pole material, in piace of iow-carbon stcei. IIolmium
saturates at 3.9 T“, vs 2.2 T for iron, and has a siightly
higher permeability at fields above 4 T. In additi[m, tile
C’uric temperature of hoinliu]n is 20 K, nlaking it IIossitjic

to m,ase an} remnant fkid in the poies by raising t)]c
temperature above this point.
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IIIGH ORDER OPTICS OF MULTIPOLE MAGNETS “

Peter Walstrom, Filippo Neri & Tom Mottersimaci
Los Alamos National Laboratory, Los Alrtmos, NM 87545

A13STR.ACT

\\fe ha~”edeveloped a new capability to compute third
and fifth order Lie algebraic transfer maps for a family of
realistic multipo]e magnets, including dipoles. The general
}Iamiltonian is expanded symbolically to arbitrary order.
The ~.ector potential off asis, for a given rnultipole sym-
metrj’, is c!cterminecl from the appropriate magnetic field
gradients and their longitudinal derivati~’es on axis.

Subroutines to compute the required gradients are
,, L I c. ,* - 11. .1. n r. - ----- 3–. .– –1 . . –— J ..-– -- —--- Ialzulaole 1or 1lalDacn lt.~~. quaarupwes. ana mr genera

multiples, with the current distribution on a cylindrical
surface specified b}”a shape function. This function can
be supphed by the user, or selected from inte]nal options.

Both the reference trajectory. and i.he map about it
are calculated b}”numerical integration through the gen-
eral magnetic field, using modular GEN MAF software.
This aliows the calculation of curved reference trajectc-
:ies in a general dipo!e magnet, as WCIIas of~set refer-
ence trajectories needed for misalignment tolerence stud-
ies. These new calculational capabilities have been added
to the MARYLIE Lie Algebraic hearn optics design cork.

EQUATIONS OF MOTION

In magnetic cptics, the particle coordinates commonly
used are dimensionless dev~ations from a reference trajec-
tory, defined as tlie path of a selected reference particle
through the system. The longitudinal positiori s of the ref-
erence particle is taken as the independent variable in place
of the time, and the deviations in time of flight (T = cAt)
and energy (pr = --Al?/poc) relative LOthe reference par-
ticle are taken as new longitudinal coordinates. The &ran-
verse momenta are scaled with respect to the design parti-
cle momentum: P= = p=/po, PY = pY/po. For convenience,
we will often denote the vector of these new phase space
coordinates by .Zs (z, F=, y, Pv, r, p,).

\Vhwt cxpressd in these new beam coordinates, the
Harnilr.onian turns out to be essentially the old p. 1:

/
H = –~ - 1+& -2; - (P= - *)2 - (P, - *)2

Bp
(1)

The special role of the z-component of the vector po-
tential should be noted. In regions where the transverse

“Worksupportedand fundedby the U.S. Departmentof Defense,
Army Strategic Defenae Comman d, under the auspices of the US
Department of ErJergy.

conlponent.s of the vector potential vanish, the IIanliltc-
nian has the form of a kinetic ternl plus a potential At /.!lp.

Hamiltons equations of motion in bean] coordinates
may be written:

d“-11
-dX-

= -{H, z.}= - :ff: :., (2J

where the ncw symbol : // : denotes the “Lie operator”
associated with the llamiltonian. The action of this dif.
fcrential operator on any function f(Z’) is defined by the
Poisson bracket with the Hamiltonian: {H, ~].

LIE ALGEBRAIC REPRESEN7’ATION OF
TRANSFER. MAPS

The idea of a transf~r niap is simpl;’ ~,hat the final state
of a particle is some function of its initial state: Z’ = ~(~i)
The transfer map can also hc viewed as an operator M(s)
that converts initial phase space coordinates (at s = 0; into
final ones: .7(s) = M(s);(O). Hamilton’s equations of’mfi-
tion for 3(s) imply corresponding fcrmal equations of mo-
tion for this operator, with the initial conditions M(0) = I,
the identity. The equatitins have the form

dM(s)
— = - :H: M(s).

ds
(3)

For a bear:diue element of length L in which the Hamil-
tonian H is constant, this equation may be formally inte-
grated to yield a map of the form

M = ~-L:H: (4)

The exponential of a Lit operator is called a “Li~ ‘llans-
formation”, which may be defined (for arbitrary j’(z~) by
the usL .: power series for an exporrentia]. ‘The application
of this Lie transform to a general function g(z?) thus takes
the form

e:J’g = g + {/,9}+ ~{~, {J, 9}}+. o” (5)

The GENMAF 2’3routines in MARYLIE 3.0 represent the
map of an optica system in the “rcwerse factorized” form

J,f = e:f,:e:j,:e:j,:
t (6)

where the jm(z~ are homogeneous polynomials of order
m. Substitution of thiri explicit form into the equation
of mction of the map reduces it to a set of coupled non.
Iificar differeittial equationo for the Lie polynomials. ?he
Harniltoniarr itself, which depends on the vector potential,
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(g)

RLPRESENT4TION OF THE %’ECTOR
POTENTIAL

t.;i~etl the }-ourier expansion of the scaiar potential

.4: = -,,5,-,.09(n&rJ) t-$,-( “,,*( r, 2)
( l?)

.4- =
~ .:(i,:;;lt,,,.* (.,,t(,.,:)

VI=1

( 1:1)

111/‘,,t( r, : )
y,,,(:) = Iim —“—r-t) ,.VIL

( 14)

CUIill ENT SIIEET NIAC; h’l?TS

x

*(o, : ) = ~ u,,,(: )sin(rllo). ( 16)
Vll=I

- ~ sin(lnd) ~
+x

!“(r, o,:) = # U’,,,(r)(;,,, (r. : . J)(IJ’
Vlt=I -.x

(17)
TIK Grcwn’s fullct ion (;,,, (r, :. J“) llitS t lw forlll

(;,,,(1”
a

[

1 ((JQ+ r? + ( : – r)?
, :, r) = — — Q 1

da .)6 “~- > 2(11” )1
(1s)

wlwre Q,,, _ + is il Lcgcmlro funcl ion of thr st’cond kind of
half-integral order. (I)or the CIOst*(l-l>(Jl]lttiiir~’CilS(’of a sur-
rounding cjlimltr of infinitely pt:r[[wahltt 1lliilwiitl. h}’l)rid
sttritx solut iillls cmt ;tihing lml h ordin nr}’ and hyptvholit.
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Bessel functions hale been ohtained). Expressions for the
magnetic field and vector potential are easily deri\wd from
Eq.17. For calculation of tields. etc.. the Q,,, -, are Ilot dl.

‘ect’}”““d; ‘nStead” ‘t’e *
factor caucels a ;actor in the

hypergeometrlc series expression for Q~_+; tb.e resultant
expression is iegular ,M r - 0. The generalized cm-axis
gradient for a single mult ipole rn \vas defined in Eq. !-t.
I“hls limit of Eq.17 is

;f ::,n(r) is a piece\\.ise continuol~s pol}”mxnialt ex-
act a@”tic integr~t ion of Eq. 19 can be done. An exact
uua~iraturesutrroutine for pcrl}”nomiakof up to !he 4th de-
Sr.w in Eq.19 is used to calculate g,,, and its : deri\”ati\’es to
arbit rar}. order. This routine is called by routines for shape
functions of smeral t}”pes, including flattops with squaw
or rounded edges, a symmetric quartic, etc. I,anlbertsoIl
coils art represented h}”two shape functions, the first for
the fundamental with a git”enm \“aluefor the angular de-
pendence. and seco,ld for the first allowable harmonic, wi~.h
an augular ciependtnce of 3m. The two shape functit.,;=are
represented h} a series of parabolic arcs precompu.,. , in an
init ializat ion call. Finally”,a user may provide as hap, 1,.Tc-
t ion in the form of a set of points; these points arc then
interpolated by parabolic arcs. The above routines have
been implemented in hlAll}-LIE, along with a routine for
Ilalbach REC quadruples. The iillpwmentation is quite
flexible, allowiug almost arbitrar}”sequences of overlapping
elements, as well as fitting and optimization.

EXA.MPLE

As an illustration of the new capabilities, we show some
calculations on a point-to-parallel telesco c consisting of

ta quadruple doublet with a concentric ending dipole.
After setting the quadruDoles to obtain a focal point 3.0
m upstream with the dipole off, we turn on the bending
dipole, and refocus the quadruples to compensate for the
fringe fields of the bend. This exercises the curved ref-
erence trajectory}”,overlapping fringe fields, and fittin ca-

!pabilities of the new code. This is the description o the
telescope in our program input language:

ttu!p mul:
000000

stm mult
? Soooooooocoooo-1 OIIOOOOOOOOOOOOOGIX?l.oolroooooooooo(lcJ?ooo@olJJooooooo1.00009000000000-250000000000000

qm1 mulr
1Ooooooocoooooo-o 37d3ss314677x4 ? 00000000000000

II100COOOOOOOOOOO: 00000000000000 0 Soooooooo(l(lctcltlo~m~ mule
1Oooooooooobootlo~6,s~?~31j69~ls3 2.00000000000000

0100000000000000 100000000000000 300000000000000
mt :nt
e s 100 ?00o

#lines
point

1‘tntcp 1“stm 1“ql’1.1 1“qrl? 1‘tnt

Fig.1 shows the ef~ect of the uncorrected second ~llu
third order aberrations 011the beam divergence.
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CONCLUSION

The significance of all this is that for the first time we
can compute high order maps of realistic multipok ele-
ments with overlapping fringe fields. Since the routines
have been written for arbitrary m, a b~is has been laid
for realist!c calculations beyond fifth order. Since the ref-
erence trajectory, and the map about it are calculated by
numerical intimation through the general magnetic field,
we can now calculate the curved reference trajectories
genera: dipole magnet, as well as the offset reference
jectories needed for misalignment tolerance studies.
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2.
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4.
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Abstract

The El”Al 1 Iincar induction irccclcralor
( 6Nlc\’,3kA,7f)ns) is designed to drive a rnicrowavc free
CICCtron Imv (FEL)and dcrnonstriitcthe fromcnd occclcrator
tc~-hnologyfor a shoflcrw’avclcngthFEL. Performanceto date
Ius been llmitcdhy beamcorkscrewmotion that is drivcriby
energy SWCCPand mi.sdignrnent of the solcnoidal focussirrg
m~gnws.hladitlcationsto the pulsepowerdistributionsystem
and rmrgncticalignmentam cxpu[ed to reduce the radiusof
corkscrewmo[ionfrom its presentvalue of 1cm to Ic.ssthan
lmm. Ttw modificationshave so far hecllcarried oul on the
first 2.7 hlcV ( injector plus 20 accelerator cells ) and
cxpcrimcnls arc bcginmng. In this paper wc wiil present
calculmiortsof central flux Iinc alignmcm, beam corkscrew
mo[iort and bciim Mightncss tha[ arc anticipated with the
moditicdETAII.

Introduction

Previously ETAII has successfully operated with
6 hlcV beam energy, accelerated beam current up to 3 kA
( 70ns FR’Hhf ) and driven a 140GHz FLL wi!h peak power
in lhc rmgc 200-400MW. 1S2Howeverthe FEL outputpulse
w’idtiwas generallymuch rrarroww( 5-IOns) than the beam
pulse due to the corkscrewmotion of the electron beam. 3*4
The corkscrew motion is a differcntiolrotation of the beam
cmtroidbe[weentheccnrerand hxdingand trailingedgesof the
pulse. II is driven by the combinationof energy sweep and
misalignmentof tic solcnoidal focusing field and at a fixed
axial locationIcads10a rimedcpendcmsweepingof the beam
ccntrcid that cannot bc ccrreclcd with stalic Steeringcoils.
Consequentlywchwc cmbarkedon a progrimcoreduceenergy
sweep and improve .magncticalignment before proceeding
furdwrwith FEL experiments.

From rhcview’pointof FEL opcmtionbeamqualityis
charmcrizcd by brightness( dcfinwlhere as J = U(P7)2V4),
crrcrg}”sweep and spatial sweep ( or corkscrew amplitude
which we will definebelow). Past performanceand our near
lcrm gods for these parameters arc given in Table 1 below,
Brighmcssof the entirebeamhas been measuredby analyzing
&am radi:s as a function of focusing strcrrgthof upstream
solenoids . A brightness value of 1 x 108 A/m2rad2 is
adequatefor a mlcrow’avcFEL and has alreadybecrrexceeded
widr the measured value 6 x 168 A/m2rad2. “Ho,wcvcra
brighmcss 2 x 109 A/m2rad2 is required f~r a micron
w’aJclcngrhFEL and ths is our near term goal. Energysweep
of i 19Gor ICSSis desirablefor limi[ingthe phaseof corkscrew
motion and for satisfying FEL rcsonancc. Previously an
energy sweep of tl % has been maintainedfor only 13ns out
of r.hc7(Jns FWHM. Our near term gwd is to cxlcnd this to
30 ns b}’mwtifica[ions[o the pulse powerdiswibutionsystcm
,.thi(h inlpro~c [}ICfh; ncss of xxx Icrut]ng i;uls~ LIpplicdU)thC

CCIIgtrps(’.Ultimulcly wc hope to cxwml [he 11% energy
fkmop to 5[1ns by modifyingthe shapeof the bcarncurrent
pulse to compensitlcfor impedancewriitlionof the ferritein
thettccclcri:ingcells.EfticicrttFELopemtionrequiresthat the

Table 1: Ileitm quality pttrameters for I?TA1l

~ ,,s(]~~ @
brightness 6 x 10 ~ 2x 10y
(A/m2md2) @ 1=1.3kA @ I= 1.5kA

crrcrgysweq flf%o, 13ns ~1Y0,30n$

Corksercw : lcm,50ns f Imm,30ns
amplitude

magrtitudc of beam spatial sweep bc controlled 10
approximatelyt 1mm at lhc exit of the acceleratorwhcrcits
previouslythe spa[iidsweep has been an order of mitgnitudc
higl:er. ~1 cm. lmprovcmcntsin flux linealignmcnltOgCthCr
with rcduccdenergy sweeparc expectedto allow us to reach
our goal of *lmm.

Flux Line Alignment

The electron beam in ETA1l is focused by a
continuous solcnoidalchannel irucrruptedonly by gaps for
acceleration,insertionof beam positionmommrsand vacuum
pumping. The typical strength of solcnoidr,lfield is 1’00to
500G. A sidcos coil pair is wrappedaroundeach solenoidto
correctfor trarwcrse dipolefielderrorsdescribedin thepaper
by W. Nexsen.7Thc mtgnitudcsof tritnsvcrscdisplaccrrwnts
and equivalenttilts of the magneticaxis rclalivcLOa str~ight
Iinc m~hanical refcrcrwcaxis have tin measuredwith ~hc
pulsedstretchedwire.technique.tiThe transversedisplacement
errors arc i5mm horizontallyand f.25mm vertically.The
magnitudeof tmnsvcrscdisplacementerrors is minimizedby
adjusting the axis of an cmire CCIIblock of Icn acceleration
CCIIS,however there is no provision for adjustmcm of tic
transversedisplacementof individualCCIISoncetheyhavebeen
assembled into cell blocks. Sirt/coscoil currcrrtscorrect the
magnetic axis of each sokmoid to approximately tl mrad
standarddeviationerror.Thc frcklsolverportionof our expert
control systcm MAES’TR09has been used to calculate the
Lmjecto~ of the Ccntra]magneticflux Iincfromthe Uitnsvct’sc
displacementsand windingerrorsmcasumdwithIhcstretched
wire. Resultsarc shown in Fig. l(a) wi[houtand (b) with the
sin/coscorrectioncoils turnedon. Iltc mtignitudcof flux Iinc
warrdcris reducedan orderof mttgrritudcwith[hcsin/coscoils,
from ~3.5mm to t200 microns. Rc$iduitlcrmrs with the
sirdcos coil currents on arc duc to scvcri.dcffU”Ls;(1) the
ovcrlirpof the sin/coscoils with the dipok!windingerrors is
no[ perfect, (2) there arc residualcmorsin the mtignimdcsof
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Fig, 1. Mapping the central flux line of ETAII,
(a; without and (b) with sin/cos correction coils.

the sm/coscoil currentsand (3) the sin/coscoils cemct for
angular misalignments of the magnetic axis but not for
tzansvcrse displacements. Reduction of the transverse
displacemerxerrors could be facilitatedby incorporatingthe
stretchedwirealignmenttechniqueintothe asscmblyof the ten
cell blocks.

Corkscrew Motivn

The magnitudesof magnetic!iclderrorsdescribedin
the last sectionand theenergysweepa~ticipatedwith th new
pulse distribution system have been used as input to the
BREAKUP code10 which theri calculates the corkscrew
motion of the beam ccntroid. Results are shown in Fig. 2.
The energy sweep is *1.3% for the 40 ns indicated in
};ig.2(aj and the corresponding corkscreo~ motions arc
i~ldicatcdin Fig. 2(b) without and Fig. 2(c) with sin/cos
ccl?ectiofl co;k. Without correction coils ti:e corkscrew
s~lphi:ldeis *4 mm and with correaion coils k duccd IO
~0.4 mm. The calculation was done for the present
configurationof injectorplus 20 cells. Calculationfor the full
sixty cells predicts a corkscrew a~plitudc of *05mm wi~
correctioncoils.

A field tuning algorithm is being incorporatedinto
MAESTROto minimizethe corkscrewamplitude“A”dctlned
ata givenaxiallocationby
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Fig. 2. Anticipated cor)cscrew motioa of the
ETAII electron beam. Gamma versus time (a),
transverse x position versus time at the end of 20
CCIIS(b)without and (c) with sinicos coils.

<A%= C X2 + Y2 >

wherex andy arcthebeamccntroidcoordinatesmeasuredby
h~m positionmonitorsand c > denotestime averaging.
Fig. 3 showsa BREAKUP calculation of “A” versus !hc
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CUI:CMin a single sin/cos correction coil with the optimum
currcnlat the minimumviducof A,
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Fig. 3. Corkscrew amplitude (a) at the end of the
injector, (b) at the end of 10 acceleration cells and
(c) at the end of 20 acceleration cells versus
current in a single sin/cos correction coil.

Accelerator Tune and Brightness

Wholebcarnbrightnesshaspreviously been measured

on ETAII iIt 6 McV by measuring the beam radius as a
functionof focussingstrength of upstream solenoids.5 With
thepresentinj~tor plus twenty cell configurationtic beam
energy is reduced to 2.5-3.0MeV, spacecharge forces totally
dominate emittance, and this technique is no longer viable.
Insteadwc will use the pepperpot trxhniquc.AnaIysisof our
previousrkuahas rcvaded a tunedependentgenerationof halo
electrons w’hichdegrade beam brightness.s The degradation
occurs when there is an approximate resonance condition
between the cyclotron wavelengthand an integer number of
accelerationCCIIS.Calculationsof km Seauerpiots at theend
of twenty CCIISwc shown in Fig. 4(a) for the old tune and
(b) for a ncw tune whichavoidsrcsonanecs.Thc brightnessof
the km is predictedto be improvedby more thana factoro!”
four.
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Fig. 4, Reduction of halo electron production with
choice of iicceleratrsr tune, (a) resonant and (tJ)
non-resonant tune.
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#bstract

We present here the SMILE modification of the
RADMC 11 accelerator which enabled us to produce
high quality 12-14 W, 100 kA beams. The modifi-
cation of replacing the 40-kA 6-MV beam Lnjeccor,
magnetic vacuum cransport and accelerating gaps by
a ian.g cathode shank which adds up the voltages of
the 8 pulse forming lines. The beam now is
produced at che end of the accelerator and i,.s free
of all the possible instabilities associated with
accPLeracing gaps and magnetic vacuum transport.
Annular beams with 81 s 0.1 and radius rb s 2 cm
are routinely obtained and extracted froa a small
magneticall,j immersed foilless electron diode.
Results of the experimental evaluation are
presented and compared with design parameters and
numerical simulation predictions.

In troductio~

Following the successful operation of the
four-feed, 8-MV magnecic~lly insulated trans-
mission line injector(L), an eight-feed self
~agnetically ~nsulated ~ransmission Line (“SMILE”)
for che !UDMC-11 accelerator was designed and
installed. The design is similar co that of the
HERMES III(2) and HELIA(3) accelerators and was
done using the Creedon formalism(~). The basic
idea is to replace all accelerating gaps by .in
flI~L voltage adder which runs along the entire
Length of the device. The dssign was validated
tiith the PIC MAGIC(5) code.

In the following sections we present the SMILE
design, numerical simulations validating the
design, and experimental results.

The SMILE design is based on a pulse fxming
Line-fed self-magnetically insulated transmission
line (!41TL) system which performs the series
additiori of voltage pulses from 8 source modules
(feeds). The cathode geometry is shown in Figure
1, and it is preferred over a continuous taper for
the following reasons: it is easier and cheaper
co manufacture, the constant radius segments
provide constant vacuum impadance along each HITL
segment, and the impedance increases gradually at
each successive voltage feed with a rate of
increase which follows the voltage axial gradient
along the fzed. The latter cssuxea constant
current flow over the entire length of S141LE.

*Supported by the U. S. DOE contract DE-ACO&-
760PO0789 and DARPA/AfWLARPA order No. 5789.

The

K. R. Prestwich

vacuum ~mpedance of each section i of
SMILE depmds only- on the dimensions of Figure 1
and can be easily calculated from the following
expression

Zi - 60 in (R/ri) [n!; ri - 1, 20 .,..8 (1)

where R - 21.5 cm is the anode inner radius and ri
1s the radius of the i-th cathode segment. The
selectton of :he radius rL of each cylindrical
section was done in a fashion co provida constant
operating Load impedance for all the pulse forming
line feeds of RADIAC 11, Some deviations were
allowed at the beginning of the cathode shank
where self-magneKic insulation is not that
critLcaL and also at the high voltage e’.ld for
mechanical and construction rt.asons.

The point design is fov L1O kA and assumes
equal 2-KV voltages ac each insulating stack feed.
An MITL operating with conditions similar to SMILE
is a “balanced” ono. Because of the relatively
short voltage pulse (40 ns fwhm) of each feed, the
cutrent flow is self limited and to a large extent
ir.dependenc of the diode impadance conditions.
Kowever in our design we stayed as close as
pcssible to the constant current cond~t~ons all
the way to the end of che cathode tip. At first
we select~d the radius of the cathode tip. The
outside wall radius of the anode cylinder was
defined by the existing RADI.AC 11 insulating
stacks, and the end voltage was assumed to be
16 NV. With these initial param~tera and Creedon
equations for minimum current fluw II to establish
self limited o,agnetic insulation:

[ 1II - 8500 gy~ h T( + (Y; .1) ‘/2 ,

[

(1)
70-7f + (Yj - 1)3/2 In 74 + (yt 12 .1) 1/2 ,

g - [ln”R/ri]-l and 70 0 VIIiV]/mc2 +1,

se escimate the cathode radii and operating
impedar.ces of the entire SMILE line. Our main
concern was to keep the current II the same or at
least not smaller than If - 110 kA in all
segments.

0, D*

Fig. 1: Schematic cross section of the SMILE
adder syatem
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Table I summarizes SMILE dimensions and design
parameters. The cathode electrode is 12.5 m long
and is cantilevered froio the low voltage end of
the accelerator. Xc starts with a 10-cm radius
cylinder .ic the cathode end plate and capers off
co l-cm radius at the A-K gap of a magnetically
immersed foil~ess diode (Fig. 2). Seven cantcal
capers have been ucilized along wich seven
cylindrical sections and an equal n,mber of flex-
adjusting, dcuble washer sections. The outer
shell (anode cylinder) is formed by sight 21.6-cm-
Lm-.er-radius insulating scacks (feeds) alternating
with se\,en stainless steel cylinders, plus the
final ancde extension cylinder. The cathode
elec:rode (Fig. 3) is preloaded before insertion
inco the anode cvlinder to compensate for
gravitational droop. The tinal adjustment is made
in situe. Because of che large difference in
radius becween anode and cathode shank, precise
aligruaenr and centering of the cathode scock
ins:de the anode cylinder is not very critical
since the electrical potential is a logarithmic
function cf :he radii.

The magnetically-immersed foilless diode
design (Fig, L) is similar co that of the IBEX
accelerator(6) and actually utilizes the same
pancake coil assemblv. The anode extension
cyiiacler makes it possihle to locate che diode
outside of the water .nk and greatly facilitates
operations and produced beam parameters
et,aluacion.

The design of Tabie I was validated with a
number of MAGIC simulations, The calculated
impedances agree with the minimum parapotential
:heory[G) xichin 10%. Figure 5 compares the
,Joltage input of each feed with the !iAGIC
simulated voitage output applied at the A-K gap of
:he tleccron diode. Becaus~ of the lack of flat
~~P xave forms at the input. the peak oucput
\.oltage is noc 16 .MVbuc onl.~ - lfM.t. This is due
cainl.: co inductive losses and some impedance
raismatch a: :he load end.

Thr main differences between HER)YES111(1) and
SMILE designs are the current or operating
impedances and the length of the ./oltage feeds.
The IWDMC 11 feeds are 50 cm long while HERMES
111 are only 3 8 cm. This makes SMILE almost a
‘continuous” adder, the first of its kind.
Another first Ls- that SMILE is the hlghes:
impedance 16 .%’ XITL voitage adder. The final
operating impedance is ILO ohm versus 30 ohm of
HER.YES III. These differences made the design,
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Fig. 2: SMILE configuration

Fig. 3: SMILE cathode electron Ijefore i:,sercio!]
into the anode cylinder

RADLAC-11/SMILE FOILLESS DIODE
AND EXTRACTION DIAGNOSTICS
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Fig. 4: Schematic diagram of the immersed
foilless diode with beam diagnostics

construction and operation of the S!41LE adder very
challenging.

Computer-generated movies of SMILE simulations
clearly show that we have self-magnetic insulation
for a large part of the input voltage wave form.
There are some electron losses at the beginning
and at the end of the voltage pulse. This is to
be expected since self-limited magnetic insulation
is established by driving some electron current at
the anode wall during che rise time of the voltage
pulse. The losses during the fall :ime are due to
the fact that the following current drops below
the minimum current II and the line loses self-
magnetic insulation. FLgi.re 6 shows an electron
map at 75 ns following the arrival of the voltage
pulse at the first feed (t - o). Ths line is
magnetically insulated. The losses near the
cathode tip are due to the radial component Br of
the applied magnetLc fieLd of the immersed
foilless diode. They occur at the point where the
self field Be becomes equal to the Br component of
the applied field.
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A number of electron d~odes were studied to
flc the end of SMILE. Among them :he magnetically
immersed foiiless diode of Flmre 6 was selected
because
so che
Be wire

The

it provides the canonical angular momentum
extracced electron beam necessary for the
conditioning cell.

Experimental Results

S!41LE operates very reliably, consistently
producing higb. quality. high current electron
beams with parameters repeating themselves from
shot CO shot. From the first shot we extracted
from the diode magnetic field >nd into full
pressure air chin annular beams with radius rb S
2 cm. The preliminary beam transverse velocity
component estimates from the annulus thicknesses
are less Lhan 0.1. The vol:age and current wave
forms are similar to those of the first SMILE shot
shown in Figure 7. We can vary the extracted beam
current by changing the A-K of the diode (Fig. 4),
the scrength of the Bz field, or both. The
obser~,ed beam radius and emittances are in good
agreemenc wich diode numerical simulations. One
possible explanation for the obtained low
cemperacure beam is that all the sheath electrons
of large radius escape to the mode following the
radiaL magnetic fLux lines of the applied Bz
field.

V (T), INPUT
VOLTAGE PER

VOLTAGE ON
A-K GAP

FEED

,., ,..,,

Fig. 5: Time dependence of RADIAC/SMILE input
\.olcage (a) and combined 8-feed voltage
output at the A-K gap of the foi.lless
diode

Conclusions

k-e have designed and instal!.ed inco the RADIAC
II water tank a self-magne~ically insulated
transmission line SMILE. The coaxial transmission
line replaces the original b~am line with the
solenoidal magnets and accelerating gaps and
performs the voltage addition along the long
cachode shank. The total voltage is applied at
the A-K gap of a magnetically immersed foilless
diode located at the end of the coaxial line
outside the water tank.

SMILE operation is reliable and reproducible,
consistently generates beams with low transverse
velocities (- 0.1) and small radii (- 1 cm). The
beam currents can be varied between 50 and 100 kA
by changing diode parameters as predicted by MAGIC
simulations.
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Fig. 6: Electron map for SMILE obtained with
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ORBIT CORRECTION TECHNIQUES FOR A MULTIPASS LINAC*

A. Btsrry, B. Bowling, J. Kewimh, and J. Tang
Continuous Electron Beu.m Accelerator Facility

12000 Jefl”erson Avenue, Newport News, VA 23006

Abstract

The CEBAF accelerator includes a linac section which
accelerates multiple beams with differet.tt energies. Prob-
lems srise when performing orbit correction, due to the
fact that correction of higher energy passes disturb lower
ener~v trajectories. Therefore, a perfect orbit correction

cannot be obtained for all energy beams a? the same time.

We present methods and performance (usiug simula-
tion results) for performing orbit corrections in such a sys-
tem. Limitations to the correction methods are also ad-
dressed.

Introduction

The electron beam in the CEBAF accelerator is recir-
culated five times in orrierto make the most efficientuse of
the acceleratingstructure in the Iinac. Therefore, the orbit
correction in the linacs is distinguished from other existing
high energy linear accelerators by the fact that five beems,
each with different energies, travel at the same time through
the limsc.

The linacs are equipped with beam position monitors,
which have the abiIity to differentiate between the five
beams, and correctiondipoles adjacentto each quadruple.
The orbit correction of the lowest ener~y beam can there-
for be aone simply by making the beam offset in each
m~Litor zero, using the correctors attached to the previous
quadrupie. However, these corrector settings are not nec-
essarily the optimum settings for the higher energy passes.
Therefore, a perfect orbit correction cannot be obtained
simultaneously for all beams.

Most of the orbit distortions are caused by misplace-

ment of quadruples (IY= 0.2 mm) and misalignment (pitch
and yaw) of the Iinac cavities (v = 2 mrad). Other smaller
contributionscomefromsteeringdue to the asymmetric RF
feeds and residual tnagnetic fieldc of the earth’s magnetic
field. In addition to these active distortions, we assume that
the beam position monitors have an accuracy of 0.1 mm and
a misplacement relative to the quadruple of 0.2 mm.

All orbit correction schemes predict the effect of a cor-
rector kick at one point on the beam positicn in a moni-
tor at a second point f~omthe strength of the quadruples
between the two points. In our simulation we amumed a
strength error of ~ = 10-3 for all quadruples.

Afl correction procedures described in this paper have
been simulated using the computer code PETROS.1

* ThiIs work was supported by the U.S. Department of
Energy undec contract DE-AC05-8+ER40150.

First Pzsss Correction

The idea of the first pass correction is very simple:
Since the simulated lincc design uses an alternating beam
position monitor and corrector pattern, we compute the
upstrsanz corrector value required to make e downstream
monitor reading zero. The kick Az: needed in the correc-
tion coil is calculated from the beta functions and phase
advance:

In this expression, pk and pm me the momenta of the
electron beams in the corrector and the monitor, respec-
tively. This factor must be included due to the energy gain
in the cavities. For the same season the beta functions have
to be calculated according to reference 2. Figure I shows
the corrected low energy heanz together with the higher
erwrgy passes.

‘. .
J

1
J

Figure 1.

LOtloce(41cteral

Low energy corrected orbit with
higher energy passes.

Correction of the Higher Passes

Further correction of the higher passes th:G ,.b the me
of correction coils is limited because any c!zangeapplied to
a corrector will disturb the low energy beam. ‘The follow-
ing methods can be implemented for the corre~,iion of the
higher energies: (1) Optimization of injection angle and
displacement, (2) the use of beam humps in the low en-
ergy line, which act M a kick for the higher energies, (3) a
combination of the above methods, (4) a Ieaat-squnres fit
to 26 variables (26 corrector dipoles with 26 monitor read-
ings). and (5) 36 variables(26 correctors and 10 initial con-
diti~m).
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Optimization of the Initial Beam Coordinates

The firstcorrection step for the higher passes is the op-
timimtion of the angle and displacement for the iujeetion of
the beams into the linac. This is done with two correction
ccds immediately p:eceding the linac. While any displace-
ment withiu the aperture can be produced in theory with
these coils, the injection angle is limited by the beam pipe
aperture. Figure 2 is the result of this correction.

r–– - .

1

1
F I I I 1 --1
0 :0 100 150 200

La!tlce(Meters)

We have men previously that each of the methods by
themselves in comparablyeffective. When used in combi-
nation, however, the methods tend to work against each
other, remdting in a small improv<~:entin oi”bit.The t..ther

correction schemes are therefore preferred.

Systematic Miaal@ment Errors

systematic misalignment errors arise from the lower
accuracy in measuring larger distances, We have Simu.
lated this case and hswe assumed a maximum 6agitta of
5 mm. The orbits after correctionof the initial conditions
are shown in Figure 3 for two fiducials.

t“” ”’l” ””’l’”’” 1”’” “!”~

Figure Z. Optimization of injec!ion parameters.

Correction Using Beam Bumps

The idee of this correction method is to produce a
beam bump in the lowest energy beam in order to produce
a deflection of the higher energies that propagate down
the Iinac. Tbi~ has the effect of improving higher passes
by sacrificing the orbit in a limited region of the lowest
PSSS. \\’ith a bump of 2.5 mm iri the low energy beam,
this method corrects the higher passes as effectively as the
previousmethod.

Least-Squares Fit Method

Tbis method determines values for all of the correctors
simultaneously in an attempt to iind the optimum orbits for
all of the energy lines. The method is equivalent to apply-
ing simultaneously all possible beam bumps. The reeult is
better than the single beam bump method and also avoids
the large excursion in the firet energy line.

Combination of Methods

The combination of he beam bump method with si-
multaneous adjustment ~f the initial conditions gave a larger
displacement of the first beam than in the case of the beam
bump only.

The extension of the matrix method to inchde the
initial conditions for each energy line in this method failed
due to an ill-conditioned matrix. The faihxe with both
attempte to combine correction methods indicates that tbh
concept of method ifitcgraticm h~ inherent difficulties.

Figure 3. Systematic error with two fiducids.

WC eee that the highest energy beam is a “straight”
line within 0.4 nun. The bigh energy beam can therefore
be used in both linacs to establish a reference line for the
dignrnent of the linac. Fkom the viewpoint of the beam
position monitors, the high energy beam oscillates around
the center of the quadruples. A good rule of thumb is that
we can expect deviations of the high energy beams from the
center of the quadruples of approximately half the Iinac
sagitta.

Limitations

Three effecta which provide an influence on the pe:
formance of the pieceding orbit correctionmethods were
investigated: (1) Changes in linac lattice lengths, (2) cav-
ity operating gradient, and (3) betatron phase advance.

The above simulation results were obtained uqing a
model of the CEBAF lattice. This Iinac has a desibaed
length of 240 metp. In the future, it may be desirak!e to
construct recirculating accelerating linacs of longer phyei-
cd lengths. Therefore, to further test the abilities of the
correction methods, a simulated linac wee created with a
length of 960 meters, 4 times the length of the CEBAF
tit. The mtimum orb;.:excursion exhibited when apply-
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ir.g beam entrance corrections is approximately the same
as for the simrter lixsac. From this rcsuh it is apparent
that longer accelerating sections are correctable uaing this
method.

Cavity gradient clearly p!ays a role in the correction
methods. Using the iong linac model, cavity gradients were
varied, and the maximum orbit deviations were noted. Fig-
ure 4 is a plot of these deviations as a functiots of gradi-
eat. From this, the predictable result is that the correction
method is more effective for bigher cavit;” gradients.
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Figure 4. Cavity gradieat efkcts on orbit deviations.

.4 similar analys was done for betatrcm phase advn~:e
[Figure s). Here wes“e asmalltrendinmbit deviation with
increasing phase advance. This effect is due mainly to the
:ffectof quadruple influences discussed ear!ier.
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Accelerator .Deflection-l’Y1 ode llatnpenin~ Experill~el~ts itt Argo~IIIe
t:.~>hc>jnacki,\\’. ~;iii, L‘. 1{(},1{. KOII{’CI\)”,S. \lt il\gWi\,

J. Stmvll, Xl. Il(willg 1’.S,IIOWWW, anti J. Silillw(~l]

..\rgonnt’ Siil ional I.ilhoriitorj’, ..\rgotlm*, 114,(i043!J, (l!;/\

hkt rodut:t iou

DIELECTRIC INSUiATEDWIRES

As thedimt’n:.ions of accr!etat ing s“~tlc!:trm ht’conw
Slllilllt’r,aud Iwam intcnsit it’s ili,ght’r, Lh{’llL~ll-ilXiS)’llllllt*triv
waiw ticlds dris”en h} the beAnl iwtmc qui It’ I:wgr twvn
w!?h slight nlisitlignnkmts of Ihv Iwanl from thv gtwlllt’t-
ricitl axis. ‘1’llt%cficflcction 1llOdt’S[ht’il CiilIS~’ l)UllC1l-tl.E

bunch btmnl hrt’iikup and intrit-hunch llt*ttd-ti\il iw(ahili-
[itw. An rf slow-wa\”cstructure tha[ h’as\cr)” low Q for
t !lt. tlt.fie~tiull III(MICSwhiit’milinlailiing it iligil Q for tilt’

acct’lerat ing {Ilodcs wouici t iwu iw tivsirithit’ sintw tile ull-
wanl txi nwtirs C~ilht’St’it’Cli\.t*i}”{ialllpeti. [1j SllCil;l iiw”icv
u!iiizing (iit’i~’ctric. iiwd wal”t’guitit?is simwn in !’ig. i wiwrc
tlw I!niform outer contiuctor is rqhwi h}” uial, close]}”

spwwi, insuiate(i wires wilich itiiOW Ci.!-.” a~iit! Wiiiicurrent.s
I.ofiow at t ilat hountiar}. ‘1’ilis(iit”kwlrlc- i~iIS~(iconiigurii-
: ion is of specific int crest to t iIr C*(renko ~“\\”i&$?-ii~itimx*i-
t~rator program undt~r dcvelopnwnt a; Argonne. [2] A con-
figuration consistent \vitl\ tra(iitionai iris-loi~(ititi\\”a\uguidc
is shown in }’iE.2 wiwre t im outtr contillctor is segnwnttxi
to aiiow oniy itxial currents atl(i t ilc irises itrc scgnmIIltxi

to idlmv onl~. radial currents. Scwrc cnougil ~iiilllpi:ig in
cit htv configuration to eiiminate t ilc iwa(i-t i~il instai)iiit y
t-oui(i he (iifiicult to obtain ticpentiing on t im Luncil ieng[ 11
considered, bui strong enougil diwnpillg to comhat iJlinci]-
!ohunci~ iwatll hi.-dtllpusing tikvwSciwnvx ir~,pciirs quite
feasii}ie. i)rcsented iwrc wiii bc ~xpcrimtmtal rcsl~lts of tiw
tiit’iectric-iined wavt’gui~ieCiLW’.

Mode Consitinrntions-- ——

Tilt’ desired iiC(.(’lt’ritt ing III()(ics in siOw-\\”i~\”~ structurt’s
are ‘r\fo I ill natIIrt~. “cmlslst IIlg of II;an}”axial imrmoni..s
in iris-loacicd wa\.cguiti_ or colwlslillg of one pUIMmode
in dielectric-iined waveguicie. ‘1.ilcse axis\”lnnwtric ‘I’M,!,,
mo(ios cxmt ncgiigii>ic{ieflt’ctillg force on a rt,ial.i\.ist ic pi)r-
ticie. the force ilat.ing aitipiitulic IJropcwtionai to i/72 .
where j is tile rciatit”isl ic rtiitss factor of tile pnr~icic. i)c-
fiec[ion Inodes are rloI1-axisJllllllcl.ric il].brids cmtaining
both axiai electric anti magnetic licit-is. ‘1’iwilj”bricimodes
are iabelmi IIEhi ~I~iwhcr~ rn refers to tile aZilTllltiliti har-

monic ant.! II is an orcicring inciex not ncccssarii~ refm-
ring to ratilai harnlonics. At cutoff. tile dispersion rciatlon
for ti]ese hybrids degenerates to tiw cmwtmtionai ‘l’M~n
andTEm~ Waveguitfemodes, aithough t iIc field ampiitufies
for TE mode~ arc iricnticali~? zero i. cutoff. of inttvest
here, deflection mmics for diricctrit-iirwd w.atwgiliciti,rtrc
Ih~ 11i?31,1, 11}~Sl?l nnfj IIF’\l I~ mcxics whirb mrrvsi~f.u~tl
! 1II I I , ; I i .( :1[1,1I Ji , I 11,1)!!1.sillfIII f 11!.. I’1’::l!(: t i$”viy,
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i’igure I: i)it’i(’(.trit.-iit)t’(i \\’ii$’t’gllitit’wit il stgillflllr(i oulrr
roulillct or.

RADIALCURRENT AXiAL

\ /
aJiWU3fl-

i>igure 2: Iris- ioit(ie(i wa\egui(it? wit ii Svgltl(’lltt’(iNlicr coll-
tiuctor iilldSc’~1114’illP(iirism.

Tile rf iit~icftmlllpmwnts Of ‘i’AIII,,Ill(Kivs,llt’I;r, Be ,
itntik’:. ‘1’ilesUrfiiCt: clurrtllts 011illloutvr Cull .iucting

Iroun(iitry ncctxary to supl,ort Iiww ttuit:s art’ stricliy

,Mii)i i~ll~i surface currtvlts 0!1 irism, if illl}”, iID! Strictiy r;t-
(iii;l. ‘1’ileSt3glllt>lltt!(i cOnliuctc-lrs 011 I ilt’ It’iii’t,gllitit’s SilOWll

in Figs. 1 iin(i 2 will then cmlt ain tiwsc trw(irs Illlpl’rturi)(vi,
jllst As timugh tiw coliciuctors werr ulliforlll.

The tlOtl-itXiS}’l[ )lll(,t ric tit~lil?ctioll lllo~ivs, ilt)w~nrr, ilr~

ccmliwismi of aii six c}”iill(iriciii ~ici(i collli)lwtvlfs iilld wiii
require azimutimi Sllrfi\W rurrcwts 011t’itlious rt.’gions of
tile ctm(iu-lors in ati(iit ion t,):lXiili itll(i r;l(iiiti SUrfilC(! cur-

rents. if tile ccm(iuctors ~l(cSt’glllt’llte(ittJiliil)’,i’ l)lli~ ilSiitl

surface c’.irrculs, tilt’ (it’ fiw:t i(w IIIII(iIO.S \\”ill Iwt IN’ c(mfinc(i

anti wiii riwiat.t? iwj”oll(i til,’ (Jut(r \$’iiil,{,hlili)iisilillg Q sill -

facc Wn}”eor tritppc(i Illotic uilhitl iI sutw(luollt unifrxnlly
con(iuc~iug Imun(im}” (t’it(.11UIll \’t’ssI)i). ‘1’i]isout,!r region
call tilcn h filit?(iw-iti) rf ithsoriji IIKIIlilt(’riili itll(i the (i(’-
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Figure O: Nt’tworli analymr irattsmission me,asuremtwts
Of dielec[ ric-lintd wat”egui&*with iind without scgmenttd
miter conductor.

dimtmsions a = i.27(I cm, b = 1.WJ cm, imd relatit’c pcr-
mitt il”ity t~ = ?.55 . The modes ilIld frcqueucies of interest

i~r~ listed in ‘1’abk 1. As illus{ ~“atw{in Fig. 1, the scg~neutvd
outer conductor coksistctf of I U (’i~osj”-illstllatccl #21 cop-

per magntw wires strung axial;} in intimate contact. ‘1’hc
parameter nleasurcd with the network rmalymr w,as trans-
mission coctiicient S?1 using small coupling Iooi)s at each
end of a 17 cm long sample wat’cguide. Shown in Fig. 3 arc
SZ1 measurements M a function of frequency for the two
cases of rficlcctric-lined waveguide wit h Ulliforirl outrr cond-
uctor and with sqy~wnted outvr conductor wrapped with
rf ahsorhcr. The vmsurcmcnts should hc viewed relative
to each other dut~ to coupling probe misnmtclws. \.i$rirIlls

mode cutoffs arc indicated on the figure am! the attenu-
ation of the HEhl 11 mode is otvious. “lshcatt(!nuation of
the HEMP; and HEMIZ nlodes is obscured, however, by
the propagation of the ThlO1 mode abovr cutolf.

Tahle 1. h!odc cutoffs and frcquencm synchronous with a
20 hlc\r clect:cm for dielectric-lined wavqyich ha\ing
a= 1.z7 Cnl, ~= 1.905 CIII, and (r G 2.55.

Mode Cutcff~Hz) Synchronctus(Gllz)——
IiEM11 3.91: 6.76
ritio, 5.44 7.64
HEM2, 5.85 8.40
HEM]2 7.82 12.18—.—-—— —.

From t.hc mtmsurements shown in Fig. 3, which again,
ar- rc!ative to probe coupling mismatches, the damped
HL!.J11 modr has an additional attenuation of od~ *
235 dB/m above that of normal resistive wall losses. ]g-
rm:irig resi:tive wall losses, the attenuation c-foltfing time

and cavity Q for this mode can then be found from

1 8.686
T = — = -— and

0( odn tiy
(1)

Dirwt Wnkc-Fi(dd M(!tlslll”(!;:l(!:lts

l~irwt lll(!ik%llrt’lllt’IltSof I)t!illll induwl N’ilkl!Iiclt{s in t!l(”
al)[)\”t! dcscrihwi dit?l(’ctric-lill(’tlWiiV(:gllidc’ wt.w! ]>(jrf0rllu2d

at t hc Ad\ancwl Accolvrittw ‘1’t)st I:iicility (AA’I’l:) iitAr-
gonnc.[ti! III this facility ii M hlc\~, W ps, 5 n~~dri}’e hunch
rxcitts walm fieltls in any twit struct ur(’ and the Iit:lds are
then sanlplcd by’n much Icss intense 15 illc\’ witm”ss bunch
which h,u a vi~rialde-delaj bvhin(l tlw drive hultch. The
Wi&12fields arc quant ifhvl by virwing 111Pwitums in iili ui-
crgy si:ectronwtcr.

TIN two cliclcctric-lined Wiivcgl]idcstructures tested had
},aralrwlcrs aslisted in ‘1’iit)it! ~ A were 52 CUIin length.
One had a unifornl aluminum (JUtW cmductor whik the

other Ilid the svglllwltwf conductor descrilwi prvviomly,
Shown in Fig. 4 iir~’tht’ tw;~surc(i loayitudt~).al it’iikc func-
tions for the t$seostructures Ilorlllidiztwl 10 1 Iriof iiXiill

length and 1 nc of dri}w C]liirgd. ‘h (“nt,itnccd wake
amplitude during tht. first c)’ch’, s 120 i)s, is duc to sev-
eral higher order Thlon modes being ncar]y in phase at
that time. TIN?slow, Iinciir dccrc,ase of longitudinal wake
thcrcaftcr is due to rf power exiting ttw iuteractinn rcgiotr
at the mode’s group velocity. Shown in Fig. 5 are the
F’ouricr transforms of the longitudinal wakes and the prin-
ci!)!c mode seen for both s[.ructurcs is the “l’hfol, agreeing
with the calculated frequency of 7.64 G fix. Within mea-
surement uncertainty there is ncgligiblv differcucc bctwem:
the two structures in longitudinal wake amplitude or frc-

qumcy.

The deflection modt’s have field amplitudes proportional
to l~(w rO/c&f) , where I,n is the modified llussel func-
tion, w is the mode’s angular (rcquency, r. is the drive
bunch radial cocwdinatc, c is the speed of light, @y arc
normalized velocity aud relativistic mass factor associated
with the wiitc pl:asc velocity, and m ~ 1 is the mode’s az-
imuthal harmonic. In the limit of plmc velocity iipproach-
ing the speed of light, the argument of 1,,, approaches
zero and t.hc dcflrx Lion modes then have field amplitudes
proportional to r;’. The fields scvw hy tbc witncsa, how-
ever, have functional dependence on witness radird position
given by rm-] . The deflcctiilg force On the witness bunch
is then proportional to romrm - 1 and for dipole modes
(m = 1) this is simply linearly proportional to the drive
bunch radial position. Thus, thr triinsversc wake function
for the dominant deflection nlodc (dipo!c) can be dett~r-
11)incd t)ymeasurihg the transvvrsr [It,!lfcI1o11 I f IIII I.*II

n.?ss for sr~vvxl driw hu IIrlI r:tlII;LIij(J~Itiol)s.ciiwklrlgfor

448

—



50

0

– ’50

-100 ~ 1 , , , , I , , , , I , , Al —. Xl
o 2GLI 400 600 800

witness delay (ps)

k’igurr 4: ilmwurr(l Imlgilutlinal $\’ilk(*funrtiolls fw sl?g-
Illmlml (ddd) illld ullifwtli (s(di~l) outer comluctor.

250

200

150

100

50

d
0 5 10 15 20

frequency (GHz)
i’igure 5: k’ouricrtransfcwlns of longitudinal wake furlc-
tions shown in k’ig. 4.

Iinmrily, and ttkm norlna]izitlg to 1IIIOfaxial length, 1 nC
Of drive charge, and 1 mln of drive LIInch rac!ial offset. In
k’ig. 6 arc tht,n shown [hcsv norlllitlizcd frunsucrsc wake
functions for tile twc (%cnftot walm-tield structures with
t lit’Fourim triillsforrlls shown in k’ig. i.- ‘1’hvprinciple lllodc
in Fig. 7 for tho uniform outer corraluctor is the 11Ehl 11,
agret.illg with t]lc cidcula!(.~ frequency of 6.76 G I!z. For

Ihe segnwntcd outer CO:]ductor, howcl”er, the frequency
cornposit ion is broad band due to the strong attcnuatirm
svcn ill Fig. 6. The attenuation is consistent with the
2.1(;ps e-folding time bench mciwurcll]cnt. This &NIIOII.

st ration of strong deflection-mode damping thus indicates
that bunch-t~bunch beam breakup instabilities can bc
great Ij” reduced in &rer]kov wafw..ficld accclcratillg con-
figurations via usc of sqymntf ~ cm~ucting boundaries
followed by rf absorber.

Discussion

\\”C have (It:tll:ii]slratf:flii l~,chl;i(luefor attenuating
+hction-mode wake fields in dielectric SIOW wave struc-

t urm using appropriate!}, s~gifi~iltt~(l conductors and rf ab-
sorber. The accc]crating Inadr.s were ncgligit,ly afrcctcd
within rr.soluth of thr nmisurrrnrnts. A tvst Ihat ro-
rll:ti IIS to III, pj,rforri]t.~ isLh;itof \1)11 ii~(. +1;ilidoff 1]-tv;t,eII
[11(”W“gIll!..lL~.:lc(mtluctors dll(, [(J /j~ fi(.l(isw’llictlarc con-

k-l---r---r----i--”~ uniform

t
7 —

L

f {
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Figure 7: F’ourier transforms of transverse wake functions
shown in F’ig.6.

tinuous there riithcr than mro. ‘1’his t.cst will require?
smaller wavcguidr dirlmnsiolls and the much more intense
fxxim that will l-mavailahlc from the Argol,:lt \Vnke-frcld
Accclcrator linac.[2] Thc dielectric-lined wavegriidc should
not he susceptible to such rf brcrik dcwn since the con-
ductor is at a large radius, low field density location. ‘J’hc
iris-loaded guide will lx: most vullwr:ihlc at the inner edge
of the ripmture but this Ciill be cured by not segmenting
the iris until larger radial positions,

This work supported hy the 11.S. Dcpartn:cnt of llnergy,
Division of High Energy Physics.
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=~~-y E~CT~ METNODS FOR ION PNNSE NOTION RESEN?CH

II. Il. Tron

Mo-con Engine-rlnq PhYmIcs Instltuto, Kashirskoe shoe- 31, 11 S409, ?4ascow, LISSR

Met hods t or phase spcc trum and
1onq I tud I n a 1 em I t t anc e research o+ ion
oei,m are considered. Thev” nas been grouvjded
upon a secondary electron detectors
(IFS) wnlcn Isochronlouslv transform a
prlmarv Ion beam into secondarv electron
and then collect It In accordance wlt.h lts
part~cles phase relat\k.eky to RF chopper
O+ detector.The IFS has small sl:e along
accelerating channel UP to 10 cm and high
phase resolution nearly 1 degree
calculated accordlnq to bunch repetttton
frequency.The results 0+ IFS testing
under 1(10 MeV proton beam have been
described.For meson faclllt~ Iinacs IFS
wtth Iongltudlnal modulation must be used.

XNTRODUCTI(M

A problem o+ bunches’ phase length ~easure-
ment and beam boundarv determlnatian in
Iongltudlnal phase space In real accelera-
ting and +ocuslng channe15 of llnacs is
practlcallv Important for longttudlnal pha-
se space matchlnq. Two methods o+ measure--
merit are known recentlv. F~rst one is ea-
sed on elliptical phase boundary restora-
tion by three bunches’ iengths measure-
ments. Second consls%s of phdse spectrum
detection for a number 0+ momentum values
ana computor restoration of elliptical
beam phase oounaarv. First method ham been
described :n details In [1.23 ●nd more
generalAy for five parameter phase e11ip6e
re.zjtoratlon In one of papers presented on
this conference. In this paper second meth-
OCJ IS discussea.

PWISE-SPECTRW DETECTfX? REQIJI~TS

A major device for experimental research of
Ion phase motion LS a phase-spectrum detec-
tor (IFS) . Applled to med~um energy and
high average current Ion accelerators IFS
have to satisfy a number 0+ strong requi-
rements.

For lon bunches with phase extent aoo-
ut 1(? IFS phase resolution must be not more
than IJ...20 accardxny to pulse repetition
treq. A detector’s length along accelerator
axis have tc be not more than 2(I cm, a beam
perturbation by it must ba small. IFS cons-
truct~on have ta ensure lts serviceability
check without equhpment d~sassembling In
accelerat~ng channel. MaJor IFS parameters
are to be lndependont o+ Ion energy what
makes posssxble lts single type applylnq
for entKre accelerator.

,+ccordlng to F.otr+lnlkov’s theorem [31
phase resolution o+ 1...2 degree at .2 GIiz
corresponds to detector ‘s bandw~dt.h 36.. .40
GHZ or tl.ne re50iuLIOn of t4. ..2l3 iis.

RF’ secondary electron phase-spectrum
detectors L4,3.6. 7.131 most completely sltl-
S+v mentAuned above requirements. In tnls
devices seconaarv electrons transfer Ion
beam’s phase spsctrum from hlqh to low
energv doma~n.

One o+ tne +&rst detectors O+ tnks tv-
pe was a device for sticondarv electrons
outlet t~me dispersion measurement L’41. The
dispersion ;s not more than b PS anti it de-
termines a Iimlt on secondarv electron met-
hod% O+ phase spectruv, measurement,

DETECT(M? OF PNASE SPECTRUM

JF~ consists 0+ primary converter (F”CJ,
RF chopper, collector of seLondary elec-
trons and correspond~nq hardware.

PC is used for Isock.ronous transtorma-
t~on of pr;mary beam Into sffcondary elect-
fon and for electron beam fccuslno on fi-
chopper Income, an axis of which IS perpen-
c:cular to Ian beam. PC must be installed
@lthln ion channel aperture to mlnlmlse an
~rlfluence of primary and secondary beams’
fjwn fields upon IFS reaolut~cn. PC re-
presents a t~rqet un~t with threadlike foc-
using electrodes a plot of which IS given
in ftg.1. Target sizes and mutual layout
becomes clear from this figure. When a pro-
ton beam with an energy 100-600 MeV IS ana-
lysed, potent~ais of tarqet and A electrode
●re equal to U, while B electrodes are un-
der .3-U.

Beam’s {Inlte transverse sizes In PC
and electron Initial veioclty spread res-
ults ir, electron dephaslng JO, , JQ2 re~pec-

tively. By choos~ng PC parameters for cor-
responding proton energy a value Jdl may
be reduced tc negligibly small compared
with 602 . Dependence .Vt (W.), 40Z(W.) on
electrons’ energy We wnich are connzcted
with target potentlaL by W.=eU for given
target configurat~on and 100 MA/ proton en-
ergy are d~splayed AI) fig.2. According to
this figure the Isocronirim breakdown In PC
at W =4keV IS less than IC at .2 GHZ.

Supplement error mainly originates
from electron and Ion bunches own fields.
Dependence of wecondary electron beam

tts moman~~;vergence dx’ on PC outcome,
spectrum width ~ and electron depkaslkg
tJIDqupon Lan o%n fiald influence are dtspl-

‘aved in fxgs 3,4.Proton beam parameters we-
re:energy 100 MeV,dlameter S mm,bunch phase
length 10” at .2 Gtiz and pulsed current
. 05 A. PC parameters were; for +ig.3-tmrget
potential U=- 4kV, distance from target and
Iran beam axis to rf cav~ty wail is equal ta
20 mm! for flg.4 distance x( +rom’ target
to the wall was changing, otfier parameters
wel”e the same as for fig.3.

It has been shown tnat to obtain ph,ase
resolution in the range 1’...2’ values’ .7 .
OX’ .ti~qmust be not more than i%, ,1:11 rad,
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.&..lc respectively. The,l ● s it {ollow<a
from figs 3,4 an equivalent target radius ~
must be not less than 2 mm and the target
have to be in ion current decs:ty maximum.

‘31mulatlon 0+ secondary-electron own
fields’ lntluence or their dephasing has
shown that target va~tage must be Less than
-4 kV. electron beam width -mlnlmum ●nd RF
cavity capasltive gap has to be lnstal Aed
on longu~de boundary. That ‘s WY a target
as a thtn 4 mm strxp has beet, chosen, and
cav~t~. had transit hole of lmm uldth.

RF CHOFPER W IFS

Choppers of long~tud:nal [5.61 and transve-
rse [4,7,61 types have been used. In f~rst
one electrons have bee,> modulated on mome-
ntum component parallel 10 beam axis (with
regard to their Initial phase) are spatial-
ly separated by spectrometer. In second
RF modulatl.an *Jt2~penC!lCU~SIr tO beam axis 1s
used and electrons are separated in $ree o+
ilelds Interval.

Chopper operation must be lndenendent
0$ particles’ posatlon on Its Income. It
can be more easely realised In longitudinal
t+pe of aevlces. For example by choosing a
t.haroldal cavltv w~th a 5...6 mm qap one
can ensure essential uniform RF field In
electron transit 1...2 mm slot and :n the
same time suppres mu!tlpactor~ng in meter
wavelength ranqe.

ChOPPer’5 phase resolution mav be de-
fined as relation of electron momentum
spread or their divergence on chopper ”s in-
let to th~s values maximum gain on the out-
let. Then as :t follows trom figs 3.4 bun-
ches own fields influence on phase resolu-
tion w:ll be m~nlmurn tor lcvngltudlnal ctlop-
per.

!} ChOICe 0+ this chopper type and this
cavlt,f posltlon on Longulde boundary p~ovl-
de IFS high resolution. It must be noted
that one should never install capasltlve
gap in Ion beam space because electrons are
modulated by resulting field of generator
ana beam ~n this case.

In terms of matrix formallsm one can
easily determine cinoppers phase resolution
under cor,d~tlon of spatial separation of
two beams’ outlet phase portra~ts depending
from each other by ln~et phase .lj)3 .

@psndences SCJf.j@~,. ~~~and IFS space
CeSO~lJtlOn d+- with an dCCOUnt Of W. for twO
cnopper cavity gap voltages 1 kVand Z kv
are d~splayed In flg 2. Dependence ~.~,w,)ls
given for next chopper parameters at two--
fold accelerator bunch repetltbcn frequency
tor 1-1(10 Ilnac: 5.5 mm gap, angle and ben-
ding radius O+ magnetic spectrometer 1%6
and 90 mm respectively. In flg 5 the chop-
per phase resolut~cm dependence= on inlet
phase LAOJor 4 keV electrorls were shown
when modul~ng amplltuae has been 1 kV
(Solld line) or 3 kV (broken llne). Adduced
dependence show that this choper ensures
high resolution in wide range of inlet pha-
ses. Thus w~tn an lnsta~latlon of muAtl-
channsl secondary electrcm current collect-
or on spectrometer outiet one can real;se
an IFS with phzse snectrum detectlcm time
less than durat~an of cur! er!t pulse. When
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U, =lkv a depenciencod$,.:jhaz an Optimum for
U =4kV and It has been reallsed In IFS
tested under 1-lW beam.

IW@.IREl’EldT DF PWISE-EMRQY DISTRIBIJTI~ IN
IDN ~

Ion phase-energy dlstr~butlon in a bunch on
l~nac outlet has been measured by two-slot
method In Iongatudlnal phase space. Th~s
distrbutlon represented c number of phase
sPectra obtatned by means of IFS descr~bea
above tn the form of bar charts for beam
particles momentum tbat have been picked
Otlt by magnetic spectrometer. Spectrome-
ter ‘s value of relatlve resolution by par-
ticles’ momentum was equal to .(11)11 .
To ellmlnate phase d~strlbut~on measure-
ment error of partlcAes In a bunch as a re-
sult of coherent longitudinal oscillations a
power of IFS has been phase-locked with
an accelerated current second harmonic Dy
feed of Its detector (see flg.6) signal on
IFS’ f:r_ amplifier input.

Steps of phase spectra sampling and
spectrometer re-tuning In relative momentum
untts were equal to resp. 2.2= at 297 ~:

and . Wll . Given Antervals were taken
as scale units in flg 7.

In long~tud]nal phase space .’”.~ ( ‘ z
~p/p) points of particles” equal density
(see fig.7 ) are dlstlnguashed. They have

been determined on .1 and .5 levels from
maximum of phase-energy distributions for
beam close-to-axis particles (points near
curves 1,2) and part~cles at a clxstance .5
cm. This particles’ sltuatlan have been
determined by intersection of respecting
level llne w~th phase-spectra functions.

Phase trajtictorles were determined by
least-square technique as ellipses an equa-
tion of whlc,h was taken

MZA@-+ZB~,~C ;~+ZDc)+ZE,s+F=<I

wh@re2A=co!#~ /R+Fislnd. , 2b=~tn2.A (R-1/R),
C=sln ~/R+Rcos2d .
Ratio R Isa relatlon of elllpse”s axll.
AS it 1s known from linear theory of 5Vnc-
rotron oscillations by measuring this ratio
one can determine their frequency and &ver-
age an~al +ie!d.

It follows from an above consideration
that software development t.r phase-enf?rgy
spectrh measurement produces new additional
Information on longitudinal phase motion
parameters with a requ~red nigh preclslon.

It must be mentioned in canclo~sion
that by substltut~ng spectrometer of this
type in IFS on spectrometer with crossed
electr:c and magnetic fields IFS’ sizes
along accelerating channel may be reduced
up to 10 cm.
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GENER.ATION OF A R.ECTAN-GULAR. r3E.4M Dwrn.mumoNFO~. m I{AnIAfrION OF TI{E
ACCELERATOR I’RODUCTI(JN OF TRITIUM TA1l.GET”

niu’hul”ft Dlill(l
MS H811, LOS Alnuios Niitiolml Lnhorutory, Los Ahum)s, NM 875-15

Abstrm:t
:\ w’hcl;:c Ills h(,t,ll (1(’~”(,l(>pcd10 i)roducc, without Il(,iilll

>t:ralling, J well-con!incd, rectangular bmm-intcnsily dislril>u-
1iou 01 grr~tl}” ~, IIh:im(wl uniformity frcnn an initially l?Ci\k~O1l

intcnsit.v dist ribuIion such as a (laussian or a parabolic dislj i-
hulion. “1’hisschcm~,rmploys a syslcnl rrf Iincar Jnd nonlin-
Ciir transport-Ii nc (’lctncnts. mlC Iinvar clcmcnts prepare thLO
bran) for the nnnlinear fmwsing Tnd gmcru tII(,bcarn si?.cat a
.lownstream t,argct. [uniformity is ilC’hit,\”(,(I with octupolcs, and

beam con fincnwnt is assured Wi[ h (Ill,)tlc,f.al)ol(:s. Thu SCIICIIIC
\v,as applied to the tmr(;ctfo(us for t hc Accclrrator I’roduct.ion
of “1.ritium(f\ P-l’) system, An init iitlly (; itllssialt-dislril>li tvd

Lc:un of 1.13-(;el’ protons w(assshmptd inlu a rvct angular 4-II: hy

2-m lrcam spot of acceptably u uifortn intensity at t II(, t ritium-
production targcl. The scheme eliminates the ncvd [or sweeping
the hc~m in a raster pattern to produce unifrrrmtargct illunli-
nation. Mails of the scheme are discussed.

Introduction
l~niformtarget illumination, eilher static or in a time-average

scuse. prevents target dan:age and optimizes target efficiencyin
high-intensity accckrator systems such as thl, APT systenl.l
III this systcm, tritium production is achicvwl by iutcractirm
of errcrgctic protons with a target composed of Pir pins and
Li-,il pins. J\.eutrons arc procfuccd by spallatiOn in tlw Icmf
and interact will] the lithium to produce tritium. I’hr AP’1.
beam, with 250 10.4of 1.6-GcI’ protons, has 400 hl\V of beam
power. The maximum power density allowed in the production
target is 100 \\./cm?”. This dictates a beam at the target of
approximately uniform intensity covering an area of 8 mz. T]IC
desired beam fooI print is a rcctangk 4-m wide by ?-m high.
Due to the high beam in;ensity. no significant fraction of the
beam can be tokratcrf on the structural materials outside the
target area, nor can the beam fringes be scrapml.

L’niform target illumination in a tirnc-average sense is
achieved wit h sweep inagnets, while static beam redistribution
is accomplished with a hcamline containing a combination of
linear and nonlinear transport-line elcments, henceforth called
a beam expander.2,3 For the ~ p’r ge~,tne~ry,a twO-riimctrsiOtral

r~ster scan requires sweep rnagncts with unfmsiblc ,specifrca-
tion.- for power and size. An alternative approach, a ribhrm
IItnm ,.( tlr. ifortu inf,tl.il I .\sI.1)1 afrw. IIII :;, r,,, t I t, t II, , I i
I! I I10’1!11III. I,, IIICrltjl)on, rf:q ui r(.s a swtI:iI 111,.glI([ WI I II

arhiet,a}l]p p~rl{,r fIIaIICespecific,-rti{)ns,hilt witII a Ill,ak i, fll’t i\r,
,. I !II ,’I‘ ‘.!‘.’, s,, ~w~~})Ii,.I/;,, I L,! t,,, tif ,! l,, l,,:. Ih,: Ii,()

dimensional team expander.

Detun-Rctlistribution Method

The method fur producing a ribbon beam is explained in de-
tail elsewhtirc.’ \Vith an octupole one can affect the beam phase-
space area in one transverse plar,v in such a wav that, during
subsequent transport, the beam Iringcs arc folded into the core

“\Vork supported by the L’S [)epartmalt of I;,nergy, with I,os
Akurux S’aticmal Laboratory Program De\,elopmer,t funds.

inlcnsity dkt ri hut ion, in t hal !)lant,. arc 1ran+ff]rnlt,tl Illtu J,r(]-

jrctions of grvalIy cnhancr(l uniforolity. \\’ith t h~: prolwr ft~tlt.s
thc other Iranst,crsd plant, is IIf,t ati(wttvl anti IIII, I)roj(v.l.iom.” {If
the distrihul ion in that transvcrw: i,lanc rcm;till ptwli(,(l.

The nu,lhwl (an Iw appliml 10 I:vth transvcrw plAIIIS.\\’ith
thc appropriate: linci~rtransporl, Ihis rcs.1Its iu a fd(itwlhorizo:l.
tiil and a ft)l(lcdvcrlical I)l!iilll IltlS.S(--S; li\(.(, a roa at Ihc Iargrt
Now the projrcl i(ms in irll transvcrsr 0 .)1dinatc+, alt(l in par-
ticular the 1 iill(l y prujrctions, arc rt liltiVt,l}’uniforlu anti IIII:
conlou r Iinrs of thc r-y int(,llsit}, {listIiIII)Iion art, Ieclanglvs

:111ilCCC.l)tilblvbeam distributmn iit LIICtargc[ cannot lw ~}ri)-
d uccxl wil h a si IIgkO m:t upok. 1)110 10 he J--y cou plijlg cd IIS141

by”the octnpolc, such attcmpts rcsul! In hcams wilh dist{lrlvd
contour lines that displny big lobes in tltc wrrnrrs of t )IC dis< rit)ll.

t ions, irs illust rated ill I:ig. 1 fur a ( ;aussian inpu1Jisl rihutiou,
llcrc, as for all Iigurcsof Ihis t}pc, N input dist rihution contain-
ing 105 part ic)cs was Iransport cd through Ihc beam cxpindcr
using the beam-transprrrt crrdc PA’1’1[,“ and thc rvsulting tiistri-
butirrn was characterized hy ifs r and y prrrjccli~~nsand by its
10%, 50%, and 90% contour lines.

11 I !:

-6.0 X[m] 6.0

Fig. 1. Beam-intensity distribution obtained from n (.;atlssiitt,

input beam anti a beam expander with a single oct upole,

The followingheam-cxprindcr components arc nccdcd to suc-
cessfully producu a uniform rcctingular h(v)In dist ri 1111t ion: a
srrti(~tl t I 1!r.l! I r! t ltI, IIIn tll for t III first 1) I III ,1:11 ! I I ,

‘ ~ I I I I ~~•I III 14 ,i,llt:ill} III(I .III.111 j, ,11( ,1111
to 1111II III 111,11I \ ill! IIIJI Izolll iil Ilt,ilIII 111111,1,!.11,1r I dr(;i t iIIIIII I II1,

IIII tIII~; I III i II t it.;il II I;LIII 1111,i , 1,14I ,,1’ Ii,IIIt{l,111.~)iLrc.
thc heam for th(: second octupolc; n second ml upok, where thc
1)(,(1111is liirg(: vcrlically iln(l 51!1:111hori.?(lflf:l][), to rllallipllliil,.
the vertical lmarn phasc+pacc itrca without furthrr distorting
the horizontal hcam phase-space area; anti a scctioll to prepare
the bcarn for ttw target.

The simpkst beam expandvr for producing an acceptable
beam distribution consists of two oct upolcs separatmi hy a drift.
Depending on the desired bc” I footprint nt the target, mere
magnetic elements may bc required. Adding a quadrnprrlc be-
tween the two octuprdcs serves, at the second octupolc, hoth I(,
decrease the beam ~ize in the t ransver.w plane ma_rlipl]latwlt,,v
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th~ fitst uc~updc aud to increase the heam sirx iu the trimsverse
!,:~nc manij>ulatc(ihy thr second rrctupolc. Ad(iing a quadru-

p.,lc after the octupoles serves to re(iuce the length r)t’the fillid
(irift. Care must be taken wlwn placing qu~d rupolcs. 1)epeu{i-

ingon positionand polarity,a quatirupolcwillcllhancc.negatr,
or uot atfect iwam folding.

APT Beam Expnvt!or
‘1’ahlc1 lists the elements of the AP’1’lream expamicr, (ic-

.<igUCCfto prOd UCC a Sllfhck’lld}’ llllif~>rlllrCL”! .Mlgll]ar bran) t$’ith

the required t-m by 2-m foOtprint This hram cspandcr repre-
sents rmc of many i~ossiMe combinations 0[ ma~;ncticc.lcmcnts
and drifts to M-hiei”ethis grxrl. “1’hcpole-tip fields cd all magnets

arc kept at or hclow 1.5 T, and t hr drifts arc }i..~l)tsilort. l’he
design is not uniqur md further optim:zat ion is dcsirahlc before
imilding the system.

TAIIL’d I
APT hcrtm expnmler toprof!ucr?n uniform rcctrtngulrrr
tmmn with a .$-m by 2-111 footprint. The drift lengths
}wtween elements, find the e[mnrmt effective lengths,
bore radii, and pole-tip fields are given.

type of Clcmcnt I Iellgti\ (m)
first octupolc I 0.50

drift

focusing quadruple

drift
second octupole
drift
ricfocusingquadrupolc
drift

6.50

0.50

‘2.19

1.00

15.50

2.00

1(1.50

r. (m)
o.()~o

n.100

0.134

0.356

r9p[T)
0.768

0.712

0,914

1.499

The first octumde in thc line manil>ulatesthe horizontal beam
phase-spaceare:.Oncc the beam i; folded. the focusing quad-

rupole decreases the horizontal beam size and increases the ver-

tical beam size at the second octupole while not affecting beam
folding. The second octupole manipulates the vertical beam
phase-space area. The defocusing quarliupole achieves the large
footprint at the target, a very short distance away.

For the high-intensity APT beam, magnets with large aper-
tu res are desirable to avoid beam scraping. The magnets also

must provide the fields dictated by the beam-transport calcu-

lations, and these tields are strong because the beam rigidity

is large. It is thus impossible to rfimension nonlinear beamline

elements to have a substantial effect on the beam in the signifi-
cantly populated beam fringes and not scrape the insignificantly
populated far fringes of the beam. The APT beam expander

w= designed to clear ‘7u(where u is the rms heam size) of a
Gaussian-distributed input beam. The radii given in Table I are
those necessary to :;. ,,llt Ihis Iwam.

lkam Distributions a~ the Target
I t, ,Iimensions of the heam footprint at r.hetarget are fixed

b!’ the beam-expander configurationand the input-heam rms

sizesand divergences,but the beam distributionat the target

depends on the input beam distrihution. For each input }Jeam
distribution there is a different nominal input beam, resulting
in an acceptable beam distribution at the target.

Non-nominaf input beams can result in unacceptable heam
distributions. Non-nominal input beams :auscd hy failures
of accelerator quadruples or accelerator rf moriu11=5result in
non-nominal but acceptable beam distributions t’ar}illg !IIC
strengths of the beam-expander octupoles chango”.fho hcam
distributions at the target as discussed below.

Numiwtl 13cnm K)istributions

A Gaussian Lcam distribution provi(icsthe most realistic sim-
ple Modrd for the distrihulion frrm llw Coupled-Cavity Linac
(CY:1,) ~)]allltc.[lfor A!’’l’.A Parabrrlicdistributirm, although of-
ten considcrcri in Ircam-trausport calculidimw, is not a good
mo(icl for the CCL output hcam. With au iuitially paridmlic

(iistrihut ion onc call achieve cswwt ially uniform beams, while
with an iuitiaiiy GiiUSSiiill distrihut ion onc cannot. Figurts ‘2
and 3 shrrwthe Iwanl dist rihut ious al the target for thenominal
Gaussian and theIlolllillid pitriiboliC input hcam, rcspcctiwly.

h----’+
LL_-J-

-3.0 X[ro] 3.0

kig. ~. Hcam-iutcnsity distribution at the target obtained from
the /\P’I’ beam cxpauder and the nominal Gaussian input hcam.

-~ ;
-3.0 X[m] 3.0

Fig. 3. Beam-intensity distribution at the targst obtained from
the APT beam expander and the nominaf paratrolic input beam.

Distribution Dependence on Octupole Strcmgth

The rhpencfcncr of the z projection of the beam-iutensity
di~tribution at the target on the strength of the first octupolc

in the APT hcam expander is shown in Fig. 4, both for the
nominal Gausriiau and the nomiual parabolic input beam. Only
halfof each symmetric projec~ionis shown. Very weakt-wtupohw
influence only the far fringes of the beam, rcmrlting in a beam
that is similar to the input hcam except for the taihi of the
distribution. Excessivelywrong octupoles fold the beam near
the co~e,producing a beam with large spikes at the distribution
edgts.

Acceptable Ncm-Nomiual Beam Distributions

Failure of an accelerator quadruple causes a doubiing ,,(
the transverseemittancec of the CCL output henm ln!lll!iil I

of the uominai beam, a iarger beam passes Il!rullgh thr IIIiIIII

expander, and therefore the distribution at the target exhihit~
large Bpikeeat the edges, characteristic of a beam subjected
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to excessively sttong rrctupolcs. ‘[’he frzotprint dimrwsions arc
II nc}langcd, ~nd the distrihlltion wmains iiccvptabhh. ln(:r~iis(!d

i,earn loss in the hcam expander nccrrrs.

.a

Slr($Il#

—.

1

Ualllllllsd
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1Uwnlual

war!

11() X[lnl JrJ 00 X1111] 30

k’ig. I. Horizontal ~,rojcctior! of thei)carll-itltl?r)sit}’(Iistril)ution

ohtainml frorrlthe :ip-r hum cxpandm with a weak, nominal,
arid strong first octuprrlc arul (al t :IPnminal c;aussian and (t))
1he nominal parabolic irlput I)(siilll.

I:ailurc of an rf mmlnlv at or abrwe 320 \leJ’ causes a shift in

the energy of the CCL output iwarn by up to +10 \lc\’. The re-
sulting non-nominal input beams yirdd difkcnl but acceptable

t .2rgct beam distributions and frrrrlprint dinlrnsirrm+.

IkvIIn Jitter

For tht :\P-l’ buam cxpaudr-r. the rnls hcam sizes and divcr-
gencr+ at rhe target are orders of maguit udc larger than those

at the exit of the CCL. Jit tcr of the. I)carn ccrltrrriri by one rms

at the exit of the C’(;Lwould result in jitter by one rms at the
target “sithout octupoles and thus in only slightly less than one

rms with octupoles, because [hesc arc Jirocnsionml to have lit-
tle effect on the core of the bcarn. L’nlcss severe, jitter does not

affect the foot print rlimensions. On the otrrer hand. jitter does

have noticeable effects on the beam-intensity cfistlibntiorr.

Jitter control to O1 rms is ic~siblc, and 0.1 rms of jitter can
be .olerated for APT, as is illustrated in Fig. 5. For Fig. 2, a
Gaussian-distributed input beam trat”erscd the beam expander
wit h its centroid on axis For Fig. 5, the same beam traverses
the beam expander with its centroirl shifted by O.I rms. The
previously symrneiric contour lines and projections of the ln~mnl-
intensity distribution at the target have become SIWMI

I Iw--’-’l
H___.-.._l-

, , , ,1

!“

i

\ ‘\–&lk-.
-.?.0 X[m] xc ‘

~“i~.s ~;-’- Interlsity ~i~tribu~ion al ~hetwel ob~ained fro~l
III.. APT heal i expander and the nlminal Gaussian input h~am

v.iIi~.~O.1.rmS c:.n?roi(l ~bifl.

13wun-fiingc Control With Duodecapolw

(h:tnpolcri (Iimcnsioncdtrrcaust hcarn redistribution have the
desirwi effecton the partich!sin the near beam fringesbut an
undesirablylargeeffecton the particlesin the far beam fringes.

This results in intolcrahlc beam loss do~nstrearn of the oc-
tupolcs. t\dditiun of apprrrpriatcly dimensioned duodccapoles
to the octnpules couutcracts this Meet.

‘[’heduodccapolcs to bc added to each of the two APT beanl-
expandcr oclnpolcs arc spccifiwl in ‘1’able11.

TABLE II
DtI(J(l(!(:/iI)(Il(!sto k? ttdded h the .IPT bWtIll-CXJNtllKh?Y

octllprdos for bonrn-fringe crmtrolo

Iy pr’ of Ulemrmt ] Icng?h (m) ] rO(m) ] l~P(T)
first dumlccapole I 0.50 I OTx I 0.538

I second duodccaprrle I 1.00 I (1.134; 0.678

In l’ig. 6 the beam footprint at the target of a Gaussian-
distributcd input beam populated to 7U is shown for the A P-1-
beam expander without and with duodccapoles. Without

duodccapolcs, the far friugcs of the origiual distribution have

bccu folded into the core and actually protrude from the oppo-

site distribution edges. With duodecapolcs, the fringe particles
to 7rJ arc totally contained in the core of the hcarn.

-15.0 X[rn] 15.0 -15.0 Xlm] 15.0 “

Fig. 6. Beam footprint ohtiiined with the nominal Gaussian
input beam popu!atcd to 7Lranrf the APT beam expander (a)
without duorlecapoles and (b) with dumiecapo]es.

1.

I
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5.

References

G. P. Lawrence, ‘New Applications for High-Power Pro-
ton Lilliir’s “ I,) hr fIIII,li .II, 1 iII /!W) l,iHfwr .lccderator
( ‘,1))1(I II !“, ,,, ;1

i # ,’. ‘,,,,,)i,,. : I , II. :;\ LI :11to Smrrr)th
,, .I 1{4111,”II I,’t:

,,,1 {kI I

II IIIIIIII 1, iLdt: I Iiasll), and ~~.Lunk~a~,“iJsc of
hfuililmlr Klagnetic i wlrh for hiaking IJniforn~Irradia-
tit)lts,” XII(I. Irrsti. and hleth. B40/.I1, 1004(108Y).

,\. J. Jwm, H. Blind, ant{ E. M. Svaton, ‘Uniform “
Ribbon-ucam Generation for Acrwlcrator Prdrrctiun of
Tritiurn,” 1988 Linear Accelerator Conference proceed.
ings, CEBAF Report 89-001. 192 (19S9).

J. A. Farrell, “?AT1i - A Lure@ ElcmenO.Beam Tra:,s-
port Simulatirm Program with Space Charge,” Proc. of
Ber]in Conf. on Cmputing in ACCC1. hsign and @-

cratiou, W’. Busrwand R. Zelany. EdR..Springer Verla.g,
Berlin, !!67 (1984).

455



DIAGNOSTICS FORTHE400 MEVFNAL
Elliott S. McCroryand GlennLee

FermiNa[ionalAcceleratorLaboratory*,Batavia,
RobertC. Webber

SSC Laboratory’,Dallas,TX 75237

Introduction
Thelast four 201 MHz alvarez tanks of [he twenty-year-old,

~)o ~fev Fermilab Linac We being replaced by seven high-
y-adien; (7 KV;m), high-frequency (805 MHz) side-coupled-
:aviry stntcruresto producea 400 MeV beam for injection into
theBoos[er[1]. Good.reliablebeamdiagnosticsare an important
~actorin the successof this project.

The commissioningand operationof the new Iirmcpresent
ievemlimcrestingchallengeswhichme beamdiagnosticssystem
will address.

~ In order to increase the efficiencyof the cisviries(raising the
shuntimpedance),the ispertureof the new”Iinacis only 3 cm; the
apertureof the old Iinac is 4 cm, so good beam steering will be
veryimportant.

f To increase the achievablegmiient in the side-coupledIinac,
he iounh harmonicof the alvwez Iinac,805 MHz,has beench~
scn as the resonant frequency. The smaller Iongiusdktal phase-

space will make matchhrg into the newstructuredifficul[. There-
fore, measuring and understanding the longitudinal mit[ch
berweenthe two strucusresalso will be very important.
/ The space available for diagnostics is )imi[ed. There is only
tie four-meter transitionsection and 3~W. drifts between each
acceleratingsection for the diagnostics. Therefore,the diagnos-
tics elementsmust be smalL(Terminology:sixteen side-coupled
cavitiesare braisedtogether [o make a section, four wcrions im
connectedtogetherto makea module,a module is poweredby a
klysrro::.)
/ Our Iinac,as reliable as i: is, ;;as yieldedprecious Iitde infor-
mation about the nausre of its beam, especially in its middle
where injection to the new Iirwc is IO occur. Ilrus, many plans
and designsfor the new tinac, me transitionsection in particular,
rely on the existenceof excellentdiagnosticsto identi~ and cor.

————
Wperared by the UniversitiesResearch Associationunder c%-
tract with the U.S. Departmentof Energy.
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rect unexpected fea
commissioning.
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ures of the beam re ve iIItd during

/And, finally, we will need to commission [he new Iiniscas
quickly as possible, so it will be important10have reliablediag-
nosticsas soonas commissioningbegins.

Beam pnsition/steering, wire scanners, isnew-style bunch
lengthmonitor,beamlossmonitorsand specialbeam-phasepick-
ups are beingincorpcmed into the new Iinac. Figure i shows[he
mechanical layout of the inter-sectionregions for the first accel-
eratingmodule, the [igh[estoverall fit.

Dlagnostlcssystems
Beam Position Monitors andSteeringCorrection

A quadrupole-srnpline,non+stercepdng beam position mon-

itor (BPM) has “beendesignedand prototype, see Figure2. The
four plateseach subtend20”. The inside diameterof the monitor
is 3.25cm. The overall length is 4.0 cm; this small dimension is
chosen as a compromise between minimum space and smaller
signal froma shortermonitor.

Compact,picture-frameirondipole magnetsof the type used
currently arc to be usedin [henewlinac. Tlresemagnetscan k

made quite short, and we plan to make them as short as 4 cm. A
problempresentlyunder investigatiol~is if the proximityof these
magnetsto the quadruple focusingmagnetsin each inter-section
drift causes any problems.

Corrrcring the steeringin the new Iinac is going to be easier
than it has km in the old Iinac. The procedurefor correctingIhe
tmjectoryof Ptc beam in the old Iinachas inc!udedthe mt,!asute-
mentof the beam trajectoryfollowedby the physicatrealignment
tk drift tubes. This laboriousprocessrquircs openingthe Iinac
tanks and, with a smeying crew present,movingthe drift tubes.
In the new Iinac, we plan to have wo BPMs in every module,
producingfour position readings per 27sphase advance (79° per
FODOcell), enough readings to accmtelymeasurethest=riw
and?Jre~ta~on ~p]i~de, In particular, we will put severid
BPM; andcorrectionelements in the transitionsection to insure

-i-

I

Figure 1, Mechanicallayow ojtht beam diagnostics within Ihe@I ~celerain~ nwlule ~Ihe new 4(M MeV Fetnulub LJMC
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Itw Ik stcaing swrs off right. .%lignmentof the four sections
and four LIuadrupoicson J “’strongh~ck””will Imd to :dignmem
accuracies ot’belter thwt 1).[)1 cm through the module: careful
nmdule-to-modulealignmenl u I! I prcduue Jiignment errors of
.L~tl(o olj cm. {21. _f_hesteeringcorrectionneededior diis level
of aiignmem M0.5 cm. 0.15 mrad maximunl M [he end of Ihe
Iin.w, .~ deflection field of around 100 gauss-cm is needed 10
comectfor Ihls. MMgausson a 4 cm picnsre-friimemugnetis not
difficult.

The BPils Me re~dout by an RF -mdulc/decoder ~imilar10
theme present]}in usc 131.Theold design has been moditlsd to
Increasethe bandwIdthto ;ipproximawly20 llHz ~from I MHz).

A Iimc controls}stmr Iwul controlsution IJ; wIIIrunitIwal
applicauon programw acu~cl} comeu the wcnng of [hecnure
~new)Iirmcon J pulse-b}”-pulsehusls.
W“ireScanners

.Anew. compact two-plane wm wilnrrer has oeen designed.
see Figure 3. Its owmsll Ienglh :s fr.5cm,: its ~engthalong the
beamis 5cm. Three wire scmscrs wiil be placed,n the Lr;msitlon
sectionand Mthe beginningand end of the new IIrtac. They art
m be IocwediIt a tr~nsverscu JMtso that rhe emiua.ncein that
\.icinity can lx measured.

W’ehave huilt the tirst wire scannerand tire prepm’mgto in-
stall il at the exit of tank Ilke of the preserr!hnx. This ISihe
injection point into the new Iln:lc.so we hope w de!ennine [he
Twiss pararne[ersa: thu[polnt[5j.

Bunch Length %Ionitor
.4 wchnique exists ro accurately measu:e [he ph~se cxtenl

(a.k.a. bunch Ien?th) and :he phtisedensity of a Iimtcbeam [6].
This Idea was invented by R. Witkover[7] and refined by A. V.
Fcschenko [6]. We have consulted wi[h Fesc!rtnku and have
built two protow~s.

Referring to the reference ~X]and to Figure 4. the hunch
length monitor. or BL31, works J> ioilows. The prim’q) ion
beam impinges on a wire. 1, which is at high volt~ge,V The
passageof the beam throughthe wirecauses secondaryclccrrons
[o be liberated from the atoms in Ihe wrre. Free secondaryelec-
trons near the surface Inlgraleout of the wire and are :~.ccehrsted

FIVW 3. a wire ~cannerfor Ihe new 400 .\{e\’ Fermdub Lurac

radially away from it by [he voltage. V, m the slit. 2. The elcc-
mms which get through the slitthen pas> between J p~ir of
deflector plates, 3, which MCexciled at opposite ph:!wby ii JOII.
ageequal to

..\(jC(-N0)(+ lp)
whereu is the bunchingfrequencyof !hc beomJnd Q ISWI;whl-
uary and adjustablephase wtgle. (our t!cll~ctorWIII pr(dxhly k’
a cisvityexci:ed in a deflecting mode.) The ele~”mmbe:imI) .“o-
cused by an elec:ro-stmic emscl lens. 4. onto J silt, 5. md the
prricles which pass through the sli~tire dctec[ed by m clcctmn
detector, 6. Plouing \he phase angle oi the detkx:ng \I IIILKC,Q.
versus the signal on the deteulorproducesJ Jlstnbu[l(m which Ji
proportionalto [he iottgiwainiildensity of the ion beam,

The resolutionof [his device is dctemllncd by :hrec kindi of
factors: limits set by N.slure.~ssembly/tilignmentprcclwx and
the choices made for [he optics o!’the scco~d~r}clecmm hc;ml.
seeTable 1. Thev predlctcdcfl”ecton !ht rcm!urilmt}!”lhc dct”Ice

ts listed in Table 2 ml usmp~r?d ulth [he rc>ull~(~h[~lnc(!h!
/ - ----
../””

,. 1 12 3 4 5 6

-.<;;
FIgiue d. Buch L,nelh .Uomhrr whrwuw
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Table 1 j

Limits o,i the Resolution of a Bunch Len~th Monitor

@ lval~!
a. Eneigy:nd AngfespreadofSecondaryElccmsns
b. EjectionrimespreadofSecondaryElectmm
@ Geometric .~recision

a. Atignmentof wire,lensandelectrundetector
b. Dcminsionsof wire andfinafslit

Iect on Beamr
w Eirssellensofxjcs:

a. PattrIengUsdifferences

b. f-ens dimensions. aberrations

c, Magnification
* Deflectorplates:

d. Stnmgthof deflection
e. Ftige fields
f.Maxdeflectionwithindeflector(rela[edILmm-sittime)

Feschenko[9].–~=m=_severe effe~at 805 ,MHzis thetire=
takes for the secondaryelectron to actually be ejecuxi from the
wire. The best measurement to date indicates this time is no
greater than 6 picosecond [10]. The other major effect worth
noting is the drift-time differences amcng electrons within the
secondaryelectron beam. The moni~oris time sensitive only in
the region fium the wire to the deflector, so velocitydifferences
or path-lengthdifferencesin the secondaryelectron beam 10the
deflector shouldbe reduced. Velocity differencesarise km the
thermal velocity variations in the secondaryelectron beam (ex-
pected to be around3 eV, but with tails out 10 several tens of eV

[7]); increasingthe voltage on the wire reduces the effect of the
tclocity spread. Path length differences are reduced by either
reducing the aperture of the device, by placing the deflector as
close to the wire as posslblcor by both.

My improvementsshouldcome from:highersecondaryeltx-
iron beam ertergy, better atignment, and reducing the effective
pathlengthsof the secondaryelectronsby placingthe deflectorin
front of the lens. Ourgoal is to obLtin a resolution of approxi-
mately 1“at 805 MHz, a factorof 3 improvementover Feschen-
ko’s 0.8° at 198 IW-lz. Non-lineareffects (3b, e and f) are not
addressedat this time.

Our design, with the deflector in from of the lens, requires a
rather high gradien% around 2KV/cm. to achieve adequate
resolution. We a.tt workingon a design for a suitabledeflector.

We have tested th: optics of the secondaryelectronbeam+
without a deflector, in the lab and had good rtsults. We have
obtained an image on a thick phosphorusscreen approximately
0.030 cm wide using a 0.013 cm wire thermionicaIlyemitting
electrons. A prototypeis beingbuiit to put in the 200 McVbeam,
again withouta deflector, to test if prirnaq elecrronsfmm the H-
bearnsignificantlyaffect the device.

We wantto installthreeBLMs in thetransitionsection,two
in the400MeVtm.rrsferline and one near the end of the Iinac.
The At procedure

A procedure has been established at several laboratories,
mostnotablyLAMPF, to accurately set the phase and gradientof
a seriesoflinacacceleratingmodules.Thisprocedure,referredto
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Table 2
&solution of Protmed and ExistintzBLMs

l.a l.b 2.a I $; 7 Total
T= a,c

1 1

Fermihsb 0.04 <1.74 0.3 (3%L 0.1 0“77
Isan) (1.90)— .—-.—— —-.. .. .-—-,-_..—.-

0.57
Feschenko 0.29<0.43 0,2 0.4? 0.21 [o,72)

(XXIMHz]

as the “Atprocedure,” is descrihed elsewhert at this conference
(11]. We am installing a resistive wall monitor [12] at the en.
trance to each acceleratingmoduleto facilitate this measurement.
The resistivewall monitor,developedfor use in theTevatron,has
a bandwidthof 6 GHz. so some bunchlength informittioncan be
obtainuf.
Other Jkwices

We wili also include standwd beam toroids,one per module,
and beam loss monitors in the new Iinac.

Conclu310ns
~O~d~tO~OrnmiSSiOnhe nc~805~~~~ Mev f+.mi[ab

Linacin the allotted time, extenstve and accutate beamdiagnos-
tics ate to be used. fn addition to fairly standard beam position
monitoringand correcting, we plan to include in the new Iinac:
w-k scanners for emittancc measurement,At pickups to aid in
sening the phase and gradientof the high-powerklystrons, and
bunchlengthmonitoringdevicesthroughouttheIinac.

[1]

[2)
[3]

[4]

[5]

[61

[71

[8]

[9]
[10]

[11]

[12]
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IWQII)lAGNOSTIC DEVICESt
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Ahstruct

TINdi:ignosticciuviccsin uscon RFQ! will bc Jcscrkl. They
c,msist of ii double-sliicmittancc-nlc:tstlring unit, is 450 dcfhxlion
energy-ws:tlysism3gr,ct, p:tramc[riccurrcrsl lmnsformcrs, oplical
I>c.imscnsurs, bc~m-slop current monitors, id un k-ray crwl-point
tin:ilyzcr. All of these dc~iccs arc Sblc IOofwmlc up 10 tlw full
oulpu[current of RFQi ~75mA CM}at 0.6 hlcV).

Introduction

Tlw RFQI accclcrisiorsystcrnis a test id for a wide mngcof
high-powerRFQ accclcmtorcxperimcnls. 1[is hill 10accclcrisw up
m ?5 mA ot’protons to 600 kcV M !@07cduly tktnr. It compnscs
.I 50 kcV injector. a 60° bendingmugnctfor ion spccicssc!cc!ion,
:Indu 600 kcV 267 hlHz RFQ. 1 This p:~pcrcfcscribcsIhc ditignostic
dci’icesWCJ10mc3surcIhchelm M:hc outputof the ion source,and
at the inpul and outputof the RFQ.

RFQ1 I)iagnrtstic Dtwices

The diagrws!icdcviccson RFQI arc lhc following:
1. Emittancc-measuringUnit (EhlU),
‘?-. ksm-stop Currcm Monitors,
3. PummctricCurrcrrtTransforrrw (Bcrgozmeter),
4. Encrg}”-anislysisMagnet,
5. Optical BeamScnscrrs(Rcticons).and
6. X-myEnd-pointApparulos.

kl[llitt;incel]lessl!ringUnit

The EmitiancerncasuringUnit (EMU) is LISCJh) mcissurcIIIC
outpu[ hcamqualityof [hc Ri.~. TIIC bc3mslrikcsu waler-cnolcd
lw:Ims;cp con[ainioga slit. T!)is slit ICISa sliceof Ihchsm through
it) I sccwndslit Faraday cup asscmhly, so (hti[ lhc beam cwr bc
:inulymdas Gfmction . f positionand wrglc. TNo beam sIopshave
l,~~nbuil[,~n~M,i[hthe swi~itubesl,~flic~lto allow,~vcfiicalslit for
I>~,X”)~mil~nc~m~surcm~n:s, aml the secondwi[hlh~swirl tUtJCS

iu]rmntal to allow is honzont:ll slit for (Y,Y’) cmillancc
mc:lswcmcnts.The Faratlsycup cm tw rou!ul to pl:Iccits slit in the
appropri3tcdirection.

The primary sli[ is 0.127 mmwideby 50.8 mm highand can bc
scxrncd horizontallyand vertically owr u totul rwrgcof !00 mm.
TIICslit on Ihc Fitradaycup is 0.152 mm wide and the FisrisdisyCIJp
tiwcmblymay bc scannedover a tnttil range rsf75 mm wi~hrespect
IIIthe mainsM.

The main slit has water-coo]cdswirl tuhcs mrd is cap3blcof
tibsorbingI}lcfull outputbeam:)f RFQi It is not ncccssary10cool
thesecondslit and Faradaycup assc~,bly,btcauscof the low fraclion
of lhc bum that is ;ransmiltcdIL;it.

The positioningmotors arc ccm[r(l!!cdt;) an IBM PC and [lIC
Faradaycup current is rcvsdby a Kit[tdcyk:.~:-currcn~~mplificrand
rccordcdin the PC. A J.ompu[crprogram;IWJWSz com~:ictcLwam
sconto IJcdone automatically.

~This work was patiiaily supported by Los Ahirnos Notinntd
Lslmratrwytmdcrccntracl no. 9-X5H-0S7?G-1

A numhcrnf prohicmsnrigimsllyIimitcdthe usefulnessof
IIIC systcm hut Ihcsc urc being rcsotvcci. The syslcm was
origimslly very slow. being Iimiltxl try the speed of isn
autorwrgingpico-an:.wtcr USCCIto rwl :hc Furwhycwpcorrunl.
Rcpkscing the rncwr with a current amplifwr allowtid a
continuous scan, rather (him moving Ilw cmp to a discrete
positionand rcmainingtherewhile the rcisdingwasdctcrmincd.
A rcl;ltcdproblcmwissthatposi~innw;isdctcrmincdbycoun[ing
pulws sent to the slcppingmotors,hut Ihisbccamcunrcliishlcas
motor speed wissincmsscd. The motor corrtrollcrswere in a
scparalc unit and had unncccssurylino[:ttiwrs,su Ihc molnrs
were rcpksccdby newOI,CS,will]the posilitmctmtrollcdJircctly
by the PC. The positionISnow rcaclby a Iirwurp,llcntiomc[cr
positionimticalor.

McasurcmcmsC:III IJcmndccihcr of horizontalcmi~[wrcc
(X,X’)or of vcrticwlcmittuncc(Y,Y’),ahhnughswitchingfrom
orwto the oibcr rcquirusthat the unit hc op,:ncdIn rcplticc(Iw
primaryhstn stop.

Rcccut (X.X’) mcasurcmurtstmnsformcdb:tckto a wuisl
arc shownin Figs. 1 and 2.

Fig. 1. RFQI EhfU contourplot.

The &IItishownin Fig. 1 wasobtainedusinga S-apcfiurc
sourceoperatingat 45 nlA. The EMUwas 1 m fromIhc RFQ
ismlthe data wtiscollcctcdusing 12 primary slit positionsturd
approximately250secondaryslit positions. Someprocessingof
the data is nccdcd to allow the p!oiting progrwr to work
correctly. The analysisprogramcan derivean rmscmittanccas
shownin Fig. 2. Dcvclopmcntwork is continuingon the most
suitablewsy IOdispiaythe results.

Ikim-slnp Currvnt Nlcmurirsg Ikviccs

Most of the btmnr-iotcrccptingsurfaces in RFQ1 arc
iwlutcd from grwmd, so that \hc beam current F~Hingon lhcrn
can bc mc.ssurcd.!jisrl”~ccsmd kam stops monitorwlarc:
1. Entranceport solcrioici,
-i. . En:ranccp{Irlsolenoidhcam plak.
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2.RFQ1rms emittance.

Stsaight-thmugi~beamstop,
H2HJbeam stop,
Fractional-energybeamstop,
Exit port bcsm plate,
Plungingbeamstop,
Collimatortcp,
Collimatorbottom,
Collimatorlelt,
Collimatorright, and
Main beamstop.

These devicesare groundedwith 1, 10, or 120 ohm reais[ors
tvmieally will have a volta~e of b~een O and 100 mV.

Intcrc-~ &menta are accurate-to about 10%. Errors arc due
mainlyto secondaryemission,.s0some incon9iUcncicsare present,
but they do provide a uaeful guide for adjustments of the systcm.
Thewz signals are monitored by the Taurus data loggingsystemand
numbers1, 7, and 12 am also displayedon a digitalpsncl meter.

Paramdrk CurrentTransformti

BergozDC beam-currentmouitors of the type developedat
CERNby K. Unse? were uac~. ?’hsxcdevicesare non-intercepting
and havea currentrangeef-fiu in.Ato +250 mA, witha frequency
rangeof dc to 20 kHz. AhrahJteaccuracyis dbout * 0.1%.

Each monitor has two main toroidai corea with a primary ac
sig~l ~ driv~ ~.< ~o~ m satumtion in both d~~tions, Two
weondsry coils ‘r= wirsd in opposition so *hat in the tsalancd
conditionno outputsignalrcsuka. The beamcumentpassesthrough
the tomid and unbaIanas the saturationso that a accom!harmonic
componentappears in the secondarywindings. A feedbackcircuit
adjusts the current in a singl~tum frcdhack Iiiie to restore the
bnfance,and this cu~nt is qual to the beam current.

The tomidshavemagneticshields,but still are sensitivem stray
magneticfields, such as fmm the binding magnet. A zcm offsc4is
atablishui atler all rmgnetahavebeen tumuf on. The dcviccreads
curremtflowingthrough the apetiure of the tomid, S(J althougha
metal ban tube may be wed, it must have an in’~,datirrglmak us
preventgroundcurremtsfmm Rowingon the tube wall.

Ehxtrow from secondary emissionq can in!lu:ncc the
measurements,ao the monitors must bc kwwtedaway from
aurfaccstinatmay intcrccptbmm.

Two Gfthese units are instakf- -one at the cntmil~c to lbc
RFQ and the other at the exit. They arc conncctcd to th,
Taurus data loggingsystem.

Energy Analysis MagNet

The RFQ will transmi~ beam of uII enctgies, so the
prescnccof an outputbeam ia no guarantw thtstbeam is bciag
accclcratuf by the RFQ. A 45° magneticamslyr.eris used to
measure the output beam energy. A typical mcasuwrncntis
shownin Fig. 3. The anc!~~~has a rcschitionof about0.2%
but no energycalibrationhas beendone; the energyacalcon the
figureis hascd on field maps, givingan uncctiil;ty that could
be aa great as 10%.
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10?ne:gy {keV)

Iooc

Fig. 3. RFQ1 energy spectrum.

OpticalBeam Sensors (Reticons)

Iontiationof the residualga::by the beamallcws tbe bmm
to be obsenwd visually. Tim light intensity is affected by
residual gas composition and presaurc. Therefore, optical
measurementsare not a rcliabk .rii~~(src of bean current, but
they am a usefulmeasureof beam sim and position.

The light intensitydependsws the beam energy. h is a
maximwmin the 50 to 100 keV cange, which makca it very
suitable for injector ciingnostics. For 50 kcV prolcns the
intensity is sufficient to give n good aignal-to-noiseratio at
currents 2 5 mA and gas prcssurea > 10”>torr.

The systemusestwo RcticonLC1902line acancnmmasto
view the beam, one loo]:~ngat the horizontalprofile, the other
lookingat the verticalprdlle. The present configurationhas a
pair of camerasvie-wingJ/e beamat the exit of solenoid#l. A
diagnosticsboxwasbuilt10holda secondpair of camerasin t)v:
barn line before the >Iungingbatm smp, but that positionis
now occupied by one of the Bcrgoz current monitors, An
alternateposition for a wamd pair of cameras is bawcen the
end of thu dc cdumrr and the emtmneeto at %noid#1,

The prewfi~Re.ticonsystemhss amplificraopt;mized for
spwd as opposedto wsrdution. Asa remdt,Urccircuit}:,;spmr
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offset compensation and poor gain stability. Impro#emcnts arc
planned.

~n ~e Pmcnt ing~ktion, the camerasam connectedto an IBM
F2 and each producu a line seas of the beamthat b convertedto a
table of intensityat 256 positions. This can be displayedas line.ar
intensityplots or saved for later analysis.

The resultsof a scanusingthe top port on a 3-aperturebeamarc
shown in Fig. 4. An afialysisprogram has bexmwritten which
dccompos= the trace into three componentswith equal intensity.
The peak height md width of the components arc estimated
manuaUy,and the program adjusts their positions to produce a
composite curve that best fits the data.

The x-rays are measured with an intrkic gemlanium
detector located 10 the side @fthe RFQ. To limit the counting
rate, it is necessaryto use an aluminumattenuatorand place the
dck..ctorabout5 metersawhyfmm the RFQ. End-pointenergy
canbe determined-*thin AO.5kV andthe measurementis local
enoughto be able to d~cct longitudinalfield tilts in the RFQ.

The design inteivane voltage is 78 kV, and k.
Spcctromc:eris CahbmtCdusing the 60 keVgamma OfAm~41and

S7 Fig. G shows a t~piCal s%tmrn.the 122keV gammaof Co .
The resolution is 140 eV/channel and the end onint is
78 * 0.7 kV.

.
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Figure 5 shows a similar scan using the side port with a
4-aperturebeam.
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Fig. 5. Four-beamlctside view.

X-rayEssd-@. Apparatus

o

Conclusions

A numlxr of diagnosticdevices have been developedand
refined on ilFQl. A companionpapal gives results of the
measurementsmadewith them.

1.

2.

3.
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X-raysare generatedby electronsacceleratedbetweensurfaces
at differentpotentialsitsthe RFQ, The most energeticof these will
occur in the regionof the highestelectricpotentialdifference,across
the intervanegap. This wit! give rise to Brcmsstrahlungradiation,
with an end @rtt qual to the peak intemanevoltage.
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A FLUOR AND WIRE-SHADOW DIAGNOSTIC
FOR LOW-ENERGY ION BEAMS*

K. Saadatmand,** J. D. Schneider, C. Geisik, and R. R. Stevens, Jr.
Los Alamos National Laboratory

Los Alamos, NM 87545

Abstract

A videa diagnostic technique utilizing a fluorescent
screen and a vidtmcamerahas been developed to monitm the
two-dimensionalbeam-intensityprofileandangulardivergence
of low-energy (25-35 keV) ion beams. Detailed off-line
analysis is used to compareand augmentstandardbeam
emiwulce data. Experimental results on 2-D beam profiles
will be presented.

Introduction

A fluor screen is placed in the low-enrrgy beam
transport(LEBT) line betweentwo solenoid rt?agncts,where
theobwmedbeamis nearlyparallelandof maximumdiameter.
Fluor material is Aluminum-Oxidethat is plasma-jetsprayed
onto the surface of an aluminum or a water-cooledcopper
subsuate. When the beam hits the surface of the fluor, it
fluoresces in the visible with a bhtish-whitecolor. Over a
wide range, the light intensity is direetiy proportionalto the
beam intensityat that l~ation. Usc of an optional,upstream
shadowing wire ailows the determination of local beam
divergence.The digitizedimagefroma CCDcamera is stored
and subjected to off-line data analysis. This diagnostic is
capableof providing:

1. A measumof real-[imcbeamsizeand shapeon a pulsc-to-
pulsebasis

2. Beamprofilesin bothtransvemedinxtions
3. A measureof theconvergence(ordivergence)of thebeam
4. Beamloezddivergence(cmiuancc)

Beam Profile Measurements

Figure 1 shows the digitizedimageof a single30-keV
km pulsewhm the LEBTs firstsolenoidcurrentwas set for
converging beam. An unexpected beam structure is
immediatelyapparent. The followingreal-timeobservations
ca: bemade:

1. Tle beamis nearlycircidar(theovalshapeis causedby
thecameraangledistortionandear)be corrected)witha
diameterof 3.5 cm.

2. There is a hot spotat thecenterof the beam.
3. There is a brighthaloon the outsideof the beam.

*Work supported and funded by the US Department of
Defense, US Army Strategic Defense Command, under the
auspicesof the Departrnenlcf Energy.
**G~mman CorporateResearchCenter

Figure2 is a 3-Dreconstructionof thisbeampulsewhich
revealsan c.nhancedviewof thebeamstrttcturc.Thisreal-time
diagn,-$ti,capabilityenabledus to performa seriesof
cxp;ii’,ternsto determineif theheamstructureispreserved
undervaryingexwactorvoltagesandLEBTfocusconditions.

Fig. 1. 30 keV beam intensity profile.

Fig.2. 3-D reconstructionof the beam intensityprofile
shown in Fig. 1.
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This beam sr.mxurc was notreadilyapparentfromthestandard
c.mi[tarwcprolllcs. The beamsuucturcwaspresentonly for
thr under-focusedbeamswithcncrgicslowerLh the cfcsign
energyof 35 kcV, for whichthe turn pcrvcaru ISnot
properlymatchedin the mjccmr. For comparison,Fig. 3
show’sLhcdigitiz.cdbeamirrmgcw!-rcnthebcarnpcrvcantc is
properly mmhcd (2 cmdimctcr. “(CXI= 35 kcV,solenoid
cwrcn[wasset forConyiI ‘::gbeam).

Fig. 3. 35 kc\’ beam intcnsilyprotilc.

Beam Detergence Measurements

A wire placed in [hc beampath (upwrcamof the fl:vr)
will casLa shadow on th:’ fluor. Analysis of the shadow
profileleads10thedctcrrninco?’beamdivcrgcncc. For a beam
wit,hi.!flatspatialdistributionand Gaussidntransversevclocily
(angular) distribution

i

2-

f(o) = K CX -12

2tJ -

Dcprh= Erl”‘-Q----
[ti” z o

car:be usedto Mcnninc thedivcrgcnccof the bc:un.

Itxpcrim en t

A wire grid consisting 01”lhrc.c Nichrotnc wires
(0,13-cmwire diamclcr) in Cuchdircclion,WiLS pltictxl 10 cm

~pstrcamof Lhcfluor. Grid wires were positioned 1.27cm
apart. Figure4 showsthe shadowdepthas a funclion01bcm

divcrgcnccfor thissetup.
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Fig,4. Shadowdcp[has a funclionof beamdivcrgcncc.

one can showthat [hc ratio of the downstreamcurrcmdensity
[o the initialon axis currentdensityis given byl

‘(x’z)’’(o)=’-]n[m[=v+d
where

a = wire radius
~ ❑ dlsWlcc~twccn the wire~d the fluor

6 = beamdivcrgcncc
x = transversedistancealong the fluor

In the case of the beam with a small divcrgcncc, it is easily
shownthat thedc@-rof the shadowgivenby

Figure 5 is the digitizedimageof a 25 kcV twainpulse
(first solenoid current was set for converging bcwn). The
beam is 3.5 cm in diamclcr and the distmcc bctwccrr the
ma.rkcrs on the fluor scrccn is 1 cm. Bcum cnvclopc
divcrgcncccan bc calculatedby mcawing the shadowspacing
on the fluor and comparingit with the grid spacing upstream.
This will give the tilt of the phase space ellipse. This beam is
convergingand lhc measuredportionof thephiLscspuccellipse
of the horizontalplane is shown in Fig. 6.

Using figure 4, the local beam divcrgcncc can bc
estimatedby mcasuilng [hc depth of the wire Shidows i;l Ihc
various regions of the beam. Figure 7 is a horizontal cut of
the beam pulse of Fig. 5. This beam has ~ locidizcd onc
sigmu(iivcrgcnccang!cu!”3-5 mrad hroughou[ (Fig. 6). Thjs
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I
I VAICof local divergence is similar [o vi %es measured for the
I similar bmm usingtheemittancescanner t’iagnostic.

I
Fig. 5. 25 keV beam intensity profile.

I castby the wiregrid Ipstrcam.

mrad

Shadowsshown arc

\
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L
3

Fig. 6. Phasespace distributionof the beamshownin Fig. 5.
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Fig. 7. A horizontalCU1near theccnmrof [hcbeamshownin
Fig. 5.

Conclusion

The real-timevisual knowledgeof the beam strucmrc,
shape and size, alone, cmphitsizcs the importance and
cffax.ivcnessof thisdiagnostic. Prior to this experiment,only
cmimmccscannerbeamprofileinformation(whichis averaged
over hundredsof beam pulses) was available.This technique
can be a very useful aid to the cxpcrimcntalistsin providing
the desired beam by real-time observation of the beam
responseto parameterchanges. Quantitativeinformation,such
as beinmIoeal divergence, make this diagnostic a primary
candi&teforanyparticlebeamsystem.
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A VERY WIDE BANDWIDTH FARADAY CUP SUITABLE FOR WURING GIGAHERTZ STRUCTURE ON
ION BEAMS WITH VELOCITIES DOWN to ~ c O.01*

J. M. Bogaty, R. C. Pardo and B. E. Clifft
Physics Division, Argonne National Laboratory, Argonne, IL 60439

Abstract

A stripline Faraday Cup of exceptional
bandwidth (DC to 6.1 gigahertz) has been developed.
k electrostatic shield in the ground-plane geometry
prevents electric-field coupling of incoming ions so
that the time distribution of low-velocity (~ ?
.Olc) particles can be measured. The cup is very
rugged compared to other detectors used for ion-
bunch timing measurements. We have measured bunch
widths of 400 picosecond on 3.9 UeV 84Kr+15 beama
(200 nanoampere average). Bunch widths down to 100
picosecond should be observable with a sampling
oscilloscope. Beam bunch shapes have been monitored
at current levels of 1.0 nanoampere to 10
microampere average.

Introduction

The ATLAS Positive-Ion Injector(l) upgrade has
significantly increased beam current and the ion-
maas regime available for research. The next
upgrade will complete this cycle with the sdded
capability of accelerating uranium beams. These
advances have focusaed attention on the issue of
suitable RF timing and energy measurement diag-
nostics, especially for low-velocity (~ # .Olc)
particles. A diagnostic was desired that could
function over a large range of beam currents, be
rugged, and economical. In addition, we wished to
avoid detectors that would be marginal for certain
ion-mass ranges, exhibit a limited lifetime, or have
intrinsically unstable calibration parameters. The
Wide Bandwidth Faraday Cup satisfiea our criteria
for RF timing measurements and will also function as
a time-of-flight detector for energy determination.

Bandwidth Considerations

Accurate bunching information is dependant on
sufficient frequency response from the overall
measuring system. That is, the combined response of
Faraday cup, amplifiers, oscilloscope, and
interconnecting cablea must be sufficient for the
narrnweat beam bunch anticipated. A good estimate
of the bandwidth requirement is given by

f= 0.35 (1)
y

where: f = upper(-3DB) frequency response and
Tr = risetime of bunch measured from the

10Z to 90Z points.

For example, 1.0 ns wide (PWHM) bunches require a
system response of approximately 875 MHz for
accurate timing measurement. The low end frequency
response should be sufficient to avoid
differentiation of bunching signals.

*This research was supported by the U.S. Department
of Energy, Nuclear Physics Division, under Contract
W-31-109-ENG-38.

Transmission Line Faraday CUPS

The bandwidth indicated can be achieved by
utilizing either coaxial or atripline construction
techniques.

Equation 2 estimates the fundamental cut-off
frequency of a 500 coaxial Faraday cup of 0.5 in.2
target area.

(2)

here: AC =
R=

r=
Er =

The cut-off
meters or 2

Cut-off Wavelength
Inner radius of outer conductor -
0.0467 H

Radius of inner conductor - 0.0202 M
Dielectric constant relative to air -

1.0

wavelength for this example is 0.105
86 GHz. This limit can be improved.

However, bandwidths beyond a few gigahertz would be
difficult to achieve with large diameter coaxial
Faraday cups.

Striplines

Striplines have much the same frequency
limitations as coaxial lines, however, their flat
geometry allows greater flexibility in accommodating
Faraday cups of acceptable target area. This
advantage permits the use of thin dielectrics which
are necessary for high-frequency operation. The
fundamental cut-off frequency for a stripline is
given by

(3)

where: fc = Cut-off frequency (Hz)
H = Dielectric Thickness (m)

P = Permeability of Dielectric (H/m)
E = Permittivity of Dielectric (F/m)

The extremely uniform dimensions of a printed
circuit board yields precision striplines at low
cost. High-frequency performance is enhanced
because of this uniformity and without the expense
of precision machining operation. We have had no
trouble manufacturing 6 + 10.0 GHz bandwidth
striplines without resorting to mode suppression
techniques.

Electrostatic Shielding

Electric fielda from moving ions extend in all
directions and will couple to an unshielded Faraday
cup. As a result, current will be induced in the
Faraday cup prior to the ion’s arrival. This effect
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reduces the high-frequency performance to an extent
that . ends on the ion’s velocity.

Effective electrostatic shielding is accnrn-
plished by the placement of a metailic screen in
close proximity of the Faraday cup’s surface. The
screen is capacitively coupled to the stripline
assembly and func ions as part of the RF ground
plane. We used a conxnercially photo-etched Moly-
bdenum screen 0.005 in. thick, with a grid pattern
ccmprised of 0.005 in. wires at 0.026 in. intervals.
This geometry provides 80Z particle transmission and
effective electrostatic shielding. The spacing be-
tween the screen and Faraday cup face must be chosen
for acceptably low precursor field induction with
Lhe lowest velocity ion.?. as determined by

D = TV (4)

where: D = Screen to Faraday Cup spacing
T = Precurscr field time limit
V = Ion velocity

tie chrse a precursor field time limit of 1.1 x 10-10
sec as acceptable for ~ = 0.01 velocity ions.
Equation 6, with these parameters, was used to
determine the screers spacing at 0.013 in. (1/S rmn).

St(i~ine Faraday Cup Cesign

Figure 1 shows a cross section view of the
stripline Faraday cup assembly. The printed circuit
board is cut away to :eceive the machined copper
Faraday cup. Stripiines adjacent to the cutout are
etched to match the Furaday cup impedance and carry
signal currents to end terminations. Spacing of the
electrostatic shield has been set at O.O13 in.
which, in cor.junction with the cups width.
determines characteristic impedance. Equation 5 was
used :0 estimate characteristic impedances of bcth
the Faraday cup and printed circuit striplines.

(5)

where: 20 = Characteristic npedance
w = Scrip width
tr = Dielectric constant

These calculations are only approximate because edge
effects are not accounted for. Time Domain Reflect-
ometry (TDR) Techniques were used to evaluate all
sections of the stripline Faraday cup. The com-
plete assembly is checked using TDR response analy-
sis. Impedance matching to a few percent was rela-
tively easy to achieve. The TDRgenerator we used
has an output riseti.me of 25 picosecond, ahich in
conjunction with a 12.4 GHz sampling oscillo- scope,
yields impedance profiles out to 9.0 Gffz bandwidth.
Figure 1 shows a top view of the stripline segments
which provide attachment points for surface mount
resistors, and connection to 500 coaxial cables.
Figure 2 shows an electrical equivalent of the
stripline Faraday cup. The coaxial cables are used
to inject test pulaes for TDRand risetisne measure-
ments. As the drawing shows, either end can be
driven and the rcaulting signals monitored with the
other coaxial cable. One of the coaxial cables is
replaced with a terminating resistor when testing is
finished. The remaining cable is used to transmit
beam signals for evaluation. Frequency response is

checked by two methods. TDRpulses are injected
into one of the 500 coaxial cables and the resulting
output viewed on a sampling oscilloscope. This
providea a record of risetime and pulse response
characteristics. We also used a RF sweep gene[ator
to drive the cup from 10 KHz to 8.0 GHz, the
resulting output confirmed the bandwidth implied by
risetime measurements. Figure 3 shows the pulse
response characteristics when a 52 picosecond
risetime pulse is injected into one end of the
stripline Faraday cup. This unit exhibited a
bandwidth of over 9.0 GHz with no apparent ringing.

Faraday Cup Bias and Operation

As shown in Fig. 1, the electrostatic screen is
isolated for DC voltages. This permits the
application of bias on the screen, to suppress
electrons, when accurate peak beam-current
measurements are desired. If a positive bias is
applied, the overall beam current sensitivity is
enhanced by a a fector of 3.9. This is an advantage
when measuring low beam-current bunching and has no
apparent effect on bunch-width measurements
according to our t2sting. We apply a standard bias
of plus or minus 180 VDC, with the polarity
primarily dependant on beam intensity.

For most beams, we simply use a broad bandwidth
60 DB amplifier to boost the Faraday cup signals and
display them on a 12,4 GHz sampling oscilloscope,
The signal to noise ratio of the overall system is
sufficiently high to allow direct vieual
interpretation of Lhc oscilloscope signals with no
other processing, When weak beams are measured we
use digital processing techniques to enhance sipnal-
to-noise ratios and store the results in a Nicolec
Digital oscilloscope. This process
weak aa 1.0 nanoampere (electrical)

Faraday Cup Uses—.

The Wide Bandwidth Faraday Cup
at ATf.ASfor one year now. Several

allows beams as
to be analyzed.

has been in use
versions of this

design arc permanently installed and routinely used.
A low beta (~ = G.OIC), close screen, version is
installed in our Positive ion Injector line where RF
bunching is monitored for beam bunch initialization,
A miniaturized version is installed in the first
Positive Ion Injector cryostat and operates at
liquid helium temperatures. This cup has 10.1 GHz
bandwidth and is uced to aet up hunching into the
first accelerating cavity. Here, the bunches are a
few hundred picosecond wide as shown in Fig. 4. A
high-velocity version of the Faraday cup has been
developed and is installed at the end of ATLASwhere
fon velocities are up to 2!)2 the speed of light.
This desxgn Xas five times more sensitivity than the
low beta version due to a wider cup-to-screen spac-
ing and 500 impedance. This Faraday cup has been
used to monicor stripping foil energy los~ of a 1.0
nanoampere silicon beam and will be used to monitor
beam timing for timing aensitive experiments.
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CONTROL SYSTE?d OF ATF

H. Hayasso. J. Urakawss, hfAlsemoto and T. M&o
KKK, National IAsmstom for H@ Energy Physics

1-1 Oho, Tmskuba-aN. Xbaraki-ken. 306 Japan

A computw controI system of Accelerator Test
F~ctlNy\ATF)isdescribedindetail.The ATF pesendy consisIsof
50ileL’ electroninjectorlinaczndtwoklystron&ststands,andis
controlledby a work.sra[ioncompute: witi CAMACinterfaces.
F.>!Itsrmrure6: R&D acceleratoraimed to realizeTeV region
!~e~ collider,theconrrolsys~rn afsoshouldhavea flexibiIiryin
bodrhardwareand sofrware.pn-sgranunablesequenceraurolfers
ue ‘introducedin tie elecrrongunsystemandklystronmodulator
>!s[ernsmd dwu performancesare tested.?Iw eonuol software
u.hicnIScoded using FCJRTRANconsisrs in many independent
programs..&h programcan accessto fullfunctionsof a s@.tied
device or :sn control tie function which is common to n]any
Jcv,ces.

Introduction

TheATFhss be-enconstructed10stimula[eR&Dworkfor
“kclinearcolliderinTeVregion.1Wecompletedrhefust stage of
:hc conso-uc[ionand can proceed R&Dprogramsby using rheir
~dkfc~ injectorlinac and LWOklysuon test stw.ds.The mJeCtOr

lln~c is compxed of a 240keVrhermionicelecrrongun. drree
SIJgSsubhmmonicbunchers(SHBs),prebunchersand a buncher
!oilowed by high gradien[ accelerating stmctures. The main
,comrolcompu[er is a VAXstation 3500 workstation and the
b~ckupanddevelopmentmachineis a VAX$tationfI/GPX.The
mteriace is a CAMACsystemusing a seriafhighwayof optical
fi’mrctilti, andtheirinrerfacemrxhk are tie sameones usedin
TRISTAIYcontrol system(see Fig. 1).

Control Hardware

Computer

The VAXstation3500andthe VAXstadonH/GPXare32-
bit workstationcomputerswidr3A41PSand IMiPS performance
respectively.z The vAXstation 3500 includes a 19” high
resoiu~ion(1024x864) color monitor, three-button mouse,
keyboard, and is quipped widr 16Mbytes of memory, a
280Mb.ymhad diskandEdwrrreLThe selectionof compurerwas
made because of irs useful VMS operatig system, eificien[
program development env ironmenr, power fu1
networking(DECNET)abiliryandeasy installadwrto rheexisting
KEKnetworksystem.The main compu[eris VAXs[a[ion35OO
which concrois all equipments of the ATF using CAMAC
imerfaces. VAXstation 11/GPXafso has a 19“ color momtor,
rhee-burtonmouse,keyboard,and is equippedWiLl 13h!by[esur’
memory, a 318Mbytes hard disk. Because of lower ~P LI
performancecompared with vAXstatic.m3500. WCuse it for
programdevelopmem.testof CAMACmodulesandsupplemcn[ul
consoleformaincomputer.

CA\lAC Interface

We decided [o adopt CAMAC system as in[erfacc
sra.ndard.The reasonsare
1) We cars use many CAMAC modules developed for thu

TRISTA.NumuolandexperienceobtainedirrrhcTRISTAN
conEoL

2) Widevarietiesof CAMACmodul~ arecornrnC7ci~lyav~]abk.,
reducinga risk LOdevelopa fullynewsyswm.~

SHBS

r

.—
1

DECNET VAX VAX
WGPX 3500 I

SERIAL SERIAL
DRIvER DRIVER

1 1

CAMAC

I STATUS DISPLAY
TIMING CONTROLS
MAGNETS& COILES

CONTROLS

,LI+$--J+&+q-
GUN

Y
L--l ‘N””’‘O’’uMTOR

%No.3
MODlhTOR

-r-
programable Y73712
sequence controller

5045
KLYSTRON KLYSTRON$NO.2 ANo.1

MOf3UiATOR MODULATOR

3712 ?

)

X-BAND
KLYSTRON KLYSTRON

To 60MevLinac To DummyLoad

Fig, 1 Computer control scheme of the ATF
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The CAMACsysIern-es 5Mbytes/mcserial highway.
Each crate is comected by optical tiber U-port adopters wiLh
bypass and loop-collapsefunctions.Usingthis optical fiber
communication. We can easily extend its distance between the
computer andtheCAMACcrat= withoutpickingup anyindu-d
electromagneticiloke. AXI enhanced serialhighwaydrivefl2160-
z1f,KineticS)stemcorp.) is used in the VAX’s Q-bus and
prov,des 1.7hibytes/sec DMA throughput. 7 CAMAC crares are
used respectively for klystron modulators No.1& No.2.klystron
,modu!atorsN“o.3& No.4. elecmon gun. focusing and steering
coils, uigger timingcontrols.SHBSand variousmonitors.Each
crate is installed in tie most neares[ place [o the Jevice. The
C.LMACmodulesfor device control we status “mpu~gate(SIG),
SUCUSoutput register(SOR), SCantling A/Dconvcrter(SAD).D/A
conver[er(DAC) and pulse train generator(fTG) which are
designed for general purpose use in the TRISTAN control.
ScveraIkindsof CAMAC modulesborn vendersare afsousedin
MSsystem.

The basic philosophyof our device control is to keep
continuityof conrrolbetweenremotecomputercontroland Iod
.m.-mualcontrol. In ocher words, we must edsily take back a
controlfromcomputerwithoutanydiscontinuityof operation.In
order to accomplish this philosophy, the interface of newly
designeddevice is chmg~ to keep conthiry of o~ration. For
example.curren[settingof a helrnhohzcoils is usuallymadeby
D/A converter from CAMAC and potentiometer from device
?mel. 1[ hm discontinuity of current setting for turning
!oc~i/remo[eswitch.Thenwe adopted a single referencecurrent
settinggeneratorin the powersupplywhichis controlledupward
or downwardby pulse fromCAMACmoduleor by pulse from
buttonsof devicepanel.

I EM9!- R.54ZYDgnaWwl
160U.IJWM—-

r--z=l
Fig. 2 Programmable sequence controller for electron gun

- . .
Uo 10a maduhlofs
[ml imullcdl

\ Lc&c&lccmudIP5C,I
II

m
Fig, 3 programmable sequence controller for klystron

modulatcr

Programmable Sequence Controller

A distributedcontrolsysv:mrieedsmconstructa hugesnd
complexcontrol system like the linear coUider. Prcgrarnnmblc
sequence controllers(PSC) are one of [he candidate of the
distributed control &vices. They have CPU,digital inpur/ou[put,

ADC. DAC,erc.andact withhigh reliabilhy. We adoptedthese
devices to klystron modulators and elecuon gun system (see
Fig.2,3).~.5The electrongunsystem.has the :,., ,!lliuorof whict,
the behavior is same M klystron modulata:. k the figures,when
mainpsc(pscl) geturrmmrrr~ifIOtIt CAMACinterfacesor local
control swi~che~,,the PSC send rhe commands to t~rget
PSC(PSC2.PSC3,. . ), located in the hardware,after all PSC’S
conditions are cnecked. Conversely when interlockingsignals
arisein targetPSC,the ?SC n$mco:lcemeddevicesoff ana send
the s~arusand the kind of interlocking signal to main PSC.
Therefore.PSCcan reduce softwareload of host computermd
simplify rhe program.fn rhe aspect of hardware,the wires src
reducedby targetPSClocatedin thehardware.

Tkse PSCact wi[hhrghreliability“mthe hnrdwa.rc.BUI
followingtwopoirmmustbe improvedmainly.
l)Workhsgspeed: about 10sec. is requiredfor varyingIOkv:)[

the de-@tg voltageof Klysuon modulators.In rhis case, tie
reasons are we don’tcare abou[softwareoptimizationand [hc
PSChaven’t adtxpsateworking spd of this purpose.

2)Trouble-shooting:whenhardwaretroublesarise,it isdifficultto
knowthe failuresourceof device,becausethesignalsfromrhe
PSCcm”tbeverifkdby hostcompurcrdirectfy.

CATV System

Variousinformadonsforoperation(operationstatus,scope
signal,beamplofile, local instrumentsinfonnatiometc..) c3n‘4
viewed everywherein the experimentalhall and controlroom
usingtheCATVsystem.ACthecontrolroom,thereareeigh[10”
TV monitors and one 25” TV monitorwhich can select and
monitorthe infomrarionsof 11TV channelsallocatedin therange
of 70 ICI250MHzfzequencypresently.

Control Software

The sol[ware has three generation shown in Fig. 4. The
lowestgenerationroutinesare2160VMSCAMAC driver(f(irtctic
System Corp.). They are strongly device dc!sendentrtnstincs
which interface to CAMAC serial driver har:ware. In order to
interface generally to higherroutines, we adoptedIEEEstd75S-
1979routineswhichcanprevideus generalinterfacew CAVAC
andput it over 2160VMSCAMACdriver,so that we tan ezsily

change interfacehardwazeor compureritself. The nex[ higher
level rou~es ~e device h~dlers whichcontrol a func:ion of a
&vice suchas L“Vswitch.HVswitch rnggerswi~h of a k]ysL-on
modulator etc.. These routines are FORTRANFunctiontype
programs.Thereare two types of function for each hardware
device.One is a controllablefunction.we canread its statusand
tire controlto the device.Tineotheris a onlyreadablefunction,
forexamplereadingcathodevoltage,beamcurrentof a klystron
etc.. We use FORTRAN Function routines for controllable
functions,and for readable functions.Also Subroutineroutines
areusedfor groupreadingatone tixneforreadablefunctions.The
highm ]evel~o~~ in~rface [o operato~ MeComtrttc[cdby
device handlers. Their programs generally display the statusof
devicesrepeatedly.Operatorcan irw,,:w[ displayingandcan issue
an command that controls lhc device. The ULCoi VT-type
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characterdisplaysm.en is foraimingof rheuseof variouskindof
[crrninalssuck as workstations,W’-ceric>[eaminals,prsonal
computers, portable computers. We also used bit-map color
Asplayof the workstauonas a graphicterminalfm da;aplotsand
visualization of skmss. These iicvice control pro~rams are made
for elecrrcrngurt, klystron modulators, four:ing coils, trigger
[imings md phme/amplitudes of prebunchers and buncher,
idysrronsandSHES.SnnIs displayprogramsarealso in the CSMe
level.Theyc.xadisplay the klystron starusrepeatedly on monitm
TVs.Wecanoperateetch controlprogramwaichingthemo~imr
TV.

Operatlon

Lnthe ATF,\“arioirsexperimcma are performed.such u
elccuon gun test andconditioning,klystrontestandconditioning,
x:: of highPowefdevicas.highgrarikntexperimemsandinjeclor
jf’ld~ witi bearn.6 h order [o cope with Lheseexperiments,wc
ne:d a simplecontrolprogramratherthansmart,complicate and
jutoma[ed operation program. So we m,adeprogTanlswhich
conrroi a device or some kinds of func!ionseparately.Those
programs perform etch test and ctmditioning of device
mdivlduailyat same“tie. when we use thoseprogramstogethe:
widr, we can ope:ate a acceleratoras a whole.A workstationk
adcquzte cerminal for that purpose by using iismtrki-window
abiiity. By dtisprogram consmrcrionmedrod,~’ecan use these
programsnot only from VT-terminalsnear devlc~s W! froni
terminalsvia networkwirhoutany expensiveconsole.

Summary

This control systemhas workedwithoutdelay ~fic] tile
insrahtionof hardwaredcviccsandattributed greadyto theATF
R&D. Especially it’s effective at continuous, cornrolled
ixperation(cwityconditioning,electrongun’scathodeactivation.
etc.).ThePSCareusehrlinthissystem. But morecareful&sign

--T-~?---7=ve’

andtrouble-shcmtingtool(forcxauiplePSCbch.sviormonitor).m
required. At next swp, we would like 10 research n~w

inrcrfaces(l”ME,etc.), rwrworksystemandothers.
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EXPERT SYSTEM FOR DIAGNOSISOF KLYSTRONMOIMJLATORfKMTS)

I.+be, H.Hanaki, S.Anami, K.Nakahara, M.Kitamura*,
and A.Asami

Photon Factory, Natianai Laboratory for High Energy Physics
1-1 Oho, Tsukuba.shi, Ibaraki-ktm 305, Japan

*l’)epartm. ent of Nuclear Engineering, Tohoku university
Aramaki-Aza-Aoba, Sendai, Miyagi 980, .!apan

Abstract

A diagnostic expert system. KMTS (Klystron

?dodulator Trouble Shooting system), was
developed for the Photon Factory 2.5GeV

electron/posiiron Iinac and was connected to the

Iinac computer network for receiving real data
from [he Iinac.

The klystron RF modulator is a 84MW
pulsIi(4.5us) power supply opeiated at 25pps.

There itre 47 modulators along the 50t)m Iinac.
This project has been undertaken in an

atmmpt to reduce Iinac operator’s diagnosis
duties and to explore Al technologies.

Introduction

The Photon FactoryLPF) Linaci 1-3] is
operated 24 hours it day, 3 total of 5000 hours a
}ear, making injections to the PF storage ring
and the TRISTA.N t=+/e- collider.

When any trouble occur in the Klystron
!vlodulatcw, although the operator is usutilly not
an expert to diagnose modulator trouble, he is
required to do it, even at night.
Any assistance given to the Iinac operator
regarding operation and diagnosis is extremely
desirable. A tinowledge-based expert
system(ES) seems to bc appropriate in orde: to
optimize the operation environment.

We have been looking for appropriate
expert system shells ar,d tools with which to
build up an expert system easily and rapidly.
For several years, a small ES based on a personal
computer was initiated to be used for exploring

the applications of AI techniques to the
accelerator field. A prototype system, KMTS,

had been build on a workstation by May 1989,
and connected to me comtm!er network of the
PF Linac,

In KMTS, knowledge representittion was
very interesting; it was tried in order to
determine whether or rot the problems citn
generally be solved using an ES. The KMTS

started to run, using ~Lndreds of rules, for

diagnosis from October 1989.

Basic Approach

At present. each klystron mod~lator has
several microprocessor ~nits(MPUs) which are
connected to the local network(LOOP-2) using
optical fiber.
The LOOP-2 has a HDLC-like protocol developed
in the PF Linac. When a fault occurs in a
klystron modulator, the MPU picks up the first
reason, FCS(First Change Status), for the trip
Sown and sends a message to the minicomputer,

MELCOM 70, in the subcontrol room through
LOOP-3, LOOP-2, and CAMAC. There are 50

interlocks and analog data displays tit the local

klystron modulator panel. Of course, ES
requires more information for complete
diagnosis. Most of the same data which is
available to check locally is transferee to the
main computer and to the expert system,
The KMTS is triggered to start diagnosis upon
receiving an FCS message through the network.
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Herdware Configuration

Figure 1 i11ustrates the hardware
configuration of the KiMTS and the network of
klystron modulators. ‘fhe KMTS has the
fo IIo w ing con fig u r i!t Io n: HP9000/370 (
de ve l~pme nt stati o fi), 375(linac operator’s
console), HP-L:X. C, NEXPERT-OBJECT (HYBRID-

tool). Data-View (graphic tool), equipped with a
10M9 R.AM, 300MB(600MB) hard disk, and 3.5
floppy disks. There is a pre-procsss station

( FNffl-5C) personal computer) which has a
60dIMB magnetic compact disk (CD).

The KMTS involves a human interface for
interviewing in multiwindows. The interface
supports graph ic multiwindows and a mouse.
The KMTS is connected to the Linac computer

n:twork through the ethernet and RS232C.

Th cugh there is important wa ve for m
information concerning various analog signals,
these ha%e not yet been taken into the K,MTS.

Fault rate

Under usual operation, the fault r~te of [he
klystron modulators is 720 times/month.

In some fault cases, the modularor can not be
recovered immediately without treatment by
the operator.

Since the system receives real-time datu
concern ing shutdown informittions from the
klystron modulator, it can usually be res!arted
veiy soon. This used to be done itt the Iinac
operator’s discretion.

Software configurations

The KMTS expert system has a debugging

mode for diagno iis which makes it easy for
users to carry out simultition at any time. The
KMTS can operate in two modes (AUTO or
.NIANUAL) ut [he operator’s discretion. In the
AUTO mode, when the KMTS receives serial
shutdown data from prc/post processor through
the network. it automatically starts diagnosis
periodically. [n the debugging mode, inferen~e
i:: fired nwuaily by the knowledge engineer.

Each rule should be simula!cd in this MANL:AL
mode both before and after running using
umpiriccd knowledge.
Knowledge or result integration is ciiny out by C
language.

PF 2.5GeV e+/- Linac

I I I seg - 1

MEL-70 MEL-70 f ““””””””””””’”””’””.”””’””
1

I mMAc 1 I Gateway
ES (KMTS-2) 1

t.oop-2
HP375 Llnac operators console

Loop-3 -1
I I

seg-2
1
I

1 1 1

KMTS- 1 TKlystron Modulator
HP-ux

HP9000/370 :’JO.1- NO.47

FMR50FD
C / (Pro!og) I pre/post process

I I 600MB I
station

inf. Shell - K/B
“ m’

Data Data View
Expert System KMTS
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Knowledge Acquisition

Generally, knowledge acquisition can not
be based on any rnodei in this kind of diagnosis;
KE( Knowledge Engineers) must bu i!d
knowledge-base extracting rules and procedures
in art empirical approach through interviewing
ex per ieneed field experts regarding both
operation and repairing.

One of the methods is to stirnulare an
expert wh O remembers by asking what
operations : od diagnosis must be carried out
when facing troubles. Two months have been
spent on inrerv ie wi ng and knowledge
engineering during the first stage. After that,
we determined [hat diagnosis concerning the
i..i}’stron modulator would result in shallow
targeted diagnostics. still a big help to Iinac
operators.

1: is also necessary [o have othe. methods
to obtain more knowledge by making sure after
[he system(K.V,TSJ done.
.4 hundred expressions concerning production
rule, frame, and object were handled by KE in

the KMTS.

Results

The expert system environment was
constructed using easy user interfaces and a
knowledge base concerning a shaiiow target.
Though the diagnostic capabiiitv is stiil
prlmiti~e mtd iimited. it is necessary to Stait

WI[h a smai i know iedge base in

system. Though the execution time of

s}’stem does not

an expert
the expert

need to be very short. it is sufficiently fast and
hundreds of times faster than human(operators)
diagnosis. Therefore, the speed is not of
primary importance at this stage.

.IUSC after competing the expert system,

the fauit rate of kiystron moduiator became

very low; consequently, we have started to

change our goai to rmt oniy diagnosis, but aiso to
offer an operation support expert system
without big changes. The New K/B(Knowiedge
Base) inciuding pictures and graphics are now
being added and tested for expected phenomena
in order to obtain more reliability. Moreover,
we are studying CASE-BASED REASONI.NG M
weii as how to gain transparency of the K/B.

We are going to change the KMTS in order to be
abie to controi the kiystron moduiator to turn it
on by the KMTS. At the same time, an attempt

is being made t~ construct an operation support

expert system for the eiectron gun system of the
iinac. The new system wiii be different from
the previous system.
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UPGRADING THE FERMILAB LINAC LOCAL CONTROL SYSTEM
ElliouS. McCrory,Rc’bcrtW. Goodwinand MichaelF. Shea

FermiNationalAcceleratorLaboratory,Batavia,IL 605IOt

Introauctkn
A new controlsystemfor the FcrmilabLinac is beingde-

signed, built and implemented. First. the nine-year-oldlinac
controlsystem[1] is king replaced.Scared, acontrolsystemfor
the new 805 hlHz part of the linac [2] is being built. The two
sys[crnsareessentiallyidentical.so “hatwhentheinstallationsare
complete,we willstill havea singleLinacControlSystem.

Replacingthe OldControlSystem
TheCMcontrolsystem.commissionedin 1982anddetailed

in reference[1], is incompatiblewithour controfsplans for the
up~tied linac. The old system, basedon locallydesignedmd
built componentsusing Multibus-1,an 8MHz MC68000cpu
boardandtheSDLCnetwork,is difticuhto expand,to maintain
and 10integrareinto rhcmoremodemsystemenvisionedfor the
new linac.

The dc.signcriteriaof the replacementcomrolsystemare:
1. Rcminthedesirablefeaturesof the old system,including

;ocafaccesssotireequipmentandthemonitoringandrcpor[ingof
of thelocalinformationat rherepetitionrateof rheaccelerator,15
Hz. (In particular,if a readinggoesout of tolerance,thecontrol
systemcan disablebeam on tie next pulse.)

2.MinimizethesoftwareefforL

3. Usccommercialhardwareasmuchaspssiblc,
4. Limit the amount of downtime necessary for the

changeover.
In order KSminimiu the softwareefforr.the same systcm

usedin sheDO high-energyphysicsexperimentat Ferrnilab[3],
whichitselfis basedon theexistingIirtaccontrolsystem.is being
used. Esscmialiynorhingneedsto be changedtouse this system,
al?hrqh somefeatureshavebeenadded.TheDO controlsystem
isquitelarge,so therelativelysmafllinaccontrolsystemwiUnot
requireverymuchadditionaleff~ exceptduringcommissioning.

The replacementsystemfortheexistinglinacisshown sche-

maticallyhi Figure1. Its majm featuresare outlinedhere. The
IEEE8023 Token Ringrwwork cortnextsa seriesof VMElnts

#
-

km rdm~ I I
Mom Shb9ubu,
v **9 MoMeV lb

I-HB l-13itHI-El

Figure 1, Upgraded ctmrrolr~m the existingFermilab LAx.

t operated by the University=%sewch Associationundercxm-
tractfor Ihe Dcpastrrmrtcf Emxy.

Figure 2, Typkol VMEstoIwn in tk Upgroded Con?rol.rfor tk hoc

cratesto eachother and througha bridge,to the rest of the Fer-
milab acceleratorcomplex. The VME crates comain the hsrd-
ware necessary to connect to each other (token ring) and to
control the existinglinac hardware,scz Figure2. Containedin
eachcrareare the followingcore set of VMEcards: a cpu card,
tie MVME133A;a tokenringcard; a crate utilitycard; andnon-
volatile RAM. Other 1~ wiU also be used. Bccwse the new
system has been designed to hartdleup to 2000artafogchannels,
it is not necessaryto have a new systemforeachold RF station.
Aratioof onecomputercontrolstationforevcrythreeRFstations
hasbeen ItttOJSt(Xf.

We are consideringIWOways to interfaceto the old Iinac
hardwar%assug8estedin thegreyboxof Figure2. The fust way,
Figure3a, is to use threecommercial,six-bfie digital IX)cards
configuredto matchex.dy the old system’seighteen-byte00
scheme. This schemerequiresthat a VMEcratebe locatednear
thedigitizing hardware.Two of the crates wouldbc slaved to the
first by linking the VME memories. A VME card has beende-
velo~ ~ give IimitcdmemoV access 10aeverafremoteVME
crates from a master crate. This card is called a “vertical
intemcmrtect”01VI. It maps 16Mbyteblocksof VMEmemory
Q4-bitaddressing)intocachof fourdigitalcrates. Asmanyas24
slavecratesare semmcffromsix VImastercardsin a singlelocal
station. For each conrrolstation tfr=e are two additionalVME
crates. Each of the three VME crates contains the digital f/O
cardsnecessaryto interfacewitItthe old hardware.

This methodhas been successfullytwed on the extra201
MHzRF stationin the hnac. The RF stationswhichnowhavea
Multibus-btrsed12-bitD/A board (used fc di#e magnetset-

. B
hks3

Figure 3, two nuys 10COWWCI10!k oldlinac harch+wre
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tings) wosuldbe equippedwith a RackMonitor(RM). The rack
monitor,asbuilt forDO, umains eighttwelve-bitD/Achannels,
64 (unheld)twelve-bitA/Dchannels. fou ~6-bitWOrdSof digi~l
l/O and a MIL-STD-1553B interface. A32<hannel samplc-and-
holdchassiswouldbeneededtousethedigitizeronthe RM. The
rackmonitorgetsitsnamebornthefactthattheinterfaceto sdI
theequipmentina 19-inchrack canusuaflybe madethroughone
RM.

The iecoti method.Figure3b. uses a new Momrolachip
designedto controla modernautomobileengine,the MC68332
microcontroller. This 68020-based chip includes sixteen
counter/timerchannels,a serial cmtrntmictiiorssinterface, two
kbytesof RAManda systemintegrationmudule. Thisprocessor
is availableas a small subsystemcalled a BusinessCard Com-
puter (BCC), e 2.25 by 3.5 inch circuit board that has the
MC68332,128kbytesof PROM,64 kbytesof RAM andan RS-
232serialinterface.

We would incorporatethis BCC into a new type of rack
monitor creatinga SmartRack Monitor(SRM,[4]). The BCC
would auach to the motherboard of the SRM through its two
54-pin DIN connectors. All the address,&t& control and 1/0
pinsof theMC68332are availableon theseIWOconnectors. In-
cludedon the silicon of the chip is an extensive system integr-
ationmodule-+ collection of interface features normsdly provid-
ed by peripheral chips. A SRM wotddadd the foliowing func-
tions:Tevacron-styleclock decoder, ARCnet local-area network
interface tothe VME master,eight bytesof digitalUO,sixteen-
channel D/A, twelve-bit S&H ND and a 64-chatmel analog
multiplcxor.We have designednewnine-bytedigitalI/Odaugh-
ter cards to communicatewith the old Iinacequipment. Two
wouldbe neededforeachSRM.

The controlsystem alternativewith SRM”Swouldbe less
expensive,more powdid and faster than the other alternative.
Unfornmately,wedonot yethaveaclear ideaof howto writethe
softwareto drive the SRM.

ChangeoverPlans
Thedecisionas towhichtypeof interfacetouseis imminent.

W’hcnthedecisionis made,wewillorderthehardwtienecessary
to convert completelythe old lirsaccormolsystemto the system
describedabove. We will assemblethenewstationsat theirfiial
locations,loadthe a~opriate localdata baseand~rfsmrr thor-
ough testing off-hnebeforethe acNd changeovc?. We anticipate
it wi]:takeless thana weekto performtheswitch,bu~naturafly,

vi’
rod

fi~F AWU

sol<robinn~ [ I I
T I [i I II

ixlmiEzllEz-1

Figure 4, The c~rol. rsystemjorthe UpgmddLiaac

we exptxt a somewhatlongerunstableperiod. We hopetohave
thenew system for the old linac instaflui by the summerof 1991.
This new sys!em will remainin plac~ controllingthe oid linac,
for a’bossta year. The last four tanksof theold linac,afongwith
thatpart of the controlsystem,will be removedas thenew linnc
is rolledin.

ControlSystemfor the NewLlnac
The new hrsacadditionat Fermilab is detailedcfscwhercat

this conference [1]. The major aspects of that system are as
follows. The H-beamexitingtankfive,at 116 McV, is captured
by an 805 MHz transition section and injected into a scvcn-
modufesideamplexkavity ~celercting structure.The805MHz
modulesfit in the spacevacatedby our old tankssixthroughnine
whichnow acceleratethe beanstu 204 McV. The “xarnin the
new structureis acceleratedto a fmaf energy of 401 MeV. This
highcr+xtergybeamiseasierforthenex~auelcrator, theBooster,
us handlebecauseof a 759!!reductionin the sptwe-chargetune
shift there. The two small transitionsectioncavities,the seven
largeacceleratingmodulesandthedebunchcrcavityarepowered
by 805MHzklystrons.The sevenacceleratingmoduleseachuse
a 12MWkfystronunderdevelopmentby Litton; the other three
smaller cavities are driven by a pulsed-versionof a UHF-TV
channel69 80-kW-cwklystron.

The followingcontrolsystemisbeingbuiltforthe805-MHz
par~ofthenewlinac,seeFigures4and5. Thecontrolstationsarc
connectedtoenchotherandto therestof the worldbytokenring.
Thesysteminterfaceswithhardwaresubsystemseitherthrougha
W to a slave VME subsystem or throughrackmonitors(smartor
dumb). Eachcontrolstationmanagestwomajorsystems,usually
twoklystronRFsystems. A colorconsoleis locatedat eachcon-
trolstationto givelocalaccas to the information.

There are several distinct subsystemsin each RF station.
Modulatorandlow-levelRFmmputer-controlledsubsystemsare
beingdeveloped.Conventionalwatersystems,beamdiagnostics
andsafetysystmnsarealsobeingbuilt. How each of these inter-
faces [o the controlsystem is descrihedhere [5].

The modulatorand low-levelRFsubsystemsbothcontaina
smart controllerin, respwtively, VME and VXI environments.
Communicationsoccur throughVME memory over a W. Each
smastsnrbsystemwiliperformits own A/Dand D/Aumversions.
The local intelligenceof thesesystemswillprovidethepertinent
digitizedreadoutsin a contiguousblock of VMEmemorywhich
the master control stationcan read, over the Vfs, at 15 Hz. A
similar block of contiguousmemory will be ~ovidcd by each

“3*”

Figwe 5, Derail da single canlrolstdonjm MS new Lime.
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systcm for making sctlings.

The modula!or provides a 180 KV, 141 ampere, 128 ps
pulse to the klystron. It appearsto a Linac control station =.

simply, a self-regulating, self-protecting high-voltage ~- +cr
supply. The control stationgcneraicsa 16-bit voltage scuing for
the modulator syslem. Several analog and digital readbackaare
provided. The local intelligence for {he modulator is rcqronsibIe
for:

1.15 Hzclosed-loopcontrolin the modulator;

2.15 Hz readoutof local analogand digital information;

3. transicrr[ recording of pertinent waveforms within b~e
hardware;

4. fast closed-loop/feed-fonvard conrroi to insure !hat the
proper level of voltage regulation(0.1%) is obtained.

One VME crate pcr modulator, two per control statiom are nec-

essary for noisesuppression.The transientwaveforms arc sorted

according[o the condition of the modtdator-rnost are recorded
ss“good”’waveforms, but the real purposeof thiscapability is 10
accessthe waveformsgenerauxfduring a failure of themodula~or.
These wawfosms can be accessedin the VME memory of the
modulatorcrate over the VI. Alrhougir the amountof data stored
for these tram~i,w[waveformsis large (several MBytes), it is
thoughtthat the ..cqumcy “heyare viewedwillbe small.

The Iow-lclclRF hardwareruns in the VXIbus environment.

This system is responsiblefor ~oviding an RF signal of the cor-
rect phase and amplitude LOthe 500-U’att klystrondriver ampli-
fier so that beam is properly acceleralrd throughthe cavity. ‘he
local VXI microprocessorwill gene .!: and adaptively change
thatwaveformaccordingto phase andampli~udeir.formationob-
tairmdfrom reumt beam pulses:“’adaptivefeed-forward.” Two
klystronswillbe fedfrom a singleVXIcratemntainingtwolow-
IcvelRF hardware modules. As discussedabov~ readings and
settings 10 this system from the master control station will be
done throughVME/VXI memory over a VI.

The beam diagnostics [6] provide several analog signafs
which arc read througha sample-rrrrd-hold/RM.Sincethe aper-
tureof thenew linac is significantly smaller than the old linac (3
cm vs 4 cm), we are going to implemcm a local application (see
below) tn actively keep the beam in the center of the bcsm pipe.
h is likely Sfla!a local application will also be needed to assist
wilh the measur~mentsfor the “At” experiment [7j.

Th$ interface to the klystron interlocks/safety system is
through several (twenty) bits in a RM at cac!r RF station. A

computer-reset and a computer-ready bit are providetL (Natts-
raliy, the primary safety aspxts of the acceleratorare contained
in the hardware. The computercontrolssystemis not part of the
safety sysL?m.)The water systeminterface is througha RM.

Also present at each control sfation is a color computer
console. This consoleusesthe MacintoshUcicomputeswith m
Apple TokenTdk Nubrsacad. l’lreapplicationspresentfyavail-
ablearea colorparameterpage.a parameterplotringpackageand
a VMEmemorydunrp page, These.programsare quite mature
andreflectthestandardMacintosh“link-and-fed.”Additionally,
we have a token ring driver to the LabViewpackage[8].

SoftwareFeatures
Several aspcda of the local controls software need to be

mentioned explicitly, ‘fire sof[wareis &ing developedto have
each local station respond dhectly to data requests generated
fromtheconsolesin theMainControlRoom thuseliminating the
need for a protocol-translatingfront-end computer. These con-

soles cmnrrrunicatevia the Accelerator Controk+Network (AC-
NET) po?-1 which theother acceleratorcontrolssubsystemsat
Fcrrnilabuse. Each Linaccontrol stationis to rccogni= two sorts
of network messageprotocols, ti original (“classic”) protocol,
u.scdin communicationbetweencontrol stations,andthe ACNET
protocol.

A criticaf part of tie control station software is supporting

multiple, sirnuitarteous, 10CCIcontrol procedures. Each local sta-
tion now has the ability to run many “Local Applications,”or
LAa. The LAsbeingimpkrrtcntd now include:

1.201 -MHz system recovery, e.g., from a modulator
crowbar:

2. DTL quad rese~

3. 805-MHz system water temperature susbiliimtion(note:
there will be four cavity water systemsand a klystron water sys-
tem for each RF system: [hat’s ten water loops per control
station),

4. beam steering;

5. 805-MHz turn-on and nxrdf;

6. low-energy emiuance scan.

The software for the smart r~k mnniror is not seufed yet.
The MC68332 is basedon the MCL8020, so mos~ but not all, of
the instructionsof the ’020 are in dtc ‘332. The hope is that we
can implement simple bui extendiblesdtware on the ’332 which
allows, initirdly. the SRM to behave like a dumb RM. Thcm fea-
turescould be addedto supportSRM loaf applications.

Conclusions
The controlsystem for the Fermiiab !inac has been

redesigned. ‘llre old linac control systemis IS be replaced in the
summerof 1991 by one similar to that requiredto operatethe805
MHzJ400 MeV linac. The old D/A and A/D bardwareis retairud
on the old RF systems. The control system for the new Iinacre-
quires some new techniques, in particular, interfacing with
several smartsubsystems. The two types of local control arede-
signed to work together to control ths whole new linac in a
cohcrenLirttegratd md efficient fashion

[1]

[21

[3]

[4]

[51

[6]

[7]
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A NEWTECHNIQUEFORTRANSVERSEPHASEELLIPSEMEASUREMENT

P. B. Vasi 1ev, A. Il. Tron
Moscow Engineering Physics Institute Kashirskom shosse 31, 11 S409, floscow, USSR

ABSTRACT

To reconstruct transverse beam’s emlttance
as a 5 parameter ellipse using the
results o+ its three pro+tle measurements a
new technique 1S presented. comparecl with
Lnown before the new one gives an
additional Information on elllpse”s
posltlon In phase space and Its relatlve
contents o+ oartlcles. An emlttance
determination prects.lon as s tunctlan ci+
detector parameters and profile measurement
errors has also been submitted. For beam
particles’ parabololdal or GaussIan
transverse phase space density olstr~but~on
an srror of technique has been cletermtned.
Means of lmpro~,lng of theese techn;que
precl slon are under discussion.

INTRODUCTION

Measurement of beam’s boundary In
transverse or longitudinal pnase space in
exlstlng accelerators 1s o+ particular
interest for computor control of
accelerating process.
As a rapid. practically nonperturblng a
primary beam. a three cross-section method
( E%–methoa ) 1s lntenclea to be used +or
that purpose ( see [11,[21,[31). The method
deals with reconstt”uctlon of elliptical
phase houndarles by measuring of three beam
w:dths in three points or transverse planes
along accelerator axis. It ;s assumed that
trans+ormlng matrix of an accelerator’s
section is Lnown and an emlttance 1s
Invariant. Therefore, a measurement of
transverse ( or longitudinal ) beam s;zes
1s a base ~or determlnatlon of Its phase
boundaries. The stzes’ measurement error
aepen.ds on ~rofllometer parameters. To
slmpllfy analysis let’s consern that beam
width IS measured along one of coordinates
(x) . whxch 1S perpendicular to Its axis,
and a pro+llometer IS a set of thin w~res,
navlng Deen stringed equidlsta.ncly and ort-
hogonally to beam axis In one same piane.

Insplte of rather large number of
papers, devoted co beam’s emtttance
measurement, a metliod”s error probIem IS
studied unsatisfactory. That’s why assuming
beam phase boundary have been elllpt~cal
and concerning profile and beam width ( for
given dens~ty level of part.lcles” dlstrlbu-
tlon ) measurement error negligibly small,
let’s see a correlation between measured
and true values of emlttance and beam
relatlve content of particles within phase
elllpse. AS a model of particles’ two dim-
ensional distribution In transverse phase
s~ace a GaussIan ano elllptlc parabololdal
ones ~ere taken. This choice is ensured by
facts that the llnes of equal density of
both dlstrlbutlons are elllpses and

both 0+ them are in good corraspondance
(fur a large number of cases ) with experi-
mentally obtained distributions.

DEFINITIONS

Tci ease further consideration a number O+
deflnltlons and terms must oe clone. Let
J(x,x’) be a density of particles’
dlstrlbutlon An transverse phase space
(x.x’ ) , where x and x’ are respectively
distance from an accelerator ‘s axis and
angle between lt and particle trajectory.
Than we mean as a beam profile that 1s di-
rectly measured experimentally a function

Je (x)= jj (X,X’ )dx’
If)

where [x’ 1 -cio-main of a function and It 1s
called an exper~mental profile. A true, re-
al profile of J(x,x’) function 1s Its orth-
ogonal progectlon In (J,x) piane and It nas
Oeen signed as JP (x) (Set? flg.1). A cross
section on relatlve level h from j,.(x) or
Je(X) maximum defines Oeam width on h level
(Och!l) and It has been signed DP(hJ or
De(h) . This way a cross sect~on of two dim-
ensional distribution J(x,x’) on h level IS
a square, that 1s in this case Almlted by
elllptlcai curve G. This section havlnq be-
en msasured experimentally or having been
de+lned from model o{ phase spase distribu-
tion IS named an experimental Se(h) or true
(real) SK(h) beam emlttance or slmplu beam
emlttance on h level. Than relat~ve content
values of beam particles me (h)! rep(h),
ne(h), n~(h) for correspond~ng sections of
dlstrlbutlons Je (x), Jp (x
jF(x,x ‘) on h level are de<
wlnq way

4?2

Jme(h)=~J~(x)dx/ Je

mp(t,)=’~’(x)d.y.
J

ne ( h ) =me ( h )

. Je (x,x’) and
Ined in f 0110-

X ) dx (1)

X ) dx (2)

(3)

‘w(h)=~J(x$x’)dxd::’,~dx ,j(>:,x$)d;:,= ,4)
o [ii !iI

= V// (h ) IV< ,
where Xc,, X- x<,, :.:V2 are coord I nates that 1 I m-
1 t beam W1d th on h 1evel . [ >;P J , [ xe J -doma -
Ins of Jw ( x ) or je ( x ) f unct ~ ons, V&( h 1 -vo-
1ume that i s 1 I ml ted by ( x , X ‘ ) plane, by
I?l 1 i pt 1 cal cyl 1rider that contains G curve
and by J !X ,X’ ) d &str 1but 1 on, Up -volume
that Is 1 i mi ted by (x ,x ‘ ) plane and by
J (x , x ‘ ) func ki on and 1 ts value 1s prOpOrkl -
ona 1 to ful 1 number of beam partl cl es or
beam current Io .

CS =TNOD ERRGR

~ CS method error probl em I n determl n ~ ng
eml t t ●nce and rel at 1 ve beam content of par -
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tlcles which depends on h level 1s discus-
sed here for two tyPes o+ j(x.x”) distribu-
tion. Given errors can be written Ln a next
way:

AS(h) /S(h) =lSe(h)-S&(h) I/Ss~f_i)= (El)
=21D~(h)-D~(h) l/DZ(n!

AI (h) /IP=lne(h)-n~(h) I/n--(h)= (6)
=lme(h)Vp-VZ (h)l /V-{h)

First a transverse phase dlstrlbutlcn
J (X,X “) as an elliptical paraboloid was ta-
ken. In some point z along accelerator ‘s
axis lt 15

J (x,x’ )=l-xa/# ‘::’2!b2 (7)
–a+:{<a, -b\>:\b.

[n point z a measured be$m praflle 1s given
J= (x)=4b/ (i-X=/a2)s2/S (0)

It zan be shown for every z, #z that measu-
red profile has more general lf-~=rmu]atl on

Je(>:)=&~l-x2/X,;) ‘, (9)
wh~re J~ls profile max~mum and Xm 1s lts
width. Measurea profile (9) and real one
JP(x) that were obtained from the same d~s-
trlbutlon I(x.x’ ; are dlsplayea In +iq.lb,
here are also beam w~dths on h level

De(h)=2~2ail-h* (lU)
DU(h)=2&L~2alX (11)

Relative beam content of particles me(h)
wlthln emlttance Se(h) can be calculated
with a use 0+ next equation

me(h)=L(h)/iO =4(3h~/~+h) /1~/W + (12)
+2arLs:n ‘1-h73/.r,

where full volume Io=ffab/2 1s llmited by
sur+ace (7). Eq.(12) was obtained by integ-
rating (?) w~thln Interval (10).

Relatlve beam content o+ particles
n~(h) wlthln emlttance S..(h) 1s determined
by~common volume of cyllnzder x2/a2+x’z jb2=

=q =1-h. sur+ace )=l-xz/’a -x‘2/b2 and plane
J=u, lt AS equal

n.-(h)=l-h2 (13)
Dependence ne(h) (12) and me(n) (13) are
displayed :n flg.2, a d~f+erence between
them (6), which determines an error of met-
hoo. as in fig.:. A needable emittance mea-
surement error dependence on h level value
far given J(x,x’) may be fotind Out Of
(10).

(51,
(11) as

AS(h)/S(h)=2( i~-h% /(l--h) -lJ (14)
this equation LS displayed in fig.3.

Let’s see the same dependence for Ga
Usslan J(x,x’) dlstrlbutlon

where 17. Ci,-dlsperslon, -.~-correlation ratio.
A measurec2 profile Je(x) WI1l be

Je(X)=~Xp(-X2/@) (16)
A true profile can be given by the same way

Jti (X) /&fl=exfJ(-# /@) (17)
Hence Gaussian dlstr~butlon profiles J&(x)/
j,.,vand Je(x)/& are equal ●nd according to
(5) an error of emlttance measurement meth-
od 1s zero. But relative content of partic-
les within real emlttance differs from that
In measured one. A bound of section q
on J(X,X’) h level waa fended to be
(whllc,~ =0)

h=j (x,x’ )/Jm=S%p(-q2/2)= (1s)
=ex (-x2/2@-x’2/2u;?)

~rom (i.] q= & and x or x> var I ates
1n Interval from ‘q(& to q tr.xt. ‘in amount ‘f

part 1c 1es Lnto a vol ume 11mlted by p1ane

z +X “~ /pi =q~ and by sur f aceJ=0, c y 1 I rider x z /m, ,,,
( 15) 1 s

1,,(h)= I-K2~0(,’21n th)” )1
2

[19)
Here 10 is a fLtI1 amount of beam part ~c1es,

,@*=+. ‘es,>(- ?2~)&

Eq. ( 19 ) ~h;ws a real ● ml ttance ccmt~nt.
wh L 1 e ex per 1menta 1 number 0+ part 1c 1 es nave
t o be ob t a Lned b y I n t egr at 1ng L“,Z z>: per Lmen -
tal prof i I e ( 16 ~ by x from -q~ up to q r, :

I (h) =21. ) { t -21 n (h~ ) .20)
Dependecces m<= 1.. (h ) / I@ and ne= Id (h ) / 1. are
dl sp 1 dyed 1n t Lg. 2, curves 7,4 respectively,
an absolute dl+terence between tnem related
to real Ifi(h)/10 AS =hown In flg.3 WI th
broken llne.
Adduced examples has made c 1 ear “ sour c es”
of errars in determining relatlve particles
content wlthln ernlttances, In measuring be-
am boundary and thus calculating the very
emittances. Meamwh Lle At becomes clear that
beam sl:es measured on tne same h level o;
pr of 11 e belongs to the same section of
J(x .x’) dlstrlbutlon. Next procedure of cle-
termlnlng beam emlttance with part~cle ccm -
t~nts close to l~lt)~. may have been submit -
tedi to measure profile with h:.1, then to
reconstruct it for lower levels h$. 1 and
finally to calculate beam sizes and emltta -
nce in terms o+ equations written be+ore.

Deter m~natlon of function J(x,; :’) sl=c -
t 1on ‘s bound for h>.1 may be possible at -
ter process of lteratlon naa been real i sea
and Lt can be described in further publlca -
t 1on.

RESTORATION W PHASE BCM.ND

To reconstruct beam phase boundary as a fi-
ve parameter ellipse by measuring three be-
am w~dths In three z! 9=2 9=3 accel erator ‘s
axis poxnts a next procedure IS present ed.
Z axis IS assumed to colnslde with acc el e-
ratar axis, z, S.ZZ <Z= . General Inlet el 1 I pse
equation in z~ is

Qx~+2E4x>:’ +cx’~+21)x +2 E>: ”=F. (21)
2 ~olt is known that el~~Pse”sand here &C-i%=

centre ha!s coordinates
X. =BE-CD ( 22)
Xo’=BD-fiE ( ~~ )

Let XWO, and x-,. denote coordinates of most
and least, respectively, distant points on
ellipse’s bound measured along x axis from
zero point. SUbJeCt to (22), (23), from (21)
this values are

xao, =x. ?I%e +FC+E? (24)-.,.
where

X.=(X*,, +x”,” )/2. (25)
The product of xfi., and xfiti In :, point IS

(-xmO, Xm,n )=FC+E2 (26)
Let !$.11 be radius vector reverse transfo-
rmation matrix from ZZ. to :, .~.e.

jx,~=ltti t,i~ ‘::~ (27)

Lx/’! ~t~, t~d’ :X; l
The elllpses ratii in Z2 section (dlstingu-
lshed oy line) may be expressed In terms o+
11$;:[ matr)x and ratij in z, as

~=Atzz+2Bt,ztal+Ctzl (20a)
E=Dt,z+Etll (20b)

By substitutlnq (20) Into r~ght (26) a con-
nection betwa?m product ~0,. Xoti” hav~ng be-
en measuring in 2J point an- elltpse’s ra-
t~l in Zt can De found out of
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- ( E,. ,x,,,,,) =t?,, ( AF+ti ) +2t/z t<i( )3F+DE ) + (29 )
+t;z (CF& )

Naturai 1y, when beam boundary X.m, . x.. ,,,. .1=
1, 2, 3, . . . are kr, awn, one can wr I te a set of

equat i ons
- ( ~no, . ~,,.,~ ). =u,, a.., +u.? a.J+u3 a..3 ( 3CI )

WI th unk known u, , $,. u ~ and sol ve I t f cr
them. Here a., = ( t=,): . a. ~ =2 ( t<zt~~) , a. ~ = ( t<; )..
To obta 1n el 1 I pse ( ~ 1 ) rat 11 by known u

U2 . u ~ I ts centre c oord 1 nates must have bee
known. But according to ( 25) onl y x coord 1-
nate can be measured 1 n each of three po-
1n t.s and wh I 1 e transformation matrixes T
+ r om second to + 1 r st PO I n t and T: trom
t~.lrd to tlrst are known, one can calculate

x.,, = ( x !,p,/, +x “.,, , ) / 2 (31 a)
X. ,, =C (tz2),x.:3 - ( tL2@:”12 1 / (31b )

/ c (t,a), (t~2)2 -(t...JJ (tJ. ).1
where X,:,2. -centre coordinates along x axis
In 1 or 2 Gr 3 paint z, X:i, -an angle cc2r -
dlnate in +lr. St ( ~a~ ~ ~ ) point. (t,; ).2 a
ratll of transfer matrix from z.? to 2, ( su-
bscript 1) and from z, to z, (subscr: .-t 2) .
Meanwhile, one can obtain from the set (30)
with regard to (31)

A= ( L1 , +!4 :J ) /cl. ~= ( LI 2-X. S : ) /Q,
C= ( u@(j ) / Q ~F= ( U U>-Ll~ ) / ~ ,

Q= IG *K-7 ~u~+;:< )- (L12-xOxi ? (.32)
~=-~)(,-B%’ , E=6x. -Cx~

It f011OW5 from an adduced consxderatlon
that a’gorythm havxng been described a~iows
to reconstruct a five parameter elllps.e em-
ploylnq results of measuring beam hldth In
three ~o~nts along accelerator’s ctrannel,
1.=. oy thr~e profllometers.

CHOICE OF PRDFIL~”fER P6WWIUETERS

Even If three profilometers are ldentlcal,
a oeam emlttance measurement error depends
on Deam phase portr~lt on measurement 9ys-
tem Inlet, an profllometers’ mutual dlspo-
sltlon ●nd accelerating channel ‘= optical
quallties, on profile d.gltlzatlon number
N which 1S equal to relatlon of beam width
to spatl~l step o+ profllometer grid Dx,
on qrld’s per~od K=D>i/Dx~ , where DxO 1s a
single wire cilameter, and on wire signal
measurement error ,- . tiencc? obtalnlng of ge-
neral analytical a~:,endence of thxs type is
impossible because .]f large number of fact-
ors. That’s why when a measur~nq system ha-
ving beer) under designing ● mathematical
simulation of measurxng procedure 1s
suggested.

Results of slmulatlofi ~or 600 IleV pro-
ton beam wlt.h lncomlnq canonlc phasu elllp-
se of 18 mm$ 2.Q mrad are displayed >n fig.
4. Dependence were calculated when profl-
lometers have been situated into free 0+
field intervals with equal distance between
them ●nd profiles were assumed to be Gaus-
sian. As lt follows from flg.4, when numb-
er of digitization N=2CJ includes 95% of be-
Gm current, an error not more LZ can be
ahieved in a free of field length equal to
5 meters.

It should be mentioned in conclusion
that x variable may be not only dlsitanse
between particle’s trajectory and axis, but
also Its phase along accelerating wave.
Hence results can be extended to measuring
phase spectrum, phase length and beam lon-

gitudinal emlttancs.
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CALIBRATION AND OPERATION SCHEMES
FOR CE9AF RF CONTROL”

S.N. Simrock, J.C. Hovsster, I. Adskenasi
G.E. !,ahti, K.L. Mahoney, and J.A. Fugitt

Continuous Electron Beam Accelerator Facility
12000 Je~erson Avenue

Newport News, Virginia 23606

.4bstract

The RF control system for the CEEiAF accelerator uses
calibration tables to calibrate nnd linearize ctiticn: compt,.
nents in the RF control mudules. This includes compensa-
tion for temperature dr;fts. Calibration data are stored in
nonwdatile RAMon the CPU board in the control module
Algorithms for calibration of compou:ncs like the vrctor
modulator for the phase :efcrencc and the gradient detec-

tor arc described. The calibration rn!l bc performed in a
dedicated test stand which miU be completely automated.
The microprocessor in the controi modules allows running
of complex algorithms to achieve phase lock ant! ~,ptimize
s}.stem gains for minimum residual errors for different gra-
dients and beam Iomhrtg.

Introduction

The CEBAF RF control systeml has to contxol the
gradient and phase in the 338 mtperconducting cavities of
theCEBAF accelerator. [n addition RF control for the two
chopper cavities, the buncher cavity, the capture section,
artd up to five separators has to be provided, In the ma-
chine control center (hiCC) 3 supervisory computer (SC)
Me available !O control the injector with its 22 cavities tutd
the north mu south linac with 160 cavities each. The super-
visory c.jmputers access the RF controls modules through
10 loc~i computers (LCL) in the north and south Iinac and
one LCL in the injector M shown in figure 1. Each LCL
controls 16 RF control modules through CAMAC interface
cards and the two high power amplifiers (HPA) associated

with two cryomodnles, each of which contains 8 cavities.
The system hierarchy is displayed in figure 1. The micro-
processor in the RF control module provides the 10CZIin-
telligence for calibration, control of loop pmameters, data
acquisition, interlock furtctiono, and HPA control.

SignnIa Used for RL’ Control

The microprocessor in the RF control module controls
20 analog outputs, 40 analog inputs, 32 digitalinputs, 32
digital outputs, and 7 interrupt inputs. Those are used to
control aud read parameters in the RF feedback loop, the
HPA and interlocks. Figure 2 cotltujns a psrtial list of the
available signals,

,—— —. ~

.---., ------- ““.?”” ,

Figure 1. Computer controls for the CEBAF RF system.

Calibration Schemea

The calibration of the signals require characterization
of the component in the RF module, HPA, coaxial cables
and cavities. Components in the RF module are calibrated
in a dedicated test stand, and calibration coefficients are
stored in nrrnvolatile RAM on the CPU board. The cal-
ibration data for all other equipment and components will
be downloaded from a database which cart be accessed by
the supervisory computer.

The two most important signals to be calibrated are
the field gradient and the phase of the accelerating field
in the cavities. Other signals to be calibrated are waveg-
uide forward and reflected power, the detuning angle, rmd
the frequency dependent system gains in the amplitude >nd
phse feedback loop. Measured signals are compsred with
setpoint values. Critical signals will be monitored in so ms
intervals, lean critical signals every !ioO rrrs. Interlock pro-
cedures, alarms, or warnings will be initiated if signals are
out of range. The oignds are dso compared with predicted
vdueo to indicate fault or improper operating conditions.
The forwardpower, for r..surtple, will be calculated as a
function of beam current and detuning angle. A rapid (<
50 ma) decreasein the gradient or a high ratio of forward
power to trammitted power irtdicatea a quench and shuts
down beam and RF drive.

“ Supported by U.S. Department of Energy under con-
tract DE- AC05-84ER40159.
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Figure 2. Signals used in CEBAY RF control system.

Gradient Calibration

The gradient detector in a achottky diode located on
the couverter board. It will be driven in its linear range at
about 13 dBm at s rvfV/m. The calibration of the detector
output voltage versus input power to the RF control mod-
ule will be performed in the RF module test stand. Cable
attenuation and field calibration coeffiaents will be down-
loaded from the database to the nonvolaiiie RAM. The field
gradient is calculated as

E... = a ~&

with

P, =
1

0f t
? “Y

witl .ae field calibration constant a, cable attenuation yl,
HOA\fFilter attenuation y2 and the detector voltage Vd. Ab-
solute accuracy is about 2070 determined mtiniy by the pre-
cision o the field cabbrtdion. A better field calibration cart
be achieved by a measurement of the change in beam energy
when varying the gradient. The calibration will be tiected
by temperature changes of the cables and the HOM filter
in the converter,These are measured and used for correc-
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tion of the gratient Sctpoint.s The d: r :tor diodes are oven
stabilized to (7I + 1)°C to avoid cmaplicated compensa-
tion algorithm for temper~ture changes. The temperature
stability of gradient detection will be z +2 . 10-5/OC, Re-
maining drifts will be regulated by a vernier system which
measures the beam enq y at the end of each linac and
corrects the gradient setpoint in selected cavities.

Phaae calibration

Phase detection takes place at 70 MHz by use of analog
multipli xs 7. The phMe setpoint is controlled by s ver;,lr
modulator consisting of a 90” hybrid, two analog multipli-
ers, and a combiner. The two control voltages are set to
V= = VO. sin(~) and Vv = VO. coa(~) respectively. Differ-
ences in gains in the multipliers, nonlinearity effects, and
finite isolation between inputs and output give us an intnn-
sic accuracy of about A2”. With calibration dgonthrna a
relative accuracy of +0.15° can be achieved. The control
oignds have to be modified to
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i,j=O

~. and boo compensate for offsets due to finite isolation
between input and output, a10 and bol for different gains of
the orthogonal signals. Higher order terms correct for non-
~nc~-ties. Systematic errors in the calibration process with
the network analyzer are eliminated by twomeasurements
with different cable length and therefore different phase off-
sets in the measwements. For the measurement, the control
inputs of the vector modulator are stepped through from
-1.0 V to +1.0 V in O.lV steps. The re.wdting phase errors
are up to ti2° aa shown in figure 3a. With the corrected
values f t and Vv the error is reduced by one order of
magnitude as shown in figure 3b. Typical temperature sens-
itivity of the vector modulator is 0.14° /°C. Temperature
sensors monitor the temperature of the multipliers and will
be used to correct the calibration coefficients for tempera-
ture chenges. An environmental oven in the test stand will
be ~scd for for all temperature dependent calibrations.

I

I

a)

7.5.

0. -~./O.r, . -0.5 -1.0

v [

0.751

Figure 3. Phase error ofvectormodulator. a) uncalibrated
and b) calibrated. The calibration coefficients arc opti-

‘izedfOrm’0s4v

Operation Schemes

The 160 cavities in the injector and the two liuacs will
be operated from 3 RF supervisory computers in \he MCC.
The SC for the linac will use two monitors, one for the
actual control, the rnccondas a status display and for alarm
and warning message~.

The control logic treats the the RF control for the 8
cavities in one cryomodtde as a state machine with the fol-
lowing states:

● Idle Mode
. Fihunent Mode
● HV Mode
● RF Mode

The main control screen for one !mac displays push
buttons for each 8 seater HPA, displaying 20 HPA’s (8
klystrons per HPA) at one control screen. The operator
has to go manually through the whole sequence to turn the
RF on.

In “idle mode” all hardware will be running, the RF
modules will perform continuous checks of all RF system
associated hardware and bring any fault to the attention
of the operator. In tbis mode down loading o external
calibration parameters will be enabled. Those parameters
are stored in the nonvolatile RAhf on the CPU board. They
dencnbe cavity parameters, HPA characteristics, and cable
losses. Downloading will be uecessary ifparmeters change
or an RF control module is replaced. In “filament mode”
the filaments o the 8 klystrons in an EPA will be turned
on giving a HV ready after a warmup tiu.e of 5 minutes. If
the interlocks show no fault, ‘HV m-vie”’ is used to turn on
the klystron cathode voltage for 8 klystrons. At this stage
the RF can be turned on by pressing “RF mode”. In case
of an interlock trip the machine will go back to a safe state.
The fault imticators display the HPA and the RF control
channel that showed a [, ult.

In ‘RF mode” the operator has the choice between
“twoknob” operation or “expert” mode. In “twoknob” op-
erationthe operator has only access to phase and grad!ent
setpoint but can control the eight cavities in a c.ryomodule
from-one screen. In “expert’ mode the operator can nccess
all parameters in the RF control module. This mode allows
control of only one cavity from a screen.

Expert Mode

Thh mode is used for debugging purposes, allowing
extensive diagnostics of one of the RF control channels. Ifi
thismode the operator haa access to about 30 parsuneterti
in the RF control loop. The parameters are phaae and
gradientsetpoints, measured values smd error signals, loop
gain parameters, phaae offoet, error window setpoints, open
and closed mode switches, gradient clamp voltage, several
bi~~ voltageo, the RF attenuation, RF shutdown switch,
and readings for 70 MHz and 1427 MHz local oscillator
(LO) power.
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This mode will be the normal operating mode. Since
the operator hen control only over the gradient and pimse
setpoint, d; : trier pusurtetershs.ve to be preset or automat-
ically derived born other machine parameters. The loop
gainn will have standard preset values but can be perman-
ently modified in the “expert” mode. An example for
automated procedures is the offset phase, which adjusts
the optimum operating point of the phase controller. The
averaged module.ror drive signal is measured continuously
and should be zero if the cavity is on resonance. Deviations
from the expected value are used to correctthe offsetphase.
Another example is the gradient clmnp voltage which limits
the maximum possible RF drive to avoid excessit-e forwud
power to the cavity. This setpoint is calculated from power
requirements which deperd on beam current, detuning an-
gle, and micrc phonic noise levels.

Interlocks

Lntedocks are used to prevent dunage to the RF con-
trol system including the superconducting cavities. Fast in-
terlock circuits such us waveguide arc detector, beam pipe
vacuum, and cavity quench detector are implemented in
ha~dware, while slow varying or less critical parameters
such as wavegv~de window temperature, ratio of transmit-
ted to incident power or detuaitsg angle are software con-
trolled interlocks. The hardware generated trip signals use
the fast (beam) shut down system and the RF kill input
to interrupt beam and{or RF. Software interlocks use the
available signals in the RF control module. For example,
the detuning angle is monitored in so ms intervclt. If it
exceeds 20°, the motor tuner wiU be activated to bring the
cavity to its home pc~ition.

Conclusion

In this pnper the ‘rsaaicideas o calibration and oper-
ation procedures for the CEBAF RF control system are
discussed. The RF control modules are calibrated in a ded-
icated test stand and calibration parameters are stored in
nonvolatile RA.M in the RF control module. Other cal-
ibration data will be downloaded to the RF control module
during operation and updated if necessary. The calibr-
ationscheme uses algorithms which include temperature de-
pendency of calibration coeffiaents. Each module contains
four temperature sensors to monitor the critical elements
and uses the temperature information of the feedback ca-
ble to correctphase and gradient setpoim to compensate
for temperature changes. The algorithms will be exten-
sively tested in the front end test(FET) wbieh involves aU
18 superconducting cavities of the injector,

From an operational standpoint, the RF controls wiU
be treated as state tnachine with four different modes for
each HPA. The highest level is the “RF mode” in which the
“two knob” operation wiU be normally used for phase azd
amplitude control. In “~pert” mode all 30 pariuneters of
the RF control modules are accessible for debugging and di-
agnostic purposes. The ‘expert” mode has been a powerful
tool -!unng the s MeV injector test but is too cumbersome
if 34o cavities have to be controUed simultaneously.
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THE CEBAF FAST SHUTDOWN SYSTEN1*

J, Perry and E. Wooriworth
Continuous Electron Beam Accelerator Facility

12000 Jefferson Avenue, .Xewport News, VA 23606

Abstract

Because of the high proverin the CEBAF beam, equip-
ment must be protected in the event of beam loss. The pol-
icy that has been adopted is to require a positive permissive
signal from each of several inputs in order to operate the
gun that starts the beam. If the permissi{”e is removed, the
gun shuts off within 20 AS.

The inputs that are now monitored inc!ud: ( 1) radi-
ation monitors that detect beam loss directly, (2) vacuum
Inonitors (which also observe the status of various in-line
wd}.es), and (3 ) general input from the rf s}”stem, which
combines detection of kl~-strcmfailure, arcs, and rf window
high temperature. The s}”stem is expandable, so other fault
detectors can be added if experience shows their necessity.

I. Introduction

The CEBAF beam carries great destructive power, and
the accelerator must be protected from it. The CEBAF
fast shutdown system (FSD) must provide criticaf services
to t accelerator control system:

. Primal ily. the system must shut a stmy beam off b e

it can puncture the vacuum wall (= 50 us).

● Secondarily, the system must provide:
● a watchdog timer to ascertain that the control sys-

tem is in constant communication with every part
of the accelerator

● readback registers for system integrity checks at
system startup

● first fault trace in case of a s}..itdown
● current fault traces after a shutdown trace.

The system is explicitly designed for highly reliable
shutdown, easy expandability, and fast fault tracing.

II. Architecture

The high power (800 1(JV)and small diameter (2ofI pm)
of the CEBAF beam Imply that a stray beam ~ill burn
thrGugh the vacuum wall in an estimated 50 ps – 100 ps.
Since there are already up to 21 M of beam stored in the
accelerator, the time limit for shutdown is actually about
30 ps. We chose to design to a 24 ps limit, apportioning
10 ps to alarm detection functions, 10 ASto logic functions,
and 4 ps to signal propagation time.

Preliminary estimates of required inputs to the FSD
system were of the order of 400-600 alarm sources, among
which were

———
● This work was SUppCJl”te~ by the L’S. Department of

Energy under contract DE-ACOS-84ER40150.

● beam loss monitors
● vacuum loss monitors
● fast vacuum valves
● arc detectors of various kinds.

Since the needs were not well defioed when it was neccs
sary to start the design of the fast shutdown system, a
sul,~tanti~ overcapacity is available to be sure of avoiding
an overloaded system at tht=end of construction.

To ensure both adequate capacity and adequate sped,
the FSD incorporates a t s ts ( 1),
which allows both a hierarchical organization and liberal
expandability. Since a tree structure allows exponential
increases in input capacity with more levels, we were able
to trade off input capacity for shutdown tipeec! and gain a
logical organization. Figure 1 shows the structure for initial
accelerator testing. .4s more segments of the uccclerator
come on line, their FSD branches will be attached at the
indicated points, and their inputs unmasked.

— — — —— ——

c1Salh
r
MUlu

&l&l
c-l lm@.muwlmOflycvm

Figure I. Fast Shutdown Tree Structure.

The requirement for high reliability demandrd a per-
mission signal that would fsd, if it m in s safe maoner.
We took a two-pronged approach to the fail-safe problem:

● First, we require the presence of a permission sign,d to
run, rather than the absence of an inhibit signa!.
Second, wc use a s MHz trapezoidal waveform as the
permission signat to eliminate unsafe “stuck at ...” fail-
ures.

Figure 2 shows the permission signal and its charac-
teristics. A normal fault-is defined ~-a low s~ete; it will
be detected by the permission decoder within ‘,hree cycles
(600 ns). Only FSD system failures will cause the permiss-
ion signal to remain high, and the permission decoder will
detect this and remove permission within about 1,8 ~s.
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Shutdowns must he checked out, and the FSD system
provides for two t::pes of fault trnces:

● a first fault trace, if there has been a shutdown:
● a current fault trace, if there has been no shutdown

since the last reset.

Figure 3 illustrates a fault trace. Upon shutdmvn, each
FSD node module in the shutdown chain holds the state of
its irsputs at the instant of shutdown, allowing deterrnin&-
tion of first loss of permission within about 2 ps. The con-
trol s}.stem may at any time query any module about its
permission status, and the module will provir!e the state o

every ~ermission input either at the time of shutdown, or at
the 1ast time of reset if there was no intervening shutdown.
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Figure 3. Fast Shutdown Fault Trace.

111. Node Module

The FSD node module (Figure 4) is a single-width
CAMAC module which incorporates the functions listed
above. There are 16 input fault sources ir. four groups:

● seven fiber optic permission inputs for tree expansion
● seven optically isolated permission inputs for fault de-

tection sources
e watchdog timer for communications integrity monitor-

ing
. busse.i PI line connection for intra-crate signals.

P m
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●

o l

●
I

-

P c&
l 1 l

k
b A C S

Figure 4. FSD Node Module Block Diagram.

We were able to design a highly reliable permissiml
signrd decoder (Figure 5) that would remove permission to
the next level of the tree within 600 ns of a fault, and that
permitted us to define a convenient number of sevms fault
inputs and seven structural (tree) inputs. This kept the
cost of a module reasonable and allowed a small number of
levels to keep t;.- logic propagation time down. The present
organization o; i e levels allows 7s +74 +73+72+7 = 19,607
fault inputs at a worst cssse normal delay of 5 x .6 = 3 ps,
plus propagation time.
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Figure 5. FSD Permission Signal
One of 15 Per Node.

Decoder -

The watchdog timer in the FSD node module sup-
plies a system integrity need for the control system. The
highly distributed control system at CEBAF incorporates
a number of relatively independent control functiol;s. It is
possilsle that certain functions could continue to operate
in the event of a failure in communications with the con-
trol Gystem, resulting in segments of the system working
d cross purposes. The watch?og timer offers a switch-
programmable check on control scan intervaf from 13 ms to
426 s in 16 binary steps (.013, .026, ..., 215, 430). If the
control system takes more than the programmed time limit
to send a CAMAC command to the module, the watchdog
timer times out and removes permission.
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The last of the 16

which is a dual purpose

——

permission inputs is the P1 line, Finally, certain extremely seusitive inputs me hcing
input/ output line [or favlt sensors considered for full system-level r et nvoid the

that are either alnne in a CAMAC crate with the FSD node ~(wwibility o poisoning tlw expensive superconducting c~v-
~.c,d~e, or for which the order of faulting is unimportant. ities in case of n benm low in t}:e vicinity of a u

The node module drives the P 1 line with n SIUWtransition faded h k m(mitor m vncuum fault.
time 5 MHz permission sign,aI, and ss faul: detect(]r must
short the P1 line to ground to remuve permission from the
s}.stem. If u sou;ce on nnother input removes permission
from :hc node module, the node module also renurves the
signal from the P1 line, so thnt other users may monitor
local fault conditions.

There is a fault Intch and a mask register for each per-
mission source. The fault latches hold the state of each
permission source at the instant a fault is detected, and
the mask registers keep unused inputs from interfering with
the system. The fault Iatchcs and the mask registers corre-
sp(md bit for bit with each of the 16 permission sources.

●

●

The farJt l~tches have two functions:

They latch if n fault is received by a previously clear
module.
They lntch nll current faults if a reset command is re-
ceived after a fault.

The fault latches m h r e{ n t Vin CA MAC
c~~mmands, and writing to their address resets the lntches
and updates them tu the current input fault status (the
specific datum written has no significance or etfect). New
fttults cannot be lntched until a previous fault has been
reset: therefore reset ting latches any new faults. If there
me m; existing faults, the node is ~rmed to detect future
faults.

?.lasks may he set at nny time from the conlrol sys-
tcm. A masked input will neither remove permission from
the system. nor set its fault latch. We have taken the ap-
proach that only rigorously enforced administrative procr
dures are effective in preventing undisciplined maintenance
violations of s}”stem integrity, and therefore only password
protection in the control system software in mmhinatim
with enlightened operating procedures will be used to pre-
vent unauthorized masking of critical inputs.

IV. Reliability

Since a vacuum accident in the superconducting Iinacs
W I Mc as edamage, reliability must be very high;
therefore the design emphasized reliability both from the
point of view of part by part integrity and redundancy of
critical paths. The critical paths were carefully analyzed
and optimized; however, noncritical paths were designed
nccording to ordinary industrial design standards !O iedcce
cost of the ●,ystem.

Within a node module, the only critical co:nponents,
those that can cause a failure to remove permission, are RI,
Dl, and Q1 in Figure 5. These have been made redundant,
and have been specified at a sufficiently high reliability level
that we expect no critical failures during the life o the
accelerator. Furthermore, we are incorporating into the
control system software regular automated integrity checks
to identify any failu:es that might occur in spite of our
efforts.
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A b

A modular, multichannel current regulator system has
been developed topower the low current correction and fo-
cusing magnets used for beam transport. The basic module
consists of a relay rack housing f ocard crates with eight
regulators per crate. The rack dso contains a utility chassis
and common power mpplics. Each regulator card includes
a communications microprocessor a a temperature con-
trolled analog circuit block containing precision reference,
serial DAC, shunt resistor and error amplifier. The regula-
tors are linetu, bipolar units capable of furnishing up to 10
amps at 20volts with less than O.Ol~oripple and drift.

Introduction

The block dirgr= of a typical system is shown in Fig-
ure 1. Although all 3 channels are shown in the diagram,
initially some of the regulator dots in the rack will be left
open for future additions due to more magnets or higher
power requirements.

!
“’’’”’’”

P ‘ l— I

UTILITYCHASSIS

EUKPS
1?3M&y S UTRIM SYSTEM

I_ – CWIPKMIRuf.-- ------ : BLOCK D[AGRAM

Figure 1. Trim System Block Diagram.

Although only the corrector dipoles require a bipolar
output, all of the regulators have thic capability. This d-
Iows all of the current regulation needs to be handled by
one design. Having only one regulator design kept the ini-
tial development effort down, made the configuration of the
systems very versatile, made a more economical buy possible
and will make maintenance eosier.

Because of the relatively tight packaging requirements,
a l blower was added on top of the rack. The blower
palls filtered, ambient air through louvres in the back door
and up through four levels of regulator modules. A drawing
of the mechanical rack is shown in Figure 2.

—

Elm
BULKPS

Elm
BULKPS

Figure 2. Mechanical Rack Drawing.● This work is .mpported by U.S. Department of Energy
under contract DE- AC05.84-ER40i50.
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Three-phase 208 \’AC power enters at the top of the
rack through a line flter located in the blower housing. Be-
cause of concerns about coupling stray .IC fields through
the regulators, t’he AC feed wires going duwn tothe bulk
power supplies are run in steel conduit as far RSpossible.

DC power from the bulk power supplies is distributed
through bus bars, fuses and W wires to the custom back-
planes. Each branch circ:lit handles four regulators and is
capable of furnishing 40 amps,

The #10 wires from the regul~tor outputs terminate at
the bottom of the rack on terminal blocks mounted on a
DIN rail. The magnets are fed from these terminal Mocks
with paired #10 wires.

A u t ic h ahouses ~ PLC (Programmable Logic
Controller) which provides rack thermal monitoring, inter-
lock control and i n tlogic. The PLC interfaces with
the main control system through CAMAC digital i a
o um o dThe utility chassis also houses several mis-
cellaneous power supplies needed for bias and control.

Monito: and control of a rack s}.stem is handled by a
3 n oR Sm ~ ts elink. one master scanner

located in a CAMAC crate is linked to all 32 regulators
through connectors on the back planes. Each regulator has
an on-board microprocessor to handle communications as
well as d l od i a g n

D e tD e s c

C ac a

A much as possible standard Eurocard components
w eused for the card cage. The primary deviatiomi from
standard are a greater depth and side panels that form the
main supports for all four of the cages and result in one large
assembly instead of four independent card cages.

Bulk Power Supply

Two bulk power supplies are used in each rack, with
one of the uni!.s furnishing up :0 -320 amps and the other
furnishing as much as –320 amps. The power supplies are
commercially available 10 kW, high frequency switchers re-
quiring 3 phase, 208 VAC ittput power. By using switching
rather than thyristor technology, the size and weight of the
power supplies was reduced significantly.

IJtility Chassis

A utility chassis is used to house the miscellaneous
power supplies and control functions that are needed to
make a fully functioning rack. A 5 volt logic Supply, ttvo

small bias supplies and a 24 VDC control power supply are
located here. A small PLC provides local control logic and
rack monitoring. This PLC monitors rack temperatures, air-
flow and door interlock status. Digital monitor and control
signals are exchanged with the main control system through
digital input and output CA.MAC modules.

Regulator Module

A simple circuit diagratn of the 200 watt regulator morl-
ule is shown in Figure 3. The output strtge uses complmstm-
tary darlingtonti to keep --- -..●K.. ~- ve requirements down. 13nse

drive for the output stage is furnished by amplifier L!l. The
crucial current s ea a mi d b t a

l block. This is a temperature regulated, surface m(mnt
device which inclttdes a serial DAC, precision v,dtngc rrf-
erence, precision shunt resistor, shunt prc-amp md error
amplifier. AH critical analog functions art, handled here. A
simple schematic of the analog block is shown in Figure 4,

- i ‘ A

I
R~~ULATUR BLOCK CIAGRAMI

Figure 3. Regulator Block Diagram.

I P. I I

Figure 4. Precision Analog Block.
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Monitor end Control

Because of the relatively stringent 100 ppm output noise
and drift specification, the monitor and control of the reg-
ulator is handled entirely by a full duplex serial communi-
cations link. This greatly reduces the chance of coupling
ground loop or other noise into the input stages of the reg-
ulator.

An on-board communications microprocessor drives the
16 bit serial DAC located on the rutrdogblock, monitors the
16 bit current readback ADC, monitors a 12 bit, 4 channel,
gefieral purpose ADC and handles digital 1/0 functions on
the printed circuit board. Both of the ADC’S are slow, dual
slope integrating devices.

The serial link is designed t achieve a scan cycle time
o 5 m i l lo l w 3 nodes on the network.
Because the microprocessor is used for communications only
1/32 of the available t;,me, there is considerable time open to
do on-board diagnostics and control. Possible examples are
controlled ramping of the output current and monitoring of
the output voltage allowing calculation of the m ac
resistance.

The microprocessor is an 8 bit Motorola device with
4K of on-chip ROM. About 2K of the ROM is used for
the basic communications and control tasks, leaving 2K for
further diagnostics and ccntrol. The code was written in
assembly language.

The 32 node, RS-48S serial link is driven by a 32 chan-
nel scarttter modsde. The scanner is a commercially avail-
able, double wide CAMAC module that functions entirely
as a communications controller. The communications mi-
croprocessor interfaces with the CAMAC system through
dual ported memory.

Performance

These current regulators were able to meet a 24 hour,
100 ppm noise and drift specification over an ambient tem-
perature swing of 40”C dining tests in an environmental
chamber. The temperature coefficient over the 40”C swing
was 1 ppm per degree C The 100 ppm specification includes
power Lineripple as well as low frequency noise. Itis unlikely
that any o the service buildings will see a 40° C tempera-
t us wo s 2 h period after warm up, so the
installed systems should be able to match the performance
shown in the regulator board t e

S u

A straightforward and versatile power supply system
has been designed to drive the low power corrector and fo-
cusiag magnets in the accelerator beam transport system.
A simple bipolsr regulator module furnishes 10 amps at 20
volts. Common bulk power supplies furnish pre-regtdated
power for the r e g ucards. Current low frequency noise,
drift and ripple are within a 100 ppra envelop:. Monitor
and control of the r e gmodules is handled with an RS-
485 compatible oenal link driven by a 32 channel CAMAC
scanner moduie.
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ABSTRACT

The availability of general purpose switching mode
powxsupplies in the KIJrange hasproiqXed the possibility
of using them for Pouerir.a optical e(eroents in Linear
accelerators. They are, houever, n designed specifi-
cally to be operated as high stability current sources into
inductive loads.

Wehave mdified and conditioned come rcia[, off the
shelf suitching modepwer supplies for use in
pxering nu(tipole magnets. l~rature stabi[ity in the
constant current medehas been upgraded to 15 pfxn/C. Other
stabi[itv parameters have b similarly inproved. Me
mode[ed power supply operation using the program Spice,
and verified its results experimentally. An analog
controller uas designed to ccxrpensate for instabilities
in the feedback loop. This circuit uas incorporated into
aflitbus pouer supply controller which ;susedas interface
to the control system. Analysis of shielding techniques
and tests results for a 2 Ku pouer supp(y are provided.

I n t r

The South Mall Ring (SHR) under construction at t? :
MIT Bates Linear Accelerator center will provide high d~ty
factor (C2) electron beams and an interna( tcrget
capability for nuclear research. This project is the
c~tmination of Bates developments over the last decade
aimed at providing coincidence capability throughout the
important energy r at 1 GeV. Proper operationof
the proposed pulse strecher ring places stringent criteria
on the operation~f all magnetic etements such as dipoles,
quadruples, sextupo[es, etc. A large nt.mber of pouer
supplies, ~ith power capabilities ranging up to 10 kWand
stabilities better than 15 ppinfull scale, are needed to
po~er up al( the multipole magnets.

!4UI ~
I

, L_._—_..._. —.-——— —-—
1 z i 5 6 9 8?5 10

PO-PIwa)
—- ————— -.

~❑ mn ( 1pp.n) u::;, * [ - ‘ ●MY” (VJ #1)

1 I
L——..——. —.. ...— -J

Figure 1. Pouer supp[y costs (with control ler)

These requirements are norma(ly satisfied with custom
designed pouer supplies. Ho~ever, in the Pulse Strecher,
large nuher of these WPP1i es are needed and CO,.C factors
rule out this approach (figure 1).

The uel 1 knoun advantages of snitched modepouer sup-
plies, such as high efficiency, 10U ueight and cost, make
them very attractive for mediun and high pouer tevels
This poptarity resulted i avai ( 1i t of off the shelf
products at very reasonable prices. Hotievcr, they are
not optimized to uork as current controt ted power
supp1i es. They are usually ~i lt to operate in voltage
control led mode and powering resistive loads.

The zolut i adopted here was .C analyze the perform-
ance of various ccmnercial power SU.W1ies and modify them
to W o n The interna( controller uas upgradeu
to ermanceFerformance and stabi ( ity btith induct ive loads.
The current shunt uas replaced by an external one Hi th 10H
terrperature drift characteristics. In addition, a digital
interface nas provided for remote operation from a
personal corputer.

O i

After a prel iminary selection of different vendors ue
opted for the EMS40-60-2pouer supp(y. This Particular
unitdel ivers 2.5kWbut its circuitry is very simi lar for
all the models ranging from one to five kilowatts. The
supp(y operates in current arukvo(tage modesand is suited
for resistive loads. It exhibits a long term stability
of 500 ppmwith a temperature coefficient of 300 ppm in
current mode. It regulates ~ithin a 0.1 % with load or
input voltage changes and has a ripple of 30mVat 40 VI
60 A A blcck diagram of the switched mode po~er
converter is shoun in figure 2.

.,.

Figure 2. SMPSblock diagram
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The three @ase input AC is rect i f i ed and f i ( tered to
provide an unre~ulnted voltage (265V - 350V) DCbus, hhich
is converted into 4 h f r es qw t ha
high frequency power transformer. This AC is then
rectified and fi ltered to provldc a low level DC outwt.
Control of the output VOItag- or current levels is ac!l; ...L.4
by modifying the duty CY le of the high frequency AC
voltage.

Irl the curr~nt controlled mode, the output current
mst be sanpltdandc~red uith preference. The error
signal is sent to integrated ?u?4controllers (uc3524),
o p e rinthemsster slave mode. They contro( the duty
cycle of the drivers, uhich are msgnetica(ly coupled to
the out~t stage.

lnorder to operate [he PowerSupply uith the desired
long and short term stability of fifteen parts per mi(-
Lion, somecriricat componentsnust be improved. It can
be easily proven t in a feedback loop, if enough gain
is provided in the direct [oop, the elements that deter-
mine tte accuracy and stability of the system are the
transductor, the reference and the error anp{ifier.

The internal shunt, madeof Manganin,with a t e
ture c o e fo 1 p w u n s aA zero
f[ux t r a n s~ould be appropriate to monitor the high

output current but its cost becomes prohibitive uhen large

ntirof them are required. Insttad, a more inexpensive

unit, a resistive shunt made of Zeranin, was utilized.
These shunts exhibit atenperature coefficient better than
five parts per miiiion per degree Ce[sius over the range
of 0~ C to +600 C. The shunt is water cooled and the
tmperatureof the~ater is kept uithinone degree Celsius.
The unit tested dissipatedup to ICOUatts, delivering one
volt at 100 Anvs. This signal is amplified bya low noise
instrunentatioll amplifier.

The internal reference uas also replaced by an
external one, nith very low drift (0.6 p@)/and ex-
cellest line regulation (2ppn/V). The reference feeds a
sixteen bit Oigita[ to Analog converter that can be set
remote(y fran a c~ter. The output of the DACis used
to prcvide the current reference to the po~er supply.

The error enplifier uas upgraded to a ICWdrift in-
strumentation amplifier providingj very high gain (140dbj
at 10N frequencies, thereby reducing the errors in the
stationary state. The original current and voltage regu-
lators ~erv coupled with diodes to the Pulse Width
Modulatur, and byusing the samemethod to incorporate our
u~raded controller to the loop ue avoided the need to
modify the pwer supply motherboard.

Ifodelling and compensation

The supply used in our tests o~rates inafull bridge
configurational a Buck converter. Asinplified diagram
of this typ of converter is shown in figure 3 The
indut(or is energizeduhen the transistors areconducting,
with a slope given by Vi-VO/l., and discharges across the
capacitor and load when the transistors are off, with a
siope given by -VO/L.

Using t~o state averagtxk differential equations , a
simplified model for the Pk#fcan be easily derived [ref
3and61. This nmdel reptacesthep~ uitha voltage source
that depends on the duty cycle ~dU and a filter as shown
in figure 4.
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Figure 3. Sinp!ified Buck Converter

“
d“Vp[

\)

I_ . .—.—

l.,

m -

12+
.
‘/

</
–

Figure 4. Simplified mode( for the PWf
The internal shunt Has originotly placed before the

output filter capacitor and, even though the average
current across the capacitor shouldbe zero, a temperature
dependent leakage current uosmeasured~hich affected the
regulation. P(acing the shunt resistor inseries~ith the
toad solves this problem but increases the order of the
transfer function and the internal ca-pensators ~erc no
longer appropriate.

Solving the current and voltage expressions for the
circuit in figure 4, the transfer function betueen the
output current arv t control signal is:

G(s) = (1 +sC2R2)
(sc L1 c2 + S R2 C2 + 1 L3/R3 +1)

By inspecting the previous equation, it can be seen
that the PbMpresents a zero introduced by the capacitor
ulth its ESR, it has a c~lex poles produced by the filter
LC and extra pole introducedby the load. Replacing the
componentsby its nuneric values the roots areas follous:

poles:

pl,2 = -362.7+/- &M.52i (fn = 121 Hz)
@ = -10.114 :f3 = 1.6 H

zero:
21 = -800 (fl = 127 HZ)

An external compensator was designed nith three lead
and one lag circuit. The first leadhgs a zero to cancel
the pole introducedby the load. The second lead has it
zero cancellingonc of thecc@ex~les. The third lead
~asp[acedat hfghfrequenc!es to iqwovethe phase margin,
and the lag circuit introduce apoleat the origin to in-
tegrate any possible dc error. The gain uas chosento ob-
taineda closed ioop response with a frequency benthidth
of two kilohertz.

The design uas verified uith a model developed in
Spice (Figure 5). Figure 6 is a Bode Plot that ccapares
the mdela (Spice and klathemetica) uith the va(uea
measured experimentally uith G mHHaBnM load.
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Shielding

The shielding techniques for the control ler are
cr i t i cat to the succesful operat ion of the pouer supply.
This is 6bvious for any hi gh gain, 10U signal ~i i f ier.
Three basic rules for shieloing techniques uere fol loued
(see ref.61. First, al( shisl.js and enclosures nust be
tied toazerorefcrence rabetffective. Theenc(osures
for the power supp[y, analtg controller andpouer shie~ds
areatt tied to earth gromci. The shields for the signals
and the analog ground p[ane are al 1 tied to the control Ier
zero reference inthe power supply. Since the output of
the supp(y nust be floating, the analog shield and the
earth shields are capacitively coupled. The analog
shie[ds nust drain current auay anp[ifier inputs, i.e.
to~ard the source. They should also reconfigured toavoid
graund loops from shield to shield so nodaisey chaining
of the shie(ds is allowed. Each shield is connected at

the samepint in the controller, uhich is also connected
tothcsignnl cannon in the power supply. Separate shields
for each independent signal into or out of the controller
box and an additional shietd for the power entrance was
provided.

Several configurations of the g and shield
connections uere tried. T setup in ffgure8 has had the

best results. A Ferrite core uasnecded in the shunt cab[c

to reduce the high frequency cannon mx!e noise entering

the controller from that point.

I
I

,.. ~> 1.

Ffgure 8. Shielding techniques

Conclusions

Poncr units from different manufacturers nhere tried
out and the ci rcui t developed was modified only c1igthly
to regulate proper [y. Poier levels ranged frti 1 to 2.5
kuat ts . Somenoise is sti ( ( measured in the prototype
version and the shi e(d i ng needs to be improved. Someof
the problems olwerved i n the prototy~ wi t i be sotved u

a P board is dcvet oped ui th proper ground p f
digi tat and analog signals. Analysis is been developed
to bui ld a state var i able feedback type of cent rol 1er. By
using feedback f ran the i nterna I shunt and also from the
output voltage, Me bel i cvc that the compensator cm be
reduced t s coef f I c i cnts, imqwovi ng the dynamic
response and si~! i fving the design.
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algorl thin, convergence check-out, data c
d ia m on s preci s i a
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a l L c ( A 2 u a 1 M
c t c o i t in l t 3 m
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SUPERCONDUCTING RF CAVITY TECHNOLrX3Y”

H Padamsee
Laboratoryof NuclearSIudles, CornellUniverslfy,Ilhaca, NY 14853

A b

Large-scale application01superconductingrf (SRF) cavities !0
electron and Ion accelerators is In progress al many Iaboralorles
aromd the world[1] In the Iasl few yearsover 70 reelersof ruobwm
cavities have been bu::lfor high energy physics storage rings and
nuclear physics recirculating linacs. In acceptance lests, these
structures reach an average accelerating field ot 9 MeV~m wnh O
values over 2x109 AttractweIu!ure applicationposslbihlles10high
iumlnosny storage rings (B-factories) and tree-electron lasers are
discussed Research towards higher gradients conlinues. Wllh a
new. furnace based preparation technique, several single cell
Cavflles[10 cm aclwe length) now reach surface Ilelds correspordng
to accelerating f i0125 MeV/m, with the record value of 30
MeV!m at 0’s ot 2x I 09 This performance level IS allracfwe for
future application to a TeV Energy S.uperconducllng Linear
Accelerator(TESLA). An SRF TeV :mac ehmma!es the need for unra
high peak power sources, allows a low rl frequency (1-3 GHz), long
[msec) RF pulse Ierlglhs, and subslan!ially reduces the I?ng and
short range wakefleld problems that exacl Iigh! tolerances for
alignment and ] MWe also briefly review the status of malerials
other Ihan bulk Nb

Operating SRF Systems

Llnac Boosters for Heavy Ions

To provide precision beams 01 heavy ions for nuclear physics

research. SRF Ilnacs have been one of the most successful
apphcatons of SRF Technology. 5 Iaciiltes are operallng, utlhzmg
over 180 resonators (4i0 meters) The IIrsl facdily (ATLAS) started
operation In1 C o mheavy-ion accelerator Iacililies now

prowde beams w!!h mass up 10100 atomic umts and energies IJp10
25 MeV’nucleon. These are ATLAS, SUNYLAC, Saclay, U. of
Wastwqton and FloncfaSlate U

S@IIring, moddiecl hellx and. recen!ly, quarter wave resonators
are used The on-hne gradiefil average IS2-3 MeV/m Apart from
economy, the SRF hnac preserves Ihe excelleru beam quahly from
Ibe tandem because of the slable cw operauon, m addition 10the
general cfesrabhty of a mvbeam for experiments.

Storage rings

To Increase lhe energy of e+e - storage ring coiliders,
accelerating syslems mu>l prowde voffages fha[ increase as the 41h
power of the beam energy 10 make up for energy losses from
syncrhotron radlalion. In Ihis apphcalion, SRF cavilles pose many
advantages over normal conducting mpper structures. They can be
economically operated at acceleralilyl voltages of -5-10 MeV/m
compared 10 1 - 2 MeV/m for coppef structures. With copper
systems. a large fraclon of the available ri power ISdissipated in the
walls of the structure, whereas wllh SRF cavities, most O! Ihe rf
power can be available for the beam, allowing higher beam er.ergi.es

The presence of an accelerating slrucfure has a disruptive
erfect on Ihe beam, and the associated impedance I:mits the
maximum current for high luminosity. Wilh the higher voltage
capability, SRF systems can be shorter, reducing the overall
tmpedance, allowing higher beam currents. 1!)copper cavilies, lhe
need to provide the maximum accelerating voltage for minimum rf
dissipation leads to structure geometries wilh small beam holes and
re-entrant irises. i.e high impedances. SRF cavities can have large
beam holesand smootherinsgeometrieswhich are more suitable for
higher beam currents. Both single and mulli-bunch Inslabilify
problems are greally reduced through use of SRF cawties.

“ SupporIed by the National Science Foundation wilh supplementary
support from the LIS-Japan Collaborabcmon

Protolype S lfor storage rings have been developed by
CERN, Cornell, DESY and KEK BeIween 1982 and Ihe presenl
these structures have been tesled ex!enswely m the slorage rings
CESR, PETRA, SPS, and Ihe accumulation ring TAR a! KEK wdh
sfeady progress The maximum current sIored was 69 mA

A full scale accelerafmg system 0132, S.cell, 500 MHz ruobwm
cawlies ( -50 meters) is now operalmg In TRISTAN al KEK, ralsmg
the beam energy from 2751032 (%V [2] II uses a 65 Kwall hehum
refr[gerahon syslem The average accelerating gradienl achieved m
the horizontal cryostat tests wllhoul beam was 75 tJeV!m Routine
measurements on !he performance m Ihe rmg over 600 days showed
no degradation m all W 4 cavllles The structures were operated
cold al -5 MeV/m for over 7000 hours, and wllh over 5000 hours of
physics runs The maximum current slored was 13 mA.

Al CERN [3], a 6.8 reefer active Iehgth SRF syslem has been
operaled m LEP using an 800 watf refrigerator. The accelerating
structure consists of 4 x 4-cell 350 MHz Nb cavlfles, connecled to a
Single 1 Mwatl Klystron Tes!ed individually, Ihe ca~l!les reach >5
MeV/m, and Iogelher were operaled al 4.7 MeVlm, slcrmg 2.5 mA
beam curfenl (LEP deslgfi current = 2x3 mA) 20 more cavities are
ordered

To increase fke energy of the SPS injector for LEP from 2010
218 GeV, an SRF system of 2 x 4.cell, 350 Mhz, Nb/Cu cawhes has
been installed. Off-hne tests reached 6.7 MeV/m and the on-hne
average gradlenf achieved was 49 MeV/m [4],

SRF Systen:s Under ConstructIon

Heavy Ion Boosters

Argonne(5] is >resenlly rcplacmgIhe tandem by a new injector
based on Nb quarler-wave resona. >rs. specially deslgried lo
accelerate very low veloclly Ions, prowde a higher bemn current and
extend the mass range up touranium Ions Argonne ISalso prowdmg
Nb splil.rmg resonators for a booster al Sao Paolo, Brazil, JAERI m
Japan m constructing 40 Nb quarter-wave structures. Several other
laboratories are planning and protyping resonators for future
boosters.

Storage Rings

Based on successful storage rmg beam tests and installations in
TRISTAN and LEP, plans are underway 10install a complete SRF
system to raise the LEP energy to 100 GeV usng more Ihan 320
meters. At DESY, construction is m progress 10inslall 16 cavities (4
cells, 500 MHz) m HERA fo raise the energy of the electron ring and
reduce the polarization time [6].

Reclrculallng LhIacs

NiI cavilies are replacing normal conduchng systems m medium
energy (4 GeV) eleclron accelerators for nuclear physics. When
completed in 1994, CEBAF will use 180 meters of Nb cavities (7]. In
addition to lower overall power consumption, SRF cavilies offer
special advantages for nucfear physics electron accelerators in Ihe
form of hgh average currents (1-2xt 00 I@, continuous beams (100
‘A duty cycle) and excellent beam quality. In a cw superconducting
machine, the d phase and amplitude can be controlled very
precisely, resulling in an energy spread of 2X10”5. vs 2X10.3 !yplcal
for a compehtive no{mal conducting hnac wilh a pulse slrelcher A
IOWtransverse emittance IS also essenllal to minimize the
background events due fo beam halo. For a gwen desued average
current, a cw machine can have lower peak currents which reduces
the emlflance degrading interaction of fhe beam wllh the cavity and
vacuum chamber. For CEBAF, fhe expecled emiltance is 10“g m.
rad at 1 GeV, as compared 102X10.7 m.rad for a normal conduclmg
opl:on.
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The Cornell cavity des[gn was chosen Ior CEE3AFbecause II

exceeded the performance and higher mode dampmg fequlrements.
and was proven in a beam at CESR. In Ihe indusirml protolypmg
stage, 10 cavities were produced by VCMIOUScompames and tested al
Cornell U and Wupperfal U In acceptance Iesls, Ihe average
gradient was 10 MeVfm and Ihe average Q was 7x109 al 2 K, Iar
exceeding Ihe rmachmedt?slgn spt?cdlcalions of 5 MeV/m afld 0 =
2.4x109 Industrial and m.house (CZBAF) produclmn o! cawltes has
slarled. The average of Iirst 10 cawles :s Eacc = 9 MeVi,n [~ A lull
scale cryo-module comprismg 8 cavilies was lesled, reaching an
average gradlenl ot 7.5 MeVlm and acceptable 0.

Progress conttnues on the installation 01 a 130 MeV
recirculating Iinac by a DarmstadUWuppt? rfal collaboration. In
Saclay, France, a machme (ALS 11)[8] similar 10CEBAF is urider
planning, SRF lacllllies have been mslalled, 1.5 GHz 1-cell and
mulll.cell cavmes tested, and a pIlol accelerator SeCflOflis WKhWay.

Future Appllcatlons.

B-Factories

Recently SRF cavities are under consideralmn for advanced
storage ring colliders I- ~eB.quark energy range (5 GeV + 5 GeV;
with a target Iuminosl!j Jt 50 . 100 times CESR’S world record ot
,032 per C p s s machines call for very high beam

:urren!s (amps) Theretore low Impedances are a must. To prowde
fighter focussing needed I higher Iumlnosily, anolher teature
exploited is the use of very short bunches, e g. al< 1 cm, calling for
even higher voltages As for olher storage ring apphcalions. SRF
cavities offer high accelerating voltage w,fh low impedance al
substantially reduced wall plug powar.

There are major development challenges ahead 10advance tha
capability of the presenf generation of storage ring SRF cavilies to
carry the needed amps 01 current. New fundamental and higher
mode cc.lp!ers wilh higtler power capability have 10be developed.
Higher modes need 10be damped heavily (01 < 100). An attractive
approach to meet these needs is to dlstnbufe the input and output
powers over a large number of single cell cavilies each equipped
wifh couplers A possible B-faclOw parameler list calls for an inpul
power/cell of 500 Kwatts, a total HOM power loss of 15 KwaltYcell.

Free Electron Lasers

The first free electron laser (cEL) at 3 micron wavelength was
demonstrated wifh the electronbeam !romthe superconductingIinac
(SCA) at StanfordUniversity[9].

Amongthe many candidate driversconsideredfor FELs, the d
Iinac IS in principle suifable for a bread range of laser wavelengths
from inha-red to wsible to ultraviolet. For S hwavelength FELs,
good beam quality and high peak currenfs are essential features.
For reasons dlscusse ? in connec!lon with nuclear physics
accelerators, SRF Iinacs excel m bofh beam emitlance and energy
spread. For example al 90 MeV, an emitlance of 10-8 nm.rad and :11:
energy spread of 3X10”4were achieved in Ihe SCA.

A Iinac driver offers high extraction efficiency and therefore
higher average power. In the SCA experiment at 1.6 microns, more
than 1°/0 of the beam energy was converted !0 laser energy as
compar6d 10 O.OO1°/.[10] in storage rings. For high efficiency,
enetgy recovery in a SRF Iinac has been demonstrated in principle at
the SCA [11] The overall system efficiency, definad as photon
powerouwf power supplied fo the beam was increased by a factorol
10

At INFN (Ifaly) [12] as well as al JAERI (Japan) [13], infra-red
FELs are under consfrucfion using 500 MHz HERA and TRISTAN
storage ring cavities. Modern SRF sfruclures can handle much
higher peak currents fhan Ihe SCA as shown in storage ring beam
tests (> 1000 amos).

Pltsc

Los Alamos is considering adding 500-920 MeV fo its pion
Iinac using SRF cavities. Because the pion deacys rapidly, higher

jracllenfs are desirable The laboratory has acquired SRF
Technology, and is Iesfing Nb cavilies af 3 GHz and 805 MHz, A
momentum compactor c (402,5 Mhz] for the ow energy pion
beam was ordeted from industry and a gradient of 6 MeV/m was
achieved. A PILAC technical workshop will be held a! Los Alamos
following fhis conference. Nb cawty apphcalions are also forseen in
upgrades fo LAMPF and cwnpacf FELs.

Superconducting Linear Colliders

The mosf prommng techmque for producing e+e- inferacflons m
{he TeV energy range ISIhe {inear collider In contrasl 10 exisflng

apphcafions discussed above, the rl m~~f necessarily be pulsed to
keep Ihe ref:igerafor associated capilal and operafing cosf of such a
large machine affordable. Although pulsed, a high duly cycle (few
0/0]refains many of Ihe inherent advantages of Iile superconducting
approach discussed below.

TESLA Workshop A 4-day Workshop on a TeV Energy
Superconducting Linear Accelerator (TESLA) was held at Cornell
!Jniversily on July 23.26, 1990. The purpose of the meeting was to
work on an improved paramefer list for TESLA, discuss related
accelerator physics issues, explore ideas on improving gradienls and
on developing accelerating sfruclures/cryoslats suifable for TESLA,
review COSIS,advance ideas for cost reduction, and arrange
collaborations for work on TESLA issues. Aboul 70 scientists
participated from the laboratories at Argonne, BNL, CEBAF, CERN,
Cornell, Oarmstadf, DESY, Fermilab, IHEP Prolvino, INFN (Frascatli,
Geneva, Milano), KEK, Lawrence Livermore, Los Alamos, Saclay,
SLAC, Slony-Brook, and Wupperfal. Several cavify manufacturi~g
Iirms were also present

A staged approach 10 TESLA was considered reasonable
(Table 1). However fhe slarfmg energy ISa function o! High Energy
Physics (HEP) Inferest and of progress in developing higher
gradients in SRF cawties. Linear colhders have the advantage that,
If a suitable slfe is selected, the length can be extended periodically.

T 1
Possible TESLA Machlne9 Depending on HEP Interest

Energy
(GeV)
Linac

50
150
250
5

7

Lumin.
(cm-2
see-2)
x to~J
2.6
1.8
2
5.1
10

Length Gradient Beamstr. Physics
(km (MeVlm) ahlung
Linac) 6

3.3 15 0 Z-Facfory
75 20 .003 Top Fac,
10 25 006 e NLC
16.7 30 .09 = JLC,TLC
18.8 40 .62 ● TLC-I .5

Parame:er Ptrllosophies In fhe pas!, several different
approaches have been used to develop a parameler set for a
superconducting TeV linear collider. In one approach, Sundelin [14]
adopted beam parameters for Ihe final focus and the source as in the
SLC, wifh !ne hilosophy IfIal fhese are demonstrated. A design

fluminosity -IO 3 cm-2sec-2 was achieved in a 2 TeV CM SRF Iinac
wifhout culling for major developmental efforts in areas such as very
small SP21size at the inferaclion pomf and accompanying very low
emitlance al the source. In another approach Rubin et al [15]
considered a 1 ToV CM machine wifh L -8x1033 cm-2sec-2, and
adopled all the actances in source and final focus thal a normal
conducting TLC would count on, such as Ha! beams of aspect ralio
100, final vertical spof size 01u -2.2 nm, s e E =

1r 1 p a v s bunchI nglh, u = 70 pm. A lowIre!;uency
“iSRF Iinae was substituted tor the hlg frequency, high gradient

normal conducting Iinac.

At the TESLA workshop, a middle road was followed to lake
further advantages offered by an SRF Iinac which allows higher
beam p b v o I hi her efficiency. Thus it was possible

2.to reach L = 5X1033 cm-2sec- m a 1 TeV CM machine and relieva
fhe final focus spot Size tOCry-100 nm, use smaller aspect rafios i-
25) and larger source emittances with SLC like bunch length. In
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Table 2, we presenf one of lf’ie TESLA parameter sels generaled and
compare it wllfr Ihe corresponding normal conducting machine
(NLC), as well as wflh Ihe SLC.

TABLE 2
Comparlaon o? Possible Parameters Between TESLA-1/2

and Normal Conducting (NLC & SLC) Linear Colllders.

General
CMEnergy
Lummairy 1/33
LengtMinac

Source
Parliclesrbunch
Bunch Length
emiffance x/y
emiffance y(En)

f iF o

;

%.
‘JX
Dv
H
Beamstr. energy
spread 5

TEsLA-1/2
1990

1
2
10

4.2
2
25
1

19.5
5
101
998
865
179

0.006
Beamslr. parameter Y 0.02

L i
~requercy
Accel.Gradient
o
OL(HOM)
Rep Rate
RF Pulse Width
Bunches Per Pulse
Bunch Spacing
Tolerance
Peak Power/length
Total peak power
Beam Power/linac
Wall Power
Efticlency(%)

1.5
25
8X109
,.5.106

20
1598
400
1200

004
400
13.4
75
18

NLC SLC

1 0.1
2 002
2.6-5.2 3.0

0.7-12 5
.07-.1 1
100 1
0185 15

28 7.5
0.087 7.5
2.4.3.6 1463
162-429 1463
17 0.7
~ 2

.11 .001
02

11.4 2.86
5CI-1OO 17
, C,4 1Ot
20 ,04

120.360 120
0.06..08 9
10
1.1) (’18)
26 100
120-245 69
6.2x103
0-3-1 0.05
50-100 26
1 02

Units

TeV
cm”2sec”1
kmelers

,010

mm

Am

mm
mm
nm
nm

GHz
MV/m

Hz
psecs

meters
pm
Mwaffslm
Mwarfs
Mwafts
Mwarfs

.....................................................................................
Attractive Features of TESLA The TESLA parameters provide

a slgndicanlly smaller beamslrahlung induced energy spre~::. 6, (by a
factor Of 18 for Table 2) Improvingthe physicspotential,especiallyin
cases such as a Toponium factory. The beamstrahlung parameter T
is substantially lower, drastically reducing backgrounds due to the
eieclron-posilron pairs generated by beamstrahlung photons. A
larger beam size Uy makes it easier to bring fhe beams into collision.
The l bunch Ienglh, crz, eliminates the need fOr bunch
compression. The smaller ratio of horizontal /vertical emitlance
(educes coupling between the two planes which cm dilute emillance.

Peak RF Power Because losses are so low, SRF cavities can
be filled slowly, drastically reducing the peak rf power demand Overa
copper Iinac, for e.g., from 240 Mwatts/mefer to 40 Kwatts/meler as
in the above example.

Higher efficiency Because the energy can be stored for long
pulse lengths, many hundreds of bunches can be accelerated,
increasing the overall conversion efficiency from ac power to beam
power

Low rt frequency The inclination towards higher rt frequencies
in normal conducting iinacs makes Ihe wakefield effects very serious,
the number of power !eed points per unit structure length very large

and the d pulse lengths very shorl. Because of low losses, SRF
Cavilies can StOre energy efficiently, allowing the use of low rf
irequency (1.5 - 3 GHz). At these frequencies, transverse wakelield
effects are substantially reduced, relaxing requirements on alignmenl
tolerances and injection jilter. Wilh reduced longitudinal wakefields,
the energy spread affer acceleration is smaller, so that fhe energy
bandwidth 01the final locus can be made narrower, permitting larger
final quadruple apertures, and precluding Ihe need for crossing
angles and relaled complicahons.

Rf pulse l a b s Because SRF cavities
can store energy efficiently, the rf pulse length can be many
thousand limes longer than for copper cavities. A large number
(several hundred) of bunches can then be spaced far aparl from
each other (km), eliminating the possibility ot wrong Dunchesrunning
into each other al the collision poinl. Wilh the large bunch spacing
and lower wakefields, the damping requirements on Ihe higher
modes are considerable relaxed. To avoid mulflbunch ins!abilifies,
normal conducting colliders require very heavy damping (OL < 1 fOr
the transverse higher modes of the accelerating sfruclure because ot
Ihe close spacing (3 meters) of the bunches within the short d pulse
Ienglh. Wilh this close a spacing, many bunches are present al the
same lime in Ihe interaction region, making a crossing angle
necessary, which complicates Ihe final focus syslem, and places
severe requirements on Ihe final focus quadruples.

For the TESLA wor16hop, the program LINACBBU was used to
calculatethe transverseblow-upfactorfor each bunchin 200 bunch
train with 1 @ec between bunches (1.4x1010 population). For 1.5
GHz Cornell/CEBAF SRF cavities. it was found Ihat Oexl c 106
yields a transverse blowup factor of only 12 [16]. SRF cavities for
storage rings need OL -104. The reduced damping requirement
can be advantageously used 10lower structure costs by increasing
Ihe number of cells per slruclure and by reducing the rwmber of
couplers per module.

Challenges for TESLA The capilal COSIof TESLA is
dominated by “he structure. Thus the major challenges a 1
increase the gradients and lower the COSIS Progress Iowards the
first is discussed in the next section. Substantial progress has been
registered towards lowering swucfureCOSIS[1?’J.Polarized cells have
been developed 10orient deflecting modes so Ihal a single COUPler
can damp both polanza!ions of Transverse modes. Nb polarized

caviies al 1.5 and 3 GHZ have been buiff and tested to show that no
mullipacting occurs from the polarizing shape distortions. Cavity
Iabrica!ion procedures have been simplified. Machined steps are
t?liminaled at cavily weld joints and new parameters developed thal
allOw all cylindrically symmetric welds 10be performed in one pump-
down 01the weld chamber. Ca,culalional Iools have been developed
to predict the Oexf achievable by a coupler placed on the beam-pipe
past fhe end cell. Predictions are Ihat in Ihe highes: impedance MOde
families, increasing the number o! cells 1010 slill allows folerable
Qext values,

Towards Higher Gradients

The presenf stat? of the arl of gradients achieved with
structures for electrons is shown in Fig. 1. Achieved gradienls m off-
line tests on more than 70 meters of structures average close to 9
MeV/m. Key aspecfs responsible for this outstanding performance
are the anli-mullipactor cell shape, high thermal conductivity Nb to
stabilize against premature breakdown of superconducfivily and
clean surface preparation 10ensure low field emission.

At 1.5-3 GHz, Ihe best 5.cell and 6.cell acc,eleralingstructures
from four different labs reached surface electric tields between 33
and 40 MV/m (Fig. 2) wifh fhe standard chemical surface treatment.
In structures with reduced EsplEacc = 2.1, of which the Cornell
structure in Fig. 2 is one example. !hese results correspond to Eacc
= 16.19 MeV/m. Thus several labs have now provided exisfence
proofs for Eacc >15 MeV/m in full scale accelerating sfructurcs

Field emission is recognized 10be Ihe dominant obstacle 10
reaching higher fields. Efforts to reduce field emission by using a
UHV furnace lrealmenl in the final sfages of surface preparation
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have maae sleacfyprogress. Us,ng sand slate gellerlog with TI,
technques have been devebped that simultaneously Improve the Nb
thermal conductwily and provide a cleaner RF surface. Wllh heal
treatment at 1400-1500 C, 1.5 GHz single cells ~est.d at Carnell,
now reach much hlghor fields that cavities with standard preparalon
(Fi 3) The averacfe surface field is 50 MV/m al (1 values above

@10 , wllh 60 MV/m as the recard besl va!ue (Fig 4) Wdh Ihe new
heal Irealmenl al Wuppertal, 3 SHZ single cells have reached Esp =
70 MV!m. and a 5.cell, 3 GHz structure reached Esp = 67 MV/m
These values correspad 10Eacc = 24.32 MeV/m (Fig, 4).

Exploration has started on an alternate Iechmque 10overcome
field emissian using pulsed high power for processing emllters. Wl!h

CEBAF, CERN, Cornell, KEK, DESY

20 -—
56 Structures, 70 meters 6: ”’J9t - :!a

f

n

1
I

.
2345678 9 10 11 12 13 14 15

Accelerating Field (MeV!m)

Fig.1 Present stale of the arl m gradients achieved in high purily Nb
structures.
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Fig.2 Existence proof provided b“ several labs in mulli.cell slmcfures
Ior Eacc >15 MeV/m. -
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Fig.3 A comparison betwean haa! treated and chemically treated

(standard) l-cell, 1.5 GHz cavities prepar(rd by Cornell
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pulses up to 1 msec long and power belween 2 and 50 Kwalts, the
ansel of tield emission in 1-cell, 3 Gfiz cavities was m u f
Esp = 20.30 MV/m la fields of Esp = 36-40 MV/m Recently, in a
9-cell, 3 GHz accelerating structure, pulsed processing was used 10
pracess cmlssion from Eacc = IO MeV/m, O .109 to Eticc = 15
MeV/m O. 5X109.

B S In RF Sufzerconductlvity

Wllh the newest heal trealmenl Iechmques, average surface
magnetic fields of 1200 C)e,with a maximum of 1500 oe have been
reached in 1.5 GHz, 1-cell cavities. A Nb cavify aperating near the
theoretical Iimif se! by the crilical magnetic field (2000 Oe) needs 10
supporl an rf sutlace electric field -100 MV/m. A basic question M
whether a Nb suriace under any candition WNIolerate fhis value. In
a specially designed ‘mushroom” shaped cavily at Carnell [18] and in
an .RFO-type. cavify at Arganne [19], cw surface d elecfric fields of
145 MV/m were demonstrated wiltwul breakdown, whalea pulsed (1
msoc)fieldot210MVlm was reached in me RFO.

Using a high speed temperature mapping system, extensive
studies have been earned out on Ihe nature of emitters in rl cavities,
under variaus surface Irealmenfs. Results show that, like emulers
studied with dc fields, emissive areas are randamly distributed
between 10”8 to 10-12 cm2, and ~ values fall tzelween 100 and 400,
with a distribution increasing sharply for lower ~ values. The density
of emitters is aboul 0.2/cm2 al 40 MV/m with standard surface
treatment, falling by a factor al 10 with heat Ireafment, which also
shifts the distribution of ~ down by a factor of 2. Clean aw,water and
melhanol are proved not to bring emitlers in cavilies. Chemical
residues or minute impurity inclusions remain as pos.wbilifies 10be
investigated, a!her than debris introduced by improper cleaning ar
assembly procedures. Condensed gases are shown to enhance
emission from potential sites, and He processing is shown to be
ettecmre against the associated emission.

A lM at B Nb

N [20] The chief rnativatian in devebping Nb/Cu cavities is
10provide increased stability againsl thermal magnetic breakdown,
Other adva~ages are Nb material cosf savings and fhe elimination of
magnetic shielding ailowed by the lower sensitivity 10thti earlh’s
magnetic field. The possibility of hydroforming fhe base copper
cavities fOrfurther cost reduction is also ur?derexpiration.

Several full scale LEP styie cavifies have been tesfed, Early
Caatingsgave disappointingperformanceattributedla Ihe presence
of fOreignparticles,whichwhen buriedurtder the Nb, produce blisters
in t film. Weld areas were also found to be trouble spots.
improved cleanliness before coating and improved welds wifh an
infernal e-b gun were found 10 ameliorate coaling quality
reproducibility problems. Strict adherence !O an elaborate sequenco
of procedures is essenlial.
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Al low Iield, O valueS ot 1010 and, al 5 A!\’/m, 0 values O!5.7
x 109 were obtained in the best of the Nb/Cu cawtms Unlike bulk
Nb, losses are observed 10increase wllh increased Iittld even Wore
field emlsson Iosscs start. The besl cavlly reached !1.4MV;m alter
10 hours of d proces$lny. Sputter coaled cavllies have also been
Studied al 500 and 1506 Mhz The res!dual resistance was IJmc 10
scale wllh 12. mcreasmg from 4 nil at O35 GHZ 10 100. 2,)0 nil at
15 GHz [8].

Nb3Sn [21] Nb3Sn is a prommng malerlal because of IIShic’ler
Tc and higher Iheorelical d critical magncllc Ileld (-4000 oe)
Compareci to Nb cavllles, 0 Improvement factors of -200 are
achieved al 42 K Q values close 101910 have been measuied al
42 K over 1 .3 GHz cawlies. The residual resistance IS obswwed 10
scale as 12[8].

Cavity Q values are sensvile to the cool down rate because ot
trapped magnetic flux generated by thermoelectric currents. Cl
values are also observed 10drop permanently d there IS a local
breakdown, again allrlbuled to Ihermoeleclric currents. Residual
losses increase wllh increasing field, f eg a 3G 1
n Q w ot.rserved between low Ilelds and Eacc . 10 MeVlm.
Typical accelefahng fields for low purity base NtI are 5 MV/m, while
best accelerating field values al 42 K and 3 GHz are -10 MeV/m
usng medium purlly Nb (RRR = 160).

High Temperature Superconductors [22], The new
superconductorsotler Imporlanl polenllal advantages:the d critical
Ileld IShkely10be more Ihan 4 limes higherthan Ior Nb, suggesting
the Iutu-e possibility of gradients as high as 200 MeVlm and
operatingtemperaturesas high as 77 K.

TO be competitive wilh Nb for accelerator application at tho
same d !requency. lne surface resmancc of a high temperature
superconctuclw (HTS) may be as high as 10”5 f) (as compared 10
10-7 Q for Nb) because Ot the increased overall rctrigeralor
ettclency

Observed properties o: bulk snlered ceramics fall tar short of
Ihe minimum desirable values For example. al 500 MHz, best
values are 10-4 ohms al 77 K, mcreaslng wilh trequency as t2

Moreover, Ihe resistance increases rapidly with mcreasmg d surface
magnetic fieldto 10-3 ~ al Iew Oe and 1010-2 flat 20 Oe. Oriented
bulk ceramics show lower losses al k)w Ilelds in Ihe good orientation.

High qualily crystals and Ihln films show significantly lower
resistance and oetter behavior WIIh mcreasng Ileld. Al 6 GHz a
90 (le, the resslance of the crystals remamed below 5xIO”4 Q at 20
K, showing that Ihe high resistance of Ihe bulk cer~mlcs al high fields
6 also not an mlrmslc property of HTS.

Al this performance level, HTS films are attractive tor passive
electronic apphca!ions, such as mul!lpole band-pass tillers, bul not
for accelerators

CONCLUSIONS

RF supercor.:uclivity has become an imporfar,l technology for
parllcie accelerators Practical structures wfih allracli~e performance
levels have been develcped f a varlely ot apphcallons. over 100
MVOIIShave been installed m accelerators Ior heavy Ions and over
300 MVCI!S for electron accelerators [23] Experience in Ihese
machines shows that high accelerating tlelds with low rf losses c~n
be malnlalned for operationally slgnlticanl lengths 01 time.
Subslanllal progress has been made In understanding field
Iimltalions and in inventing cures through beller cavity geomelrles,
materials and processes. The technical and economic polenllal of
RF supercondirctwlly makes it an importanl candidate Ior lulure
advanced accelerators al both the luminosityas well as the energy
Irormers.
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THE ATLAi3 POSITIVE ION INJECTOR

1
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A b

This paper reviews the design,
constructionstatus,and beam teststo date
of the Positive ion injector( which is
r~placingthe tandeminjectorfor the ATLAS
h~avy-ion facility. PI1 consists of an ECR
ion source on a 350 KV platforminjectinga
very low velocitysuperconductinglinac.
The linac is composedcf a independently-
phasedarray of superconductingfour-gap
interdigitalresonatorswhich accelerate
over a v e lr ao . t . I
finishedform, PII will be able to inject
ions as heavy as uranium into the existing
ATLAS linac. Althoughat the presenttime
littlemore than 50% of the linac is
operational,the independently-phasedarray
is sufficientlyflexiblethat ions in the
lowerhalf of the p e rt ac b
acceleratedand injectedintoATLAS.
Resultsof recentoperationalexperience
will be discussed.

Introduction

Since the firstoperationOL a
superconductingheavy-ionlinac in 1978
[1],the numberand size of this classof
acceleratorhas steadilyincreased[2].
Until the presentproject,all these
machineshave servedas post-accelerators,
increasingthe energyof beams from tandem

electrostaticaccelerators. The largestof
the post-acceleratorsis the ATLAS linac,
completedin 198!5 [3]. Performance of the
ATLAS facilityhas been limitedby charac-
teristicsof the 9 MV tandem injectorto
m A c 127 and to beam currentsof
typicallya few particlenanoamperesfor
the heavier ions.

S years ago, we u tO
replacethe tandemportionof ATLAS with a
new injectorwhich would providegreatly
increasedbeam current,and extendthe mass
r of ATLAS to u . The posi-
tive ion injector(PII)projectwas
motivatedby the availabilityof electron-
cyclotronresonant (ECR)ion sourceswhich
can providehighly-positively-chargedion
beams with good transverseand longitudinal
emittance. The technicalgoal has been co
incorporatean ECR source into a super-
conductinglinac injectorwhich maintains
and exceeds tandem-likebeam quality while
matching the beam into ATLAS.

Constructionhas proceededin several
phases. First,the technologyfor a very-
low-velocitysuperconductinglinacwas
developed [6,7,8]. At the same time an ECR
source was designedand built on a high
voltage platform [9,10]. The source, beam
transport and bunching system, and a small
(3.5 MV) portion of the linac were com-

POSITIVE-ION INJECTOR ANL-P-13448
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pletedand firsttestedwith beam in early
1989 [11]. Early this year, the systemwas
operatedwith 7 W of linac installed. PII
will be fullycompletedin early 1991when
the linac is enlargedto 12 W. This final
injectorwill accelerateuraniumionsup to
more than 1 MeV/A, e f A t
acceptthe beam and furtheraccelerateto z
8 MeV/A.

in what folluws,the designand status
of the severalelementsof PII are
reviewed,t r of operationaltests
are discussed.

Elementaof the PXX Byatem

The e la l of PII are
shown in Fig. 1. The primaryfeatures,
reviewedin detailbelow,are:
1. A? ECR sourceon an open-air,350 KV
high-voltage platform, designed to produce
beams up to uraniumat velocitiesof .008c.
2. A two-staqeharmonicbunchingsystem
which producesbunchesof lessthan 300
psec t iwidth at the linacentrance.
3. A very-low-velocitysuperconducting
linac,which acceleratesover the range
.007c 0 < .06,and which producesvery
littleemittancegrowth.

I

I

I

7
.

m

—

—

[
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ZCR aourco and VOlkagOPlatform

The ECR source is in most respectsa
typical 10 GHz source. Uniquefeaturesare
operationon a 350 KV platformand provi-
sion for radialaccessto the plasma
region. This latterfeatureis to facil-
itate introducingsolidsourcematerials
(in the form of wire, for example)i the
plasma. To providegood beam bunchingand
longitudinalbeam quality,the platform
voltagemust be stableto betterthan 1
part in 104.

Constructionof the ECR sourceand
high-voltageplatformwas c i
1 The sourcehas been used sincethen
both for beam testsand for severalatomic
physicsexperiments: much of thiswork has
been reportedelsewhere[9,10]. Some
importantresultsare that: 1) a varietyof
beams have been producedfromsolidsamples
‘ith ‘er# high efficiency,2) more than ~
e#A of 2 U2k”has been produced,and 3 t
v on the high voltageplatformis
sufficientlystablefor excellentbeam
quality.

0 .

L o1

f (MHz] 48.5

9 0 0

1 2 2

4 4 7

Fig. 2. Four resonantgeometriesused for the injectorlinac.
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BO~ Bunching and Uaes Analyais

Mass a n ai p e rin two
stages:firstwith a 90° magnet o the high
voltageplatformwith a resolutionof s 1%,
and secondwith a larger90° magnet~t
groundpotentialwith a resolutionof * .2%

The two-stagebunchingsystemis
similarto that used for ATLAS. The first
stage is a gridded-gapusinga four-
harmonicapproximationto a saw-tooth
voltagewith a fundamentalfrequencyof
12.125 MHZ. The amplitudeof the first
stage is adjustedto form a time waist
about 35 m downstream,at the secondstage
buncher. The secondstage is a twO-9ap,
normally-conductingspiral-loadedresona-
tor, operatingat 24.25MHz, which formsa
time waist = 1 m downstream,at the
entra?ceto the linac.

B pulsewidthsare measuredwith a
fast detectorin which incidentionsstrike
a 10 A tungstenwire and the resulting
electronsare acceleratedto a channel-
plate detector. For example,with a 40Ar12’
b et p uf ob t f s
b u nw 1.2 nsec,and the secondstage
bunchercould form a 130 psec bunchat a
detector55 cm downstream. This time
spread is remarkablysmall for such a low
energybeam (0.061MeV/A).

The InjectorLinac

The injectorlinac is formedfrom four
types of inde-!endently-phased,four-gap
acceleratingstructures(shownin Fig. 2.)
The linac is based on the factthat short,
high-gradientsuperconductingaccelerating
structurescan be closelyinterspersedwith
short,powerfullyfocusingsuperconducting
solenoids. The rapidalternationof radial
and longitudinalfocusingelements
maintainsthe beam in much the same way as
does a Wideroe-typerf structurewith
magneticlensesin the drift-tubes,but
with the simplicityand versatilityof
independentlycor,trolled,modularelements.

The constructionsequencefor PII has
been based on this versatility. Fig. 3
shows the velocity{acceptancecharacter-
i of the four resonatortypesof PII.
The discretepointsrepresentthe sin le-

3%resonatorvelocityincrementsfor a 2 U2b’
beam, and the whole stringof pointsshow
the passageof such a beam through the 18
resonant cavities “that will form the final
configuration of the PII linac.

B of lowermass,however,enter
the linactypicallywith much highercharge
to mass ratios:the velocityinclement are
correspondinglylargerand the linac
requiresfewerresonantcavitiesof each
type to bring such beamsup to 13=.05for
injectioninto ATUS. In fact,the linac
can be configuredto providea useful

capabilitywith as few as five resonant
cavities,as was shown in the firstseries
of beam tests [11], To realizesuch
inherentflexibility,the linaczryostats
were designedto permitthe spacingand
sequenceof focusingand accelerating
structures ‘tc. be easily changed.

At present 10 of 18 resonant cavities
have been completedand are operational.
Acceleratingfield levelsobtained in off-
line tests average above 4 MV/m. The
averageon-line level is 3 MV/m, the
originaldesigngoal, but is presently
limitedby characteristicsof the fast-
tuning systemand is not believedto be a
fundamentallimit. The lowestvelocity
resonator (8 = .008),has over the past 18
months repeatedlyoperated,with beam, at
gradients above 6 MV/m.

Beam ‘ a O

The highly adaptablenatureof the
linachas permitteda serieso beam tests
as construction of the low-velocity linac
has proceeded. This has includedseveral
periodsof actualoperationof A
injectedwith the PII system.

~irst beam throughPII was obtainedin
February1989,with a 3.5 m configuration
of the linac. A IMA b o ‘ w
a ct a m a 3 MeV. In the
courseof these tests the beam was injected
into ATLAS, acceleratedto 1;J MeV, and
used for a brief (6 hr) experiment. In
spring of 1990,with a lo-resonator, 7 MV
configurationof the linac,anotherseries
of tests w performed.

A varietyof beams have been
accelerated,includin
4 0 /2 6a J “ “o’”,

In additionto
tests for shakedownand developmentof PII,
the system h been used to injectATLAS

v—. —t
,::-

; L—
: ;:2 ::1 .5:1 ;:5 .

kh’ab~ii.t,w.f .,

Fig. 3. Velocityacceptanceprofilefor the
r ef t l v
linac. The discretep s t
s iv i
f a 238U26’beam.
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a d eb f s ee x p
for a time period totalingmore than four
weeks.

Operationof the PII systemhas been
charactr.rizedby excellentreliabilityand
stabil~cy. Even in theseearly tests,all
elementsof the systemtypicallyrun for
extendedperiods,severaldays,with little
or no operatorintervention.

A primarygoal for the new iiljector
has been to achievebeam qualitycompet-
itivewith that of the tandem,especially
in longitudinalphase space. We have
measuredlongitudinalemittanceat the
outputof PII in a directand unambiguous
way by meask&”ingthe width of two time
distributions:1) the time spreadat the
rebuncherbetweenPII and the ATLAS lime,
and 2) the width of a time waist formedby
the rebu3?cher.

Measuredlongitudinalemittanceof
severalbeams is shown in Table I. It
shouldbe noted that the observedbeam
qualityby no means representsa limitfor
PII, as the machine is i s r
net in optimumconfiguration.ic is
alreadyclear,howtiver,that the beamshave
substantiallysmallerlongitudinal
emittancethan similartandembeams,and
tkat PII sets a n standardof q f
heavy-ionbeams.

2 u

oI I 1 I ,
J 100 2 3

A

Fig. 4. PII outputenergyas a functionof
mass and beam current. ‘i!:.>critical
velccityshown is the minimum
velocityfor acceptanceand f-~.”5her
accelerationby the ATLAS li.~ac.

TABLE I
M aL o

Projectile
3

1

1

6

5

5

8

Post-injector
Stripping

no

no

yes

no

no

yes

no

E

(KeV- nsec)
Tandem PII

<1.oir

1577

2olr

5

307r

4olr

19rr

C o

The resultsof beam tests to date
indicatethat all designgoals for the PII
systemwill be me’ Fiq. 4. shr~=,as a
functionof ion mass, t(teb currentsand
output enerqiesthat will be ava~lablefrom
PII-in its ~inal,18 resonator
configuration,expectedto be complete
early 1991.

Tests of the partiallycompleted
system alreadydemonstratethat the
combinationof an ECR ion sourcewith a
low-velocitysuperconductinglinacprov.
an alternativeto tandemelectrostatic
acceleratorsth~t is not only cost-

n

des

effective,hut can also provideincreased
beam qualityand increasedb current.
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Lt3N’ B}:TA L’N’LINACS FOtt INTENSE B

G hkhtichwl
AECL Research, Chalk River Laboratories

C R iO nC aKOJ IJO

A b

P ub i n ti i rc hp ah f
n e us oa n eb af m ia p pl
h ab et r et e ca d vi c I t e ci
r ey eA l tno onc has ye: broken the record for h
c u ri a cw l is o 35 y“carsa by t MTA a c c
R a c c es me nt f w it h b oo
a h !hfark1d rt a coming C1OSC,a p ro r-
o f - mb r ibeams. A b rh io C h y
h nw b g iC e x pw t p ro p
75 mA RFQ accelerator at C hR iw b dcscribcd. An

obcn”iew of the cn.ogenicall}”-cooled D R a dritl-tube Iinac
d [ h i n sn y a A rw b i n

I r s t

~c s to i o wc Iinacs for inwrsc b k r e
o o a c c ct e cJ e v eT have been
numerousplansto uscintensehigh-energyproton, H, or D beams,
twt only the low-energy sectionsor prototype cavities for the high-
energy sectionh b o a b cb u

H i sS u

Lisermore fhlTA)

T MTA p r oa L hw t f t i nh
c u rc l iA s eof prototypeaccclcrmorswas buii~wcr
the period fmm about i950 t 1 9Tnc eventual goal was to
b ua 3 h > m d ea c ct b
p l uf n uw ~ p

The fsrst pmtotypc, Mark-1, could not reach ~hc opcratirtg
gradient rrqLired f d e ub i 1 i a c c~ m
o p mt 1 M a 2 d f aa 1 m i a C
o p cm oT a c cw a 9 -1 m l b 1 m
d i aA ll iw s o lm ai t d t u
k o p ea a m of r qo 1 M a t b b
h od i aintheh i g h ct uw a l1 m ( l
e nt c o me na m oR a c c

ThefuudMTA acccle.ratnr,A-48,c o ma q u a
a c c ea h 3 m d i a6 m l o4 M A 1
t yc a v[ u x xm t 1 m c o p rt
3 .M a 3 m o d e ut 7 M D et
p m bcncourttcred with MTA (sparkinga d at d
t u bt hw a c c eb ua o p ei 5 y s t
a a s wa d t p c c uo j o 1 m
L e go MTA i n ca n g e no I , ; gr
a m p lu i s na u ba c ca a s uo
c o p ps p fw iw hs el a c c
w on h b c o r t

L A ( L AI

L Aksmos, in conjunction with the }{anford Laboratory,
pmposcd to huild a Fusion Ma[crials Irradiation Test (FhllT)
fac~lity,an 80 h 3 h 1 m d l w a l
l it aa a i r s f m s f
f w aW o t F a cb a 1
w p t b t f 5 h s a a p a L
A p 1 c ot f f a H O t
f 2 hlcV stage, dc injector and R h b o a
c of a 2 ! 5 h A s f w f
y l p f t f w h due to escalatingcosts
a l o a go t f am

L A p hr w i t p t i
would bc e xd it a t i b c
a q ur eo F w c od a
c oA t R F Q (
a ch b i 1 y a a RFQ
d cw t p i t U i w t F
r ea t r ed cw o t P (Pmof-
o f -accckrator that intmducd the RFQ to the world
accelerator community outsidethe l M o t R n
o po b b w d u c c a
d r ed eb t t w o F — a
e xo h c l e w t n get b U
p rs h a a ct

A lt a m p R a t w t
F R s “ F 1 w t f a u r t
o h ic R Data f F s i c
t ha d f C R c p a f t
e s o t U N Particle Beam ( p T
F R o pt d c f ( f o
1 K ia a cm t 5 m o H ( o
d c tto f e ( M D a w
n a tt a a cp H a ● s w
n t a uk s a d l t f
n a H● b h w d o b

c oA w t c w M a c s a
C R t F RFQ cxpcriencd n p w
r h a( sd a m o r S M
p mw s b c i s w t
n iF e n( l h i t c
r a U c o t v i a R w f r o
F

S ut F L A began another cw R
p ra c ow t C L t d
h c uh b q r oc c f
t n ep ab ( p a c o t
S tD ! n( p T d f t
3 M M p R h b complti, but no hardware
had be.cnbuilt w t c RFQ progmm was tcrmirtatedin 1988
(lmausc of budget l ia t d w S t
c or eo a c d eT d
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Fig. 1 Cutuwaydrawingshowingdetailsofthc manifold-coupled
FMIT CW R

broke n g ri t p ru o h i gc o
a l lf a b rt e c ha t hm a nt c o
f r es hd ur p oc h

Chalk River (CWPL, RFQI)

T C hR iC l ip rs ti t m 1 9
w ia p r ot b ua 6 m 1 G p rI a a i n
n e us of p hr c .L M a F t f
m a cw n ef ub a l M a F p r
w ow u n dT r ei t f c p rl
s iM a 7 k d a c ca 3 M 2 M
A l vContinuousW P rL i( CThroughout its
h i sC w p fb a c o mo physicaland
budg@wy problems, and first beam ‘was not accelerated in the
Alvarez accclcmtor until 1981. The p rw e i 1
h aa c c ej o 5 m ( o d ec c u
H o wm w I ca bt s h ao b e
c o of C m i nc ui d r is ta d e
o c o m pf c I i

I n ti c l ia C hR iw m a io t
1 9a e a1 9b p r of a c ct b
f i if f p or ef t ho u r
O p t is ts ht = 3 M o p rb
p o( b c1 a 2 G e nw r ea d e
o a p r oi n jt d e mp r o o fo t f
1 M o s a b raccelerator was begun in 1980. T
3 m o c p rw s b es t a t( t t
t f iR a L A lP h d e m3 m i
s hp ut i w d ea a i n ts t b a
l oc uc R u st e x2 M c r
a m p lA t f r ea w c o na s s
o w hp e l ef ic ob u at d ec u;
f t R w c a lt b 7 m T a c cR

a cf b-m in 1988 and is at pment the only opersting
highatrrent cw RFQ.l

C O pE xw R

T R a cc a 5 k 9 m &
i na 6 k 2 M R a s s A
c ud o t R i s i F 2 I i a c
e l em iw ( F l b w
s O c v t s t i n r o s b
t t d at p a e m N t t r
f iA d f ( k i np s f
2 M s tp i 1 k r 1 o t f
t F RFQ. However, because of tie h f t
s up d i 4 t t o F ( vs 1 W
I t u nr a t e o t v t M c
p ra s p e no m t a f o 5 (
a 4 W a t eo > 2 h b
m eo t v ar s i t a O
p a t c odcscnbe in detail the diagnostics d
a h o po R

/( \
“

~. \ ,“ ““--]J-..

T , .

\ .-

‘L---

.

F 2 C d o I oR R s
i no v t s i s o s t

H io t f t y o o R i

A co 6 m C 9 o d
S oo i b cp t i
m u lR t rf 3 t t d
8
O pw s a m us
M os t t p f a c
p l a p8 W
A p i a r c l T l
h u t 1 k o c p f t y b
n f a l t 1 k
R l a w a n c S a
S U Pc a t c c
t r ar f d ir V a
I t r t c l

519



Reliable cw operationof vane-coupling-rings(to supprem
dipole f ti t R a o d e f“ r a
v a n er f /s e

N v ad e st o pa h ie lf w b
installed t u pt R f at 1 M cT v
a b ef a bf a ld i s p e rc o
( h i g h -h c o n dc oa lT L A l
R d er c cd e vfort B a c cw
u st m a xt e ng n t 1 m l v I c
t hw f i t R t a

C Wt “ NG e nC L

G rA e rC oa sb t C u
L a b oa L A lN aL a ba p r
b u ia c r y o g e n8 m C 7 M D l i
T C o nW D c uD c m( Ci t
d e m op r o o f +o t f is o a a c c
s u kf a s p a cN w es yH b
q u as pt r a cr co p ea h r e la
p r ir q u iC w b i n sa U A
a c c et ep c r fa A rN aL a b
f o lw hi i c x pt t a c cw b t
o vt A rf f s se x p eI n so m
c o m pa A w b ei m i dw d c mo
f uc b scheduled f r n i

T C a c c ec o ma 0 M 9 mA dc D
injrxlm, a 3 M R t a c c e8 m t a oJtput energy

of Z M a a s it 7 M o ue nr a
g r rd n tf i(RGDTL). A c o n& ao t
a c c ci s hi F 3 T R i n e4 m l
( 4X a 3 M Hm u o f o1 m l i .t b
t o gE u i f a bf f t c l hi n
c k c ta tm a ct g a s im o ns t
s i mt t s u c cu f t B a c c1

/’
/

. Y

Y“-,

F i3 C o nd ro t C 8 m c d c
c e dF I cd ti>tedor, R D H
w b em af b ca nb s

H s c ( to t o o 5 A f
a 3 M s tf o t i o a 4 R T
capacitance in artR r i m t t v t
s t c hc u! m a t v s a
c i ra t c ot w A w a
m a v s s t( t s s
e l wg a c oi s T m t
t m r fp i t R i f o m j
e lo o t m f af ( i h r
c ur eo a p c D a R a

CWDD d s ih b q t a
p rR r a c c a o e
o v d ie f f a m f
E ma b rp rf C h n b
r eH oi i no t i i beam
quality from M t C c b i f t f t
s p a cb r i R a c i
p rt f rS s o ~ L B
i gc i f p f / e b R
a D a d ib p a d o c
u t q uI a a “ io r b b
D a a cc ( a I f ( a
“ r e lf ( n t M M 1 = 1
[ t l o l r a g i T I B h n
y g b b t a v m b

T I
A pR B B

Linac

M

A

F

C

R—

C

=-P--P--4=--I-Q-
2 7 6 1 1

3 8 3

“ I Mb o p p c
- S of ow u i t M D s r

brightness nismbcrs f M a t g I t
d , b r i u a t i o b
s t i f M t C i o 2
i o t 3 w b t f m

C w b n g i o a b c
l ef am a b brightness. It will bcthc fsrst
cryogenically-cooled cw Iinac (supcreritical n w k t
s tt cb 3 K a t f R t h
m ud l i t R c T c t
s is o pw l h would pmvidc the
cooling. The ef,.ectivc Q of the cavity is incrcaaed by nearly a
f o 5 t it r p r 1 c & c
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The FMX R h m ur d rb t a r m a
R Fh p r of t d rt t R c abut cisn be
d rt f p ow o o a t eo a d d c s
b eu na d e lo a dual, klystrodc-bastxl rf amplifier,
schtxiulcdf d e li f 1 9C w f t outset,
hat’ca 4-way s po t p of a 1 M c klystrontocxchc
$driveloopsinU,cR

A c r y o g cA ll iw a c ct 2 M
b ef t C R t a t ienergy cf 7.54 M T
D w h a r a m p ef o lt L A l
r e cM t m .I o n gcmitrance gro~h. F t
C Wt at r e qt t a c ct i r
l i nb 6 f t i nt t o ue T r w
b g e nb d c !t t c g ap o sw b
u sf f t ua t s t at D f iT r
f o ci t D w b p rb s a m a
q u a dm ai t d rt ue m pa F -I a
s t rt r et r e qp e r m aq u
g r at a c h i e vC a lp s ue lf i
i t DTL are = 26 MV/m (1.4 Kilpatrick),somewhatlower than
the 1.8 Kilpatrick fields in the RFQ. At 3 K r p
r c q ua c x pt b 1 k t e xt c aa
4 t a c ct b eg ia b l of a
P b+ P o > 7

Conclusions

C R a D I it e ch m at ! p
w ha vb i n t ecurrents and brightness arc within
about a factor of two of peak vahscs that are rwchcd in IUW duty-
factor linacs. Although no high-energy cw linac has yti been
funded, the successesof the prototypes augurs well f t f u
A p r ec h d c vi b ed rp rb t
N p ro t U m i la c rp o [ p r
p a r tr et i m p ri b q ua c oo
b ee m ia c l aH oi s pv oa
t p r o gi b em when cxpctts in that community will
now propose, and can then get favourablc technical reviews f a
2 m h i g hc p rI io w o c d h a
m a i n1

A c k n o

T a uw it t hM L oJ ! ta
A T f r c fm ao C Wa W C of
h e ld i s co F MS p~ Ut G A ra
J O r rf h ed i so t C R p ra
. s s si p r et m a n

R e f

1 P L i v‘ L i vM P ra I l n
a M oL i nP r1 L ICod”., Los A l
N a tL a br cL A -( 15
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A c c cw S p ~H o mS tF o
P rT cE k2 (1
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fig. 1a: F 1el d d I 3 tr 12 J?.1on ins i ‘le 3 “.’y,;~ 1n,:r ! ‘:, L
c v 1ty,oper Itefl !n tn@ H, ,,‘moflG

3: F i e i d d:s tr 1D~t 1cm ~f tnfi : 3 s?.rmc A-?

Cne main prGDlefn t.CI Se solved ,Xas ?.ne f’”~tn~js

;!;? “ ~:,?- 1::
t ne 3ap vol tag? d13tr 1L,lt t on .3:‘.ug “.fie b~”.:xnii 1s.
I t means to snif’t themagnetic ?Ielfl ..
from cJrJe 7 of f lg. 1b (f2ap.3c1?.y If;fl 1n~JJc:.:V: t.y
per ‘Jnit Lengtn of the cavity consr. aqr. ~ r c 7 ,-vp ~

! capac 1t y ana/5r ! nrlJet 1vi t y pec Jn ! t : *ngt o c.I’ Lr,+
.?avlty increa3ed tcwards the ends j,

:13s. 2a and S 3rIow tws ‘days o! g ‘ ?-33’:
f lattenlng wnlch provi fled @ICJ r~s J: !s tint m Ii -i
Stand CH f.)perdtLWI:

- The !40ni cn I’f’-SI;nweI!l ” ca vi ty 6 cgn:; ! 5:..3 of :nr~:h
parts. The mi ad le part pro v1des extend~:4 areas +t
the tank ends for the penr?trat 1on of :c6 ~agnc FI ?
field 1ines. The constant gap VO;LA3e di St rl b J-
t 1on 1s a4d 1t:~nal Ly ga Lrwfl by v 3r iscion of ?r.e
gap 1ength to cei 1 length rat i CI g IL ?.!cn3 tr,;,
beam axis.

- The “9econd Tokyo tank” Jses ,-jn ;~t i T,i Zr?d C);C:IJ

end-type bo J t get a f la? v ~I c J

:1on. 3y k ng t g/L-rat IG cons tin?. the “L“-
snapad ~agnet Lc-f l“Jx : n a t Q c 9 a
mat ched to Crlf? Vel ‘JCity prof: 1e of tn~
s t7

IH s tin operallon

Table 1 shows a 1is? If iaborator i es #n iqtl Jse

1nterdi g 1tal r s tJr.?s for the a 1? 1o ;
h t Y m n ~haractertst ics of tne
d 1f f’erent df?vlc!s are ment 1oned 1n the 1as t colinn,
? lgs. 3 and U g. Ve an impress lon of the Var 1et y Gf

real i Zed geort.etr i es.

Ef?lclent beam dynamics

As d eb above t e feetive r capa?l ! {

CR of tne Iti cav 1 t,y 1s very wel 1 ?rnw?nr, rat @Y i‘,

t dr 1ft tube struct Jr?, At. ?ongtant rf freq:lency,
cons tant partl cle ‘/?1 3C1ty knd rlexlble ~,ank
d1mwU31o t 3h,Jnt 1mpedancf? S?al es *1th ICR-:,
A? congt ant tank almen3ion.q and COn9ta p t i ?
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fig. 2a: Construct i on of t .unich ‘tf-Schwe INil
and flattening of the gap voltage
di gtribut Ion by vari at ion of the glL-
ra: i~.

Vel OC1ty the sn~nt impedance SCaleS w~th CR-7/4 by

varying Lne rf frequency. @
‘o achieve an optim”.un effective shunt impedance the
drift tubes outer diameter should be as small as
possible, that means constrllctton of drift tubes
without any quadr,ipoles or other space consuming
focusing elemerits. This was the motivation to
reduce the radial defocusing action of negative
synchronous particle strtictureg csing .+~.-3o0
typically.
A beam dynamics which accelerates the particle very
close to the crest of the wave and has good
transport. capat.ilities i the 6-dim phase space was
developed gradually in connection with the IH
Structurewv ‘“s ~~. The theory was confirmed by
experiment.
The main aspects of t ‘ !d y no c o
0 S y n c hp a rs t r ua s u m

q u a l i tb e

MAGNETIC-FLUX INOUCERS

~ --4

7

FREOUENCY 95.400 MHz

~ .

.

. e● o

a

●

d “ ’1 5 1 1 2
G NUMBER

fig. 2b: The middle part of the Tokyo “2F-tankW

.

.

and flattening of the gap voltage by
“magnetic-flux inducers”.

Injection of the particle pulse at higher energy
relative to the 0° synchronous particle (fig. 5).
The excess energy AO of the pulse center at
injection is related to the half axis 60 of the
longitudinal beam emlttance(AO-r*6,: l<r<l.5
typically).
In each 0° synchronous particle section the
center particle of the pulse makes about one
quarter phase oscillation around the synchronous
particle. The energy-phase relation at the
connection between neighbourlng 00 synchronous
particle sections can be seen from fig. 6. By
that wethod it 1s possible to keep the position
of the particle pulse mainly inside the second
quadrant of the energy-phage plane providing a
stable beam transport.
The longitudinal focusing forces are concentrated

near the end of each 0° synchronous particle
section (position of the particles at negative rf
phases). The motion o a single particle around
the center particle of the pulse is shown
qualitatively by fig. 7. Necessary conditions for
cyclic motion are discussed in ref. 11.
The transversal focusing of the beam is done at
the end of each 0° synchronous particle s
usually. This arrangement of longitudinal and
transversal focusing provides a small beam
diameter and allows for an accelerator construc-
tion with reduced apertureg.

in case of low q/A-beams with big transversal
e:ft!.an?e reb!mchlng behind each lense by a short
neghtlve synchronous particle section may become
necesoary. An example is given in ref. 12,
describing the IH structure for Lhe new (X.1
inject,or’a.
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rig. 0 Position of the particle pulse center
relative to the 0° synchronous partleles
of 3 long 9tr,Jcture.
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I
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fig. 7: OscillationOf a single p a ra r
t p ’c e n

Improved d rt g e o

To optimize the shunt impedance, the walls of the

drift tubes and the capacitive ends of the stems
shoJld be thin; the inductive ends o the stems
should be thick to get a low surface current

density.

This procedmeis limitedby the electricalpeak
.wrfacefields xhich are enhanced by reducing the
outer diameter of tne drift tubes. Another limit is
the asymmetry of the g field which is caused by
the capacitive coupling between each drift tube and
its neighbored stems (fig. 4 in ref. 10). This
asymmetry g rwhen the capacitive coupling
between the drift tabes ig reduced.

By making use Of thin walled drift tubes with a

specific asymmetric s h( f8 o c p a
overcome the second limitation, which is seriou9
e9pecialJ.y for low energetic particles.

e
a

31”~ %

1

‘=+ a“<: t

‘ i b I solderedpoint

I

fLg. 8 Dipole compensated drift tube geometry.

The advantage of the proposed geometry was
confirmed qualitatively first by repeating tne off
axis perturbation measurements along some modified
drift tubes at the CSI interdigital rf-model.
Quantitative n’merical results were obtained by
!19ing the 3“-dim computer code PBM3D]’.
This program IS solving Maxwell’s equation of
continuity:

div ~(r iuocr) o grad V] = O;
K: = electrical conductivity
V: - electrical potential

The code is baaed on the “method of differences”
and can be used to find the field distribution of
the capacitive part of a cavity with complicated
geometry.
The voltage distribution along the stems is defined
by their geometry and by K. This distribution can
be varied in a wide range without significant
influence on the gap field distribution.
TtIe tank walls are kept on zero potential.
The geometry used for the new GSI IH struct~re is
shown in fig, 8 It is o t e t
d c oa t l e s
The reduction of the dipole component at higher
energies is shown ifl fig. g.

Shuntimpedance

T efficiency of interdigital rf structures is
shown by fig. 10. However additionally the
normalized transversal acceptances an/n.mm mrad and
(q/A)min have to be taken into account to compare
with the UNILAC-structures:

Index in fig. 11: 1 2+3. u 5
anln mmmrad 1,5 O.j 1 10
( O.l! ().3 ( O.11

C o

Thougn the advantages of small size and very high
shuntimpedance are known since about 40 years it
took a long time to construct IH structures which
allow for stab~e operation and high service load.
This structure is a very efficient tool for the
acceleration. of Iow e b up to about 20
Flevlu a q /b c
The dependence of the optimum rf frequency on the
beam velocity is rather s
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T~lNING AND STADILIZATION

Lloyd Young

O R

L A lN nL n bh f
L A lN 8

A b s

R c c: i i !in tuning a s t a bof Radio
k ’ r e qQUaLtrUpO\Wi ( RFQ) will be presented. New designs

of RFQs M long as four times :he free-space u“avclenpthand
rcquiriug field flatness of a ftw percent. and Icss than a few
percent dipole componeut can now be built and !untni. The
tuuiltg is pcrfornwd by measuring thr RFQ fwlds with a
hcadpull in each quadrant and using a computer program
{R1’QPEIRT) to analyze the beadpull data. The program
calculates a set of perturbations tcI an ideal RFQ that would
:111.xiu nearb}. modes to gi~”ethe Ineiuwrcd fields. Slug tuners
are then used to cancel the crJculated perturbation in the real
RFQ 10 get the desired pure RFQ mode. The pros and cons
of sm.eral methods :hat have been used to stabi]ize tile field ill
RF”Qswill also b d i s c

I n t r o

A l an uo R aF r rQ u a(RFQ)
accelerators Ila\”e been studied but there are relatively few
operatic,g RFQs in the worldiz. The two major t}pes of
RFQs are the -1-t.ane and the i-rod; Immcs that signify the
construction technique used in each case. ‘We l-vane RFQs
are g,merally iligher frequenc}” (S0 - 42.5 I$llIz) and used for
light iou:;; the 4-rod RFQs a generally lower frequency (6 -
2X \lfiz) and used for heavy ions. ?’he 4-rml RFQs are, in
gen~ral, short compareri to chc Wavelength of their operating
frequenc}”aisd, therefore, are fairl} easy to tune. Opposite rods
are supported by common supports that eliminate problems
\I.It]I dipole modes in the 4-rod RFQ. ‘Ihc 0111}”long RFQs
(i.e.,RFQs that are greater in length than two wavelengths)
:urrcntl}. in existeuce, are the 4-vane t;”pe.

The .sensitit”ityto tucing errors has been expressed as
proportional to (L/A)3, where L is the length of the RFQ and
A is the free-space wavelength 3. This expression only applies
to dw !rmgitudinal stability O: the TE210 mode (the RFQ
mode) and not Iv tuning sensitlt it}” (with respect to dipole
crunponents mixing with the RFQ mode), which depends only
011the difference between t!le frequency of the nearby dipole
modes and the frequency of the IIFQ mode. Because short
RFQs are comparatiwly easj’to t a e t s t a

l oRFQs that are all 4-WMWRFQs will be emphasized in
this paper. The stabilization tcchuiques discussed in this
paper will refer mostly to stalsilizmg the RFQ mode from
the effects of the dipole modes. A t e co s t a

RFQs l o n g i ti d i si a c o n tp at t

c o ! l ft i tC o uR a d i oQ u aa

C o m p eS t r u4

The Ideal R.FQ

The ideal RFQ is defined in this paper as a 4-vane RFQ
with the end r etuned to the cutoff frequency of the RFQ
i such a way that the frequency of the TE21(I mode (the

qIIdrupolc Nnxic) is equal to the cutoff frequency of the RFQ.
‘fYmcmnputer prograln 5UPERFISii calculates the ir~qucncy
of the ‘1’E210 morfe for a cross sectiou of the RN), and this
calculaticw is shown in Fig. 1. The frequency of the ‘[’E21n
mode is Ihcn g L

where n i t number of nodes in the rnodc and L i t Ienitil
of the RFQ.

F 1 The TE?1O, or Quadruple hforfe in a Simple R.FQ as
calculated by S E

This expression assumes that the end regions are also tuned
correctly for the TE21n modes, which, for a l R.FQ, ISa very
good approximationbecausethe TE211 mode, for ex~mple, is
leery close to the frequency of the TE21O mode. For a RFQ
that is 4 wavelengths long the TE2 I I mode is only 0.7t3Y0higher
than the TE21O mode. If the ends of the RFQ were also tuned
(or: ectly for the TE 11n mcdes (the dipole modes), the same
form of the expression could be used for the TE1 In mod-s. A
SUPERFISfl calculation of one orientation of the dipole mode
is shown in Fig. 2. In the ideal RFQ the ends of the RFQ
are also tuued correctly for the TE 110 mode. The frequeucics
of the TE21 n and the TE 11n modes are shown in Fig. 3 for
an ideal RFQ that has a length of 4.23 wavelengths. F 4
s t l ov c t a o t T
a T I modes from n = O to n = 3. The amplitude of the
Iields of the TE2111 and TE1 In in the ideal RFQ will have the
form

()

n x z x rr
Cos

L’
(2)

where z is the poai: “on along the RFQ. A plot of the first 4
modes givcu by Eq. 2 is shown in Fig. 4. In a rml RFQ
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t is tuned well, the anlplitude of the T n m arc
dc5crlLed \er). tvrll b}”Eq. 2 l l ot 1inmodes
cali be sigt]ificawlly difhcnt.

F i2 O o r i eo t TE1 10, or Dipole !Uode in a
Sinlr!e ftFQ as calculated by SU?ERFISR.
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Fig.4.l’heAmplitudeoitheFkst4Modes in an Ideai !lFCJ
as a frrnc!lon of position with open boundary conditions on the
ends.

@ .,OL

- b
t

-

F 5 The A mo t F 4 M in an Ideal IIFQ
with ends that donothaveopenboundar:~conditions.Inthis
case,theendsatetunedhigh in frequency.

F MH

F i3.TheFrequenciesoftheTE21nandTE1Inmodes in
an ideal Rk’Q with open bn!mdary conditions for n=O to 10.
This ideal RFQ is 3m long and operates at 4~5 MHz.

R eR

In a real RFQ the ends can be tuned so that the frcqllencies
of the TE21n modes are given quite accurately by Eq. 1, but
normally the ends of the Rk’Q are not tu]led correctly for the
TE11 n modes. Th~refore, Eq. 1 will not be acc,]rate and the
!mrgi:ud:na!\.ariation of the amplitude will not }w as shown in
Fig. 4. For e if the ends of tile RFQ are tuned high
f t T I - l ot ht tl o n gv a ro t

a m p lU the TE 11n modes will look more like that shown
m Fig. .5. f3ecarrse the ends arc tunwi high, the frequency of the
first mode will be abo~.e cutoff and will approach the frequency
of the TE111 mode in a RFQ with the ends shorted. Tuning
the enrislower than the cutoff frequency is also possible, and
then th~ fields nlay look like those shown in Fig. 6, where the
Ilu)cics art dentlfi? d b} t!lr !luml~firof nodes.
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F 6 The Amplitude of the First 4 Modes in an Ideal RFQ
with ends that are tuned low in frequency.

In a wa~wguide, the wavelength Ag isgivenby

11
frenupnc)’z

~ “ : x ~ .
- (cutoff frequency)z (3)
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[f the f r e q uo t I n oa g ib E I t f oo

Eq. 2 can be c ht

2 X :
C (

A ;11 )
(.1)

w h eA n ) I ! h w “ a ~w a t co t n ‘th ntod~. In a
real RFQ the frequencies cf the modes may uot be given exactly
b}. F :1 a t } l e~ w ’n e qt X ~ ,/ F q

4 m utherefore & modified to accurately represent the actual
modes m the RFQ. IU an i~ieal 1{F’Qwhere end regions are not
t,:.led IO the f r e qo t }c uf r e qt r na

g tby.

[

(: - Offw) x 2 x r
Cos

1
for frcqumlcles > cutoff frcqucuc>’

.\)(n)

\\ !lcre i is s qr of —1 and offset is the factor that makes
tiic expression s!”nmwtric or autisymmetric about the middlr
of t !IC‘<FQ.Iin is w;en, the expression is symmetric; if n
]s mld, the e:;pressiotl is ant is}”nunetric. GJ\sc t is given by
L/2 – Al(n) x 11/4.

}J”itil the expressorr for L modes in an irfcal RFQ
witha n tends, representing the acld?l measured field
distribution in a ftFQ as a combination of the ideal modes
is now possible using Eq. 5. if j( z, 1) is the field in quad.-ant
[ (f is 1, 2, 3, or 4 representing the 4 quadrants) at positior, z,
th.m

N

(6)

B(n) x Dl(z,l. n) + C(n) x D2(z, 1,n)]

where
Q(:, 1,n) is Q?,(II) x (- 1)(1-t 1x Eq. j; ~l(z, 1,n) is O for 1= 2

or 4 a I + l l) E . f I = 1 o 3 a D 21 t
is O for ! = i or 3 and is *D2n(n) x Eq. (5) for I “= 2 Oi
4 Qn(n), Dln{n), and D2ri(n) are norma!izat.ion factors that
equaiizc !h: stored energy of of each mode. Qn(0) is chosen to
5e equal co i, and thrn the rest of the normalization factors
are determmed. A(n), B(n), and C’(n) tire the vmficients
that represent how much of each mode is mixed with the
dfisired mtide. ,\r is the number of modes used to approximate
the actual Field distrit.mtlon. .V is t}.pically less than ten.
A perfectly tuned RFQ willha}.e.4(0]- 1 andallother
codfici?ntszero.ilcwe~er,ifthereisasmallperturbationthat
raisesthefrequenc}.b P in this perfectly tuned RFQ at
position Z(k), in quadrant ~(k) then the other coefficients will
be given by

- P(k) x Q[Z(k), f.(k), n)]
(7)A(n) = > ~Q((J) - Ff?(n)] ‘

t.

~(n) ~ ~< Z(k) x ‘l[z(~)’ ~(k) “)]
IFQ(0) - F Dl(n)]

, ard (8)
k

w FQ(n ), F’D1(n), Ind f.’1~2(n ) arc the frcqucnc i~.s of tllv
corresponding quadruple u: .hpolc mode.

‘1’hc.scrclatlouships suggcs! a nwthod of tuuil)g RFQs.
I,ecausc if the pertur”bii[lults are a.ssulllcc! to bc at tlli: locations

of the tuucrs and llleYalur(>!!I)cp u b i i kI
t t tunt~rs can IN oloi”ed Ic r tlw pcrturl~at.ions
TIw perturbations ciIl: tm found b} applying a lr~t square
fit of F:q. 6 to the bcadpu]l ,Iata. 1’11(’prograill ltFQPER’1’
i n lthis mctbo~! for tuitiog 11FQs. Ideall>.,L!!is IIlethwi
SIIOUILI br ahle to tune a r ill OIICstep, Ijut in PItctire it
has takcll at least two or thrcp iterations to tune a long WQ,
such as LhcContilluoils }t’a’:c Drutron Demonstrator ((’\f”DI))
COIIIIllodcl or the C,rouud ‘1’mtAccelerator (GTA ) ilFQ. \\.il h
enough tllw!rs the Rt’Q can hc tuned .SCJthat Liw!b?ids arc flat
to \\ittl ill 1% and with less thcrr 1‘Yodipole componvut ‘1’}1,:
rcprodi. cibility and accurac\, of the bcadpull data limits the
tuning Lo this ]Pve!.

‘f%c ends of thv Rk’Q need to be undercut an appropriate
amollut so that the frequency of the TE210 mode equals the
cutojff frequenc}. of t!~e P.FQ. If there are tuners near :he ends,
the umicrcuLs do noL !:s~”cto be cxacLl}. right, because the end
tuners can tw used to tl in] Lh2 c:~d tuning. C~pacitivc end
tuners that ha~.e been used in the past on RFQs (espcciaily
w iu na i lb t i t

s te ni t R L s n

Stabilization Of RFQs

Seve:al methods of stabilizingRFQs have been used to
r :duce the susceptibil;tj. to dipole mocic mixing with the desired
,Iuadrupolt m V coupling rings (VCRs) have been used
w,th good rcbulis in a numbt-r of RFQs. VCRS raise tlw dipole
modes well above the frequency of the quadruple rnodc and
practically elicrlinate Lhcdipole problem evcL:in poorly aligned
RFQs. VCRs do not affect the longitudinal stabdit>.. However,
the disadvantage of V is that they lower the frequency
of the quadruple mode su”bstantia)ly and c scalloping of
thf tic!ds o a B t l o t f a

t s co t f a c b t e i

c a pa t l oo t V B V l
thefrequencysomuch,a RFQ mustbe clesigncd to use VCRs,
and i!’it is designed to use the “JC.RS,they must be used or the
frcqu~nc}” of the RFQ wi!l be wrong. Another prohlenj \vith
V i t d io i nV t could be actively
cooled ill high-duty-factor flFQs.

in very short RFQs, it is pussible to use resonant circuits
at the end of the R that couple to the dipole modes and
split the lowest dipole mode into two modes equal!}. spaced
above and below the quarirupole mode, thus stabilizing the
RFQ from the effects of the dipole mode mixing. In short
RFQs, the frequency of the dipole mode can be ve:y c!orw to
the frequency of the quadrupclc mode, because tbc ends of
the RFQ are tuned f the quadrupo]e mode and uot for the
dipole modes. In general, the ends of the RFQ will raise the
frequency of the dipole modes with respect to the q~adrupolc
modes. The cutoff frequency of the TEI I :nodcs is usually
about 3% lower than the cutoff frequency of theTE21 m
Howmw. in a short RFQ the TE 110 dipole mo[!c cat] },(:ncari}.
d e gw t ‘ q uI b~:cause LhcWIL16
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o?::it..’Zzl:,lu[II31 st abilizerswas a t u t s i t

R F C o n s t

If the gaps hctwckw the four vanes \ar) or arc unequal. the
ti~ltfs of the quadrupo!e mode will not lw flat, and ttw dlpolr
nvdt’s will mlx wit !l the quad:upo!t modo. 011,’ method uf
tuning RFQs h.uqhccn to Imwe th? tam’s to e t g

I d h t t \\ith pW s ’ I \

h\\lJing tlw \~nes in tlw R}’Q. :\fter the \“anes were ahgned

t l wl l utt f Jist r i w 0 p

t t aIIJ error. furtlwmlore, this procedure kft [k R}”(J
with built-IN st rrsses t!I;:t would sl~wvl},relmsc with t inw, which
could change the field kiistriljution. IIIAlitwn, tltistuning

fmwdure \KaSusually f.”ry !illw cousuming.
.i twtttr nwtlmf of ionstrllct Ing R}’Qs h,ashr~.nto nmchinr

Ihc vanes so th:it the}” are straight, ahgn !htm l l

w h t wt t “a a t h i a s

: I I , p o‘ 1d I U ~ s for !Ii,
rf joiut will necessarily hl\”r sonw stress ,asssociatd \*”ith t}]..,
colllprc%sion of the (’ .scals ‘FINs! ruclurt. can then bc luntJ
\\ Ith slug tunen+ on t IN outer wall as Jescritwd ahove. Mowi IIg

ian~s for !uning the R I tII*:precise way that slug tuners
CM hc n for tuning ISinlposslblr. SOnwo t RFQs that
ha\r bcrn built with this phllosop!iy ]l~clrde the 13E:\R RFQ,
the C’\\’DDRFQ.th,,GT..\RFQ,andtIN(.’ERXRFQ,calkd
Rk”Q2~

\\”llen{iesignmg an R maintaining a constant
capacit wlce per u l a t l o t R I
l n lN d & N h 3 c r t a
~ lf t t t t t c h a t R
T a distance is.increastkit$hrn tlw modulatiotl of
the ~.ane tips WOIJIJotherwise Jecrea.w t}w at.::turr of the
RFQ. W-rcasing the ap~rture of the R w J
t curr~nt CMr!ing capacit!. If the RFQ c s I
Not changed,a chanfirIt]rOwouldrmultilla chang,>M the
c a pa 3 c i t l c f o t h

\\’a\cgui&, \\.hich would c a s t i i t f fro
k’epa c oc ap u l w r M n

k c oL A c t : o c (

o t v t : r i i np i m ] s a
w t t c frcql,tm(}. rwuains constant as cirlcuiatcd
b> St’ PERFISll. Kvcping t c f c h
I . .a c a c ap r u I I I a
inlporlant adrantage: IneasuIing the magnetic field wlt h a
twaJpull near tht out!rr uall gi\.es an accurate n]easure of III!,

vol Lage acrcw the gap, If t hr cutoff frrquency !vas kept constant

by cl~allging the outvr N all and allo,~iug th~> c3pacitancr to

vary. the b~adpull data would nwl to hr corrvctt J to In!: .~surc

t Iv’ gap t“oltagv. or a be:tdpull In the gap ttould nrerl to he

perfcvntv~.

x t lo h ua t R I r i

} t l I q f a t a e t t

1 : S cR P i R i P
o t 1 L .%ccelcrator ~onference, continuous

Electron Ilcanl /\ccelcrator Facility (~ED/\F) report-$!)-

001 (June 19t19), p. 460.

~. S. O. Scllribrr, [Jrrst’nt Status of RFQ’s, lF.Et:

‘.”. ansact ions on Xuc]ear Science 3L (3). 31$1 ( 1983).

3. D. D. ~irm,trong, ff’. D. Cornelius. F. O. Pu:svr,

533



534



V A R I A B L EENERGY AND HEAVY ION RF(js x

Alwin Schempp

Institut riir Angcwandlc Physik, J.W. Goethe Univcrsitiit
D-6000 Frankfurt am Mrsin, Postfach 111932, Gcrmisny

Abslrisct

RFQs arc low cncrg> rf accclerirtor slruclurcs which
curs cff,cicn! IV trwssporI and isccclcrirlc high currcn! ion
beams. RFQs hat c is fI\d vcloci[y profile isnd [hcreforc
fixed input isnd ouIpuI ellergics pcr nucleon. The ion
:nrr:> c,in be t“aricd bv chang:ng the resormlor frequenc}
This h:ls been done for a 4 -Rod-RFQ, i.e. the t)pc of
RFQ resonator dc\clopcd in Frankfurt, which is N’cll
sui[cd for such an ~ppli~ill ion

?lIe SIaIus al’ Iwo RFQ projects for cluslcr - and
heui} ion wcclerirl ion with ir possible \“ario!ion of Ihc
~u(pu~ cncrg: by a factor of two will be discussed
tc~cl hcr t\ith work on fixed cncrg! RF& for hea$”.vwns.

Introduction

In ;I Radio F’ :qucncy Quadruple t‘2 [RFQ) slructurc
I.wcc cr.ttIon is .chie\”cri b) A geomelricisl modulation of

quadrupolc e!ucI rodes le~ding to axiisl components or !hc
Ecld. Tiwe electrodes arc part of ~n r( rcsonaIor.
c\cile6 in J TE210 - 1ikc mode IC gcnerafc rhc ncccssary
ftcld ciistrlbution.

llrc mcch.srrical modulnticn or the RFQ - quirdrupole
c!cct rwlcs. m indicated in fig. 1. adds an accclcra{ing
!_:cld c$mponcn[ to the focusing chitnncl, rcsulIing in a
\: ruclurc \\hicn acccl crates and focuses with the same r(
(iclds.

EIcctrical (ocusing (orccs arc indcpcndcnl of the ion
\ clocl!\ \’~ and i( rf - fields are applied, higher t’olIagcs
!h,ln In a dc quadrupoie s!.stem can bc rcischcd, git”ing is
‘.c’r} strong (ocusing with a large rirdial ~cceptisncc.
Bcc.Iuse the focusing struclurc is homogeneous !hc
,ICCC!trot ing ,tnd focusing cel Is can bc $“cr} short, which
!ll’lks It posslblc tu ispp:.v the concept or ~diaba!ic
bunching’. TtSC phases ‘;s bctwccn the pirrticles ~nd !hc
rf- fields and the amplitude of the accclcr at:ng (ields Ez
ilrC changed \cr.v SIOWI.Vaccording 10 Ihc increasing ion
~c1wit} \“P. trans(orming iI dc bcirm from an i~n source
l:~to a bunched bcirm wi[ !, u minimum of emil Iancc growIh
.inrl part icl c losses.

-f-he .mcchamcisl shape of the cl~c[rodes is
char~c[cr Ized b> !hc irpcrturc I adii ai. the modulal ions nli,
nnd Iilc modulation periods Li. iIs sho\wr in fig. 1.
Together wiih the clc:trodc \.oltisgc UQ it dcfcrmincs the
OCCCIerat ion and focusing fields. Therefore a $“01Iisgc as
high us possible [close 10 I!se brcirkdow”nvoltage) and an
apcrturc M smrslI in possible wil I bc chosen for a high
f~cus(ng strength G UQ/a2 ir:\d a high ion currcnl
capabiIit} ‘: Limiting current I I~m - U &\p 1?91/(is2 f). FOr
I!rc same focusing strength the voltage UQ which hiss to
bc applied to the quadrupolc electrodes is proportional to
the ralio of ion mass A [o chisr~;cq : UQ A/(!.

“ WI”Ork supporlcd by CEC under contrisct
SC1 OJJJ-C (EDBJ .t:ld BMFT ~nder contrircl 60F1861

Thus the choice or the frequency f and Ihc clcclrorlc
\,ol IJgc Uq arc slarl ing pirrnmclcr s for the pirrliclc
dynamics d~sign.

Tnc rf poti’cr N required 10 pro\idc the design
qunrirupolc \’OllilgC IJn IJII Ihc clcctrodcs IS proporlionisl
to the Icngth Ls
.rnd pisrirmctcrs
frcqucncj r. The
[he rf cfficlenc.v
by: R’=UQ/N=L5 .
the c,l\i!} Icn&th
frequency 4‘5.

Thc various

of l~c structure and depends on thc t) pc
of [he SIructurc trnd the opcrirling
shunt impcdisrsccR’ \\hich char;lctcri/cs
or Ihc ilccclcrillor structure is defined
R’ is roughly proporl ionul to f‘15 while
L5 wil I bc in\crscl} propo;tionirl to !hc

ispplications of RF() iIcccl craio rs ci]rt IJC
riistinguishcd b} the ion bcism spccics, the ion cncrg} ,ind
cur- cnl, the cmittancc, the dutj fitctor, and the spcci(ic ”
CIIIrgc or the ions, \\.hich lc~d 10 Ihc ii f(crent tcchrsiqucs
of b~iit]) d!”n~mics ond rf- structurc design.

The t’clocit~. pro(ilc is fiscal ~nd citn bc citongcd b)
t“ar>ing the Icnglh Li or Ihc phases bctwccn groups of
cc! Is b\ breaking the s!ruc!urc into swcra I indi\.irluulI:
drlten ;Ind ph~scd subunits Iikc in pOSliJCCCICriilorS’ or
\\il h ti \.;Irinblc frcqucnc} keeping the c1ccI rode SIruclurc
unchanged. The second ..tir} of chilngirrg the Widcroc 7
rcsonilncc conrlilion.L, = ,2Pk~/2 = vP/2f . is the way
which hi}s been used for :ompilct ion RFQs \cilh \’ir:iirblc
cncrg! [ VE-RFQ ) 8.

The elcctrodc iln(i cii\’ity design is based on the
dc.clopmcrsl of (ixed frcqucnc,v (cncrg} ) .!-Rod RFQs’J”lo,
which is WclI >ultcd (or :,.,*. frc~jcnc} hcilt} ion
,Icccl crtition. Thcrcfcrc. c\ ,IMpl C, Jr rCCCI,I tlt’i’c!cpnlenls
of fix cd encrg} hc~\ \ ;On EFt) .r iI I bc rliscusscd aI (irs1.

!b~ —..-—- i.. .- .——-

-.-a--z~

:;

;

Xh ITl,al

.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Fig. 1 hfodulisted RFQ clccI rodcs
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RFQ design examples

The 4-Rod RFQ rf-s!ructure consisls of coupled >./2
OS(.I I:JI ors in a Iineiir arrargcmcnt as indic~lcd in fig. 2,
and ,]1[hough Ihe currcn! dcnsi:ies JI the CICCI[sjde
supporls are relaf !\’el~ high the cfficicnc,v does :IJI fol I
shofI compirred uith other RFQs. The rcsoaalor is \er}
st.rblc In respect 10 rf opera~ion because neighboring
mdlks *r~ c!eisrI.v separated and all major curren!
~on~uc!ins parLC can eas ilj be cooled, which is important
espeoall} ksr high dut.v cjcle opertsl:on ~i,d possible

.IPPIl~~tion for supc:conducrin8 RFQ rcsormlors1*”12.
The RFQ struc[urc should be as shorl iIs possible IC

<l\ c r f power Jnd LXSIS ploportiormlI,v. When the
$1rticlure frequency Jnd elect rode t.oIIdgc hat.c been
ctwscn !J .gl\”e good focusing proper[ies, the length Ls has
to be JpI In:lzed in rcspcw e.g. 10 the beam crnirlancc,
the pJW’C; consunsp!ion nnri the transmission, which is Ihe
r.1[Id or d.c. Input bei~rn \“crsus outpui beam,

FiS. J St,ou’s the design parameters a,m, .ind Li
*IIong Ihe RFQ SIrucrure for rhc new HL I injecror [or the
Gsl‘“ ‘ 4. Tb.e RFQ ullh J Irmg:h of 2.9 m and an

c1 CC! roric \Jl r~ge of S(1 1.~’ operates ist 108.$ .MHz and

4~.-..Ul:cs appro\l:nalcl} 1XI kW rf power “~:lrh J dtit}
iI clc J[ up ICI 50%. P../Rhl TEQ cill cJla Iions show J rnrliisl
cm!r!.tn~c gra\\ th 15 or on1,1 10% ,Ind iI smtsl1 Iungilurlinal
CMIIIJncc of 8 0 kcV/u (90%. r.m.s. ) which comes e\’cn
“1L Osc 10 \’lllucs achlet”ed for more linear bunching
schemes. The slow’ tncrcasc of [he ion energy T iss
funclion or the RFQ cell number N is demonstrating the
f~cl !hi.. ~ significant part of the RFQ s! ruclure is
rcqutred ior bunching.

Fi~. 4 shows rhc cross scc[ion ~[ Ihe I an~ \\.hich is
or ii c~[rn like design which facijila!es ins[crll~[ion.
Al!~nr.lenr and maintenisnce ~s W.CII as Ihe IJUriisl. Fig. 5
s!Ic\$’sIhe low energ$ cnd Jr Ihe ca\i!,v. which incorporates
Jlsc OeJnl riiugnosrIC dcticcs, Tnc lank h~s been
nmnufac!urcd ,Ind uil I suon bc copper plated. First
:pcrJ!tJn is schcdulcd for spring or 1991.

.l~~!k!?r fi\ cd encrgv 4 -Rod RF() has been buil I for
hc.\\”~ ;Jns (specific chtirgc q/.%-.0.25. encrg.v 10- IOOkeV/u)
‘1s Injcc!or for the s!orirgc ring CRYRI?K at rhe .MS[
S!JckhJinl. Thc RFQ resonator has been designed. built,
iind rcs!cd in Fr:ink, -r! and is now inslalled a’. Ihc
inJcc:Jr bcJm Ilne aI MS1 16.
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Fig. 6 shows a \.icw of this RFQ, Design features
are a small size (lank diismcler 35 cm at 108.5 MH7,
length 1.54 m), a good rf efficiency and modest
mechanical Tolerances. The resulIS of Ihe behm ,estg were
in very good agreement with PARM TEQ calculations. The
rf - efficiency wrIs belter than expected so Ihat also ions
witti smaller specific chirrge </A cisn be accepted.

T?ris experiments confirmed that the melhou of
designing the elec[rodc paramc[ers along the RFQ without
shirpcr, gentle buncher, and accelerator scclions 4. can
give shorlcr RFQ structures withou[ drawbacks in beam
quality

Biiscd on this results other heavy ion s!ruc!ures have
been designed or will be built. There are pliins for a
ncw speci~l injector f~.r the “fSf? at the MN Heidelberg 7
.tnd ror a new Leisd-’-irmc f?FQ for CERN 18, for which
the HLI-RFQ and the CRYRING RFQ are valuable
“’proldl}OM’”. Tlscre is irlso u collaboralior \vilh GSI 10
buil[ J protol~pe of a High current RFQ for U2* (HSI)
using Ihc -1-Rod s!ruc[urc wi!h spirol stems19.20. This
HSI -RFQ is designed for Ihc acceleration of up to 2511A
~: “ ions from ?.5 [o 20 kc~”l’U . II .$’ii1 be 4 m long
and cpcrJte at 27 h!Hz (1% df). First beam experiments
arc pl;lned in the firsl half of 1991.

Variable Energy RFQs

The adianlagcs of the RFQ structure are clear: low
energ} ~cceleral ion of ions from as low as I keV/amu up
IJ Jpproxima!ely 1 McV/amu with strong rf focusing and
the possibilit}’ of high beam c~rrcnts. The design of the
RFQ hils to be made for the heat”iest purlicle to be
nccclcrat cd and for fixed initial and final ion velocities
\.P (or cnerg} per mass unit u: T/u ) A change of the
Oulput energy is possible by \,isr>ing the resonance
frequcnc! of the ca\ity using [he s~mc electrode system:

‘“P f.
Keeping [he clcc!rodc vol IiIgc UQ corwlanl heavier

particles \\ith mass m = AXU and charge stale q can bc
acccl criit cd aI a lower frequency with Ihc same RFQ
CICCIrorics 10 !hc same fir-ml energy Tr : Tr . A/q f 2. TO
clmngc the frequency of the 4-Rod RFQ lhc rcsonalor can
bc !uncd capncil it”el> or inducli\”ely. For the firs[
L“,IrI,!blC- Encrg) - (\’E - ) RF() structures 10 be bull[, Ihc
effect I\c Icnglh of Ihc drlting canduc:or wiII be changed
tti[ h rnoi ~b [ c sht>r Is AS indlcatcd in Fig. 7. which rcsulIS

In ,1 sufflctcnll) IJ rge Iunirrg range. E\.cn though the

Fig. rJ View of lhc 1,RYRING RFQ rcsovnlor

problems with movable contacts exisl, I!Iq Jre simpler 10
solve Ihan for a comparobIe cavilj rcsona!or. [n Frankfurt
the VE-RFQ was developed at first for Ihe application as
u clusle: postaccelerator at Ihe 0.5 MV Cockroft Walton
facili[y a[ the IPNL in L)OII (France).

The upgrading of Ihc Clusler F~cility is being
performed in is COIIaboration between IPN Lyon, K fK
Karlsruhe imd IAP Frarskfur!21’22.

For Ihe Lyon poslaccelerittor ws upper frcqucnc.v O(
110 MHz could be used because of Ihc rclislively high
preisccelcra[or voltage of 500 kV tind Ihe restriction IU
clusler masses of 30 u rcsp. :0 u. The RFQ for
pos[ircceleration of cius!ers is designed for 10 kcV/u
injection energy and up 10 100 kcV/u (.IMcV for nI=30u,
5MeV for n-I=50u) finirl energy. A 1J.vout of the CIUSIcr

Fig. 7 Schcmc of J VE-RFQ module
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1.’ .-- :.. ‘\
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H“=RfQ

Tnmsr ?Rlmsl

DQ
RrAuUllltn 500*V ACCSLfnA1O#:

Fig. 8 Lti.vouI of the L.von cluslcr ~ccclcrislor
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Tlrc beam is accelcralcd wrlically. then bent i::e !he
horizontal direction by a cylindrical elecfrcslatic deffeclor
and a bending mJgne[ which provides mass selection. The
beam I ransporl and matching into the RFQ is done b.v
elcc[rostalic quadruple triplets, which are very effective
at the low cluster velocities.

For energy variation the resonator can be tuned
within an appreciable range 10 scan e.6. the FM range
from about 80 MHz 10 1IO MHz corresponding 10 an
energ} change by a factor n! approximately tw”o.

The pisrlicle d~namics design for Ihc hcnvics!
parlic!e rcsp. the minimum charge 10 mass ratio q/A
neccssar} for accclcraIi Jn is characterized by Fig. 9.
Taking the “’design particle” as reference. belter q,’A
ralios or accclcrislion [0 lower cncrgics requires only a
Iou.er swltage: U .+/q Xf2. Compared 10 other RFQ
designs5 (he bunchcr parI hiss been skipped for a Vcr)”

cffeciwe accclcristion. e.g. an average field strength of up
to 2.5 MV/m. which is c~”cnhigher than in classical ion
isccelcralors. This Is on cosl of a rclalivcly srnisll
I risnsmission of appr. Z5X.

llc uork on Ihc Cluslcr injcclor and the beam !ines
is in progress. The RFQ is behind schedule, but has been
successful1} assembled and tuned and is becing
Iransporled to L} on for firsl beam expcri nlCnls. ThC ICfI
part of fig.10 shows a tie\~ of the \’E-RFQ.

The Lyon RFQ show’s, that the design of ~’isriable
frcquenc.v RFQs is not aiming ist the highest beam
currents a,ld highest bril 1iancc bu~ on fl cxibilil?. A second
sts I em based on the 4 -Rod pr Inc::!c, which has a ]isrger
frequcnc> range resulI ing in an energ} $“iiria!ion bclwcen
.IoO nnd 1500 kct’ is being dc\cl opcd b} ~CCS)S2“”24 us
an Ion Implnnlcr.

Ano!hcr VE -RFQ is buill fcsranECR - RFQ combination
a! Ihc [KF al the Ur.i\”ersity of Frankfu. I 25.26. Intcrcsling
ncu cxpc: imenta I possibilitics \\”ilI be ai.tiilable for ~ton)ic
phi S:CS us UCII as for ion implitnlislion irnd nmlcrials
charnctcrizal ion.

The b~sic pararnc!crs of !h!s VE-RFQ isre an ou[put
i~n c~crg) of Tr = 100 - MO ke\’/u, fhe same frequency
\,1rla! ion of f = t10-11~ .MH?, ~ minimum specific charge
~f (l/.+ = ().I 5. Jn clectrocfc t.ol[age of UQ = 70 kv and
d $[ructure Icng!h of L,= 1.5 m. The rf pnucr
consJrnptmn wil I bc uu kW (I III MHz].

T%c teonl-ri: namics dcsigit rcsulls :2 Ihc
CnC:g}/freqUCne} plot Of Fig. 11. Fo: a spcc”fiC iot. lhe
c1cc’ rode \“altagc can bc 1ottcrcrf fo: oblaini lg smisl1‘r
frcq,jcrrcies isnd cncrglcs ,Iccording 10 UQ \/q ‘ f’.
\\rhIIc Iilc r~dlal phosc wft’hncc pcr CC!{ C iind lhC
I“CICUSI ng s I ~cngn B u ii I S!a) consIanl. Ihc lccepl ancc x
.ind !hc nl~ktnwnl IOU current 11 arc smisiIvr ior IJW’C~
!requcncies bccausc si [hc rcduccd \x Ittsgc, L?O. Fig. !2
tho$\s !!:c pessiblc rongc of :mpro~’emel:l “.~~.:n the
“.”cllilgc L’Q \s kcpI cons!an!. Thus :hc focusing strcng!hs
can bc Improtcd rcsul: Ing e.g. In ~ cjns! a 11 Ion currcnl
for al I frcqucncics. Fig. 1J ,I,ou”s relit !it”c mass and energy
rnngcs of iI \’E -RF(I itnd Ihc cx!cnsion for Ihc consrisn:
to] Iage op[ion iMorc rictaiicd CiIICUIis[ions abcuI [hc beam
d~nflnlics Propcr[tes arc prcscntcd b) Dcitinghoff 27.

The titnk of this RFQ has been manufactured and
will bc copper plaicd itt GS1. The parts of the elc:1 rcdc
inscr: arc ordcrcrf. an existing trisnsmittcr W:.ll bc
moriificd Firsf beam tcsIs ,1rc p]iirtcdfor 1991.

Conclusions

The resulls of Ihe work on low -energy ion RFQs are
showing that accelerators with fixed and varirsblc energies
can be buill wilh properties ma!chcd for Ihe specific
application.

The fixed energy ~-Rod structure has $hown
convincing results. Operating cxpericncc with Ihe VE- RFQ
has to prove, if reliability and prisclicability belong also
10 its properties.

“rablc 1 Lyon cluster VE-RFQ paramclcrs

Max. initial/final kinetic energy 10/100 kr.v/u
hfin. irsitial/final kinelic energy 5/50keV/u
,Misxirnum kinetic energy for m=JOu J.o ~,fc\”

Length/diameter of Itsc structure 2.O/C.5m
ilpCflUIC J.1-2.5 mm
Number of ceils/ modulation of elcclrodcs 167/ 1.1-1.98
i:rcqucnc)” 8G-I1O ,MHz
Peak toltisgc /n]a\imurn field SIren.;lh 8r)kv/ 42 Mv,/nl
Transtcrsc phase ndvisncc pcr ‘:CI1 8.2-7.20
Synchronous phase 50- 15.5°

-z
E“ ‘E
al”., %

m. .m

J:
o

0 L

io-6-

1-
IT( hleV/u)

-3 3.. .“’ ““””””’””’‘. .
*

:~

..<x’. ‘“:

“1> J——
0 ...... . . . .. ... . . .... rY

/
..... .. .... ... ... .. .... .......-t

(0 q c105
:* ~—

01 T

50
0

7J ! 00 15’2
CCI: nl,fnber

Fig. r Elcc!rorfc paramc[crs along the RFQ
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DEVELOPMENT OF THE HIGI1-INTENSITY PROTON LINAC
FOR THE IAPANESE HADRON PROJECT

Y, Yumsizaki and M. Kihara
National Laboratory for High Energy Physics (KEK]
1-1 Oho-machi, Tsukuba.shi, [bariski.kcm 305, Japan

Abstract

The 1-GeV proton Iinisc will be constructed for the
Japanese Hdron Project (JHP). Our design concept and
development program are based on the viewpoint of how to
meet the requirementsfor the linac. The developmentincludes
the construction of a 10-MeV linac comprising a volunle-
production type Ion source, a long RFQ (about four times as
longas its wavelength)and a DTL with pennanemquxirupole
magnets.The test of an L-band high-power rf source had been
successfully accomplished up to full power, and recently fed
[hepowerto a ten-cellcavity(mudar-coupled structure)with is
bridge coupler as designed. The present status of our
developmentis described.

Introduction

A Iinacwill be constructed 10inject pro[onbeams to the
ring accelerator for [he Japanese Hadron Project(JHP).1“9The
optimumdesign of a specific Iinacis dependentuponrequired
pammeters as an injector.The requirementsfor the JHP Iinisc
are summarizedIn Table I. Low-emimrce negative hydrogen
beams are required for efficienr injection 10the ring. High
energy is preferablein order to increase the space-chargelimit
of the current in the ring; our choice of I GeV is probably a
reasonable one. A repetition rate not higher than 50 Hz is
neccssa,ryfor spallation neutron experiments. Keeping these
conwramts in mind we must design the proton Iinac that can
accelerate a high-intensity beam of 400 IA Here, the high
integrated-type beam current that is actually useful for
experiments is requiredmther than the recordcurrent. 1ssother
words,we mustdesignand developa Iinacthatcan be operated
withextremes[abi!ilyand re!izbility.DesignparametersIhatart
to meet the above-mentioned~quiremems are presentedin the
IIextsecnon[ogerherwitha mcionzlefor thechosenparameters.

Conceptual Design and Development Program

A high-energy’,high-imensity proton Iinac immediately
requires ~ery high rf power. In general i[ is advantageous to
reduce the numberof rf sourcesby increasingthe rf powerof a
single rf source, regarding :o~t performance,stable opera[ion
tind easy maintenance. This IS,however, very difficult in the
JHP for the following reasons. The peak curren[ of the low-
emittance, high-duly negative hydrogen beam is relatively
limited and probably around 20 mA for a 90 % normalized
emitmnceof I nmmmradand a duty factorof a few percent. In
order it) ob.a.inm averagecurtentof 400LAwe requirza miter
Iotigbeam pul~elength of 400 ~s for the repetition tale as low
as 50 Hz. We must [hemforepreparean rf pulse lengthof 600
IASincluding a margin. In Fig. 1 the rf powers of available
klystronsare plotted versus their pulse lengths. 1[can tx seen
[hat the availablepowerrapidJydecreaseswith increasingpulse
length, since the dischargingor sparking limit is a decreasing
functionof the pulse length. (The increasingpowerdissipation
also has some effect.) Further-more,the cost of a singic rf
sourceon the highest-pewertirrein the graphis increasedas the
pulse is leng[i~ened.Consequendy,;he rf power becomes very
exf)en’iivefor the Jf-J.JJlin~ in comp~son Wl[h shorter.pul~e

TABLE I
Requirements for the Limsc

:“
Energy GcV
Repetitionrate 50 Hz
Averagecumm (withoutchopper) 400 @
Avetagecurrent(withchopper) > 200 @
Nonnaliuti emittance(90%) -)-.. nmmmrad

TABLE II
Design Parameters of the Linac

TotaJlength 500 m
Beampulselength 4(X) ~s
RF pulse length 600 us

lim-:lw
Volume-production

Peal; lxarn cument 20 rnA
N’onnalixdemi[tarrce 1 nmmmrad

Irmurenerm 50 keV
OLtputeneYgy 3 Mev
Frequency 43? hlHz
Vanelength 2.7 m
Minimumboreradius 0,24 cm
RF power 0.8 MW
Transverseemittance(Normalized,90%) 1.1 xmrnmrad
Energyspread(90%, full) G.03 Mev
Phase spread @070. full) 15 deg

Outoutenerev 148 MeV
Frquency ““ 432 ,MHz
Total length 83 m
Boreradius 0.5 cm
Numberof cells 342
Numberof tanks 13
RF power 12 ,Mw
TransverseacceptanceKM%,normalize(s)8.9 nmmmrad
Acceptable energyspread(YO%,full) 1.4 ?&V
Acceptable phasespread(90%,full) 88 dcg

~ i
Outputenergy 1
Frequency l~9(j
Total length 41I
Tank length 303
Boreradius 1.5
Numberof celk 3568
Numberoi tanks 152
RF power 99
Klyswonoutput power
Numberof klystrons 3;
Tmnsverseacceptance(W%,normalized)29
Acceptableenergyspread(90%,full) 3
Acceptablephasespread(90%,full~ 87

GeV
YIHz
m
m
cm

blw
hnv

rrmmmrad
.Mev
(kg
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machines and [he op[imum design of the linac is strongly
dependem upon reliable informationregarding the power of a
single some whichCUIIXObttineds;ablyiUI~~liably. Ttus is
the main reason why we st~ed our programby developingart
ff power source for the high.p I:nac that [akes a [~ge parsof the
Iinac. For our conceptualdesign we estima;ed a highestpower
of 6 MW andhave decided to use it at 4 MW for irnoroving

1 +---m-.m----wi‘m o
1 10 100 1000 10000

Pulse Duration (micro-see)

Fig. 1. The rf powers of awsikrbleklystronsversus their pulsc
leng:hs.

Since :he to[al shunt impedance is proportional to the
cavi:y length. :he total rf power is intersely proportionalto the
Iength, if the ‘xam loading effect car: be neglected, while the
costs of cawties and buildingsare roughly proportionalto the
cavity length. Therefore.if ihe rf poweris relativelyexpensive,
as in the presentcase, theoptimumlengthof a linac wouldtend
to be increasedin order to save rf powerby improvingthe total
shunt impedance. Although is totiii length of 500 m was
primarilydetermineddue toour availablespace,we believethat
it Mnearly the optimum Ieng[h. takicg into account vtious
requirementsfor the lmtic.

In [his context. the accelem[ing frequency is irnother
important parame[er. Ir. order to siivc rf power a higher
frequency is preferable. since the shunt impedance per unil
length of a cavity wi[h the same figure is proportional 10the
squareroot of the frtquency. (The ~ssible accelemtingfield is
also proponional. j On the other hand, as the frequency
increases, the size of [he accelerating cavities and klystrons
decreases. so that the cooling of these components become
difficult md the beam acceptance of the accr.leralingcavities
decreases. Therefore. the nearly highest frequency Shrmldbe
chosen, as far as the cooling of the rf comporwmsis feasible
and the beam acceptirnce is sufficient. In this way we have
chosen 1296MHz for [he frequencyof the high+ Iinac, taking
in[oaccount its rela[ion to [hat of the drift-tube linac(DTL)arid
RFQ limrcas follows.

[n a t.igh-intensity.high-energyproton Iinacbeam losses
should Fe eliminated at the high-energy region of the
accelerator. flherwise, radioactivity caused by beam loss
would become ii serious problem during Iong-temroperation
and limit the possible beam current. Thus, sufficiently hrge
beam acceptances sho~”ldbe prepared bo[h transversely and
longitudinally for all accelerator trmks. In order to e,~surea
sufficientlylarge rransvemeacceptancewe havechosena rather
large bore radius of 1.5 cm for the high-~ !inac, while
sacrificingthe shunt impedanceto someextent.

In order tl~ensure a sufficiently large longitudinal
acceptance we ha’:echosen one third of the frequency of the

high-p Iinac for both the DTL and RFQ linacs. For l;,i!same
reason, we use rather high transition energies (Jf 3 and ]50

MeV for (he RFQ to ~heDTL and for the DTL to the high-p
Iimrc,mspecrively,since the&bunchingeffect i!lthedrift space
inevitable for the transition is smisllcrfor higner energy. The
design pammerers,thus&[ermined,,arelisted in Table 11.More
detailedparametersand ra~ionidecan be foundin Ref.3.

Further omimizmion of the design of a highly stable
machine with <dsy maintenance and operation requires both
technical dale and experience tha[ circ be rrccumulatedonly
throughme ccmxructionand operationof majorcomporrerruof
the machine.Thus, we hisveformeda developmentprogramfor
the majorcornponemsas follows.

Since one of the most difficult components of the
protc.1linac is a high-power rf source (several MW) with a
long, pulse length (600 Us),l”’J it is cruciid to lest the
posst!)ilityand performanceof the rf source for success of the
proje.:i. Thus, a high-power test station was prepared, as
shown in Fig.2. Second, we begao :0 study and develop the
high-~ Iinac, since it also reprcs:.fitsa I&-gepart Gf the Iitmc.
The power station is used to fe;,d power to the high J Iinac.
Another importam item in ‘Jur development program is
concerned with the front end of the Iirmc. Obviously, the
above-mentioneddesign was based upon variousassumptions
that must be confimled empirically. The assumptions cm be
listedas follows:
I) The ion source can produce high-intensity. iow-emitnnce
beam as designed.
2) An RFQ can accelerate a 20 mA beam from 50 keV to 3
MeV.
3)-An432 MHzDTLof sufficientquafitycan be fabricated.
4) Emittance growth and generationof a halo can be properly
suppressed from the ion source to the DTL, and the designed
acceptancesof the highenergy sectionare sufficientlylarge to
preventdremachinefrombeingactivated.

[n order to confirm these assumptions and to develop
the fabrication technique we are going to construct a 10MeV
proton linac for the high-intensity barn tests within a few
years,

Fig.2 The high powertest stationshowingthe 5-MWklystron
and the line-typemodulator.

RF Power Source

A Iine-ty”pemodulatorwith an output powerof 15MW
has been constructed. The line-type was chosen owing IOi~s
excellentstabilitywitha de-Qingcircuit and its highefficiency.
At present, the pulse length of its pulse-forming network
(PFN) is 400 ps. An L-band 5 MW klystron (THONISON
TH2104A) wi[h a pulse transformer (step-up ratio of seven)
we~ installedin the station.Testingof the completesystemhas
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ken successfully accomplihned Up to full power with a
repetition rate of 30 Hz. ’ 1“13A test at the designed repetition
rate of 50 Hz will be performed after the acceptable average
powerof a dummyload is doubled.The pulseof the modu!~tor
wfllbc lengtheneddp to the fuu lengthin the neZ future.

A standing-wave coupled-cell Iinac tsperatedatthe d?
mode will be used’s for the high-~ linac rather thun the 2x/3
retie 16Amongthe v~ous possiblecandidates for the high-P
structure,manufacturingtechniquesof an alternating periodic
structure(APS)*7or anon-axis coupled structure (OCS) and a
side-coupled structure (SCS)16have been developed.4 The
axiiilly sj”mmetric APS has advantages over the axially
asymmetricSCS withrespect10bothmechanic.alsimplicityand
bcm stability. However, the shunt impdztlce of the APS is
much lower than that of the SCS, particularly in [he low-~
section, since the couplingceils of the APS are Iwated on the
‘beamaxis and consumespace that could otherwisebe used for
acceleration. [n Ihis context, the annular-coupled structure
[AC’S)19becameattracti~”,owingto its symmetricstructure.

,llthough it t!~dbeen reportedzothat a seriousdepression
of the quaii[yfac!orarises from lfieexcitationof the coupling-
celi quadruple mode, we succexied in improvmg the shunt
impedance of the ACS by adopting four coupling slots.z’[n
order [o show the effect of she coupling slots on the quality
factor, the measured quality factors were divided by that of a
single cell Wi:hollt coupling slots, and plotted versus the
coupling factor (Fig. 3). Another important feahsreof the four
coupling slots is that [he dipole and quadruple modes in the
coupling ce!ls are situated at higher frequencies than the
passbandof the acceleratingmode.Thus, we have fabricatedan
ACScavitywith two S-celltanks” connectedby a 5-eel!bridge
Coupi:#ozA (Figs.4 and 5) and tes[rxiit up to full RF ~wer.
[ An effecri}”eaccelerating field is 3.6 MV/m and a powel
dissipation per cell is 30 kW.) Details of [he fabrication and
high-powertest are presentedin Refs. 22,24 and 25.

A disadvantage of the ACS. comparedwith the SCS,is
its large size, or heavy weight, that is inevitable duc to
symmernzationof the structure.We appreciatethe advantages
of the axial symmetty’of the ACSrather than iis disadvantage.

Ion Source

Whenour developmentstarted,no ion sourceexisted that
met our requirements. It was, however, expected that a
~olume-productiontype H- ion source could produce a high-
inte..slty H- beam with !OWcmittarrce and high duty, an
attractive feature being that it would be free of cesium vapor
that could reducethe breakdownvoltageof [hefollowingRFQ.
Thus, a test volumesource26wasconstructedin order to study
the mechznism of volume production. We have ob[ained ~
beam cument of 20 mA with an anode hole diameter of 7.5
mmo, where the normalized90 % emittance was 1 mnm.rnrad
at 30 keV and the pulse lengthis 400p.s.It is interestingto note
that [he introduction of a small amount of cesium vapor
increases me current densi[y,even in the volume source, by a
factorof fouror more. It shou!dbe emphasizedthat the amount
of cesium used in the volume source is much less than that in
the conventional sin-ace source. This amount of cesium will
probablynot cause any harm to the RFQ. Furtherdevelopment
of the volumesource is in progress.

o.
0

Fig.3
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Fig.4 A high-power ACS model comprising two five-cell

ACScavitiesand a five-cc]]bridgecouple:.

Fig.5 Phonographof the high-powerA(3 model
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RFQ Linac

A 432-MHz RFQ Iinac will accclera[e a beam from so
keV 103 NleV. A design study for the beam dynamics hiss
indicatedthal its vane lengthshouldbe 2.7 m (aboulfour times
m long as the wiweltxtgth).:7”28We ha”:edeveloped a new
beam-dynamics design procedure,28inking imo account Ihe
space-chargeeffect in [he bunchingprocess more rmlis[ically.
It is, in general, difficult 10fabricate a conventionalfmsr-vitne
RFQ Iinac tha[ is long compartd with the w~veleng[hfor the
following reissons.Firs[. a slight struc[uw imperfectioneasily
gives rise :0 held tilt in the long [w&.Second, an RFQ Iinac
consis[sof foui cavitks wparcuedby the four vrmes;these four
ra~ities Me coupled vent weakly. Thus, a slight azimuthrrl
issymrnmy gives rise to a non-ur?ifonrrdistribution of the
stored encrg)’ iunong Ihe four cavities. (The effcc[ is closely
related to the mixing of the dipole modes with the qui?drupole
rll~e.) AS a result severe specifications are required for the
structural dimensions. It has been believed tha[ the
specitica:ions become more severe for a longer RFQ. Or the
other handaccumtemachiningnanmlly becomesmoredifficult
for longervanes.

Neither a four-vaneRFQ with vane coupling rings nor a
four.r~ RFQ for curing the above-mentionedproblems can
easily meet the present requirements of high duty and high
frquency. OHthe other hand, the above-mentioneddifficulty
t-egadingthe four-vaneRFQ was not undersmodquantitatively
enough to make a final decision for a choice of Ihe RFQ

9.29(Fig, 6) was fabricated ‘n
parameters. Thus, a cold model
order to develop a machining method for the severe
spccitkations and 10studythe cffec[of possiblyharmfuldipole
modes. Silvet was added (0.2 percent) to vacuum-melted
oxygen .frce copper in order 10 strengthen the material
mechanicaUy.

The results of [he measurements on the cold model arc
describedin demil in Refs.9 and 29. The frclddisrnburionsa.rE
uniform within i 3.55’o.Althoughthe geomerncs of the vane
ends and the cnd plates were adjusted in order 10 obtain this
uniformity,no side tuners wctt used.

The measured dispersion curves of the dipole and
quadruple modesshownin Fig.7 indicmethitt the accelerming
quadruple mode (lT210) is located just at the middle of the
dipole modes (TEl 11, TEI 12). Separation is fairly large,
implying a small mixing of the dipole modes. Also, good
machining accuracy is seen from [hc small meaking of the
degeneracyof the dipolemodes. his noted that more mixingof
the dipole modes is expected for the shorter RFQ, since the
frequencyof the TEl 11mode is increasedand bccomcscloser
to the TE210 quadruple mode if the vane is shortened in this
region of the leng:h. In other words, a longer RFQ wdl be
easier to fabricatethan a shorterone.

During the course of development we devised a new
field-stabilizing concep[, referred to as a x-mode stabilizing
loop (PISL)30031(Fig. 8) that pushes up the dipole mode
frquerrcics far from the quadruple one. A three-c:inensional
calculation indicates \hat the loop is quite promising for
stabilizing the RFQ field, increasing the dipole mode
frequencies by an amount of several 10 MHz. We will thus
substantiate the feasibility of the PISL empirically with the
existing cold model and continue development, including
studiesof the effectsof the matchingsection,vane mcxiulation,
input coupler and tuning plungers’ m order to obtain the
necessarydata for the finaldesignof a high-powermodelof the
RFQ.

Fig.6 Cold modelof me 432-MHz3-MeVRFQ Iirwc.
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Measured dispersion curves of the quadruple and
dipole modes in the present RFQ.

Fig.8 Exampleof x-modestabilizing loops.
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Drift-Tube Litmc

For the 432-MHz drift-tube Iinac (DTL), permanent
qt.drupole magnets, such M SrrtCoand NdFeB, will bc used
since they .xquire neither electrical wiring nor water-cooling
and become maintenance-tiee.We have recently succeededin
fabricating NdFeB quadruple magnets (Fig. 9) with a field
center [ha[coinci&s to theirmechanicidcenterwithin20 um. 1[
should be emphasized thal Ihis was rea!ized without any
shufflingof magnetpieces.but withelabomlequalitycontrol in
bo[h machining and production. On the other hand, it is
difficult to sealdrift tubesconjoiningtheseperrmuwn[magnets,
since the magne;scannot stand high [temperatureduring silver
brazing; also, the strong magnetic field of the permanent
magnetsbends[heelectronbeamfor theelectron-beamwelding
(EBW).

Thus, the electroformingmethodshas beentippliedto seal
the drift tubes from vacuum,sincee!esrroplmirigis carriedout
N room terrtperature. A drift tube ami .. NdFeB perm~nent
qua(frupole magnet were assemble] and succcssf~lly
electroformed. The EBW of &if{ IACi with the pezilmt~nt
magnets was also successful hy shielding [he electron beam
from the strongmagnetic field. At presentwe ar developing4
inethod32usiug cold shrinking that will be more ~uiitibie for
mass production.

A cold model (3 to 8 \leV, 35 cells, 2.6 m)33”3Jmade of
afuminumfor half of ~hetirs[ DTL n.nk has been fabricatedin
order to obtair!necessary data for the final detailed design.35
Without post couplers, a field flautess within 1.2 percent was
obtained throughout the tank. 1[ is noted here that the p-
depcndence of !he effect of stems was co~cied by adjusting
the gap lengths be[ween the drift tubes in order to muke tire
frequencies of all cells uniform. In order lo test the
effectivenessof [he post coupler, a tleld tilt was intentionally
produced by frequency [uners; it could be eliminated by
adjustingtiie positionsof the postcouplers.32The effect of the
number of post couplers was extensively studied regard~ng
field s:ability. 33 Ba5ed upon these developments, ‘he

fabricationof the 5.3 \leV DTL is now under way, M shown
in Fig.10.

41!PA.?;;.i,,,...A

Fig.9 NdFeBquadruple magnet.
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LINEAR .%CC EL EK.ATOR tI’OR PKOL)LTCTION Oh’ TR ITIUM: I’H}’SICS DESIGN CHALLENGES*

‘r. P. Wangler, G. 1>.Lawrence, ‘l’..Q, Dhatia J. H, i3illen, K.C. 1). Chan, l+. W“,(;arnett, F, W. Guy$
D. Liska, S. Nath, G. ~. Neusehaefer, and M. Shuhdy,

Los Alnmos Nntionul Luf.)oratory, Los Akmos, NM 87cA5

[ntrociuctio~

111 rhc summer ,If 19S9, a collahorittiof~
etwtwn :,0s :\l~~nlos X.i~ion21 l,al)or~ltor} ;Il](i
;rookhd~’en >-~ti(~n,~l[.uhorator}! cort(iuctcd u SLU!l}”
> ~stitb]i~h ;i rLO;’br[nCC design of a i’iicilit}’ !or
cceler;itor ~Jr[~(!ucti(,nof tr il ii.Jn~I;\ w) ‘1’hc,\PT
oncept: < is” that of il llp;lt ron -+p;i I lilt ion Wu$”ct?.
hich is l)ii~e(i on the Ll>{:,).f h]g!-t-er-wrgypr(,tons [o
ombard 1[.ad IItIclc i, :“CSU!t ins in the product i~n of
irge qudntit ids of neutrons. .l culrorrs from the IC:ICI
rc captured h} lithium to ~)i”od(lc~ tritium, ‘[’his
aper clescrihes the ciwig!; of N 1.6.(k\”, 250-m/\
rpton Cw.Iinc:lr. i::.celorat~. lot. /\PT

Reference Accelerator Configuration

The reference ixcelerator contlguratiort ~1’ig 11
]nsisls oft ui, iow-energy, 350-}1Hz, 125-MAproton
nacs, uho..c hearns are funneleu at 20 Jle\” tind
ljected into J single ~~().\l~[z, 250-mA Iinuc for
cceleration to 1600 }IeJ: l~ach tic irljector consists
f a duoPIGiitron ioli source iin~ Iow-cuerqy hcam
-ansport t [.E 13T) I ine, w“hich pr-ocluc{:sii 140-m/\
earn (or injection into ii [.iidi(jfrc({uenc}.(/tlL~(il.tlpole
}FQ) Iiaitc structill.e The Rk$Q focuses iixl
alabatical!} hunc}:es the il~jccted heam, itnd w’ith
le same r} electric fields i!cceleriltes the hcit m to iii,
nerfw of 2 5 he\’, :\t this cnerg} the drit’t-tuhe
nac “’L), which proiidcs more efficient
co?. 0:1 ii~d focusing from electromitgnetic
uadru: ,.es inside the drift tubes, incre:lses the
earn PI >rgy to 20 Me\.. “!’hetwo 20-Yle\T,350-JII!z
earns arrive out of phase ~itiLnrf deflector element,

40 Me\’ HOw+’
W, IZf

t“unrd

&l /

whici~f“unn$:lsthcm into a single C(J1ine;ir ‘700-MHz
hunched I)eiltn for further iic~(’1~[.:itiun in a il!gh-
encrg~’t 700-}1IIz, 250 tnA couplc(!.cavity iIf:ac
(CC14)tO thC fifiill (’tl~t.~}’ Of1600 Ylf?l’

Tlw Aw Iimw is designed with nlinimiy,it~.J
tIwam 10ss ;1s first priority und ot’flcicnc}? ilS secorx

prior-it} Il:l(liiitioll-hi]rd clectr~)milgncLic (~tliid.
rupok!’s arc US(K! in t h.o drift tuhes ruther t!]an
permanent- 171iigi]et ({ui]drupole> h~(!iil]s~ OJ.concerns
:lhOI1tHldid t ibn (lil Illil~L’. ‘i’hc size of elcctromdgnetic
quadrupolcs ituuoses an upper limit 011the choice of
wfv,frqucnc} ,4 ~~~.t}.pe [)TI. is chosen LO
iiccorr!odiltc the phj’sica I 1!!rigth Of tl IC quadruples.
IJor pf21.fiJrlIlii IILV! l“f2ilSOllS, a two-frequency Iinac
design is urnpio}.ed:35C Mk!z fcr the I{FQ and I)T!,,
:tnd ’700 \l 1i z .Ii)r theC(l1,. Ihxm ~’unncling is
~mplo>.ed l) f_!CilUSC it results in ireproved hearn
qua] it}’and rwluce(i pitrticle losses in the CCI. for the
desired current Ic\ei, The CCI. is designed in a
mod(llar filshion ‘.vith the Iiit t:ce units identified as
types 1 to 7, “1’.vpe1 is cfimposecf of Z-ccli lattice units;
the r-tumher increitscs to 10 cells per lattice unit for
‘(’}’pe7, ()\’erall there are 145[ lattice units in the
CCL, with ii total of 1C1275itcceleratil:g ce!lf . [f
tlecessar}’, iirl emitttincc Ii!ter, a s},stem of
collimators to remoi’e kxmmhuio, can be installed at
40 }IcP’ ililer the major itccelerator transitions.
[,engths, rf power to the structilre, and beam power
ilre shown irt Fig. 1 [or eitch ty e of accelerating
structure. ,4, ?table within tkm lgure provides an
estimate of the nltmber of”rf tuhes: 470 at 700 .341iz
iind 12 at3450.MHz. A second table gives transverse
and longitudinal emittances for a nonidea! beam caw
tl~ed in :he simulations, in which the beam is

CCL (700 .MIIG .2S0mA)

\ 11- I 20\le\’ I 160 320 tiu 1600 1600MeV

-1 ‘ Emlltance
2.5 hieV Filter

100 keV

l_-
‘3””’ ——l————

i ‘“’m –1

Len~th
(m)

RFQ

n

3.4
DTL 11.3
CCL iC63
Total 2190

RF Power(MW) #RF
Copper Beam Tutiel Tuhes

Trans.EmiUanceOLong.En~itlanccO
(x+cm.mrad) (lo-% CW+ec)

Input Output ltlpu’ output

0.4 0.3 0.7 2
1.3 2.2 3,5 10

114.8 395.0 .5W.8 470
i 18.2 400.0 518.2 482

RFQ

1

0.020 0.023

-J

0.0 1.4
DTL 0.027 0.058 1.6 3.0
CCL 0.(%1 0.068 2.9 4.4

To\alACPowerfor Accelerator=910MW ● Emittanccvaluesare f{m
(AswminEac * beamefIicicncy. 0.49) mm-idealhcam.

———.—. —
Work s:lpport N! h~.the

Fig. 1. The AFT reference accelerator configuration

LS Department of [~nerg}.with LOSAlitmos N.:1.tionai I,ahor;llor.v I)evcloprr:ent funds
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TABLE 1
.4PT KFQ Pm ameters

Frequency
Energy
Synchronous phase
\7ane Ilwdulution
Radial aperlurp (a)
inter,’.lne ~“olt;lge
Peak su!.t’acetleld
DC injection CU1”l”f211t

(kitput current
Beiin] transmission
Transl”rrsc rms emit ti{nce

Longitudiniil rms emit!ance
RF(J length
Copper power
Beam power
Total power

350 Mt[x
t).1 to 2.5 Mev
-90° to -37°
1.0 to 1.8
0.375 to 1),310cm
95 kV
33 Nv/m
140 rnA
I28 nlA
0,91
()(1~()to ().023IICltl-IllI”il(i

0.0 to 1,4 Y 1O“tiHeV-s
3.4 m

0.4 M w
t),3 llw
0.7 Mw

times the Kilpi{t rick tiilu~, which corresp[~nds tt)
33-JI\”/nl. Th[*current limit is 250 lnA, iitld we used
a constitnt -Cl(rrent.Iirnil ilCCCleriltil?g section to
reduce the RE’Q le~:gth for easier tuning, The R[JQ
ca~”it}”car) be d:i ~cn with o.single 350-llI{z kl>.stron.

Drift-Tube Linac

The DTI, parameters i~re shown il~ ‘1’i]hle 2.
The DTL uses it Fol)O focusing l~ittice composed of
radiation hili.d t>l~ctr~nli~grl~~tic qutidrupole Inilgnots
ins ide the drift tubes aml ii 2&\ wI1 to provide
sufficient room for the lllil~llf?ts. “[’hequadruple
m~gnets require a gradient of 46-T/nl and an
etlcctl~?e length o! 6.4 cr~, which results in it zero-
current I)etatror phase ad~ance per focusing period
of cl” = 70°. The DTL can be confi ured In live

isep~irate rf tanks. each of which Ciln be riven from a
singie 350-MHz kl}stron. The output ernlttances
listed in ‘Ilble ~! are conserv;itive values, obtained
from numerical sirnulation usin the PAR.XIILA code

!for a mmideal Cilse w!wre the earn is deliberately
mismatched to tl-e DTL.

Funnel

Table 3 shows the parameters of the funnv!ing
s}”sten,for AH’. The bei~msare focused transversely

TABLE 2.
APT DTL Parameters

Structure
[.attice
Frequcnc},
Energy
‘1’rilnsverserlns emittimce
l,ongitudintil rms emittance
Synchronous phase
Accelerating gradient (l!?,)I’)
i‘(!ilksurface tlcid
Radial aperture
I,ength
N-umberof cells
Copper power
iham power
‘rotal power

2pA
[JON
350 Mliz
2.5 to 20 ,MeV
0.027 to 0.058 n cm-t-m-ad
1.6 to 3.0x 1(-)”6IIc\’-s ‘
-40°
1.1 to 3,1 Mv/nl
X? MVi’m
0.84 cm
11.3 m
51
1.3 Mw
2.2 MW
3.5 Mw

with elect romilgnetic
?“’dr??””e

magnets uml
lot~gitudinilllywith 350-, Iiz r!- mncher cavities. As

TABM: 3.
A~J’r F’unnel Parameters

itncrgy
Xumber of qll.adrupolcs
Numher of dipole:;
Number of but-whers
h.umber of rfdeilectors
I.ength
initial beam sepiit”t{tio~)

Aperturv radius

Input hc;im current

OUt~llt l)t!iill) l!lll’1.~llt
‘rriit]s\”crse rlns emil Lillll!e

i,ongitudiniil rms cnlittunce

Cnppvr rf powel”

2(IMev
2 x 5 + 2 = 12
2X)?= J
~ ~ ~ = .1
1
1.5 m
(30,5cm
0.8 cm
2 x I!2!5mA
’250111P

0.058 to 0,061 [1cm-mrw,l
3.0 to 3.()x 1O“(;n eV-s
0.!25.34w

Coupled- (.lavity l.inac

‘1’ht) CCI. piit”i{mett>rsilre sulnm~rizcd in
‘r~hle 4. The l{~ngitu({inal l]i~:;eiidvancc for zero

E:urrent ritngcd from 15°at t e CCi, cntriln~e to 3.4°
,~t the end, The transverse phase itd vantw for zm.o
~ut.r[:lltwi~sheld constant iit 70°,

‘rA BI.k:4.
APT CC!i,PARAMETERS

Structure Side-Coupled
I,atticc iWiXl, 7 Sections
Frequency 700Mi!?,
ilnergy 20-1600 MeV
Current 250mA
Transverse rms cmittancc ().061 to 0.tx38n cm-rnrad
l.ongitudini~l rms cmi;tance 3,0 to 4.4 x lo-~ n CV.S

Xumber per bunch 2,2 x l(Y-J
Accelerating gradient (l![,T) 1 MV/m (lattice uverv.tge)
Peuk surface Ileld 7.2 MVlnl
Aperture radius 1.4 -3.5 cm
Synch~o)iotis phase -tio”to -40°
l,ength 2063 m
Number of liltticc Units 1451
Cells/tank ?,3,4,6,8,10
Copper power 1I5 Mw
f3e~n]povwr ‘I!)fi \l w
‘i’o;tilrf power 510 IMW

To provide strongest, focusing in tho CTI,, we
hat~e chosen LOusc relatively short tanks with a
singlet f~(li)() Iiitt.ice, ensuring a high density of
focusing elcmcnfs. To guarantee u large transit-time
factor al]d better stubility against udverse effects
fr~rn excitation of high. order lnode~, W(, hilve
dvsigned ~il~h tank lenuth to correspond to {he
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Al)’l’ Numerical Simulation Cnlcuhttions

I’(IIIIICI,ilt)(l CCI.I)YS foI. (ht CCI,. ‘1’11[!s(:CI)(ICStrii~k
pilrlicl(!S t 111.oll/{h ttl(’ ilL’C(!l(!l.illol. , il 11(1 1110S1 11.f:ilt ttlC!
Sj)d(’(!-l”llill”~L! lm.cm using ;1 l.ilSt 2 ;linlcrlsion~]
})ill’ticlu. ill-ct!ll ilpl)l.~)ill~tl. Ill L’ilC}l til~lv step, the
])ill.tiCl(!S :11.Cii Illl(!iltl!(l to 1’(!11S01. ;11) I.Z 111{!511,ill)d
~pil~l!-(’tlill.~t! lie lli S ill.t! Cil ICUlilt(!(l illld 115L!(I ltJ~CttlC1’
with the (J~t~rrtiil lilt cws to ~dt’iil]t~(~ th~piI.I.\icIu$ {“r)r
I}Ic Ill’St ~tt’1). 111 t}lL! !.111111(!], J\’!ll!I”C tll(’ il\”l!l.il~t! x
:i Ii(l }’. l)lilll(! I)t!il Ill erl \’1’Il)}lt.’!i il If” 11(..1 S}”Ill 111(!L1.icirI, ii
;I(litllt,rlsil)llill spiltl’(”}lill.~t! ~.iliL!lllilti{)ll is 11S(!(1. W(Y
c:i rri~vl {)tlt thl’ si H]LIlilt h)tl S((Id ic’s Ii)r A 1“1’ \Vith il n
i II i t iii I 1lliil Cll(!d [ iil USS i:itl (IC I)l:,i 111 11Si Ilg ‘7500
l)ill. t iclcs into 1tlL’ I{ I.’[j. (’I.}lL! II)l!ilSlll.t.!(l I)l<illll !.1.f)l~l
r{! I(’V ;\nt (k injcctt)rs 1s Ct)nsis( orlt \v it h ii (;il USSidl)
;)ro!i it’). ‘1’hcinput I)l?ilm is d istrihutu(~ ufl iforfnl)’ in
I tlc l{~llgilUdillill dircctiotl illld is ;Issigrlcd zero illjtiiil
C’!lC’l.g}’ +])rl’il(l I il ~ol)(l ilpproxi Ir)ilt ion 1(}1”thr2 1()-t(j
1{)()C\’ l!ll(!l”~}’ Sjlr”t!il(l !)~ il I.t”ill I)(!itlll), \VC did
+i11)11lilt ion S111(1ies Ii)r t \\’l)C’ilSt!S art idL!ilI IIf!iilll C’ilSL>
il 11(1 ii rlorl i(l(uI I)t”il Ill Cil SL’ 14’01. tht! idt?iil I) f!illll L’ilSl!,
i\l; Iindc Iivl(ls \\’cl.c Sut to thuir (Iesigu \’illUt?S, dnd
I :;t! Illilt(’hillg ({Uil irupoles ilIl(i 1.1.Cil$.iti(. : pr(wxling
tl](’ I)TI. ilId ~(1 !. i,wre set to prm’idc tin i(iuiilmittch
its (Ictcrrn iIILI(I1)}.t II(?pI.ogI.:1 IN TRAC E3 1?, {!,lil~ching
into ~hc CC[, is !Jrovidt!d I)y l) Ciilll elcmcnts of lhe
!’lll]IIe] Iine, ii!ld lll:lt~!)iI]Kinto [he 1)’]’1,, h}. ii s ‘UCiit]

rIlliitch irlg ~t:ct ion COIIIpOSd (),” foUI. (l(iitdl.upol~ CIISCS
iind tt~”() I.!’ tit t’it it+, ) ‘1’}]c uon id(>iil A1)’1’l)~~ii m (1iffers
t’1.otll ttlC! ideill Ilt?ilm in ihilt WL’ (!tlilll~~d pill. illllL’tC!rS
in the II)iltCtl ing :wcti(~llI)(?!’orei }](:1)’1’[.to produce ii
liir~C mismatch. Although We hulicve lhe l~ol~id~iil
i)(!il[tl represent.s il more r[!ulisl iu representittiorl of
ttlt! \}. j)illill l) Cilll) (lllill i\}. th:lt tlilS l)t!L!Il ohtiiind in
pl.~t’lou:i higt)-enurg}. llnilCS, it Illii}. IW possil)lc to
ill]prt)~< the perforini~l~~l: !’I.OIN thiit of the I)oni(l[)il]
~iis~, csp~~iiil 1.$1)}’pro~’iding iind usin~ the infornm-
Lionfrom high .pcrformttncc heum Cliil~rrtJSticS.

‘1’ht’ simulittion results for the nonitleiil h~iin~
illl’ Shown in Figuru 2. ‘1’he upper tigures show
trill~s\’ers(! displitcwmcnt versus ungle (x versus x’
ilnd }’ v(~rsus }“’), The lower right Iigure shows the
ct~cr~}. iwrsus phitsc r~;iitii’e to the design particle
(Iongltudinal phase S1)UCL). ‘1’hc stahh~ ltm~it~dinal
rc~ion is iilso sht)wri in the lower right Iigurc for

000 Ooa

~ B3
—..g004 .004 1

0 ~
..u 0
0 “G o
s o

s
-1 -.004 , ~ -.004

-008 -.008
-350 -176 0 175 3m -3.50 -178 0 1.70 350

x(cml y(cm)

-330 -179 0 I ?5 350
n(cm) ’40 -Y@tJ” 40

F’ig.2. ()(ltput l)lill Il ilt 1600 llcV frofi” tile
r) LImer i(.ii 1 s i :11u Iit ( ion for the 11(1Ni(lvii I l!~)il III (:ilsC
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TABLE 5.
Beam Loss Estimates in APl* CCL Based on Extrapolation

proced,,re using sinlulation l~~sults

Energy (MeV) ~o 4(J 80

Peak loss (nA/nl) 3000 !?0 0.06

Distributed 10ss(nA/m) 80 0.-! 0.001

TAH1.E 6.
Activation h~stimate~ from the

Energy iMeV) 20 40 no

Peak (mRctn/h) 48 1.6 0.024

Distributed (nlRcnVh) 1.3 0.032 0.0004

comparison with the p;~rticlcs. ‘1’hclower Ict’t flgllre
shows the x-~“crsus-y cross section i~nd the c:rcular
output aperture for lhv tlnal beam. ‘1’hc space
occupied by the beam in the CCL is much S: l~iil]~r
than the accep(nnce Iimits, which \viis ii main
objccti I’e uf the design. Beam ~lnittilllces tl~r the
nonicleal beam simulation are given in h’ig. ! and
‘rabies 2 through 4. [’he aperture to rms-hw.m- size
ratio in the CCI. rkinged from 20 to 31 for tJWideal
beam and from 14 ~.o22 for the nonideai I)er.m ‘1’hus,
above 20 .MeV, the design procedure succeeded in
obtairling large aper~ure to rms -beam-size ratios.

To arrii”c itt an initial cstimiite of losses in the
reference design, we have iidoptcd Jn cxtrapohtion
procedure, which we have applied to the nonideal
beam simulation. In this procedure, we obtained
beam loss ~wlues in ei~ch scctio~ of the CCL for
reduced \’iilu~S o!” thp itp~fture. Wc extra elated

[these loss t~lues to an effective aperture t at we
chose to be two standard deviations (3.4 mm) less
than the true aperture, to account for estimated
beam mis-steering. in cases where the extrapolated
numbers were too snml I t~;be significant, we used
upper- limit \.illties for the extrapolation to provide a
conservative CSti Iniltl!. The results are shown in
‘Rh!e 5. We conser~u~ivel}”obtained the peak-loss
estimat~s by reassigning all the b)sses of a .+cctionto
the first four cells of the section, where the highest
losses are observed in the simik!i~tion. We obtained
the distributed-loss estimate by artificially distribl; -
ing all lost particles of ii 51 :~.ii.nin a uniform loss
distribution. ‘rhus, in obtaining these estimates, we
used the same cxtrapoltited iost particles for both the
peak and distributed losses. We believe our
procedures should result in upper bounds of simula
tion code predicli(m for kwses for each type. The
corresponding activation Icve!s can he estimated if
(1) we take I h~! rule-of-thumb from the Los Alamos
.Meson Physic!; F;lcility (LA.MPF) that 1 nA/nl loss
results in 20 mcerdh activation at 800 ,MeV,and [2)
we assume that tl-,e ac~.ivation level :{sa function of
energy is proportional to the yield of neutrons per

160 320 640

0.06 0,06 ().06

0,001 0.001 0.001

Simulation Results

160 320 640

0,12 0.48 ().9s

0.002 0.008 0.016

incident m“oton in cotmer (which

1000

0.06

0,001

1000

1.4

0.024

dr:ocmis nearlv
lilK!ill”lj’ bn prd.on en& y above 500” MeV). ‘1’l;c
results, fshown in Tab e (3, ilr~ that the most
radionctivc iirea is at the entriince to the CCI<,which
may require remote milintenance for certain jobs.
Except for this one place, the activation levels would
be no more than a few mtwntih. which is ii~cc])tiibl~
for hands-on maintenance.

Our goal has been to produce a conse.rvi~tivo
reference design with a compact, high-quality beam
and low beam losses We used numerical simulation
studies, which included space charge, to confirm the
good beum characteristics of this reference design.
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NEW AFV3LICATIONS FOR 1lI(;)I-PowKR PROTON I. INA(:s*

George P. Lawrcncc
MS Hfl17, Los Alamos Naticml

Abst rsct

Advances in high-current rf proton Iinac Icchnolngyhisvc
mask it possible [o projcc[crcdiblc designs for ssncw gcnms[iorr
of very irmmscspisllss[inrsncuti.m sources for nuclear prsrccssap-
plications. Current intcs[ is focuscsfon trssnsmulsslionof nuclcur
WSSICand rritium production. Accclera[orproductionof ~rilium
was pro Mcdrcccnlly as a coni]ngcncybackupISItic ~cucloris:).

vprsrach. The corwp[ is bascclnn a 250-mA, 1.fs-CicVcw promr
beam :ncidcn(on a matrixof Icad (Pb) and lithium-aluminum(Li-
A!)~(~s. Ncu[r~nsprt)duccdin tic Pb arc absorbedin lithium 10
produce ~ilium. A review by lhc Energy Rcscwch Advisory
Board(ERAB)affirmedrhc technical feasibilityof tic accclcra~w
conccpl. This finding slimulawsfirwcsligalionof allcma[c lar-
gc@lantc~ cmrccpls, Icasling [o a separated-func[ion schcmc
rh~tproducwstritium ~hrs)ughnc~[rssrrcap(urcun 31{cin a tiuxrnisl
flux Icvcl > 1016rrfcn~2-s.The po[cntial of such high [h~rn]i{l
nculrsrninlcnsilics opcrssan cxci[ing range of ncw appImrcircsm
accclcramr ~ransmu[iilionof Iung-lived ssctinidcs is:,J Ciminn
produc~s. w-sol!O \hc possibility of Tcslucing~imc scales for
climina~ingsuch WSSICS!rmn >1(* years to human Iifcsparrs.

N’uclear Process Appllcssthms

Light-ion accclcralors have been corwztcrsffor more than .$0
years for nisclcar process applications, including fissile-fuel
breeding, fuel-clcmcn~ regcnerwion, energy production from
fcr[ilcma[crials, and transmutationof nuclear wastes. In 1947is
Livcmlorc group proposed a 500-McV, 32f3-mAD’ cw (50-MH@
drif[-[ubc-linac(DTL) for breeding239Ptiand 233Ufrom23nUand
232~, using n .NV]lium nclstron.prodwtion [argcl surroundedhY
a 238Umul[iplicr.z This projcc~namsxftic MatwiislsTest Acccl-
crakrr, was ncslimplcrrrcn[cdbccausc of [hc discnvcry of Iargc
uraniumdcpsi[s in tic wcstcm US, but a pro[olypc 33.5-McV,
12-MHzDTL was built and opwatcd wirhprotonbeamcurmm up
to 225mA (20%duty fac[or).

In tic usrly 1960sChalk Ri\cr NuclearLisbsrralorics(CRNL)
prqsoscdtic ImcnscNcuwonGcncristor(ING).is65-nlA, I.t).GcV
cw proum ~ccclcramrfcr nucicar physics, malcriislsresearch, and
for lcsting clcc~onuclcar fuel brccdin conccprs. A ccnud mr)li-
vationwas bic in[crcst in convcr[ing f2 % 10WJ10Cxpamtfuel
rcsourccfor the CANDUrcac(ors. Mhough INs3was no~fundcsf,
an acceleratorR&t) programevolvedar CRNL iri~hcla~c70s and
early 80s eimcd at hssildinga 300-mA, 1.O-GCVshrrrns[rolimr
fuel brceskr.~ A high-cuncni 10-MeV cw front cnd pmtotypc
(ZEflRA)4 was plarmcd, bu[ pos[poncd in 1984 bccausc of Ihc
uncertainfsmsrcof nuclwsrpower in Canadaand droppinguranium
prices.

BNL also studied accelerator-drivennuclearprocesscrmccp~s
duringthe late i970s and early 80s.S Thcy csrnsidcrcsla 300-mA,
1.5-GcV prmon linac bombarding a large-volume liquid lcxf-
bismuih(Pb-Bi) cu[cc~ic[argc~ surmundcdby a blankc[of rcac-
Ior-like fuel clcmcrr[s. Their smdics included srslxrilical assem-
blies for energy production, fissilc fuel clcmcm regeneration,
productionof fissilc fuel from fertile mistcrial,und also touched
on wasIc transmutationand tri[ium production. As in Ihc CRNL
approach,ticsc schcmcscmployeda fmt ncumsns~ctmm (103-
1~$CV)in ~hcConversionblisnkc[,and a KChliVCiy low ncu~ron

fluxdistributedover SKIargcvolume.

The s~agntucs!growlhof nuclcsuPowtcrhas climinis[cslnwsr-
icrm in!crcst in elcc;ronuclcar fuel produclimr wr(fcnrichnwn(.
.--- —-- —---——
● Wsnlsns~rsed h rlrc L’S Dcpaflmcnt O( FmcrgywIth 1.os AIWW)S

>.alIur.sllalxwalwy f%ugrssmDcvclopnlcnl funds,

Litboriit~ry, LOS Alamos, NM 87544

Huwcvcr,waste [ransmulzstissnisndtri[iumprnducliorrIusvcsliffcr-
cnt ecnnumic ssndpolitical drivers. There M incrcming puhlic
cunccrn ssboulssccumulalingnuclear wisslcs,and grnwirsgstissvs-
chun[nwrrl wilh [hc prnposcd gcnlngic rcptlsilory soluliuns.
Trwrsmu[islimrusing iiccclcrislor-slrivsmnculrnn sources cuuld
p]ssy\hc kcy role in solving Ihc nuclcw MUSICprohlcm, A may
bc [hc mnsl promising ispplicalinn isrcu for high.power prolmr
Iinws in lhc rwar fulurc. Sllch fwililics I\\:Iy iil!i(l hiSVs2 Illl!

polcnlial for clcclric Ixwcr gs!ncrillionilllt! lriiium produclinn.

APT Concept und ERAl\ Iivuluuthm

Triliumdecaysw lhc rislcof 5.5Y0 pcr yc:ir to ‘}{c find MUSI be
corslinuouslyrcplcnishcd ~unlair:l:~inthe cffcc(ivencssnf lhc US
nuclearsfcfcnsc. The DOE is prucwdirrgwith plans In rcpl:lccIhc
aging prnduc[ionrswcmrsisI lhc S~vannahK!vcrI’I:uII(SRPj will:
two ncw prnsfucliorsrc:wi.~rs(NPR). In 1988 LANI,, }IN1,, id
Wcslinghol;sc IIarrfnrd COKllpillSy (W}IC) proix)swl isccclcr:ilm
prodw-:innof wilium(APT) :Is u hisckupor coruingcncyproduc.
ibll technology. and an inilitil concept wissdcsc.ribcdin refer.
cncc 6. A poinl design nf Ihc ticcclcrislor,hciim [rimsimrlsys-
Icm, ansftargcr/hsl[[iccwas dcvcisspcdby LANL and BNL during
1989,and was cvisluoIsxlby ER/.B, ~ high.lcvc] tcchnici]l review
pssncl coqsssscd of isccclcrislor, rcisclor, clcclric ;mwcr, and
projccl smginccringcxiwrls

The APT systcm. which is sized for ACsmc lri~iumptc4UC
liml cap~cityas tic hcisvy-wislcrN}]R,is il]uswis[cdcxsnccpus;dly
in Fig. 1, A cw rf Iinacdelivers a 25f)-mAbcismof 1.fs-GcVpro.
Ions 10 a large-volume [argcl cnmp)scsl nf a rwrlrix of I)bml Li-
A! pins. Each immm prmfuccs &uI 45 ncu(rons in IIIC Pb by
sixsllalimrursfnucicar cvaporti[ion. Ilc nculruns prnshscc[rilium
via the 6Li(n, II)T rcnction, isnd:hc ~riliumis cxirac[uslat irllcr-
vals by chemical processingof [hc Li-Al pirls. The clcclric ps>w-
cr required 10gcncrislcIhc 400-MW prowr hum is >900 MWC,
and must be sui)idicd cxI, , I:Illysince r-wfissinn pnwcr is prn-
siuccsl (hy dssign) in Ihc ti)rgd mil~rix.

1Linac (1.6 GeV, 250 mA)

neutrons
iii

Chemical Conversion
Processing ~ Material (Li-Al)

Fig. 1. AH Systcm Cnrsccpt

Ilc APT hissa!uactivc cnvirorrmcn[,sisfcly,and hcdlh fea-
tures !n comparison with a rcacksr. Since lhcrc is no fissilc ma.
lcrial in the largc~ rhcrc arc no pn[hwuys10crilicisiily. h’o lrans-
urarsic waste is prssducuf, and Ihc rasfiixsctivcwaslc slrcam is
small. The process con be shul down rapidi;’ by Iilming off IIIC
bcism,and the Ihc Iagcl aflcrhcal is very low. ‘rhcERABKqX)rt7
concludedthat Ihcrc were no scricmsflaws prcvsmlingimplcmcn-
Ialion of [hc APT schcrnc. given a suilatric Jcvclopmcn! pro.
gram. The rcpssrtestablished lhc iscccicrtitnriLItl bewn-trmspor(
design conccp~sas tcchrsicallysound, and dcscrihcd [hc Itirgc[
se’.?nc as a cunccp!urrifirst apimxsch. A misjorconcern wirstic
isvuiiabili[yand CIMIId tic rsxiuircdelectric ixjwcr,

Illgh-l%wer Accclcrtitor

The AIYI’Iirmccm hc tukcn as rci]rcscn[:tlivcof Ihc CIMSof
muchincs nccslcslfor nucIcfirprocess isi)plit.”islions. Accclurumr
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phvsics design challenges for such ii high-power lirwc arc dis.
cussed clscwhcrcnand oniy a summaryof the main design poinls
and pitramctcrsis prcscnlcd here. Figure 2 shows tic rcfcwncc
sccclcramr configuration, which consists of a 2-km-long, WO-
Mtiz, coupled-cavi[yIirwc(CCL), injcctcd at 20 McV by a fun-
nclwl beam-lamching syslcm. The launcher is mirdc up of two
la[).kcv injcc[ors each arntaining 14C-n~Aprolon s~lsrccs,two
350-MHzradiofrcqucncyquwfrupolcs(RFQs) providing 125-nlA
outputs fit 2.5 hlcV. and two 350-Mtir. (2~A) Dl”Ls accelerating
beams 1020 McV. A funnel similar to thtt~IcsIcd rcccntly al Los
Alarms is used [o ccrmbincthe beams imo a 2?2-mA, ?OO-MH7.
:>unchtrain that is then acccl!valcd101.6CICVin *JtcCCL. The

cnmmcrcitilavitilabili[yof 1-MW cw 350-M}{7.klystrons. The
chuiccof 20 McV for [hc DTL-10-CCLtrtinsitinn is a compromise
bctwccn the highest prac~icnl funnciing energy and tic Iowcst
practical slisr[ing energy for a couplccl.cell struclurc. The low
shunt impwktnccnf cocplcd-cell strtsclurcs hc]ow 10()McV is
rclalivcly unhnpnrtarrl for this tlc$ignbccaustiof high bcarn load-
ing, and the dominantCOSI impactof the high.p CCL.

The CCL gcomctricidlayoul is sinliIar w LAMPF,with fca
[tzrcshrowcd fromthe designof the SNQ Iinac.9 The sidc-coup-
lcd Iinac is in a tunnel buried below 10-15m of cards shielding.
Klystrons, magncl power supplies, and inslrumcntalion arc lsr-
catcd in a gallery ahovc the Iinac [hat is accessible during oper-

alien. A non-occupation auxili~ry tun-

40Mev ncl alongsid,. ~hcl~nacallows sh~clding
of ra’~iatirm-sensilivc cquipmcnl that

i
CCL (700 MHz, 2SOmA) mwwrzclocatednear :hc accelerator. The

avcrafi13“ical-cslalc” accelerating gra-
ltlpCiOrS

I
dicni IS 1 MV/m,a valuenear a broadmi-
nimum in projcctcd f$cility Iifctimc
costs. The design is driven to [his low

1600MeV gradient hccause of the dominating
effects of rf systcm capital and operating

100keV COSIS. Thermal calculations show Ihat

-“m~”’m I the CCL s[rucmrcs can easily be coolcsf
a! this gradient in cw opcraliun, even at
the IOW-Pend, where dlc slruclurc-avcr-

Flg. 2. Reference Accelerator I)eslgn for APT itgcdgradientrcachcs 2.5 MV/m.

CCL is subdividedinto squcnccs of lalticc unils, ca:h composed
of an :~-cellccmplcd-cavityaccelerating module (with n increas-
ing from 2 to !0 as the particle jl incrcascs from 0.2 [o 0.93), a
bcwndiagnosticand a quadrupslc. Figure3 showsan fl-cell uni[.
Cavi[>,moduics are bridged togcrhcrin numbersrquiring 1 MW
of rf inputpower. Ttv.rf lube poweringthe RFQsand DTLscould
be the 1-MWcw 350-MHzklystrondevelopedfor the CERN/LEP
projcc[. A new 1MW cw 700-MHzklystrondesign is nccdcdto
powerthe CCL, whichrequiresabou:470 such tubes. Assuminga
klystron dc-to-rf efficiency of 0.67, the overall ac-to-beampow-
er efficiencyis estimated m :h-wI 0.47. Table 1 summarizesthe
principal parameters of the accelerator; refcrwrcc8 provides de-
tails on parameter selection, beam dynamics considerations,ar,d
[hc simulationsused [o predict beam Ferformancc.

The overall philosphy govcmin~;the Iinec design is that
the Iow-flbeam Iaunchcr is rsptimi?.cdIIIprcparr n Inwcmi[-
[ancc, ~;igh-currentbeam with Iilllc IIU1O,und the
CCL pararnctcrs m.csclcctcrl to assure very low
beam loss while maintaininghigh rf efficiency.

The beam Iaunchcrdesign is vcr~ different
frtsn, [hc front cnd of earlier-generation linacs
(1.AMpF),takingadvantageof a decade’sadvances
in the technology of high-current Iow-ft proton
Iinacs. These advances, s!imulatcdpardy by tbc
n:utral particle beam (NPB) progriuvr,include: 1)
RFQs replacing high-vcltagc dc injectors to
provide major beam handling improvements in
the lirst accelerating stage; 2) funnelingto obtain
cu,:ent doubling with no cmittancc penaity; 3)
higher accelerating-structure frequencies- and
swong focusing for transverse emittance
Preservation;4) ramped acceleratinggradiems for
Irsngitudmal emittance preservation; and 5)
proton sources capable of producing lt~gh-
brighmcssoutputs in the 1C9-MArange.

Whilethe averagecurrentof the AFTCCL is 250 timesIhatof
[hc highest power existing lirmc(LAMPF), the charge per bunch
is acluit]lyonly 4 to 5 times grcalcr, because tht duty factor is
I.Oand all the CCL rf bucketscon~ainprotons. Thus the charge-
dcnsity incrcasc in the bunches compared wi:h demonstratedop-
erating Icvcls is only moticrate, and is compcnsalcd by stronger
transverse focusing. The APT CCL has 4 times the quadrupolc
Iincar density of LAMPF, and 50% larger apcrusrcs. Given the
small beamcmithmccproducedby the modcm front end, the ratio
of aperture to rms bcarn size for the APT CCL is 3 to 5 times
larger than in LAMPF. This large ratio assures the extremely
low fractional beam 10SSCSneeded to prcscrvc hands-on main-
tenanceof the Iinac, and has little impact on overall rf efticiutcy

Table 11
APT Llrmc Parameters

Frcqumcy(Mll~)
Enwgy(McV)
Synchronousphase (dcgrccs)
Rrdial aperture(cm}
Flcamctzrrcn[(mA)
Length(m)
Peaksurfacefield(MV/m)
Accelcratirrggradient(MV/m)
Copperpower(MW)
BeamPOWCZ(MW)
Total power(MW)
Beansloading
Numberof klystrom
Acceleratingstrtzcnsre
Tram. cmitlancx(~ mm-mrad)
Long.cmittancc (10”6eaV-see)

111’Q

‘1$(1
()#! \l) 2#5
-90 to -37
0.4 to 0.3
140 to 128
3.4
33

0.4 (x2)
fJ.3 (x2)
0.7 (x2)
0.43
1 (x2)
4-Vane
0.20 to 0.23
0.010 1.4

m,

35fl
,? \ ; ;Ii
:40
0.8
125
11.3
22
1.1 to 3.1
1.3 (x2)
2.2 (x2)
3.5 (x2)
0.56
s (x2)
*X
0.27 to 0.58
1.6 to 3.0

Ccii,

7f)fl
1!11;; I1;1111
-6(Jm -40
!.4103.5
250
2063
7.2
1.0 (lattice avg)
115
395
510
0.78
470
Side-Coupled
0,61 to 0.68
3.0104.4

Becauseof the potential for neutron-induceddamageto per- bccausc of the high CCL beam-loading (0,77), An cmittaztce
manent-magner(PM) materials, the quadrtqxdesin the Dl”[s and film may t-wdesirable following the DTL12CLstructure transi-
CCL ~e radia[ion-h~d ele.ctzomflgnets.Size Constrairxsorl the [ion to remove residual phase-space~ads.
fYYLquads then bound the upper frquency limit for the ~L U[
about 400 MHz. The frquenc.y selution was influencedby the
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Technical Iswes, LAMPII’ Experience, and Present
Technology Base

In the late 1970sacceleratordesignersassessingthe technol-
ogy base for nuclear process applications had already identified
the major technical issues for a high-powerproton Iinitc, These
were (and still arc): 1) beam-loss activation of machine compo-
nents, which thrca[cns hands-on maintainability: 2) mrrchinc
damage from misdirection of the high-powerbeam: 3) improvc-
mcn[ of rf systcm efficiency and reduction of rf-systcm unit
capital costs; and 4) reliability and Itsngcvi[y of comprmcnts
ncmfcdto achicvc a 75%1plitnt factor. Some imix>rtantpcrfur-
mancc parameters had been demonstrated(300-mA peak currcm
in the FNAL injector linac), and so.mccritical componcn[swere
ai.ailablc or under r!cvclopmcnt(1.MW cw klysmsns). It was
recognized tha~an integrated front end demonstration would bc
w;cntial to establish the cnginccring basis for high-power cw
operation.

1— 157.3cm (5.0 ftaJ ~8 1
1 1

/ Sldacoupledacceleratingmodule \
Beam dia~nrsstic Ouad’rupole

I@ 3. CCL 8-Cell Lattice Unit

An integratedhigh-powercw demonstrationis still ncccssrrry,
bu[ accelerator technologyimprovementsand advances in under-
standing of high-currentbeam behavior now allow us to project
considerablyhigher confidence that a machine of lhis class and
power can be built and operated. The rcfcrcncc design for An
has taken us a significant step bcyonrfearlier ctmccptual ~hink-
ing, and addresses the technical issues point by poin~. The
design includes end-to-end beam simula~imts with “rwslis[ic”
matching errors. a machine configuration layout, preliminary
cnginccringanalysis of critical components (DTL quads), selec-
tion of componcn~ to match availability in the errisiing tech-
nology base (klystrons, ion sources), an analysis of off-normal
rrccclerntnrcnnditirms and hc.unft:rrgc[ safcli’ rrrran~cmvu1,. .111!I
t ,x):,1.IIKJi,l)[inlizatit]n model h] . 1II ii Ill j I .Iii, 1 I ! 1 I ~:
icsign codes have been bcnchrnarkcdtn [he rclcvuntclii,t1:;,l~ii~l
char~rdrnsil ! rPI,Il],,, h{ :;iIIIIII II i II I I ‘, Iltlll 11,111lkIIIJ\ l~jr
on OIC N’PB Acccl;, rimr Trk Stand w Lus Ahurws,umfby an cnrl-
to-cnd simulationof LAMPFIOthat confirmsmeasuredcmiltancc
values .AS well asbeamloss locationsand rough magnitudes.

Experiencewith existing linacs tha~have operated fur years
wi[h 1,igh availability as multi-program research factories has
pr~widctla strong foundation for making extrapolations 10 the
APT performanceregime. Because oi its high average current,
operational cxpericncc at LAMPF, is especially rclcvrnt, par-
ticvlar]y in addressing the important bcarn-]ossissue, For most
of rhcCCL lcngrh,L,’UkfPFbeam Iossw are estimated to be <0.2
nA/m, and radiation Ievcls after shutdown arc compatible witil
unlimited-access hands-on maintcnace at nearly rsll locations.
Given the much Iargcr aperture-to-beam-sit.cratio in (hc APT
CCL and the higher quality input beam, wc arc able [o project
high confidence of contact main[ainabili[yeven though uvcragc
currentsarc two ordersof rmtgnitudchigher. Simulationssuggest
that absohstc losses could te lower than at LAMPF, Klystron
longevity, although not in cw operation, has a!so been partly
addressedby LAMPFstatistics. Typicaf lifctims of the 1,25-MW
peak-power805-MHzklystr-m (up KC129. duly factor) has been
> 50,000 hours, with many ~ubc:,having operated for more than
80,000 houls. Another area in which LAMPF cxpcricncc is

rclcvam has been the dcmonstrawf ability to protca accelerator
structuresfrom high peak beam power drtmageby rapid detection
of abnormalbeamconditionsand fast shutdown(in a fcw ~s),

The technologybase for high-powerIinacs is significantly
closer to APT rquhcments than it was in the Iatc 1970s. The
nominal ion source schxtion for APT is a muhiapcrurrcdursPlG-
trtronsimilar to those being used in the CRNL high-powertest
program. Othcr promising candidates arc the cusp-field source
used for the FMIT prototype and an ECI{source tsndcrtlcvclop-
mcnt srtCKNL. A 267-MHzprotonRFQat CRNLhas opxatcd at
67 mA,CW,Peak(H.) ctsrmts of 100mA have hem dcmonsrratcd
in it7-McVrarrtpcd-grarticnt425-MHzfY1’Lat Los Alarms, andan
80-mA cw D-DTL is being built as part o: the NPB p:ogram.
Beam funneling in the :clcvant current and frcqucrwyrange has
been successfullydcmonsrra!cdat b,s Ahunrrs, High power (0.5
- 1.0 MW) cw klystron. arc available SSIseveral fr~rscncics, in-
cluding 352 MHz, 5(!0MHz. and 1000 MHz. Some have dc-rf
cfficicncicsCIOSCto 0.70, and manufacturersbclicvc that furhcr
efficiency imp’.~vcmc~tsarc possible.

High k%{ gy Warn Transport and Target

The APT linac output is dircctcd :0 cnc of two ishcmalctri-
iium pwhsction target rssscmblicsby a hi~h-energybeam trrsns-
port (}iEflT) systcm dcpictcd in Fig. 4. The HEIIT inclrxlcs,arr
iachromirticbend whose 6p/p txtndwid’~is f2~0 and terminatesin
a nonlinear op[ical expander11lha~~oduccs a nearly uniform
4m x flmrcctangulurbeam distributionat the Iargctfitcc. The cx-
prsndcr,which includes two octupolcs, eliminates the rcquirc-
mcnt for beam rastering or sweeping thal was a problcm in the
initial APT concept.’ The large momentum acccpmrrccof the
HEBT makes the APT systcm relatively tolerant to single kly-
stron failures. The result of a single rf station failure above 320
McV is that the b-mmis accclcratcdto full energyand is transpor-
ted to the target, but with a momentum&viation up to *1% of the
nominal vahsc. This design fcalurc significantl~improvesovcr-
idl machine availability, given an anticipated faihsrcrate of 2 to
3 tubes (out of 470) pw week; only 20% of t.hcfirilurcswould
force immediirtcshuldown.

‘-1 ~c,,,oma,ic EXIM> aNonlinew

Lhac Bend

1 7:7?.
.khl . &9,!

ii I lit Iii “M- I””HM6E
7- - .IIMI

“’’’’’”‘-ont---m 4
IUg. 4. APT High-Energy IlersmTransport

The initial tarKctconceptPrormscdfor APTccmsis~of a 4m-
high, 8m-wide, 2~.deep r~ct~nglrlarIaltice (Fig, 5) of rcmov-
able 30-cm diamclcr stainless-steelpressure tubes (7 rows), each
of whichcontainsan intcgrsslbundleof Pb and Li.Al ruds in a 2:1
ratio. The lithium is cnrichcd to 50% 6Li, Light water flowing
inside the steel lubes rstrclaiivcly low temperature(c120 ‘C) and
pressure (<150 PSI) provides cooling and ncuwrmmoderation.
The entire asscmbly is designed, in this approach, to lwk and
behave Iikc the core of an SRF reactor, so thnl SRP fuel fabrica-
tion technology and tritium cxtractirm [echnology would apply
with only minor modifications. Neutron fhSX ICVCISin tfrcIatticc
arc relatively low (< 5x10’4rr/cm2-s),and power densities inside
the target arc comparirblc[o those in an SRP core. Tritium is rc.
covcrcd throughprocessing involving bi-anmsal rcmoval of the
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pressure Iubcs, followed by heating of the Li-Al rods irftcr they
are separated from the pin bundles. Neutron yields and spcctrul
disttibvtionsin the Jmice were calculiitcdusing the intm-nuclear
cascadecode HEN”. and tritiumproductionin the Iatticc was es-
timated using the point cross section code MCNP with an expli-
cit representationof the Ialtice rod/tubegeometry.

Principal concerns for this target concept arc: 1) radiation
damegc to swuclurafcomponents from the proton beam, which

netrates the entire lattice; 2) formation of highly radioitc[ivc
~Na from P,a Kcactiom$in the Li-Al . complicatingthe ~ilium

extraction process; 3) disposal of the radioactiveIcad waste; and
4) prc.ssuretube failurercsuhingfrom an overfocuscdbeam.

3He Target concept

An afrcmatcAPT target concept has been suggcslcdat Los
Alamos that may have significant adverrtagcs in comparison
with the Pb/Li-Almatrix. This ncw approachcmploys the reac-
tion 3Hc+ n + T + p (which has a 5300 barn thermalcr.. - sec-
tion) to recycle the existing 3He invcntnry. h [his schcmc
(ske!chcdin Fig. 6) the 1.6-GcV,25fJ-mAproton beam is verti-
cally incidenton n 1-m-diameterliquid Pb-fli eutectic target sur-
roundedby a 4-m-diameterblanketof D20 moderator. The eutec-
tic flows in the form of a cylindrical fountain, with the liquid
punped upward at the wafl (at 150-200“C), falling throughthe
beam interaction region, end exiting below at 350-400 “C’. A
N& cooling loop can be used to rcmove the heat to a fsrrccd-air
sink or to recover25Y0 of the beampower througha steam gcncr-
akrr. fn this target-blanketcotilguration the neutron production
volume is separated from the wsnversionregio~ aflowingsome-

Flowing
al 5-Aim >

ProtonBeam D@ Moderator

\ -------- \
‘~pb-Bl I;lw ‘

-Y’
Pt)-BiEutacticTisrgot

Fig. 6. High.Fhu 3He Target/Blanket

what higher neutron yield per ploton (55 vs 45) than in the
Pb/Li-Al lattice, greater design flexibility, and reduced proton
radiation damage to strrscturafcomponents. Neutron induced
damage in the high flux at the Pb-Bi containmentwafl may be a
conccm but is within the experience range of existing fast fis-
sion reactors (EIIR II), end is JCSSthan h pla.rr.rted~usionfacili-

tics. 21~IJ0producli~n fronl proton caplurc on Bi wntskfc~nlri-
bu[c significantly to target aftcrhcal, but can be continuously
rcmovuf from the liquid mcud :ransport. Liquid Pb and Pb-fli
usrgctsand transportsyslcmshave been studied and &vcloI~d by
a number of groups for application to high-power spallation
smsrccs12,and there is a considcritblcwchnologybttsc, although
not at APT power ICVCIS.

Neutronrransporlcalculationsshow that thermalneutronflux
ICVCIS>2x1016n/cm2-s cart be achicvcd in the bl.ankctrcgiwr
near the tar.gclwall. 3HC at about 75 PS1 flows continuously

through s[ainlcss-steel tubing immersed in ihc D20, and a frac-
tion is converted w tritiurn on each pass through the neutron
field. In a continuouscxtcmal processing loop similar to that in
the Los Alamos TSTA facility , the hydrogen isotopes arc first
rcmovcd by palladium tiltcring, and then tri[ium is scpamtcd
from the other isotopes by fractional cryogenic distillation. The
bidanccof plant for this schcmc, which rquircs a tritium proces-
sing capability smaller than TSTA, would be much Icss costly to
build and operate than the SRP process for trilium extraction
from Li-Al. AsIdidrmdadvantagesof the schcmc arc that 1) rhc
mixed was$eproduced is negligible, since the lead mrgct is rc-
cyclcd, and 2) the on-line extraction process greatly rcduccs the
risk of tritic,mrelease in an 9 cidcnt.

Nucleur Waste Trtsnsmutdon

Stimulatedby the favorableERABcvaluatissnof the APT ac-
celerator concept, preliminary studies at Los Alamos arc reveal-
ing exciting new nuclear process pmsibilitics fnr a high-power
iirmc combined with a high thermal-fltsx target/blanket. These
concepts open previously unexplored parameter regimes for
transmutation of IIuclcar waste. It is proposed that [hc initial
application of these ideas would be Irr the pa.rtitioncdwastes in
~C DOE defense complex. and Ialcr to the unprocessedused fuel
rods currently stored at commercial power rcacmr sites. T!rcrc
also appears to bc interesting Potcnlial for energy productiorl
without a waste stream, and for tritium production wilhout
burdeningthe electric power grid.

The key to these possibilities is the rmdtrction of very high
(>10’6 n/cm2-s)fluxes of -i ncdr.ms in a useful working
volume, which can be achicvcd v ilh Yscp3ratcd-func~iontargcl-
I]lanf(ctconcept like that dcscri~,cd in the previous sccliwr, in
whicha Pb-Bispallationtargc[ is surro~micdby a D20-mrxfcratcd
conversion volume. Prcvimssaccclcratur transmutationschcmcs
have rcouircd a fast ncurron srwctmm in lhc blanket. Wit” ‘lc. .
attainmentof such high fluxes of low energy neutrons, 100 KSIIs
greater than in standard reactor designs, significant tcchnicul
advmccs are possible. The higher actinidcs (such as 237Np)trrc
convcrmtfby neutron caphtrc to daughter products that arc fis-
sioned rapidly by a second neutron interaction before lhcy can
dway to non.fissilc isompcs. High IIUXCSof neutrons at thcrrrml
cncrgics, where cross ssctions arc large, also pcrrnit rnpid con-
version (to stitblc isotopes) of long-lived fission prnducts such
as 9~c and 1271, Shorter-livedspecies, such as 9“Srml 137(’s,
ciur also be convcrtcd at rates faster than their II:IIIIr:1I III :1!, I I
the neutron flux is high enough. Thcw prwcsws WUslm’~il
schcma[icalij in Fig. 7. The hi~[l I[II x IItsu III IJ$Ifh.,, ili I I’{1 III :1
new, very dilute operating rcgintc thal pcrmils hi~ll II diltillllll,l
tion rates using very Inw invcntwics of fissile malcriu]s in Ihc
blanket. System studies have shown that yearly amounts of
transmutuf ;.~atcrialare similar trr those in reactor-basedor con-
ventional accelerator-based concepts, but with 100-200 times
Icss resident actinide materials. This leads to positive implica.
tions for safety as well as for nuclear safeguardsand security.

It is becomingclear that the present plan for disposalof de-
fense and commercialhigh-level nuclear waste, nsntcly vitrifica-
tion and very-long-term (1($ so Id years) storage in geologic
repositories, i< mceti~!gincreasing and dr~p-seated public skep-
ticism and resistance. Transmutation, while not eliminating the
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nc~d for short.tc~ storage sites, mav offer a way out of this
dilemma. Taken together with appropriatechemicadprocessing,
there appearsto be goodpotentiaf thata small numberof nccclcr-
ator-&iven Utcrmahwron transmtaterscovlri fo;m the kcy in-
grcdknt in a waste-managemrm[system that can destroy accumu-
lated high-leveldefemscwaa~cswithin n human Iifcspart.

2-Stim Acthlde Trenantutatlon

FleaIon Product Transmutation

Fig. 7. Transmutation In Thermai Neutron Flux

Figure 8 provides an overview of a full-scale transmutation
system currently being studied M Los Alamos, in which a 1.6-
GeV. 2.50-mAprotonbeam falfson a Ph-Bi tsrget surroundedby a
DiO moderatedblanket in which the material to be transmutedis
carried in a dhtc sohstion of mohcn fluoride salts. ?he mohcn
salt flows continuously in a loop at high temperature, using
technologysimilar to that developed at ORNL years ago for the
experimental molten salt reacmr program. 13 Highernctinidcsor
Pu in the salt multiply the spalktion neutron flux, produchrg
sufficient fission power to run the accelerator. Advwwcd contin-
uo~M fluoride chcnr;cal partitioning and processing mcthsrrls
appear to be capable of separating stable products fromlIII ,~lrrl III

that is recycledthnrugh the tranamuter.

[
1.6 QaV2SOmA~ I

A
j ,lt,tl,l,

-__;”-3 I(T ‘
II JIf~II

-:;,
Clean Taila

for Surface Disposal

Fly. 8. Lrra Alamos Transmutation Scheme

Two-dimensional ncu!ron transport calculations for art
“urroptimizedtarget-blanket geometry show tlwt n single APT.
class (250-mA) facility could transmuic waste actinidcs and fis-
sion products at a rate >f 500 kg/year, Given present inventory
levels, the acatrrndatrxfdefense wawescould bc convcrtcd in 20
to 30 years. While these numbers show wha! can be done, this
fust calctdational mcdel is far from idcaf, with about 50% of rhc
accelerator-produced neutrons being absorbed in structural
.materiats. Very gcrreralneutron economy arguments applied to
similsr sys[cms show that the potcnlial for pcrfornlarlt.,:
op[iimizalion is large. If, for example, a 13% nculron loss i!.

assumed (consistent with molten salt reactor cxpericncc), then
the beam current rquircd to attain similar performanceis much
lower, ruralwe could expect 500 kgtyr transmuttitionrates with a
30-mA accelerator.

Using this neutron ccsmomypicture, wc can show that onc
APT-class accclcrotor can bum the waslc skischargcof abuut
eleven 1000MWClight-waterreactors (not inchxfingU and PIJ to
be rccyclcd),while providingenough power tsjmn itself. Using
the high temperature molten salt concept, overall thcrmal-clcc-
tric cffrciencicsof about 30~0appear feasible, if the accclcrritrrr-
drivcn system is used to gcncratc power from Th or U fertile
material feed, and enough neutrons wouldbe left over to bum the
fission products made in this process. This last crmccpt could
eventuallylead to a ncw regimeof nuclearenergyproductionwith
minimal rcquircmcntsfor Irmg-termraskioactivcwaste disposal.
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COMMERCIALAPPLICATIONS OF LINACS

Robert W. Harem
AccSys Technology, Inc., 1177 Quarry Lane, Pleasanton, CA 94566

Abstract

Although research and development
of new linear accelerators will continue,
linac technology is already well accepted
for commercial applications. Dedicated
electron linacs have been used for almost
30 years to do cancer radiation therapy.
Electron linacs are also being routinely
used for high energy x-ray radiography,
irradiation of products with x-rays or
electrons, and free-electron lasers. The
developmentof the Radio FrequencyQuadru-
ple (RFQ) linac has now also made the ion
linac a practical tool for commercial
applications. Ian linacs are being
commerciallysupplied for medical isotope
production, particle radiation therapy,
neutron activation analysis, high energy
ion implantation,and neutron radiography.
The demand for commercial linac systems is
expected to significantlyincrease in this
decade and well into the next centur;-.

Introduction

Linear accelerators developed for
physics research have resulted in pra~ti-
cal systems for commercial applications.
As the technology of these early linacs
was imprcved by researchers, practical
applications were developed using these
machines. men the technologywas proven,
commercial companies began to build these
linacs for specific markets. One example
is the development of the standing-wave
side-coupled-cavitylinac. Soon after its
~em,on~tration at Los Alanosx in 1966?

compact standing-wave electron linacs were
designed for cancer radiation therapy.

The medical electron linac market
has grown enormously since its beginning,
as seen in Fig. 1. This success is due to
these compact systems having no competi-
tion in operational reliability, size,
cost and safety, Electron linacs now
being developed fox industrial applica-
tions in product irradiation and free
electron lasers have similar advantages
cwer competing technologies. Since elec-

tron linac applications have been thor-
oughly discussed in a previous review,2
this paper emphasizes the more recent
de-~elopmentof ion linacs for commercifil
aP[J~iCati.OnS.
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Fig.1. Growth of electron 1icacs for
radiation therapy.2

.Just as the introciuction of the
side-coupled linac spurred che commercial
developmentof electron linacs, the intro-
duction of the RFQ has spawned commercial
app1ications of ion 1inacs . The same
attributes of compact si.ze,operational
re1iabi1.itv, cost and radi.ation safety
have enabled the ion 1inac to become
compeCi tive for ion beam appli~at ions over
a wide range of energies and currents .
Low energy ion beam applications (up to
several 14eV)require only the RFQ, while
higher energ;-beams require the usc of a
drift tube linac (DTL) . Future
applications of ion 1inacs it very high
energies (>iOO MeV) wi11 even require the
use of coupled-cavity1inac structures

For this rev iew, a “coinmerc i a I
application”is defined as any process for
which an ion 1inac systernis or wi11 be
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available from a commercial company. It,
therefore, does not cover research linacs
constructedby universitiesand government
laboratories, except where the system is
used for a practical applicationor fabri-
cated by an industrialcompany.

Ion Linac Applications

The commercial applications of ion
linacs can be divided into four separate
areas: medical, industrial,military and
research. The first three comprise the
bulk of the commercial ion linac business,
while the last one accounts for most of
the ion linacs built to date. More than
twenty large ion linacs have been con-
structed by universities and national
laboratories worldwide for physics re-
search and ten RFQs have been built as
injectorsfor these linacs.3

Medical

The commercial applications of ion
linacs in the medical field are cancer
therapy a[~dmedical isotope production.
Cancer therapy is performedwith particle
beams by bombarding the cancer directly
with accelerxtsdprotons or heavy ions, or
with secondary beams of neutrons or pi
mesons c=eated by bombardinga target with
an acceleratedparticlebeam. Such treat-
ments have much better dose distributions
than bremsstrahlung radiation as seen in
Fig. 2, which is a comparisonof’the depth
dose distributions of various radiation
therapy treatments.a The sharp “Bragg
pea-k”associated with charged particle
therapy allows much better localizationof
the dose with less damage to the skin and
healthy tissue surroundinga tumor.

Particle therapy is being performed
at twelve research acceleratorsworldwide,
out dedicated systems are now being de-
veloped at several facilities listed in
Table 1.5 An ion linac will be the injec-
tor for many of these accelerators. An
example is the 250 MeV proton synchrotrons
developed by Fermilab for Loma Linda
University Medical Center, which is
injectedby a commercial 2 14eVRFQ linac.6
In addition, a 250 MeV proton linac has
now been prcposed by AEA IndustrialTech-
nology of England as an alternativeto the
synchrotronsfor proton therapy,7

o! ... \ !
o 5 10 Is 20 25 30

DEPTH IN WATER(cm)

Fig. 2. Depth dose data from radiation
therapy beams,4

TABLE I
Dedicated Particle Therapy Facilities

COtfPA~
Lama Linda
Orsay
Nice
Chiba
Chicago
EULIHA
Tsukuba
Novosibirsk

Co-
USA
PRANCE
PRANCE
JAPAN
USA
EUROPE
JAPAN
USSR

ACCELERATOfi
Synchrotrons
Synchrocyclotron
Cyclotron
Synchrotrons
Linac
Cyclotron
Synchrotrons
Linac

PARTIUc
P
p,n
p,n
HI
n8p .
HI
P
P

w
1990
1991
1991
1994
1995
199?
1995
1995

Neutron therapy has also been per-
formed for many years witl,existing re-
search accelerators,includinglinacs, and
is being done now with seven dedicated
cyclotrons. A dedicated 70 MeV proton
linac facility for neutron therapy is
planned in Chicago.8 Pion therapy was
performed with the Los Alamos Meson Phys-
ics Facility linac and new technologywas
developed at Los Alamos for a practical
600 MeV, 100 /.4Aproton linac to generate
pions,g but the cost was prohibitive for
commercialproduction.

Boron neutron capture therapy (BNCT)
is a new mode of radiation therapy in
which a tumor is loaded with a boron-doped
compound and then irradiatedby epithermal
neutrons. The high capture cross-section
of the boron results in a preferential
energy deposition in the tumor over the
surroundinghealthy tissue. The high fl~x
of epithermal neutrons reqtiiresa reactor
or an acceleratorwith a high beam power,
A 2.5 MeV proton RI?Qbombarding a molten
lithium target with a 10 mA beam has been



proposed in the USA,1° while a 30 MeV
proton cyclotron bombarding a beryllium
target with a 100 jLA beam has been sug-
gested in Europe.11

The largest potential medical appli-
cation for ion linacs is radionuclide
production. This includes short-lived
isotopes for Positron Emission Tomography
and long-lived isotopes for nuclear medi-
cine . Linacs at Los Alamos National
Laboratory and BrQokhaven National Labora-
tory have been used for many years to
generate long-lived isotopes, but cyclo-
trons have been the work-horse of commer-
cial isotope production, with approximate-
ly thirty-two machines in routine opera-
tion worldwide. With the development of
the RFQ, ion linacs are now competitive
with cyclotrons for this application.
Three ion linacs for production of PET
isotopes are being developed to compete
with the small cyclotrons currently used.
The parameters for these systems are given
in Table II. A large linac for producing
nuclear medicine isotopes has been pro-
posed,12 with an even larger linac for
tritium production being presented at this
conference. 13

TABLE II
Proposed PET Isotope Production Linacs

AccSys

PL-~
RP structure RWQ + DTL
Ion specie Ii+
Final energy (MeV) 11.0
Peak current (wA) 25.0
Beam pulse length (#see) 67
Average current (p#A) 100
Accelerator length (m) 4.6
Peak beam power (kW) 275
Peak rf pover (kW) 1250
Average rf pover (kW) 7.5

AccSys

SFQ
D+
3.5

15.0
167
300
3.0

52
245
4.9

SAIC
.2iLBEQ

RPQ
3He
8.0
7.5
167
150
3.4
120
360
7.2

Industrial

The primary industrial applications
of ion linacs are ion implantation and
neutron activation analysis, with a small-
er market being neutron radiography.
The largest industrial application is high
energy ion implantation, for which Fig. 3
shows the required beam energies and ion
doses. 1’ At the present time, at least
five co~anies worldwide have high energy
ion implantation systems available or
under &velopment, a; listed in Table III:
All are designed to accelerate singly or

doubly charged heavy ions such as boron,
nitrogen, phosphorus arsenic, and antimo-
ny. Most of these linacs are four-rod
type RFQs with two exceptions, as detailed
in Table III. Several of the RFQs are
variable frequency so that variable ener-
gies and ions can be achieved. The Eaton
linac is a phase and amplitude controlled
independent-cavity system for this same
reason. These variable frequency heavy ion
RFQs are describedby A. Schempp.15
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Fig. 3. Applications of High Energy
Ion Implantation.

TABLE III
High Energy Ion Implantation Linacs

Coqelly Lagth Fraquancy B+ Ermrgy Rssant

F ++ + +%

(us) Osvity

AccSys SFQ-&d 2.4 15-100 1.5 Dav .

(us)

P.E.T. RPQ-Bod 1.2 81.4 1.0 Proto.
(Gemy)
Shiudzu IiPQ-V8na 1.85 70 1.012 Proto.
Hitachi SPQ-Sod N/A var. 1.0 Dev.
(Japan)

The second industrial application of
ion linacs is Che production of neutrons
for neutron activation analysis. The high
beam current capability of the RFQ makes
it a prolific source of neutrons from the
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Be(d,n) reaction, whicilproduces neutrons
with energies of a few MeV. For most
applications in neutron activation, ther-
mal neutrons are required. Most existing
sealed neutron tubes utilize the T(d,n)
reactionwhich produces 14,1 MeV neutrons.
These are much harder to shield and moder-
ate tc thermal energies than those from
Be(d,n). An RFQ is much safer than radio-
active sources that produce fission neu-
trons at approximately the same average
energy, since it can be turned off, Since
ion linacs span a wide range of ion
energies and currents, ion linac neutron
generators can cover a wide range of
neutron oiltputs.16

Although neucron activationanalysis
has already been used for industrial
analysis of contaminants, such as sulfur
in ~oal,ll the first applicationof arlion
linac in this field is for the detection
of explosives in aircraft passenger bag-
gage. A small ilFQ developed for this
(shown in Fig. 4) produces a neutron flux
of up to 1010 neutrons/see from a thick
beryllium target using a 0.9 MeV d+ beam.
It is pulsed at a high repetitionrate (up
to 1500 Hz) with an rf duty factor up to
0.0225, resulting in a quasi-continuous
thermalneutron flux.

The detection of explosives in
airiine baggage can be accomplished by a
number of nuclear techniques. As reviewed
by L. Grodzin,18 these include tIOt only

thermal neutron ac~ivation, but fast
neutron activation, gamma ray resonance
absorption,and neutron backscatteringand
absorption. !~an}”of these techniques can
employ ion linacs as neutron and gamma ray
sources. Ac the present time, the only
technique being deployed for actual air-
port use is the thermal neutron activation
system, with the five first systems field-
ed containing ~szcf fission neutron
sources. The final choice of the tecb-
nique to be used in production ur!itsmust
asait the results from these and several
new systems under development.

A smaller industrialmarket for ion
linacs is neutron radiography. This
nondestructive testing techniq~~e was
proposed as a use of the RFQ soon after
the testing of the first one at Los Alamos
in 19’79. 19 Linacs for this application
are much mere powerful than tli~ neutron
activation analysis systems. Typice.lly,
they accelerate proton OY deuteron beams

to energies of several MeV to tei~sof’McV,
with beam curri?ntsfL”omseveral hundred
microampere to one milliampereor mo~e.
Neutron fluxes range from 101I to more
than 1013 neutrol~s/sec. The principal
application for such systems is to ~eplace
radioactivesources and small reactors for
neutron radiography of munitions calld
aircraft parts. FrIrexample, a 4 MeV
proton RFQ is being devclol~cdfor the U.S.
Navy for realtime nc?utroll t_:idio~raphy at

China Lake Naval \Jeapor,sCC[lLer.20

Fig. 4. Model DL-1 RF~ Linac neu~ron
source for Explosive Detection.

Military

The principal military applications
of commercial ion linacs are neutron
radiography, as described above, and
neutral particle beam (NPB) weapons, The
latter is not presently a “commercial”
application, since this program is still
very much in the development phase.
However, industrial participation in the
NPB developmentprogram at Los Alamos has
resulted in the commercial Production of
accelerators,such as the small 1 MeV RFQ
linac flown ahoard a test rocket last
year.21 This industrial participation is
continuing in several more recent NPB
programs, with complete linac systems now
being built as demonstration units by
commercialaerospace companies.z2

Research

As described earlier, this applica-
tion azcounts for the bulk of the ion
l.inacsbuilt to dtite,}J(lt}las involvet!
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I

I

>ry little commercial participationwith
le university and laboratory groups who
~ve built them. However, prior to the
mrmercialavailabilityof RFQ linacs (and
Ten today in Europe),many of the RFQs in

se at research laboratories worldwide
riginated from only a few research
:Oups. Ten RFQs have been built for
:herresearch facilitiescompletelyby or
~ cooperatioliwith Los Alamos and I-,aw-

!nce Berkeley ’Laborator~ in the U.S. and

~iversity of Frankfurt in Europe. A]-
lough ion Iinacs will continue to be
tveloped for research applicatiortsby
\iversityand national laboratory groups
:ound the world, an increasing number
.11be procured from commercialcompanies
i the techriologymatures.

One example is the L3 Calorimeter
Llibration RFQ shown in Fig. 5, This
~stem will be mounted onto the large L3
:tector in LEP at CtHIN. It will provide
pulsed H“ beam (lCmA at 1-3 flsec) to

lmbard a Li target at 1.85 MeV in ordez
) provide intense puls~s of radiative-
~pture gamma rays to calibrate 12,00LJ BGO
‘ystals in the calorimeter. A new rf-
iven H- ion source has been developed to
.ovidea 25 mA beam pulse for injection
Itothe RFQ wit:la iong source Iifeti.me,
~erlwhen operating at 150 Hz.*F A gas
!u~ralizer will strip the H- beam to a
utral H“ beam for injection through the
gnetic field of the L3 solenoid.

g. 5. L3 CalorimeterCalibrationRFQ.
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SUMMARY OF 19’?0CODE COP:FEItENCE

IlichnrdK. Choporand Kwok-Chi D. Chstn
Los Akunos NaticuaiLaboratory,LosAlanms,NM

.
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Abstract

‘1’ht Conference on Cuclcs and the Linear Accelerator (~om-
muni(.v was hckl in Los Alamos in January ] 990, and Itzd ap
proxin;atcly 190 participants. ~’l,;s Conference was 111s2sCCOnd

in a series which has rN~ils gozd the exchange of information

~hcrut codes and code pmct ices amrrng tbosc writing and ac-
tually using these codes for the design and a~dysis of linear
accelerators and their components. The first conference WM
held in San Diego in January 1988,and concentrated on beam
dynamics codes and Maxwell solvers. This most recent confcr-
(onreconcentrated on 3-D codes and techniques 10 handle the
Ii.rgeamounts of data required for three-dimensional prohlcms.
1];addition to descriptions of codes, their algorithms and im-
~,]cmcntations, there were ~ number of paper describing the use
of many of the codes. Procccdings of both these conferences
arc a~.ailalslc]”2.

Introduction

l-”inding a coherent scheme o: cla.xsification for themany
~.odesdiscussed at thc ronfereuce is tricky at best. The 3D/2 D
I,rcakdown is insrrfficicnt, so wc have hrokcn the codes into two
hroacf categories. nirmely codes that solve for electromagnetic
fields and push particles in those fields, and codes that wc will
CaIIheam optics codes. ‘rhe Iattcr category includes codes that
arc bi~sed on some model of beam interactions with their sur-
roundings. \$’e present tbc codes discussed in the conference in
these two broad categories in two tables, Tahle 1 and Tahle 11,
rcspcctitdy.

Field and Particle Solvers

In the design of accelerators we are interested in moving
charged particles throvgh electromagnetic fields. The ordering
of the codes in Table I has roughly to do with whether the prin-
cipal cniph~sis of the code is on the fields or the particles. Thus
the codes MAGNUS-3D, TOSCA, IIFSS, and MSC/Ehi AS
rfcal almost exclusively with electromagnetic ticlds, while the
particle-in-cell ( PIC) codes such M ARGUS, SOS, and QUICK-
SIL\’ER are equally concerned with particles and fields, and
finally codes such as DPC, \VARP, and ELBA, used in the
analysis of very high current heams, arc principally concerned
with the motion of the particles. In Tables I and 11 all those
code names set in boldface type are to bc found in the new
compcndium3 of codes published by the Los Alamos Accelcr,i-
tor Code Group for the DOE Oflice of High Energy and Nuclear
1~ll\.sics. ]nclusion in [{cf. 3 does not neccssari]y constil Iltc a

rccommenrlation or endorsement of a given code. Howevm, ad-
ditional details on each code are available in the compcmfiu m;
details include code function, purpose, history, authnr. refer-
ences, status, individual maintain ing the code, and individuid
distributing the code.

“\\,,rk supported and fumled t,~. t}lc I;.S. I)cpartmrnl IJf Elwrg}
( )ffI,. I. c,f 1figh Energy and ,Nurlcar Pll}.sim.

The column }ahclcd ~/t)t in ‘1’aisle I is meant to indicate
whether the code is ~ static solver (cntr}. (i), a sinusoid;d Stiit(:

solver (entry we), or a gc~cr. i tinlt, dependence solvc,r (etltry
x). An entry i!. t}lr! CO)I.n I Iahdd WA means L}litl iili eigrw-

value prohlcrn can be solved by the code. The I?1)/17l“:cd uitln
indicates whether finite differences or jinitu clcnwnts are being
used, respcctiwly. An entry in the coiumn Ldmlrxl mVIC iudi-
cates that particle motion is trticlicd; if the entry is a, t IICII

the motior. is non-self consistcut, i.e., the mot irm is prcscril]cd.

Tht: three-dimcnsimral codes presently in usc hy our com-
munity ham typically ~onlc from either the acmkralm colnlIIu-
nity or from the plllsma physics COIII mu ni ty. Thrmgh t}lc cmlt.s

arose initially from differing conlputxtionid requirements, as
accc!crator currents become nlore illtcnsc and pl~ma cdfccts
t)ccomc more important, wc sce a ronvcrgcncc in the capli]ili-
ties of thrxc cok. Now cmmging are codes front commercial
sources, again arising from difitwing comput istional nerds, Imt
holdiud smne promise [or theacdcrator community. ‘[’hecode
hlSC/EMAS is a commercial 3-1) time- and frcquc cy-domaitl
solver fr~m the M acNeal-Sctl\vcIl (llcr L’orporation, arisi ng frr)m

the u~si:”eto solve tllrcc-(lilrlcnsio] lal tiIrlc-(lci)cll(lcrlt problems

involving solid-state malcrids. Tb(. ii 1)SSrode (not in fact
presented to the confercncc) was written by the Ansoft Corprr-
ration for sale by the Hewlett-Packard C’ori)oration, and is in-
tended to solve tllrec-(li:l]ctlsiollal scattering matrix prot)lcn]s,

Beam Optics Co&s

The beam optics fieid has seen quite a rcvnlution in the
past dccadc, branching out [rem linear matrix transforn]atiollm
and from numerical ray tracing. III this time int~rviil vw have
seen the introduction of Lic-al~~.braic nwthods into the field,
and more rcccntly the diffcrelltial-al g~:hraapproach has LC.CII
introduced. Ai:J introduced in this IIccadc has been the usc rJl
moments to },igh order to dcscribc ham khavior.

lmp]la~i~ the5e da).s is o,, tiig]lcr-6r(icr (!lfc~tS, nOt just ‘}lC

dependence on the first prrwcrof position and momentum. All
of the codes Iistcd in Table [1 have SOIIIChight’r-ordercapahil-
it.v, and all have SOIIIC space- r-har~f: II I(KIC1incorpur:ltcd. As ill
Table 1, a cork IIanic SC(in Imldfacc means that it is Iistml in
the code comp~rl(liIIm, If(’f. 3.

Miscellmmn~s

‘1’hereis always some ikm that justwon’t tit inlo a tidy

classification scheme, and in the codes discussed at tbc confer-
ence the txsdc FELPPC was a good example. FE [.1]PC stands
for Frcw-Electron Laser Physical Process Code and is a code
which incorporates models oi Ihe comp(,lmnt parts of a frcc-
clectron laser into a code which can perform a great many >im-
plc calculations to detcrrninc mj,..s, cost, and siz~ rrfsystem with
specified pcrfortnan(r. Additi(, ititllv, the suite of codes (~AV-

G EN, TRACEX, allll CAVD}’\ l)cill~ used at FNAL for Iinac
tolcrancc simulations II(I not fall NCJI 1} intt) t h,, “1’ahlc 1, ‘1’;iIdc

[ [ schvme. Rcfcrcncc 1 I (,nlain< the ,Iclaik of lhcw cod,+.
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Table I. Field and Particle Codes

Code Name 3D ‘?D i3/at @,$ FD/FE rnplc Notes
.—

GFUN x 0 Magnet design, volnme integral

PE2D x @o FE Eddy current

CARMEN x W(J FE Eddy cur:cnt

TOSCA x x o FE Magnet design

MAGNUS3D x q FE Magnet design, eddy current

HFSS x Wo FE S parameters

MSC/EMAS X X X X FE

ARC’HON x Y FD m Wakefield, parallel, dielectrics

ARRAKIS x x FD cm Wakefield, parallel, dielectrics

AMOS x x FD m Wakefreld, losses, dielectrics

MAFIA 3.0 x x FD 00

M.4F1A 3.1 x x x x FD x

MASK x x FD x

CONDOR x x FD x

MAGIC x x FD

ARGUS x x x FD x

Sos x x x FD x

QUICKSILVER X x FD x

DPC/ST/ENV X x x ~ntense ele~t*fjn beam *n~tiOn

ELBA x x x Intense beam motion

WARP x x x High current ion beams

Table 11. Beam Optics Codes

Code Name Notes

PATH 3D space charge.

ILMARYLIE Lie-algebra based, 3rd order optics, higher order for some elements.
I

I BEDLAM Moment based, Lie-Poisson integration for numerical stability, 3D space charge model, I

COSY INFINITY Differential algebra based, arbitrary order possible. I
I TRIBO Beam optics to high order including 2D and 3D space charge. I
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A HEAVY ION INJECTOR AT CERN

H. Haseroth
CERN,CH-1211 Geneva 23, Switzerland

Abstract

The request of the nuclear and high energy physics
community for high energy heavy ions at CERN has lead to a
proposal to upgrade the present facilities for this purpose. This
scheme uses the (improved) existing accelerators: the Proton
Synchrorron Booster (PSB), the Proton Synchrotron (PS) and
the Super Proton Synchrotron (SPS). The Linac, however needs
a complete rebuild.

This paper reviews the early “ion history” at CERN, where
Linac 1 was used to accelerate deuterons and alpha particles. l%e
experience gained during these exercises resulted in the more
spectacular production of oxygen and sulphur ions over recent
years. This work is to be continued up till 1992.

The future goal of heavy ion acceleration requires a new
Iinac and substantial improvements to the ion source and also to
the down-stream accelerators. Details of the procedure for
arriving at the linac specifications and special features, particular
to the CERN accelerator complex, will be described,

Introduction

Ions, or more precisely heavy ions play a rather special part
in the accelerator and also in the linear accelerator world Though
it is well known that the linear accelerator proposed by Ising in
1924 was to accelerate ions, and that also the experimental work
by Wider& used sodium and potassium ions, no funher
particular interest arose for the acceleration of heavy ions. The
classical (Alvarez ) linac is a proton machine. The very few
exceptions (HiIac, LJnilac ...) are rather the confirmation of this
rule. Only in the last few years electron linacs made a major
impact. What are the reasons for this? Of course, as in every free
market system the “clients” determine what will be built for them.
[n the past protons dominated the floor and electrons only caught
up because of the increased physics interest (studies of ~ e.g. in
LEP, to name but one example) and also to a lesser defiee
because of industrial applications. Apart from some nuclear
physicists, for whom some fairly special machines were built,
them was no wide-spread interest for heavy ions, in particular at
higher energies. It is only now that after some preliminary work
with light ions interest is large enough to pursue the issue at
CERN and also at BNL (RHIC).

Past Experience with Ions at CERN

Though the CERN machines (i.e. originally only the 50
h4eV Linac and the Proton Synchrotrons) were built for protons,
trials were made in 1964 to accelerate deutemns with the Linac.
They were repeated in later years with higher intensity, longer
pukes and followed by acceleration in the PS. It must be stressed
in this context that these experiments were pushed by the machine
people to widen their understanding of beam dynamics in the
accelerators and not requested by high energy physicists.
Nevertheless as it happened that deuterons were available at high
energy and (fairly) high intensities, they were also stacked (and
accelerated) in the Intersecting Storage Rings (ISR)(l) and the
experiments set up there for protons were also used to look at the
collision of deuterons. The results prompted a request for the
production of alpha particle beams, which are somewhat heavier
ions and presumed to be cheap. Originally it was hoped to
produce them with the normal proton source, which used to be a
standard duoplasmatron. It was quickly understood that this way

the intensity would be fairly low, probably too low for further
acceleration in the PS. Therefore it was preferred to produce a
He 1+ &am with the full pre-injector Voltage, applying

subsequent stripping (with about 30% efficiency) to He2+ and
then injection into the Linac - with the correct (.)-value for the
2jlX mode. Srnpping was achieved with a pulsed gas jet srnpper
requiring no expensive additional pumping. The intensities
obtained this way were practically identical to those of the
deuterons(2) , especially as the PSB was USti(3) (for the fiit
time) for this purpose. It should be mentioned that all these
modifications were substantially eased by the availability of
Linac 2, which served as the “proton factory” leaving Linac 1
(the original one) for more sophisticated experiments. The 2P~
mode required RF levels similar to the proton RF levels and some
change of the “tilt” of the fust cavity.

Incidentally the 2PL mode was an essential condition for the
exercise: due to the fact that the deuterons move with half the
proton velocity, the momentum (except for some minor
relativistic effects) stays the same as that of the protons. As the
charge is identical, the magnetic rigidity remains the same too.
This means that all the quadruple settings in the Iinac remain
essentially untouched (or rather slightly lowered because of the
reduced space charge effects). The same statement holds for the
magnetic elements of the injection line and the emittance and
spectrometer lines. At the time it would not have been feasible to
upgrade all this expensive equipment including the kickers and
bending magnets for splitting the Linac beam into the four PSB
rings. Maybe there would be no ion programme at CERN
without these particular properties of the 2@kmode on Linac 1.

Light Ions

There was never, even in the case of the a-particle beams, a
strong demand by the physicists for ions but rather the interest
horn certain individuals expressed with different arguments. The
idea of achieving high energy densities with nuclear collisions
was already expressed earlier but there was not a strong
consensus, partially because there was still enough to do with
protons, partially because the experiments were thought to be too
difficult with ions.

The situation changed around 1980(4), when a strong group
of nuclear physicists put forward a request for ions at PS
energies demonstrating that they would be able to digest the
expected “mess”. Some work had been done already on the
machine side in anticipaaon and some studies about the different
possibilities were made(5). CERN was not able - against the
strong proton lobby - to invest a substantial amount of money
into providing somewhat heavier ions, and it was also felt that
there was a lack of experience to deal with the problem.

The way out of this situation was to set up a collaboration
between CERN, Gesellschaft fur Schwerionenforschung and
Lawrence Berkeley Laboratory (GSI and LBL), the latter ones
not only having the interest in the final experiments but also
having the pardcular know-how. To minimize the overall cost - it
was planned at that time to run experiments with O-ions for about
two times 10 days - it was thought to use the existing Linac 1 and
just modify the front end. This new front end (Fig. 1) was
composed of an Electron Cycloaon Resonance (ECR) source and
a special Radio Frequency Quadruple (RFQ), designed to inject
again into the Linac in the 2~k rrtcxie.This new equipment was
provided for by GSI (with the source subcontracted to C.E.N.
Grenoble) and LBL. CERN had to care about its existing
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Beam Quality and Measurements

Fig. 1, Front end of Linac 1.
Left: End of 1st cavity. Right: O-ion source.
Left center O-ion RFQ; Left background: proton
source and RFQ

accelerators and their “upgrading” to low intensities and had in
particular to deal with the somewhat risky and ambitious plan to
increase the focusing and accelerating fields of Linac 1 by some
33%. This increase was necessary to cope with 06+ ions
expected from the source. Obviously 08+ ions could have been
accelerated as easily as deuterons or a-particles but the intensity
from the source would have been by far too low. 0~ seemed to
be the correct compromise(b). The increase of the RF fields
required, aparr from more RF power, an improved vacuum on
the first cavity (obtained with a cryo pump) and computer-
controlled RF conditioning. The latter proved to be of vital
Importance for the successful completion of the programme(7,8).

Because Linac I had to serve also as injector to the Low
Energy Antiproton Ring (LEAR), it was necessary to keep this
facilitv and continue to inject protons or H- beams into the Linac
if req~ired by LEAR.

The experimental programme has gained by now
considerable momentum and has been extended to the
acceleration of S 12+ions(g). Both 06+ and S1~+ are accelerated
by the Linac to 12 MeV/u and subsequently fully stripped by
means of a carbon foil. hence for PSB. PS and SPS thev look
essentially like deuterons. As in the case of S 12+production the
source produces also 06+. Both of them are accelerated in the
Linac in the same way. Even after stripping to 08+ and S1~, they
are almost indistinguishable. This feature helps PSB and PS for
their monitoring, especially for the RF beam control. Both
species are only separated at PS transition, For source
adjustments it is of course important to measure the relative
intensities: this is done after the Linac by differential energy
degradation, making use of the Z2 dependence of dE/dx and
allowing analysis in the spectrometer Lineafter passage through a
somewhat thicker “stripping foil” of 1.35 mg/cm2).

As already mentioned, apart horn the complications of 33%
higher fields in the Linac and the special RF gymnastics (due to
the lower ~ value) in the circular machines, the beam intensity -
or rather the lack of intensity - is one of the major problems.
Most of the measurements around the Linac and in the transfer
line towards the PSB are made with cument transformers and
secondary emission monitors (“SEM’’-grids and -wires).
Depending on the environment, the resolution of the beam
transformers goes down to the 1 PA level. The sensitivity of the
SEM-grids is around 20 nA/srnp, i.e. the profile of a beam well
below 1 VA can be measured easily. After calibration these
monitors have a very good long-temn stability and are therefore
afso used for intensity measurements. As of course the sensitivity
goes up with the Z of the ions, calibration must be made with the
appropriate ion.

Future Plans for Lead Ion Acceleration

The present CERN Linac 1 has been pushed to its real limits
with the acceleration of 06+ and S12+ ions. Any possible
additional gain in terms of charge to mass ratio would remain
vety marginal without a substantial rebuild. As quite a few of the
interesting phenomena in heavy ion physics are proportional to
A In (A is the atomic mass number), it is also clear that another
small factor gained for A would not help tremendously to
discover the quark gluon plasma. The next step should be to
accelerate really heavy ions like e.g. lead. Of course, if there
would be ion sources available that could supply sufficiently high
intensities of lead ions with a charge to mass ratio similar to 0~
on S 12+,Linac 1 would still be useful, provided some upgrading
of the vacuum could be achieved. Unfortunately, this requirement
means almost fully stripped ions for Pb: no ion source is
available which can provide the required intensity. Therefore, a
new Linac has to be built and some upgrading of the existing
machines has to be done(l O). A schematic layout is shown in
Fig. 2.

n m? ION Souncc
(P8a*---m:!WPAI

C. FOIL

sTmPlwn
n

2 5RW1U 250keV/”
m~,, !PB~4,)

42 )4*W”

(-’i

UPC OAIXMG

400 P, P$B TO

Y ,10*10KI

SPS
sTnlPPm

Pb O*. 4 21 C.VJ.
TO FXPCRI,VNTS -

—
4.*09Pti IONSI$PS Pul.$c 4 PULSES

u
50- $800.VI”

Fig. 2. Schematic layout of CERN’s accelerator complex
for Pb-ions

Specifications for a New Lead Ion Accelerating
Facility

As mentioned already A must be of the order of 200. Lead
has originally been chosen because it has a round nucleus - in
contrast e.g. to uranium - but there is of course nothing magic in
it. Au or Bi would be equally good, in a way even better, because
in the case of Pb one would have to go to artificially enriched
208pb if one dws not Wan[ to lose a factor of 2 by using IWittd

lead.
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The next imporramparameter is the requiredintensity.For
fixed target experimerm at the SPS this inmsi[y originally has

been specified as 5 x 107ions per SPS pulse, I.e. per 10 ... 15
seconds wirh four pulses injected from the PS. Of course, very
quickl,y afterwards different requests cume up Aing for more
~d this uend mayconrinue.

Bmicall},IJtOoptionsare open:
i) J ~w-ylow~“h.arge.[o-massrwiuat fairlyhighw-rent from

[heion source.suhsquendy very longaccelerators,~ndpossibly
\ICJreduce[heexccssiit Ieng[h)intermediatestripping

II‘I~~h~rg~.[~-n)~>sm[mlargerrh:mO.1Mimin[ensi[y[hii[
can SIIIIsatisf}.the users.A fairly-snor Inearticcr!lerator1sthen
sufftcwnt.bu[ in[mnedla[e strippingn]ti.)[be kep[10J minimum
m Iimi!m[ensi:ylosses.

\\’i[h [he progressof modem highchqe-srate ion sources
~!lesecond Optionis [he more irrrerestirrgone, the !Irsl oPIion
>,]ffeman}hmi fromthe t~ct that each inmmech[e srnpplngfoil
reducesthe irrten:ii!y~y31mostone orderof magnitude.The next
Important parameter ISthe oucputenergy of the Linac. A priori
~“,newould like it to be M high as possible, e.g. IOdo a 10070
efficient srnppingto Pb82•.L’nformmamly”,the Limrcwouldbe a
monster and the PSB would not be needed at all. For COSI
effectiveness the Lin~c ener.q has [o be considerably lower.
\\’hlchwe thepmarne[erso!’imporunceIOde[erminehowlow the
ene:gy shouldbe’?

Trrefuturelead ion linachas to be integratedinto [heCERN
acceleratorcomplex.Bo[hthecharge-sm[eand [hevelocityof the
Ions ire imporrantfor [he subsequent~ccelerators.The velocity
of [he mnsde[erminej the durationof injection~ndejection Into
:he s}cchrotron>:Ind [he required pulse length for all pulsed
cleineIIIs The velc~”l[yrangein [hccircular .n~chinesdetermines
the neccw.ry frequencyswingo!’[he RF or requires special RF
.,,.mn~s[l,:s.-.

‘FSfotwin~ble teloc iIy is of course linked to [he charge-
SIMC..4 higherL’h~g~-S[~[C Lfor [he same ~) results in a smaller
m:lqnetwngldit) ~d inJ moreeiticwnlacceleration.

On :hc IONenergy end I! is the ion source tha[determines
[he chlrge-state \\”lIhreasonableIn!ensiriesit is possibleto aim
for 25- 10 30+ In [he cnse of Pb ions. To keep maximum
Intcn$1[}II uou!d be highly des!rable 10have no intermedia~e
smpplng. This wouldmean rh~[the originalcharge-srtuewould
ha~e to be kqrI [hrough the PSB and the PS. The vwxum
Improvemen:s necued in this case are prohibitive for bo[h
mwhines and [he output encrg>of !hePS wouldbe rdtheron the
low side for finzheraccelertirmnIn [he SPS. One intermediate
strippingis thereforeneededand to ai,oidtoo difficultconditions
Im ThePSB , the ln[ermediaresrnppingshouldbe tifrertie Linisc.
To make life easy for [hePSB, to get the maximumenergy from
PSB u,d PS .~i;dm reduce the smngen[ vacuumrequirementsin
~othmachlrrc~,[heconclusionis again [hutthe ch,uge-state after
>:npp]ng.mdhence [hecnerg} t~f[he Llmtcshouldbe M highas
possible.As f~wCC5[rcw.onsIIwouldbe desirableto put the Iesd
IonLinacmto the buildingsof the presentLimw1and [Ouse [he
same Injw[ion line Into the PSB, which :s ~lsa used for the 50
\leV pro[on~from L]nac 2. This fistrlycomplicate line puts
somelimitingconditionsWIthe ionenerg},.

A>a final compromise we have chosen a Limtcenergy of
-1.2\leV!u yielding af:er smpping a charge-state of 53+. This
correspondsto a magnetic rigidity which is about 137ohigher
thim for 50 ,MeV protons and can be achieved with a fairly
modestimprovementof the presentinjec[ionline. Due to [helow
\’elocityof the ions, pulses of about 400 us (instead of 150vs
forprotons,will be usedfor efficientinjectioninto the PSB.This
wilt require a more substantial upgrading of several pulsed
elemen[s.In spiteof [his“high”energyand highcharge-statean

improvementfor the vacuum Oi PSB and PS by more [hfinone
ordero!’nmemimdcwill be necessary.

J“acuurn Requirements

Amongst the !OSSCSspecific 10heavy ions [he dominunt
mechanismis charge-exchangebetweenmoleculesd’ the residual
g~s isnd[he passing ion, which c~p[uresor loses onc or more
electmrs. Any of these twcrI[scuuses irnmedia[eloss of the Ion
concerned in a circ~!ur machine. III order to evaluale the
probabilityof ICISSdurtng ih~ accekstion c}cle we need [oknow
the cross-sections for [hew processes M ;I function of [he
energies in the rw-rge:~fin[cres[. Besides numerousthcorc[icxil
c~lcultitions there irre onl) J few ekpenmen[al fixed poin[s to
verify the former. We have used iin empirical kwmulafitted to
GSI dau( 11)bucked up bv M yer unpubliwwdctilcula[lonsand
measummemsfrom LBL[f~,l 3).

N“acuumimprovements in PSB tind PS will be needed to
reach pressures below 10-9mbar ~Fig.3).

IO.* to*,..92

t+, - eaulvalmt pfmssur. [l-if]

Fig. 3. Transmissionlosses of Pb53+in PSB and PS as a
func[ionof pressure

Options for the Lead-Ion Linac

The Ieati-ionLinaccomplexwouldcomprise[hefollowing
maincomponents:

i) wr source, includingthecl~crros[aricpreacceleristor,
ii) low-energyiscrxlem[or(RFQ),
iii) high-energyaccelerwor(Alvarezor imerdigitalH).

Ion Source. Apart from the ECR source, islreadyused
a: CERN for the oxygen md sulphur ion production, the EBIS
has been env:sitgedas well as laser ion sources.l;or the momen[
these last two are no[ competitive when aiming for high
intensities and heavy ions. Laser ion-sources have been studied
e.g. at Munichand hwe been used at Dubnafor light ions, where
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encouraging results were obtained for Mg ions. Studies are
continuing,also at CER.N,[o uy to answerthe question whether
they are also interesting for heavy ions. EBIS-sourcesstill lack
intensitybutdevelopmentis goingon in wveraflaboratories.

Low Energy Acceleration. The RFQ is here the only
choice. The only options here are the frequency and the
rnechamcafdesign:4-t-cxlor 4-vanesrructure.

High Energ~ Acceleration. Neglecting
superconducting-, spml- or o[her more exo[ic structures, it
seems[hat thereare only two promisingitltenmives:an Alvarez
or an InterdigimlH (II-f)stnscrure.

~\ possibleoption is a normalAlv,arezstructureoperatedin
[he 2~Amode(Id) at least at the low energy end. L’nfortunately
the numberof quadruple lenses Impliedin this solrrritxris karge.
Another proposalt 15 16) which redllces the number of
quadr~poles and increissesthe acceleration rate, is the “qimsl-
.Alvarez’”.a hybridbetweena ?~k and a ~~ structure.A mcdel is
shown in Fig. .?

Fig. 4. :Model ofquasi-A1vi~z with post-couplers

In[erdigitalH structureshave been used successfullyabove
2 MeV/u as Tandem Van de Graaff post-accelerators(17). ‘Their
a[rraction lies in the high shunt impcxiancesthat can be obtained
(about four times that of the Alv~ei: structure)and comes f.wrn
three main sources, the field mode (H vs E), [he acceleratim
mode (~~. vs ~A),and the low capacitive loadingarising fmrn
the very small diameterdrift tubes (no quadruples). It has bmt
proposed to apply this principle at 0.25 MeV/u and 100 MHz
operating frequency. “rhe operation of this structure relies ~1.t
presenton the sequence:accele~tion at or near the RF peak, i.e.
with no phase stability and no ex[emaf focusing, followedby a
focusing section (doublet or triplet) to provide 1 convergent
beam, and finally a longitudinalmatching sectior, (several drift
tubes) to prepare [he beam for the next “standard” accelerating
section.These problemsare beingactivelystudiedat CERNand
GSI~18.19)GS1is buikfing an [H cavity that could be used for
the CERN facility lf II was followed by another IWO cavities to
boost she energy from 1.4,MeV/u [o 4.2 MeV/u.

The Present LinJc Scheme

Ion Srurce. ihe source WIIIbe an ECR source with the
followingcharacteristic

ion : ?L~s*
currmt: 1(M@ (elecrncal)
exuactionvoltage: 25 kv
nonmtlizedemitrance: 0.6 Kmm mrad(for80%of the bean-t)
repetition1ate: 10Hz ( =1 Hz usedinitially)
pulse length : 2400 us

A Ftdiminary designhitsthe followingprame[ers :

Low energy acceleration (RFQ):

Accelemtion fitctor: 0.34
Focusingfactor : 4.25
Voltage(kV) : 60.5
.4pWture(mm): 3
~~T(0): 23
~~L(0): -)1
Length(m) : 5.30
Transmission(%) : 9?.6
EJE~p : 1.s5

RequiredRF power: 1(XIkW M 101.2XMHz
Pulseduration : 500 ~S

Another possible design would be very similar to one
deve!oped by IAP/Frankfurr for GSI/Darmstad[ for use at the
L“nilac.(21J

Since Lirmc 1 itnd Linirc 2 mn w.i[h ~f)z.5fj,MHZi[ w~u]dof
course be of isdwtrmtgeto keep this frequency..!-iowever,in order
to have a large enough itcceptimcc(14),the frequencyof the low
energy part of the accelerator has IObe lower. As the whole
Alvarez and at least the high energy end of itn [H su-ucttxecan
run at 202.56 MHz, the RFQ should operitte tit half this
frquency.

High energy acceleration: For the Linac itself there are
two competitivedesigns: for isqutisi-Alvarez(15.16)and foran IH
structure(18).A final decision M to which one should be built,
wiffbe madeby Marchnex[year.

The BasicI%mmetersof theAlvayezDesignwe :

Particle type : Lead Ions withA=X)8,q=25+
Frequency 202.56MHz
EffectiveSynchronousPhase(i$~,eff):
Tank 1 : &ft=A ~(_027)= -40deg at 0.24 MeV/u
Tank 2 : @~~-t=-30 deg
MeanElecrncField(MV/m):
Tank 1 : E = 2.09+ 0.278 Z
Tank 2 : E const. with W’ continuousbetweent~nks
AccelerationPeriodicity:
“Sank1 : 3 gaps/4 ~k
l“ank2 : 4 gaps/5 ~1

TANK 1 TANK ?

Energy 0.240to 2.129 2.129 [o 4.238 Me V/U
Length 7.684 6.634 m
No. RF Superperiods 31 12
Mean E Field 2.090 to 4.152 3.96f) MV/m
ApertureDia. 12to 16 181020 mm
Quadruple Length 51 IO 125 145 mm
Quadruple Grad. 170to 61 46 to 41 T/m
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In the case of the IH structure 3 cav!tics would be used,
with dse first one operating at 101.28 MHz and the others at
202.56MHz.Adetaileddesign is beingworkedout a[ GSI(18).In
case of the A:vare- solutionsimultaneoustscctdermionof seversf
(three)charge-stztesand hence M increase in intensityseems to
be possible.

The beam line after the Limsc will contain the carbon
stripperfoil and a three magne[filter systemto select the desired
charge-st~te(.53+). Emi[tancefindenergy mcastirementswill be
Wssiblefor !heoriginalM wellM for the strippedbeam.

Conclusion

It is perfectly ~essible to upgr~de the CERN accelerator
complexfor heavyion acceleranon.Furtherincreasesin intensity
are possiblewhichsa~isfyalso LHCrequirementst20).The whole
scheme is not yet in a project stage and II will not become a
CERNpro;ecl in the tmdinwtalsensebut mljor conrnbulionswill
come from other laboratorieswi!hwhich a collaborationwill be
set up in the near future.
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SOME NEW METHODS OF RF CONTROL*

S. P.Jachim
Los Alamos National Laboratory, Los Alamos, NM 87545

Abstract

This presentation will focus m several recent develop-
ments M Los .Alamosin the area of RF control for accelera-
tors. Included in the discussion will be in-phase/quadrature
(1:(2)field control. the application of six-port reflectomtters
t’(lrciwkyinstrumentation and resonance control. a technique
f(>rphase ~tablliza[iun of critical RF cables. an application of
>tate-}wiable feedback for field control. and the direcr inte-
gristi(mot’ RF and computer-interface hardware using the
\“X[bus sranditrd.

Introduction

‘I-he ad~enl (It’acceleramrs intended for defense iipplica-
rl(~nshas drit”enresearch ml development in many areas of
technology.The important field d’ RF control is one of these
~reas. In order to reliably meet the unique objectives of these
mtrchirws. such as remote operation and automatic startup.
[he need for a thorough. analyricalfy-based system approach
to [he RF c~ntruls was perceived. This paper is an atremp~to
share some results d’ the tcgineering efforts applied at Los
.Alamos10[his end. This is nol intended to be an exhaustive
study of RF control methods i;] the accelerator community at
large. dnd thus unfortunately excludes much important work
outside of its focus.

The first secrmns ui’this pap~’rwill describe two distinct
~ppr[)aches tt~ feedback control (’f cavity fields. name]y I/Q
ct>ntr(dand ::tatc–variable feedback. Then a new approach to
cd~”ltyresonance control and instturdentation, usinga six-pen
rctlectorne[er. willbe twtlined. .+ technique for precise phase
mibllization of rransmi:xsionlines will follow. Finally. the di-
rect lntegratmn of the RF controls Wilhthe associated com-
pu[er ctm[r(d hardware. using the VX1bus standard. w“llbe
discu;wd.

I/Q FeedbackControl

.4 new merhod fur feedback control {~fRF cavity fields
ISunder in~estigation. Rather than operating on the ampli-
rucktand ph~sc (.%’P) of the cavityfield. this approach controls
[he in-phase and quadrature (1/Q) components of rhe cavity
tield. This [echnique. as illustrated in figure 1, measures and
regulates the I and Q components of the field with respect to
an RF reference signal. thereby regulating the field parame-
ters. Some related work can be found in [1-3].

. W“(wtiwpp&cd find funded hy the US Dcpaflmem of [kfense.

.irm} S[r.qlc Ikfcnw (’omrnand. umkr Ihe wspws (;f the L’S Dc-
pdnmcnl ,If Encr@.

——
I/c 1 i/O

pfmlislomr m.xzlalor Cawy

7 f

Figure 1. Block diagram of I/Q field control system.

Several important considcrariuris dr,nvethe need h)r l/Q
control. The signal processing components required for isryp-
ical A/P control syst;m. such as phase shifters and modulti-
mrs. are usuallyexpensive. bulkyand have difficultyachieving
the requisite performance. On the other hand. the c[me-
sponding proce=es in an I/Q sysremcan be realized tith stan-
dard integrated circuits. The precision phase shifter usually
required to set the cavityphase in an A/P control system can
be eliminated in an 1/() system, as any desired field vector can
be selected with the I and Q control setpoints. These tradeoffs
are made all the more significant bythe requirement for com-
puter-controlled remote operation of the system. The tech-
nology used to implement an 1/Q ~tem is inherently better
adapted to this need. 1/Q control also offers a clear path m
large-nle integration, with the concomitant benefits in cost
and weight,

The response function of an accelerating cavity [4.!5]is
best described in rectangular (i.e., I/Q) coordinates [6]. I_he
subsequent analysis is also simplified by raking advantage of’
the isomorphism (i.e., analog) between the real-signal and
complex envelope domains [7]. A real-valued bandpass sig-
nal. s(r). can be expressed as a linear combination of two ort -
hogorial carriers at the center frequency (u,) of the bandpass
signal. each amplitude-modulated bya real-valued baseband
envelope, as shown in (1).

$(r) - m,(r]cos(w, f) - mc(r)sin(w, r) (1)

m,(r) - in-phase envelope
m,(t) = quadrature envelope

The complex envelope, j(l) . of the
[hus described in the time domain as

f(r) = m,(t)+ )m,(f)

bandpass signal is

(2)

The complex envelope retains all of the t’eaturesof the
temporal modulation of the original bane’passsignal. but with
the cznter-frequency variation suppresed. This triinsf.)r:i~a-
tion permits the RF system to be accurately mode!lcJ at biise-
band, obviating the need to use a sampling rate bafed on the
RF frequency. [t also gives direct insight into the behavior (I!’
the RF system imd forms the analytical basis for the I/Q cun-
trol ystem.
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z,(s) =
//, 1

( )( -s - (I,,

r f: + b,j . b: ) (4)

( )(
R, ) - u,,

z,(s) =
xi S:- b,s + b? )

()Ilssu
Is =

r - W

“=(:”+
r = cavity damping nme constant (see)

R, = cavity shunt resistance (ohms)
~)= cavity unloaded quality factor

h = w,,-w. = cavity dmrning fiequcncy (rad/see)
U, = cavity drive frequenq (rad/see)
u = cavity resonant frequency (rad/.sec).

Takinq into account the boundary conditions at the drive
ptw~juntnon and beam loading [8.9]. the equivalent base-
band operational scattering model for a cavity detuned horn
rhe drive frequenq’ is as shown in figure 2.

~v.(,)]- mem (reflcuk, .olugeM awry 2;1 - dnweIme admksnee

/}:.(1)]= awry W.lluge n = beamcouplingfactor

Figure 2. Operational scattering model of a cwity.

The transfer fimction of figure 2. [/7(s)] , from forward
voltage w cavity voltage is

This transfer function has the same structure and order
as doe., [2(s)). but with rhe pole and zero locations shifted as
functitm’sof Z. . With 1/Qcontrol. the dynamic crosscoupling
of [he cavitycan be completely remuved with rudimentary lin-
ear circuits at baseband. Decoupling can also be achieved
with AJP c(mtrol. albeit with greater difficulty[10].This func-
mm is incorporated as the l/Q predistorter in figure 1.In es-
sence. the prtxiistorter deliberately crosscouples the drive sig-

1. Ihc cquuu(ms gwen in 16.81thffer mwtvcnently from those shown
hcrt”b) a facltv of IWO,The funclilms sh,,wn here are indeed un-rcct.

nalsto the cavityand the cavitythen “unscr~!mbles””them, w“th
the overall effect of orthogonal control: rhtssthe term predis-
uwier. When the proper predistoltion hmc~ion [P(J)]is con-
catenated with ~fi(s)]as shown in (6), the result is a compound
response (P(s)]which is decoupled. The required VQ predis-
tortion timctions are simple. linear and realizable.

()H,(s)
PC(5) - I , and P,(SJM- -—-

H,(s)

.%significant difference between the 1/Q and WP con-
trol merhods lies in their re!zti~~ :MWxtce of time-varying
phase shift (i.e., droop) in the power amplifier. [n an A/P con-
trol loop. phase droop represents a phase rate perturbation.
integral feedback gain in an A/P loop willreduce this to a con-
stant phase rracking error of the cmity field, Th,csame droop
in an IiQ system induces a rotation of the cmtrol vector. rhe
effect of which, for small phase shift v--riations. is to !Itgiltly
crowouple the 1and Q loops. lf not held within Iim]ts. this
phase shift can lead to destabilization of the loops. Ths can
be avoided by direct feedforward compensation of or local
feedback around the &mplifier,and thus is usually not a seri-
ous practical problem.

Stat&VanaMeFeedback

An intriguing approach to RF control using state-vari-
able feedback is under investigation byJ. Johnson [11].Read-
ers are referred to the citea reference for more detailed infor-
mation; only a brief overview will be given here. A block
diagramof thisschemeisshownin figure3. In thisimplemen-
tation.samplesof three system states are scaled in magnitude
(a, ) and phase(4,) and applied as teedbackfunctions.The
sumof theseweightedfeedbackfunctionsiscomparedto an
RF reference signal. and their difference is used to drive the
RF system.

‘“’”L=””UF

I
I

Figure 3. Block diagramof state-variable control system.

IWO significantbenefits accruefrom this approach.A
state-variable feedbacksystem[12,13] which utilizesdirect.
proportional observationsof systemstatescan be shownto
havea high degree of stabilityand performaricerobustness
with respect to variations of the plant. Thus gain and
bandwidth variations in the power amplifier. for instance. do
not have a strong effect on the behavior of the closed-loop
system, Also. as seen iri figure 3. all feedback and signal pro-
Cexing functions are performed direcdy at the RF frequency.
The elimination of conversion.detection. and modulation
equipmentcanhavea substantialimpacton the systemcost,
Related analysisof RF feedback can be found in [14,15].
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~(F,+,G,v,
r s ‘-! .4 (7)

,.,

r= reflection coefficient of cavity
F,.ti,. H, = real calibration constants of six-por[ coupler

“hsidearm portP, ==power measured at I

Bysampling and digitizing the measured data from a six-
port retlectomecer. resonance control of a cisviryin a pulsed
RF system has been demonstrated. “I”hiswasachieved in soft-
ware byapplying a feedback control algorithm. viiJa slug tun-
er. m minimize the suscepmtce observed at [he plant of the
denslwd short [20]. Figure 5 illustrates a typical computer dls-
plisy(Jt’rhis tuning proces... wherein a cavitywhich is initiully
deruned is brought into resonance along a constim[-conduc-
Lmce contour t)t the Smith chart.

-1:0

47dd awmanaI
cocpler

c.awry
l--
r

“c’”a’”F-@x’*:*a”e
Fl~urc 4. Block diagram of iI six-port couple:.

There is no riced t’or vector ratio processing. and any
phase shift induced in :he sideisrtmsignals. say bycables. is ir-
relewrt. I’he vec[or Ilature of [he measurement is inferred
trt)m rhc correlanmrs among the s]d:iirm signal levels. as
shown In(7) [18].For rtonuidcid applicatirms. the calibration
c~~nstantscan be determined by inspection of the network in
tigurc 4. For dpplicii[ions requiring greater precision. a cali-
hr~rl(m prncedure can be U.W!to implement vector error cor-
rccqj(mIn s~)fruarc. .Nlan>useful calibration procedures are
In <Il\[KnC~. bu[ an apprtmch [ailored m high-power applica-
[i(jn~ has heun de~eloped [19]. Experimentally. reelection
mutiscremcn[s made w“tha calibrated six-port reflectometer.
t)per~[in~a[ 1kW.ma[ched those made witha calibrated Wt(J -

:nd [ IC IIcr\~ I irk dnaliyer [II less Ih2iII 1‘>.

A common requirement in accelerators is a phase-stable
means of delivering RF signals to their appropriate points of
use. A successfulsolution to this problem [23]Mshown in fig-
ure 6. wherein a signal from a reference oscillator is trarss-
ported to a remote load. The circuit shown operates as fol-
lows.M RF calibration signal at a frequencyequal to one and
one-half times the frequenq of the signal to be delivered to
the load is split and applied both to a phase detector and
another splitter/combiner where it is then transmitted
through a diplexer onto a single coaxial line. Uponarrivalat
a second diplexer, this calibration signal is reflected, via a
short-circuit termination, back toward the first diplexer
where it is etiracted from the coaxial line and apFlied to the
phase detector. The output of the phase detector is filtered
and proportional and integral control actions are developed
from this information. “I_heoutput of the feedback c~mtndlcr

I
Figure 5. Reelection coefficient locus displayed during

resonance control.

This device can also be used to instrument an accelerator
RF ~stem. Bymaking susceptance dope measureme~ts [211
II appropriate times during the RF mdse. the unloaded 0.
beam-loaded Q and beum loading factor can be determined.
These measurements can be made without disturbing the nor-
mal operation of the accelerator. GotJd agreement has been
found between high-power iirtdlow-power Q measurements
on a ctyogenic DI”L [22].

RF Transport Stabilization
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is used m rinve the phase shifter via the DC momr in such a
wayas to hold the electrical length of the transport path crm-
stanr. The RF reference signal is superimposed and trans-
miuedon[his same stabillz~d path. A similar technique for
optical suyals is described m [241.

Figure 6. Phase-stable RF transport block diagram.

.Adipleser is a device which is used m combine or sepa-
rate two signals of cfif(erenc frequency. Space does not allcw
J full description of the diplexer rhat was used. but suffice it
m say thar it exhibited the required high degree of pha-~ sta-
biiin’. The results of a 68 hour test of this syste,marc shown
In figure ?. .% 156 foot coax was used for the transporr cable.
The output phase was held constant to within = 0.036”at
435MHZ.

I

.

$““’”’”’l
L.-. .*. ~-_-J
o 2a $s 72

HOURS

Figure 7. Phase-stable RF transporr test results.

System integration

A new approach co rhe implemerrtaticmand integration
~~tRF controls tj~s been undertaken. The I/Q field :omrol.
.xl~-poit resonance comroi. and P-r phase-slable transport
s>memsare being realized in care-modular form using the
\9(I standard [25].This emerging standard was developed by
a consortium of major instrument manufacturers. and extends
~heubiquimus WE standard to suppoK precision instrumen-
tation and RF applications. Atypical layout for a VXI module
rhat is used fr-wRF control is shown In figure 8.

OnlllogldgnalCucwry mcrfaca &tmnq cxwL~
81
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““’’’pmdnmm 1!1!

~—
RF

* J El

connecnons

d L 1 Y
RFllFar~ slgi-alCQtuLmmngOrfamfy

Figure 8. l’@ical layout of a W(! module for RF control.

The integration. setup and operation of the RF control
~stem is greatly simphfied by this modular approach. The
functions of timing. analog 110.and digital 1/0 are directly ac-
cessed over the VX1backplane to/from each individual mod-
ule. thus vastly reducing cabling and intrrcmnects. The sys-
:em clock and master trigger are broadcast across the VXl
backplane, and timing pulses are then generated on each card
by addressable countdown registers. The interfacek a
swaightfonvardVME-styleregister-baseddesign with mini-
mal software requirements. Because all of the RF signal prrr-
cessing is done electronically. troublesome RF components.
such as trombone lines, have been eliminated. The benefits
to system reliabiliqr and maintainability are clear.

Bydesign. the RF control system is fully operable from
a remote location. ANconrrol parameters. for instance inte-
gral feedback gain. drive phase adjustment. and fast-protect
thresholds. are remotely programmable. This approach also
enables the RF control system to be easily adapted to a wide
variety of accelerators simplyby loading the appropriate con-
trol parameters. What has been achieved to a large extent is
a generic. modular RF control system.
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LIMEAR aCCELERATORFOR kkUf?f4ER-REnCTOR
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G@noral Consideration

Future aevelopaent of nuclear power engineering
depends on the successful solutlon of two key
problens of safetv and utilization of hlqh level
radioactive mastes ( HLRW ) of atoalc Dower plants
t AFF’ ) .

rtodern sethods of HLRt4 treatment involve
sollt?~flcatlon . preliminary storing for a period uf
~0 - 50 years necessary tor the decay of long-llvlnq
l)ucl~ds and final burial Ln geolaqlcal formations
several hundred ●eters belou the around surface. The
depth burial of the radioactive wastes requires
complicated under around construi:lons. It’s very
expensive and doesn’t Wet aodern ecoloalcal
reouir ements.

Alternative ●odern and ●ore reasonable ●ethods
af AF’P HLRW treatsent are under consideration nom.
One oi the ●ethods ~nvolves separation of APP uaste
rad~onucllds far use in economy ulth subsequent
transautatlon of the long-llving isotopes Into the
+hort-ll$’lng ones by h~gh-intensity neutron fluxes
aenerated by proton accelerators [1 - 31.

The installation Lnteno.d for the long-l~vlnq
radlonuclldes tr~aswtatlon Lnto the short-llv~nq
ones 15 called burner-reactor. It can be based on
the continuous reqlme proton accelerator ulth
!.5 GeU er,eray. 0.3 A current and tJeaS ●ean Dower Of
450 HbJ. The’” preferable type of the
accelerator Mlth the aforementioned parame”
the Ilnear accelerator [4 - 51.

Accelerator layout ●nd paramiors

LHp~. ence and neu ideas in lineor
accelerator deslan lead to the accelerator

proton
jr-s IS

praton
scheme

preseftted Ln Flg~ 1.. The follouinq basic concepts
were ta--.n Into account In burner-reactor llnear
accelerator (BRLA) design.

- Slm!ltaneous acceleration of H“ and H- beams
1s soeclfled to prov~de for a number of output
beaas. Therefore the frequencv increase factor ( the
ratio of the operatlnq frequencies In different
parts of accelerator ) has to be odd. It M*S chosen
to be equal ta Z. Larger values li?ad to fact that
phase spread of the bunch at the output of the first
part oi accelerator due to space charge effect and
accelerator parameters errors surpasses the phase
mldt~ of the ●ccelerator second part separatrlx.

- At the present design stage two pairs of
operatlna frequenc~es for the accelerator parts are
considered : Z50 and 996 14Hz ( 990 tfHz 1s the
aoeratlng +requencv of the second part of ●eson
ph~slcs faclllty i.near accelerator at the INR of
the USSR Academy of Sciences ); 200 and 600 ttHz. The
first frequency pair 1S preferable. It enables the
RF ganerator size ●nd cost to be decreased. At the
same tloe the bean dynaaics still renalns favorable

u~th regard to the particle losses.
- Speclflc acceleration In both accelerator

parts was chosen to be equal to 1 HeU/a.
- hccordlnq to the uorld achleveaents Ln RF

hlqh-pouer generator deslqn the outPut power of 3
single generator in both parts of accelerator W&s
chosen to be equal to 5 W. The numbers af cavlt ies
and generators In accelerator parts are equal to 8
and IOC respectively ( w.th due allouance for 10 ~er
cent reserve and feeder losses ).

H“
3-5 Uev &oo U*V

nHG

Fig. 1. The diagram of the burner-reactor llne~r
accelerator

Consider the BRLA lavout ( FIO. 1 ). Tk,e
accelerator Involves tuo !nJectors of H-and ii-
beaas. znltlal part ( 1P ). tlrst and second parts.

The 1P proposed in HF(TI LS based on the 5 - 8 T
super:onductlng solenoid focus~ng. The solenala
contains a resonator mlth opposed vibrators
provldlng for high accelerating nave anplltude s.

m

The 1 A value of lle~t~ng current correspo~ds to
Em= 15 kV/ca ulth equlllbrlua phase of 70 and

lnject~on efiergy of 200 keV [6.71.
The resonators mlth dr~ft tubes are used In the

first part of the accelerator. Inltlal eneray IS
3 - 5 tleV. The ●ain second accelerator part IS based
on the resonators ulth uashers and dlaphraqas
oeveloped In ttRTI for the USSR Academy of Sciences
tfeson Generator ( HEGAN ) C83.

An appropriate focusing system for ooth
accelerator parts is that m~th permanent quadrupol?
lenses. The option provides for h~gh rell~bllltv
along ulth the slnpl~fled ad une:<Fenslve
●alntenance. In both accelerator parts a FOM
focusing period structure IS used Mhlch is iess
sensltlve to the ●agnetic field errors then the FDO
structure.
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High degree of injected beam current stability
( about L per cent ) is necessary to ●eet the strict
RF field asDlitude and phase stabll~ty requlreaents
( 1 per cent and i respectively ) of the S00 NW RF
pouer SUPPIV syste- ulth due allowancefor caVltY
beam loadlno and desirable svstea hlah efflciencv.

Regotron - high pouer RF ●splifier

The lapleaentatlon of RF pouer supply systems
+or cnntlnuous ●ode accelerators ulth total RF pnuer
of several hundred M requ~res RF generators uith at
least S - 10 HW output pouer, 70 - 80 per cent
ef+lclency and 20 dB ga~n. Proposed in tiRTI
reqotron. la. a relativistic electron beaa
generator Mlttl distributed RF power extraction
svstes ●eets the aforementioned requ~reaents [9.101.

One of the generator’s pecul~ar features 15 the
utlllzatlon of 0 certain nurnbe- N of uncoupled
csvlt]es in the power take-off systea. The technique
grovldes ior the ● lcromave power take-off uhlch 1s N
t;nes that of a s:ngle resonator with the given
uitlaate dielectric strength.

To Increase the device efflclencv o = 1 - W,W,,

uhe?e W ~nd W are the beaa
(

Inltlal and final

energies respectlvelv, one has to orqanlze the
particle dvnamlcs so as to preserve the bunch
con+iouratlon and hence the current harmonic at the
entrance of the pouer take-off system throuah the
whole deceleration Drocess till the ● lniaum possible
tinal enerqv W. The uell-knoun

r
orlnciple of the

accelerator theorv - that of autophaslng - IS used
In the device tn solve the problem. The nest
e+fectlve ●ethod of the autophaslng Iapleaentatlon
in a distributed oouer take-off system is based on
the use ot cavltv oalrs. The first cavity of each
oalr IS passive. It 1s detuned to the higher
frequencies mlth regard to the operatin~ frequency
and serves as a beao buncher. uh~lst the sscond
Cdvltv . which ~S active. IS tuned in to the
resonant freouency. It 1s coupled ulth the load and
takes off the beam pouer. The tvp~cal current first
harnonlc I variations are plotted In Fig. 2 againstL
the bunch relatlve energy Wflo in the power take-off

svstes m~th ( curve 2 ) and without ( curve 1 ) the
autophaslna. The autophas.lng clearly prov~des for
the lonoer beam energy take-off feasibility and thus
for the hkqher efficiency. Investigations shorn that
regotron 1s capatle of generating 5 - 10 M4 HF pouer
in continuous ●ode with 7(! - 80 pc- cent efficiency.

1’/10

2.0

1.6

~.~

0.8

0.4 I 1 1 1 1
1.0 0.0 0.6 0.4 0.2 0.0 w/w\

F1o. 2. The dependence of beaa current first
harmon~c on the bunch energy

Initial part of acc~lerator

The proposal of the radiofrequency quadru~ole
focuslna ( RFO ) In the Inltlal part of accelerator
1s the real bas~s of the llnear proton continuous
●ode ac:xlerators laplenentatlon [113. However the
Ilaiting current of the RFO lnltlal part of
accelerator IS less than 1 A.

The next staqe of the llnear Ion accelerators
IS the development of strong a:<lai ●aanetlc field
focusing accelerators ulth 5 - 8 T superconduct~nq
solenoids. In the accelerator the ●aln problea of
the initial part - that of focusing - was thus
renoved. The increase of the synchronous phase In
the strong azimuthal sagnetlc field focusing
( SAHFF ) accelerators enables the limiting current
to be enhanced up to several Amps.

An accelerator based on the SrWFF uas prcposed
in HRTI [6,71. Experimental proton rtcclerator nith
the folloulnq parameters rnas also built.

Uutput energy 1.5 lteV
InJectlon energy 100 - 150 keU
Accelerated proton beam current 0.4 A
Operatang frsquency 196.6 MHz
Bean pulse length 30 - 705
Pulse repetition rate 1 pu15e/5ec
Accelerating-uave amplitude Z.7 Hvia
Focusing ●agnetic field 7.6 T

The idea of SNIFF was used in the initial part
of BRLA. The Input and output energies are 100 KeU
and 3 - 5 MeU respectively.

Problems

Among the integral problems of accelerator
design as a @hole name the
problems - that of economical
reliability and radiation pur~ty.

Efficiency @ reliability Droblems [

The total accelerator efficiency

three ealn
efficiency.

2.131

~s basically
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defined by that of RF resonator energy
transfornatlon xnto the beam klnetlc energy
( resonator efficiency n ) and electric power

transformation into the’ RF generator energy
( generator efficiency qq ). The total efficiency 1s

equal to the product of the two components

The resonator efficiency estloate has ti

v= I/ [I+(Ea/I#COS2@a)]
r

where I ~ is the beam current. E 1s the
a

7-)=Y) r) .
r9

form o+

voltaqe

correspondlna to the proton energy gain per unit
length ( its value 1s equal to the energy 9aln per 1
● of accelerator ). Z~ 1s the effective shunt
res~stance of resonators per unit length. If
Z# = 40 llOhn/=. pa= ?OO and I = 0.3 A then then
resonator efficiency amounts to 0.9.

The accelerator efficiency oroblem should be
solved by the construction of regotron u;th at least
efficiency of 0.8. Then ~rng = 0.7 and tke total

accelerator efficiency estxaate IS 0.6.
Consider the rellablllty problem. The

rellablllty of the accelerator can characterized by
beds avallablllty, uh~ch 1S equal for LAttPF
accelerator - 0.85 and for “ 1-100 =
accelerator - 0.99.

The folloulng problems are Crucial fOr SOIUtlOn
of the BRLA reliability probleo : creation of
rel~able h~gh-pouer regotron type generators uith
service llfe of at least 10 thousand hours,
prov~slon for the reservation scheae. use of passive
elements such as peraanent ●agnets in quadruple
lenses. development of the failure prediction
system.

Radiation ~uritv problem.

A llnear accelerator 1s considered to be
radlat~on pure If the induced y-activity doesn’t
exceed the occupational radiation dose o+
28#Gy/hour at the distance of 1 ● from the axis of
accelerator after 1 hour upon Its shut dorm. The
corresponding peralssible beam loss in the energy
ranqe w = 0.1 - 1 Gev amounts to [41

W q x 0.05 GeU nA/m (1)

The Droblen IS essentially that of limiting the
bean loss A! the level given by the eq.(1). Under
the condltlon the accelerator ●aintenance does nnt
require ●anlpulators and can be perforsed ●anually.
Since the t~ae of direct accelerator engineering
service 1s Ilalted, the ●anual service is
perslsslble even uith the dose power of
0.5 ●Gy/hour. The corresponding level of beaa losses
anounts to

W q % 1 GeV nA/n (2)

Under the condition (2) and uith specific
acceleration of 1 itev/a in the second part of
accelerator ( i.e. 0.1 - 1.5GeU) the total
pernisszble beam current losses asount to 3 wA. With
the bean current of 300 ●A it leads to the

permissible relative losses of about 10-3.
Several ~eth~.ls mere proposed and developed in

tlRTI to soive the radiation purltv probles. Some of
them mere ●p::aed. In particular, in HEGAN
accelerator. Raonq the ●ethods ●re the following:
beam phase volume fllterlng, suppress~on of coherent
longitudinal ●nd transverse beam os.collations,
contactless bean pdrao[!ters ●easurement. beam
distortmn diagnostics through the beam 1055
●easuresent, and res~dual gas pressure lialtat~on In
the H- beas channel.

The analysis of Ilnear proton accelerator
science and technology development and current
status along ulth the ●odern problems shorns that the
design and construction of continuous ●ode
1.5 GeU - 0.3 A linear prototi accelerator is
feasible and does not encounter ulth unsolvable
science and technology proble-s.
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SUPERHIGH-PtiR RF REGOTRON-TYPE GENERATOR FOR LINEAR
ACCELERATOR WITH HX6H PIEAN CURRENTS

B.P.tlurin,A.P. Durkin, 0. Yu.Shlygin91.U.Shusakov
wscow Radlot?ctmical Institute USSR Academy of Scmnces,

113519 Noscon,USSR

Theoretical principles and construction scheme
o+ neu-type super-pouer olcrouave relativistic

electron-beam !REB) aenerator (Reootron) are

dls.cussed. Unlike other type of f(EB-qenerator.
?.eqotron includes distributed power take-off

>vstea. To Increase dev~:? efficiency the
autophaslna-prlnc lple Is used. Such principles of
device construction ellalnate Jutput pouer generator
llsltatlons. Theoretical basl$ of general generator
construction principles 1s oroposed: the results of
●ath~..atlcai sloulatlons are presented: the
dl+ferent versions 0+ construction scheae ar>
discussed. It 1s shown tklt regotron ef+lclencv can
reach 70...80 Z at Clutp:>t oouer Levels up to
10 w w.

Due to re.er$t devrlopsent Gf large acceleratlna
complexes ( LE~. LINK. SSC. etc. ), the RF aapll+lers
nlth high scan power became of ever :ncreaslna
inter~st [il. Rellabll\tv and efflc:encv
requlre@ents of such Rf dev~ces are lncreaslnq as
meli. ~hls IS speclf~call~ the case rnlth the RF
pouer-suoplv generators 0+ proton linear
~ccelerators uhlcb now under consideration for use
In the burner-reactors. A total ●ean pouer of about
\ M 1s necess..ry to .cceierate a cont~nuous beas In
;Ucn accelerator. As prellalnarv lnvestlqatlnn
shous. the l?p:ementatlon of the devlcti; has to be
>ased cn RF generators with at least 5...10 f’U
Cutput Pouer. 70 per cent eff~clency and 20 dB gain.
It stands to reason that the ●ost pouerful
up-to-dat= devices. namely klys~ron amplifiers, are
uni.bl.? to ●eet the aforesent loned pouer and
e+;.clenc~ requirements. fin altern.five RF systen
Laolecentdtlon Mltrl reldtlvely ●oltest generator
parameters result> In slanlflcant size and uf’lqht
grout(. and increased ●a:fitenafice problem.

A pos.slblr may out was outlined In the paper
[21. bhere J neu gethoa ~f ● lcrouave oeneratlon was
proposwt. The method ●at.s use of a bunrhed
relativistic electron beam ~~%s~na throuah a chain
of N cavltles .nd thus enables hlch efficiency to
be obtained In the dcvlce tiith d~str outed RF pouer
eztractlon svste~.

The pecullar +edture of the device calleo
‘reqotron= IS the utlllzatlon of a nuaber o+
uncoupled cavltles In the pouer take-off sy~tea. The
technique provides for the ●lcrowave power take-of
uhlch LS N tines that of a s~ngle cav~ty ( uhich IS
the case with a klystron where the pouer taken of+
of the beam IS Ilalted by the ultlaate dielectric
strenqth ). Implementation of the ●ethod enables one
to place the output cavities In the vlcinlty of the
load ( e.g. near the accelerating sections of a
particle accelerator ) thus both “.lapllfyinrj the
●lcrouave system and flacreasing its pomer loss.

F19.
(1),
(Ps)

The installation Jlaurdm 14 9reLente in
1. The oenerat:: involves hlqh >oltaae ~n)ector

buncher (b). dlstribu. fld power take-otr ~vstea

~nd collector ‘r>.

lk!-
/7

rlkl
3 5,.. . . . . . . . . . . . . . . . . . .

. . .

,/ ‘----z/”-”o-A ”-o-o---” Y----y’
4

ta.1. RF Installation dlagr.+n.
1 high-voltage lnJect.w <I} 2 - buncher $H/
3 - passive c.+vltles of the bunL31?r
4 - distributed pouer take-off >~stem (f:;)

5 - active cavities power take-off svstem
3 - bunch~nq Cavltids of the ?ouer t..ke-off
systea 7 output cavltles 8 - beam collector

The pr?ferabie des.lgn scheme 3+ :h.?
electrostatic accelerator 1s that Cf
Cockroft-Waiton. In tne continuous-beas Accelerator
one can also use an alternative hlah-voltaae source
in the fora of dc !llqh voltaae tran5alsslon Ilfie
(U>500kU ). The l~tter simpl~fies both the

generator design and accelerator RF ~?ztcrn .35 ~
uhole.

12ulte a novel d~slgn approach i> needed in :tli!
resonator part of the generator. The stretrh of the
power take-off svsten IS lloltin9 the perveance uf
the beaa uhich has to reach the finite nlnlaal
erergy after the deceleration In Spite of the
destructive action of the Coulomb forces. The
pcrvearc? has to fall Into the
( 0.1 0.5 ) 8 10 A/V3’2 ran9e uhere e+fectl.te beoa
deceleration is possible. This requirement IS easliy
●et ulth the 10 - 30 R ~-latlvlstlc beans.

If the generator deslan 1s based upon the
klystron bur,ching then tae 1nltlal bean anerq~ R,s
to he less than 700 keV - the lirnltln9 value for !he
klystron bunchlnq to be still etfectlve. If the
Anltlal energy W. exceeds 1 tteV then the rnaqnetlc

bunchm9 is preferable.

The distributed nature of the power take-of
system complicates the bunched bean dynamics
problems. The device efficiency v = 1 - Wkm where

u“
Wk is the beam flnlte ener9y at the coll~ctor. To

increase the efficiency and IO decre~se the
collector power one has to organize the part~cle
beam dynasics so as to preserve bunch confL9uratlon
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ana hence t he curr en? harmon IC thr ouqh the whole
deceleration process and to orovlde for the ● Inlaum
poss.lble value of Wk. The ❑el!-knonn prlnclp~e of

the acceleration theorv - that of the autopbasinq -
1s used in the device to ..;lvQ the prob!es. The ●ost
e+fective =ethod ot the autouhas.lnq laplee.=ntation
An If,.? d~st Ibuted o.,wer take-u++ system 1s based un
the USJ of cdvltv pal! ; [:1. One of the two cav~tles
\ see :s! in Fta. 1 ) 1> passive. It”s detuned to
!h~ higher frequencl~s with regard to the slqnal
:requencv 4nlle the anotner cavity ( ~h::ft IS the
Actlt,e one. see (>) ~n Fig. 1 ) 1s tuned In to the
reson~ot trequency and coupled with the loaa. Thus
the solta~e U which 1S excated in the active

x
cavltv. 1s 111-Dha5~ klth the +Irst Ilarnonlc ot the
beaa ,urrent 1, uhllst the phase lead of the voltaue

u In the Dassive cavttv with regard to the
F

*irst

naraonlc of the current is about rr/2 ( see Fiu. 2 ).
The heaa is aftected by the net voltage LIZ ~ith the

gn.ase lead with regard to the curren: first
naraonlc. This ~hase lead plays the role of the

QOL{l~lbrlu~ Dhase and the bunches fall into the
<u!ophaslna reolne. 1$ R and R are the .,hunt

1 2
resistances of the cavity Dair then the net effect
O; the ~air on the beaa 1s equal to that of d Slqnai

cavity with the shunt resistance R = R2 + R2 and
e * 2

the detunLno anaie P i Cos p = R,/Re ). Thus the
e e

autophaslna realme ulth the duslred equlllbrlua
ahase IS realizable throuoh the proper choice of the
cavltv oara~eters.

-P . . . . . . . . . . . . . . . .

L

u
<~:

/
/.e /

1 u
1 a

FIg.2.

Klvstron bunching In the regotron has lts
=meclflc features. Since the particles In the poaer
take-off svstem are oscillating nlth regard to the
eauillbrlum phase, the •a~n pjoblem of the bunchlna
IS to orovlde for the ●a:<lsus capture Into the
stable osclllat~on Ooaaln. The boundaries of the
doaaln are folloulng

1nEqualltles ’l’~a!$’ ;e~l~~gQ lb~wflt’iei lo~ . In
the case current haraonlc at the entrance of the
Dower take-off svstem doesn”t define unanblguously
the device efficiency. During the deceleration the
value of current haraonlc lncrease~ and the ●ean
current harnonlc over the ●hole take-off system
exceeds the input value.

A cosputer slaulatlons ot bunching and poster
tAke-off processes was perforwd u~th the alm to
lnvestlaate the beam dynanlcs to optiolze the
generator parameters over the wide frequaocy range
[3-7]. The generator efficiency Increase due to the
-utoohaslng was confiraed by the co~puter slmclation

results. A tvplcal exasple 1s presented in Fla. :.
The calculated current harmnlc varlatlon 1s plotted
aga~nst the relatlve bunch energy In the enerqy

take-off systee u~th ( curve 1 ) and ulthout
( curve 2 ) the ~utophasinq. The parameters were 25
follows : W = ?00 keU.

n
AW/W = 0.08 per Cdvlt.v.

Equlllbriua phase of the au~ophdslno P . 60°. The
w

wtophaslnq clearly provioes for the lmaer beam

energy take-off feitsibllitv and thus iur the

efflc~ency up to 80 per cent. The efflc)encv o+ the

power take-off system ulthout the .iutnph~;ino 13

olkout 40 oer cent.

I.!
10

1. .. w.‘-T)

. I \+,‘.. -

I 2 \
a.a

t

0.4 LJ—J—JJ
1.0 0.8 0.6 0.4 0.2 0.0 W/w

o

Fla.3.

The h~qher 1s the value of W the hlaner are
0“

both the efficiency and the output poner of the

systen.

‘he calculated performances of reciotron nlth
different ooeratlng frequencies are presented In
Table I. The efficlencv, d~menslons oi buncher ‘b
and power take-off system L as ueil ~., the

pm
number

of active cavltles L were obtained through the
a

ootiaization based on the calculation results o{
papers [3-61. M present a pulsed reootron aodel
with 5000 fltfz operating frequency IS being built Ln
the Hoscou Radlotechnlcal Institute of the USSR
Academy of Sciences.

TABLE I

Calculated Parforoances of Regotron

f[HHzl PIMWI r)[Zl I,,[AI WoCHeVl Lb[al L Lml N
ps n

:~o S+1O 70+80 10-+50 0.5-+ 0.7 9-12 *5 5-10

600 “%19 70+B0 l&:O 0.>0.1 6+a 7.-4 6*12

900 5+1C /0+%0 10+:0 0.5+0.7 4-4.5 I. Z-: 6-12

:000● 3.5 70 10 0.5 2 1 7

9
- pulsed regotron model
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Ilaln coaputer sinulatlon results -111 be
ckecked aqainst the exGertsents uith the ●odel and

d~fferent systea u1ll be tried aut. The calculated
performances o+ the reaotron uhlch IS Antended for
the energy supply svstem o+ the burner-reactor”s
Ilnear proton accelerator are given in Table II.

TABLE XI
Calculated Performances of Regotron

for burner-reactor’s linac

Beam parameters

Current. A
In~tlal energy. keV
Beam radius. cm

Buncher parameters

t4umaer of cavltles
Input pouer. kW
Operating +requec . rlHz
Cavity characterl%tlc uave lspedance. ~hs
Cavltv Q-factor
Length of the huncher. s

Power take-off svstem par~aeters

Number of cavltles
Cavltv ch.aracterlstlc wave lspedtince. Oha
Cavltv O-factors : active

Oasslve
Equ~llorlus phase. dea
Output poner. W
Efflclencv. ~er cent
Lenath. a

The choice of the
W. = 500 keV enables the ●el

aIpplv %ystea to be used. In

beas
deve

FLU. 4
first haraonic varlatzon along

Inltlal
aped dc energy

the beam current
he device 1s

2resenteci ( B - buncher. t% - power
system ).

1,/1
o

2.0

1.5

1.0

0.5

0.0

B

02 4 6

Flg.4.

10
500
1.5

~.,

2

Aoo
150

13500
7

7
206

~i
14000

60
5.8

77
3

energy

Ps

-1

1

take-off

8 10 z (m)

The resonant Dart of the aenerator

less then 0.1 1. A constant ●aqnet deslqn is under
consideration nom.

This lnvestloatlon shows that the proposed
superhloh-pouer RF reaotron-tvpe qw.erator 1s to
produce 5 - 10 ll(dRF power In continuous ●ode ulth
the 70 -BO per cent eff~clency.
generators should also be used In
systems of hlah-eneray partlcls
hxqh Sean currents.
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OPERATINGEXPERIENCEWITHTHE IMPELA-10/50INDUSTRIALLINAC

J. Ungrin, S.B. Alexander, S,T. Crafg,G. Frketich,V.A. Mason,
1.L. McIntyre,M.P. Simpson,D.L. Smyth, R,J. West, and B.F. White

AECLRESEARCH,ChalkRiverLaboratories
ChalkRiver, Ontario,Canada,KOJIJO

ABSTRACT

AECLis building and marketing the IMPELA family of
high-power linear electron accelerators designed specifscaUyfor
tJseindustrial market. The acceleratorsarc built dmund an L-band
on-axis coupled structure that is assembledin a modular fashion
and is i!tivcn in the long-pulse mode with a modulatinganode
kJystmn. A wide range of average power is achievedwith the
samebasic acceleratorcompnents by simplychangingthe barn
duty factorand the size of the powersupply. The controlsystem
for the IMPELA family is built around a simplifiedoperator
interfacethat incorporatesmtomaticsequcnccs,fastcontrolloops,
self-diagnosticsand the instrumentationthat is key to rciiablc,
simpleoperationand rapid maintenance. The firstmemberof the
IMPELA family, the 10 MeV,50kW, IMPELA-10/50,is a highly
instrumentedindustrialprototypethat has bear operatingat full
power since 1989 November. It is now undergoingprolonged
testingat ChalkRiver Laboratories.

INTRODUCTION

AECLis building and marketing the IMPELAfamilyof high-
power elwtron linars that has been designedspeciticaUyfor the
industrial irradiation market.’ These acceleratorsare designed
conservativelyaround an L-band standing-wave,on-axiscoupled
acceleratingstructureand are driven in the long-pulsemodeby a
moduIatedanodeIclystmn.Highbeamloading(typicaUy60-65%)
is achievedwitha modestoutputcurrent(typically100mA). This
high be-m Ioiiding,combinedwith an optimizedrf cavitydesign,
ensures good rf effsciuncy(or the accelerator. A wide range of
average power can bc achieved with the same acctdcra[or
components by varying the duty factor while rtii.ning [hc
conservative energy gradients and beam current. The singlc-
resonator,1300MHzstructureis an asscmblyof modulesthat has
been designedwith adequatecoolingfor operationat duty factors
upto 100%. The JOMeV, 50 kW, IMPELA-10/50(Fig. 1)under
test at ChalkRiveroperatesat a 5% duty factor (typically200 US
pulse lengthsat 250 pps). This acceleratorhas been built as an
industrialprototypeand is being used as a fullyinstrumentedtest
bed wherea detailedchnmcterizationof the existinghardwareand
of severaladditionalvariantsunderdevelopmentis possible. The
prototypeis qis!ppcd with a wide range of diagnosticsto allow
ngomus testing of both the physics and the engineeringdesign
aspects.It is in the processof undergoingextendedlifetimetesting
to ensurethat aUsystemscan meet the highreliabilityrquircd by
industry.

Detailsof the IMPELAacceleratingstructure,’rf system2
and the control system design’ have been previously reported.
This pa-nr reports the operationat full power.

AUTOMATEDCONTROL

The IMPELA family of accelerators haveban designed
forindustrial USC. The control system is built around a GE-

FANUC Series-6 industrialprogrammablelogic controller (PLC)
and uses a simplified opemtor interfacewith automaticsrqsences.
hardware and sotlware-based con!ml loops and selfdiagnost!c
instrumentationthat is largelytranspm.ntto the industrialuser, who
will generaUyfack the specializedskills or knowledgenormaUy
requiredto operatea high-powerrf liriac, The control systemhas
been daigncd with the capabilityto operate with two redundant
processorsfor those applicationsthat rquire very high reli~biiity.
In additionto the PLC system, a set of high-speedhardwareloops
has been developed to provide the machine protection actions
requirti to act on a microsecondtimcscale.’ These high speed
loopswhich act to trigger the high-voltagepower supplycrowbar
or to disablethe rf drive or the electrongun current are supewised
and monitoredby the PLC.

Fig. 1 Viewof IMPELA-10/5@from the injectorend.

A sti of automaticsequcnccscontrolledby the PLC have
beendeveloped10providean industrialoperatorwitha reliableand
convenientmeansof startingand stoppingthe irradiatoroperation.
These sequences have been based on the commissioningand
operatingexpencncegainedwith the prototypeaccelerator. They
providean orderlypath throughturn-onof coolingsystems,warm-
up of the filamentsand other devicesthat rquire time to stabilize,
applicationof high voltageto the electron gun and rf systemsand
finallythe turn-onof aUthe acceleratorsystems at low beampower
withall the applicablecontrol loopsc1o:uI. The set points for the
control loopsand a!l the controlleddevicesare derived froma set
of parameterspreviouslysavedin the PIX mcmory. Thesqucnces
have reversepaths to controlshutdownthroughto a full power-off
condition.

AUthe normalinterlocksandalarmsare activeduringthe
executionof the automaticsqucnccs. A squencc action that is
inhibitedby an interlockor alarm causesthe squcncc tinter to faif
and to abortthe squcncc. Anabortedsqucnce gcncratcsan alarm
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to t!!e operator. In addition to the alamn, the squence stste is
indicatcc on the operator display, which showsthe state of each
scqucncc: inactive, exauting, comp’et: or aborted.

The nutomaticsquencm ?wc becomea routinemeans
c; o~mting [he at.celcmtorand subsets of the full scqucnccarc
regularly used to control operation during tests of various
proceduresor of equipmentperformance.

CONTROL L(XN-S

The operationof IMPELA i~ greatly simplifiedby L%c
use of a itumbcr of automated feedbackcontrol loops. Seven
independentloopshave been devclo@ to controlkcy accclcmtor
pammetcrs. These include the conventionally-conkollcd
acceleratorparameters, beam energy (structure field amplitude),
outputbeamcurrent, rf drive frequency,klystronhighvoltageand
temperature contro! of the coohng CUCUN.Sboth for the water-
cooled accelcsator snd for the oif-cook! rf modulator. In
addition,a controlloophasbeendevelopedto rcgtdatcthe filament
hutirrg in the electrongun to compensatefor power depositedin
the cathodeby off-phaseelectronsreflectedto the ekxtron gunby
the accelerator. This latter effect, normally absent on most
research Iinacs, is significant on IMPELA, which uscs a simple
low-voltageelectrongun that is closelycoupledto the accelerator
and does not usc an indepmden[bunchcr with its associatedrf
dnvc and control requirements. The fslament control loop
maintainsa constantcathodetemperatureby adjustingthe Iilamcnt
power to maintaina fi.xcdfslamcnt resistance.

Dedicated high-speedelectronicshavebeendevelopedto
controlthe fieldamplitudeto * 2% of sctpointon an irrtra-pulse
timescalc. Ir,tra-pulsecontrol has been introducedto reduce.the.
energyspectrumand to provide.a more uniformdose distribution
from the accelerator. Control of the structure rf field on this
timcscale is particularly significant for a long-pulseaccelerator
where significantgain change wiUoccur ir. the klystron due to
power supply droop. Additionalirnpo~nt factors affectingthe
design of the loop arc the wide variation in duty factor (pulse.
lengthsof 50-500ps at repetitionrates from 1 to 500 pulsesper
second), long loop lengths at relatively high Q ( =4000) and a
wide range of operatingtemperature.

The block diagram shown in Fig. 2 ilhsstrata the amplitude
controlf~back circuit. Temperaturecontrolfcdcrystaldetectors
convertstructurerf signalsintoan averageamplitudeenvelopethat
is comparul with a sctpoint supplied by the PLC. A gatcd
Proportional-integral(Pi) controllerprocessesthis amplitudeerror
signal to produce the required attenuationfor a PIN modulator
which is in-line with the drive chain. Thus, the drive power is
automaticallyadjustedto bring the swtscturcfields to the desired
ampli!udcindependentof beamcurrent, puke lengthor frquency
tuningerrors.

The gated PI conksller forms the heart of the loop.
Wideband,6 MHz, proportional control provides rapid correction
for smaU disturbanceswhile, over a microsccon~timeframe, R
gatd integratorcosmxts larger disturbancesanddritl. Bandwidth
constfiints imposedoy ~hcrf drive chainandby the loop transii
time prohibit usc of a large propofiirmalgain. The controller
employs inter-pulse memory and sequential deployment of
controflcr terms to achieve the necessary integral gain without
overshoot. A portionof the mid-termpulseintegralterm is stored
for use as the initial value with the next pulse. Fast y~ smooth
pulsetum+n is accomplished by first applying the drive jmwcr as

stord in the integrator memory and engagingthe proportional

control action. After a delay of =4 BS “he intcgml term is
engaged. Thus the integratoracts only when the ficIa is CIOSCto
the desiredstrengthand upsetsat the leadingedge ofcach puke arc
avoided.
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Fig. 2 Blockdiagramof the ticld amplitudecontrolcircuit.

A comparisonof intra-pulsepcrformanccwilhandwithout
feedbackcontrol is shown in Fig. 3. Opcmting expcricncc has
shownthat the controllercan be readilytunedto regulatethe field
within * 0.5% (voltage)foUowinga 6 ps pulse rise and settling
time.

Q&nJgQQ DrweInto closed LW

m

?“?

Structure
Field

ik

+200 ps + +200 us+

Fig. 3 Structurefield level control.

The remaining six control loops arc implementedby
Proportional-Integral-Differential(PID)controllersvia the sollwarc
in lhe PLC. The beam current, dnvc frquency and klystron
voltage loops cmploy zero-droopsample and hold circuits which
samplethe processvariableat a prcdeicrmincdtime in the pulseand
hold this value for asynchronousinput to the PLC. Convcntirsrtal
PLC algorithms arc then USW.Ito control these pulsedvariableson
a dsncframcof a few seconds. Coolant temperaturesand electron
gun fsfamentpower are not pulsed variables and the PLC PID
controller is applieddirectly to these loops. The operationof the
six PID loopsare summarizedin Table 1.

EXPOSUREDOSE UNIFORMITY AND ASSURANCE

The industrialapplicationof radiationfroma high-power
electron ]irsac rquirca distributing the beam power through a
productvolume. 1ssmost cases the beam power is spreadover an
exposurearea and the productis convcycdin a directionnormal10
the majoraxisof the exposurepatternat a carefullycontrolledrate.

I
I
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Table I
!%fhvareBassdControlLoops

Loop IContsol IResponse
I

Regulation
Variable. Time II

Current 1 Wehnck 2s *0.1%
voltage

I
Frquency Vco 2s

i

*OS”

Klystron HV SCR Firing 10s *0.3%
Angle

Cathode Filament 10s *0.3%
Temperat~re Cumemt

Water Seandary 20 s *0.3°C
Coo:ing Flow

oil cooling Secondary 60s *0.3°C
Flow

The processing of a specific product requires a uniforsmty of dose

deliveredthroughoutthe product volume. To obtainthe volume
uniformitywithgoodeleckcmeconomya varietyof mcssurcsmay
be applied, including the use of “taiford” beam exposure
distributions, external scattering surfaces or the usc of a dose
build-uplayer.

The IMPELAprototypeemploysa low frquency (5 Hz)
magneticspot scanner thi deflects the elcct:on beam to produce
a Pnem of overlappingspots, each 8-10 cm in diameter, at the
expaure plane’. The scannerbscsa simple iron magnetic circuit
for the magnet. To overcame the non-uniform distribution that
results with such a magnet due to eddy-cumentand hystereis
effectswhendrivenwitha simpletriang(c-wavedrive current, the
scan magnet drive system applies an appropriatelycorrcctuf,
dcfonncdcurrent excitation, which produces a lineardeflcctio: of
the barn. A dose uniformitywithin * 5% acrossan SOcm wide
distributionhas been achievedusing this method (Fig. 4). This
methodcan qually be used to tailor an approp]iatcnon-uniform
exposuredose that wilf result in irnprovai beam usage and dose
uniformityfor speciticproducts.

The performanceof the beam scanner is dependenton
the stability of the besm energy and the scan drive electronics.
Probes positioned at the ends of the scan pattern sense the
maximumdeflection for ach scsn cycle. A control loop that
regulates scanneropemtionon the basis of these signals is being
developd. This loop wilf regufate both the position of the
ccntroid of the beam and the scanwidth.

Many indu.strizlapplications rquire continuous
monitoring of a number of key accelerator parameters to
demonstmte the stabilLy of the mdiation patterndelivered at the
endof the accelemtor. All thepammctersessentialto characterize
the stabilityof the deliveredbeam are loggedand archivedby the
PLC via a dedicated data logger and a Cimstar computer (an
industrialIBM-ATcompatible)with a FIX sofiwarepackage.

\

1 I 1 I I I r I

o 20 40 60 80
Distance Along Scan Pattern

Fig. 4 Exposuredose distribution15cm beyondthe linac with
triangular(light line) and shaped(dark }inc)wave form.

ACCELERATORPERFORMANCE

The IMPELA-10/50prototypehaa bc.mopcmtingat fuU
powerat ChalkRiversince 1989Novcmber. Extensivetestinghas
been carried out with the automatic sequences, fcufback control
loops and exposuredose control system and significantopemting
experiencehas been gained. Several minor improvementshave
been incorpomtedto further simplify opemtion. The degr~ of
automatedcontrol has reached a po”mtwhere the accelemtorwill
routinelyopcmteuninterruptedat full specificationsfor periodsof
up to 10h with no operatorintervention. This opemting simplicity
combined with the exccllcnt regulation of the energy and current
loops and the ability to tailor the exposuredose at the exit of the
hnac make IMPELA a powerful, user-friendlyaccelemtor for the
non-expertindustrialuser. Extendedlifetime-testingof the machine
hardwareand soflware systemscontinueon this unique industrial
prototype.

1.
2.

3.

4.
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AN ELECTRONLINAC FORINTRAWERATIVERADIATIONTHERAPY

Gerhard T. Konrad
Siemens Medicot Laboratories, Inc., Concord, CA 9.$520

Alx3tract

Severa 1 medica1 1i near accelerators for
intraoperative electron therapy have been built by
Siemens. The first one, at the University of Texas N.D.
Anderson Cancer Center, has been in clinical use for
more than we year. The (inac is isocentricatly mounted
in a gantry that can rotate 1115” from the vertica(.
The energy of the electron beam is defined and
controlled through the use of a 270” achrcsnatic bending
magnet. The source to rotation axis distance is IOOcm.
The radiation field size is contro[ld by the inserted
size of the annulus fixture and the a~ticator cone.
Oose rate settings of 300, 600, and 900 cGY/min are
avaitable. Pouer is normally supplied by a 2.9 W
magnetron. Current(y a machine is being ccarnissioned
that is pouered by a klystron anplifier system capable
of as muchas 7.5 MU. The tatter uili permit operation
from 6 MeV to 21 MeV. On the otaer hand, the magnetron
driven machines can operate up to 18 MeV.

Intro&ction

The n*r of institutions performing
intraoperative therapy has been increasing in recent

years.’ Usual[y such procedures are performed by doing
the surgery in the operating room ard rrien trans~rting
the patient to the radiation therapy room where the
irradiation is performed. [t can be done in this uay
because many radiation therapy machines have both X.ray
ad electron treatment modes for inproved flexibility.
The machine to be described here is permanently located
in the operating rc~, thus eliminating the need for
transporting the patient back and forth between two
roa-s. Siemens has developed an accelerator sfst.wnuith
only etcctron beams to filt the abeve need. The
eiectron mode is appropriate and adequate for this
aPP~ication because surface treatment is usually desired
due to the fact that the tuner is exposed during the
operation.

The machine is ualt mounted so as not to uaste
space in the operating room. All corpnents requiring
service, such as the RF power, cooling, and control
sysiems, are cutside of the operating room. RF pouer is
fed through the wa([ and then through a rotary joint,
into the gantry and into the accelerator. Thus no
coo[ing fans and high vo(tage electrical systems are
located in the operating rem.

In many instances, intraoperative procedures are
performed uith electron energies of less than 18 MeV.
This need was met by Siemens with the Hevatron ME, tihich
makes use of m RF system containing a magnetron.
Recently, a machine ~as built and designated the KE.
lhis machine is capable of electron energy up to 21 MeV
using the same accelerator but a klystron driven RF
system.

RF System

The heart of the Ifevatron is the electron linac and
its associated RF system. A block diagram of the major
components used is shfiwn in !ig. 1.

AS in a~l Siemens !!evatrons, and in fact as in most
cmnnercia( radiation therapy machines, the accelerator

consists of a side-coupled cavity structure. The
‘foundations fcr this technology uere [aid at Los Alamos

during the 1960s.2 The accelerator operates in the
standing nave mode at a frequency of 2998,5 MHz. Table
I lists operating parameters at the tmxirmsn energy
available from the system.

4
- Ii
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Fig.1. Functiona( block diagram

TA8LE I
Represmtativc @crating Parameters

Operating Frequency
Electron Energy
RF Power
Accelerating Gradient
Peak Surface Gradient
Kitpatrick Gradient
Peak Ir.jected Current
Capture Ratio
BeamLoading
BeamPulse Length
BeamPRF
Radiation Output

2998.5 MHz
21 MeV
4 w

15 W/m
-30 MV/m
45 MV/m
10 MA‘“
<10%
-l%
3 microsec
135 Hz
900cGy/min

A photograph of the accelerator is shown in Fig. 2.

Fig. 2. Side-coupled cavity iinear accetcrator
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A 2 [/s ion pup is provided for monitoring vacuun
qua[ity in the accelerator. Figure 3 showsmany of the
RF cortponents in the gantry and in the rotating
structure.

Fig. 3. Intraoperative radiation therapy
mchine assenb[y

Note that the current needed for this application
(900cGy/min max.) is only 10MA, resulting in very light
beam loading. A relatively (on capture efficiency is
also acceptable. The dose rtite required for treatnvmt
is obtained by adjusting the repetition frequency.

!Jhen the beam [eaves the accelerator it passes
through a 270” achrcxnatic bending magnet. This magnet
serves as an energy fitter and as a beam focusing
e(em:nt. Primary and secondary dose chambers monitor
the beam, as Hell as flatness and symmetry, dose rate
and aose per pulse for beam control purposes.

RF pouer is supplid by a Thomson CSF TH2066U
k{ystronca~ble of 7.5 Mu peak pouer. Acircu(ator in
the wavsguide run insures that the tube al~ays Norks
into a nel(-matched load. The operating frequency of
the accelerator is trackedby anAFC loop which contro[s
the RF d-iver. The kiystron modulator is a conventional

line-type modulator 3. ~lth a pulse transformer. The
maximunopera:ing voltage requiredby the tube is 160Kv.
Individual pulse energy is controlled by a ccmnand
charging system consisting of a pass tube. 1rI that way
the length o? time during which the th)~eatron has to
hold off high vottage is minimized. Also, the energy
~r pulse can be maintained constant over a uide range
of repetition frequency. A photograph of the modulator
ard klystron is shown in Fig. 6. Ccaponent coo[ing is
provided by a closed loop water circulation system
containing a heat exchanger to industrial water. The
cooling system operates at -40° C.

Ascription of Machitw

The eiectron source to the rotation axis distance
is IOUcm, nhich is ccmnon in the industry. The
isocenter height above the floor is adjusted at
installation k.etueen l12and 135cm. The gantry rotation

range is *115” from the vertical. For simplicity, and to
insure reliability, alt adjustments needed in the gantry
to set up the system for treatment, except gantry
rotation, are manually made. The primary scattering foils
that must be in p~ace for each energy setup are manua(ly
inserted by rotating a carousel. An interlock prevents
a mismatch ktueen the energy selected at the console and
the foil chosen. A shaped secondary scattering foil is

used to flatten the beam.4

Fig. 4. RF system showing klystron and modulator.

Figure 5 shows a cross-sectional view of the entire
machine inc(uding the gantry.

W:LL

Fig. 5. !levatron ME and control cabinets as installed

In Fig. 6, a view of the treatment head and the
applicator cone may be seen.

The beam is collimated in t~o steps by round
collimators attached to the annuli fixture and inserted
into the accessory holder. The size of the precollirnators
selected depends on the field size needed for treatment.
This machine uses a laser light aligrvnent system so that
there is no e[ectricai or mechanical contact to the
patient. This minimizes the chance for pa!ient injury.
The electron applicator cone is attached to the tab[e
side rails ati can be prepositioned when the operating
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table is .:way from the machine or under it. The eight
laser lights project dots to the surface of a round
plate mounted on the applicator cone. Uhen the tip of
the ccne is at isocenter and the electron beamaxis and
ccne axis coincide, the eight dots coalesce to four dots
equally spxssi on a ring engraved on the surface of the
alignment plate.

Fig. 6. CrOSS section of treatmnt head and
patient a~licator cone system

Cperatim of Machine

7ne operatingconditions for the machire are shoun in
;iS. 7, Acre electron energy is plotted as a function
of RF pouer. Note that the required energy range of 6
co .21 Mev is covered by varying the klystrom output
poher from IUU o WM. The ktystron outWt pouer is
adjus:ed by controlling the klystron beam voltage and
current. The bendim magnet current settiny
autocratically correspc~e to the energy selected.

/--———
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/
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:
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Y- 7. Acceleratorenergy vs. RF power

For intraoperative radi~clon therapy procedures,
smaller fields than are used in regular applications are
sufficient. The naxinun fields needed can be obtained
froina beam flattened in a 20cm diameter field. Because
the fietd requirements are sma(ler for this machine,
thimer scattering foits can be used. The thinner
scattering foils produce less X-ray contamination and
contribute less energy spread in the beam at isoceltter
ccmpared te thicker foils. The small energy spread
res+ults in a steeper drop-off of the depth dose curve.
Figure 8 shows typicat depth dose curves.

II \ \
I \ J------
: 5 IC 15

.,.%l[RcfPl*.c-

Fig. 8. Deptti dose curves from uater phantom

Sane dose profiles for 15 UeV at a depth uhere the
maximundose occurs areshoun in Fig. 9. These data uere
taken in a so(id @antom and cylindrical applicator cones
cf the size indicated were used.

I
-i-

-. * . , . .
o@l& [lS?AMIC.

Fig. 9. Dose distribution uith 15 MeV beam
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INJECTOR SYSTEM OF HINfAC

S. Yamada, T. Hattori~ A. 1tano, M. Kanazawa, A. Kitagawa, T. Kohno,
Y. Miyazawa! O. Morishita\ K. h’oda, H. Ogawa, K. Sate,
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4-9-1 Ariagawa, Chiba 260, Japau

Abstract

This paper describes a brief review of a design
of an injector system of a synchrotrons iacility for heavy
ion therapy, HIMAC. Some results of rf metumrements
of au Alvarez type acceleration cavity are rdso described.
Construction of major components of the injector system
started in 1987, and will be completed within 1992.

Introduction

As a direct expansion of our long experience with
proton, neutron and photon radiotherapy, a heavy ion
synchrotrons has been adopted for the clinical treatment
of tumors at hTRS.1’2 The superiority of the heavy ion
therapy is characterized b}?excellent dose localization.
Another important feature of this type of therapy is a
verj’ high value of a linear energy transfer to tumor ceUs
resulting in a low oxygen enhancement factor.

HIMAC is an accelerator facility dedicated to med-
ical use especially for the clinical treatment of tumors. It
~’ill be the first heav}, ion synchrotrons comp!ex in a hos-
pital environment in Japan. The accelerator ~qisjsts of
a 100 MHz injector linac, two separated function type
synchrotrons rings and a beam delivery system.

The maximum output energy of HIMAC is 800
MeV/u for ions with q/A = 1/2. The ion species required
for the clinical treatment range from ‘He to 40Ar. A beam
intensity from the hIMAC synchrotrons is determined so
that a dose rate as high rLS5 Cy/tnin”/ is reaUzed in a

)
14 (diameter x 10 (depth) cm2 irradiation volume. The
irradiation o heavy ions can be completed within a few
minutesl and a set of more than ten times of such irra-
diation N required through about a one month to treat
human cancers.

The facility ims three treatment rooms two of
which are equipped with vertical beam lines The horizon-
tal beam wiU be introduced to the two treatment rooms.
The construction of the facility will continue until fiscal
year 1993 wheu the clinical trials are expected to start.

Injector design

The injector system of HIMAC comprises a PIG
source for light ions, an ECR source for heavier ions, an
RFQ Unac of 100 MHz and three Alvarez type linac tanks
with the same frequency. A debuncher cavity is to be
installed in an output beam transport line in order to
reduce a momentum spread. The system has no charge
stripper either bet~.een or before the Iinac taks, and WII1
accept heavy ions with a ch~ge-t~ni=s ratio as smaU as
1/7.

.—
“Research Laboratory (or Nuciear Reactors, Tokyo Institute of

Technology, Ohokayama, Mcguio.ku, Tokyo 152
tT& ILls~i~u~eof physical and Chemical Research, RIKEN, Hi-

rosawa, Wako-shi, Saitama 351-01
tsuml:omo HcaVyIndustries LTD , Soubiraki-cko, Niihama-shi,

Ehime 792

‘Pable 1
Injector specification.

Ion species
Charge to mess ratio
Ion source type
Frequency
Repetition rate
Duty factor
Acceptance

RFQ linac

{E
Input Out ut energy
Vane engt
Cavity diameter
Max. surface field

Alvarez ]inac
Input/Output energy
Total length
Cavity diameter
Awrage axial field
Shunt impedance
kfax. surface field
Focusing sequence

output beam emittance
Momentum spread

‘He to ‘OAr

C!
>17
~1 & ECR
100 MHz
3 Hz Max.
0.3% hfax.
0.6 rrmm.mrad (normalized)

8 / 800 keV/u
7.3 m
0.59 m
205 kV/cm (l.& Kilpatrick)

O.d / 6.0 MeV/u
24 m (3 rf cavities)
2.20 / 2.ld / 2.16 m
l.d / 2.1 J 2.1 MV/m
31-46 Mfl/m (effective)
130kV/cm (1.1 Kilpatrick)
FODO (6.0 kG/cm hfa.x.)
~ 1.s rrmmmrad (normalized)
~ *1 x 10-’

The specifications and a layout of the overall in-
jector system we presented in Table 1 and Fig. 2, respec-
tively. Expmted beam intensities of the injector linac are
listed in Table 2 for typical ions.

Ion Source

Two types of ;on sources are adopted: one is a
hot cathode type PIG source for light ions up to around
Ne, and another is an ECR source for heavier ions. Both
sources are located independently on high voltage plat-
forms with a maximum voltage of 60 kV.

I?eam tests of the PIG source are now under way,
and the obtained beam intensities exceed the required
values given in Tab)e 2 up to Ne for both DC and pulsed
operation.3 The source is equipped with a bombard elec-
trode and wiU provide solid ion species.

The ECR source is expected to produce heavy ions
up to xenon. A compact single stage structure is adopted
for the source. The structure is similar to that of Caprice’
developed at Grenoble. The microwave frequency and
power are 10 GHz and 2 kW at maximum, respectively.
The maximum streng;h of an axial magnetic field is about
1 T with seven soleno d coils excited by 45 kW in total. A
transverse field generated b a NdFe ermanent sextupole
magnet reaches about 0.?’+ Yat the c. amber wall.

RFQ Linac

The ions ass through a low energy beam transport
Yline about 7 m ong before injection into an RFQ Iinac.
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Table2
Beam intensity schedule for typical ions.

lon species cS+ NelO+ Ar16+

Output current (e#A) 170 l~o 69

Transport transmission 0.75
Stripper efficiency, 0.93 0.67 0.18
Alvarez .ran6mwon 0.9
RFQ transrmssion 0.8
‘lYansport transmission 0.7

Source current (epA) 160 ~.~t) 340

Ions from 8ource cat Nel+ Are+

A rather low value of 100 MHz is chosen for the iinac so
= to give sufficient focusing stren th. An acceptance of

&the linac is 0.6 xmm.mrad norm “zeal (145 mrun,mrad
unnormaliz+).

The hnac is a conventional four vane type and sep-
arated longitudinally into f~ur tanks. The four vanes are
precisely set in each tank independently. A Ion itudi-
nal and a transverse voltage distributions are tun A with
about 40 side tuners. The tuners are fixed by weldir,g
after the voltage tuning. A vane coupling ring has not
been adopted for this linac.

The entire linac tank is fed with a 300 kW peak rf
power through a single loop coupler. The tank is made of
copper pla~ed mild steel, whereas the vanes are solid cop
~er” ~he ri c?nt~t between the ~anes and the tank wall
1s ach]eved with salver coated stainless steeI spring-rings.

Alvarez Type Linac

The RFQ linac is followed b san Alvarez type linac
operated at the same frequency. + he linac tank M sepa-
rated into three independent rf cavities and each cavity
is fed with an rf power of 1.4 MW eak. The maximum

f’surface field is chosen to be 128 kV cm (1.13 Kilpatrick).
The linac tank is 24 m long in tot+, and consists of 106
unit cells. The diameter of the cawty is about 2 m and
changes with one tank to the next in order to obta.h rea-
sonable values for the transit time factors.

The tanks are made of copper-clad mild steel, and
the drift tubes are capper-plated s:ainless steel. The
thi”dmesses of the clad and plated copper are 8 mm (be-
fore machining) and 100 ym, respectively. A photograph
of an inside view o{ the third Alvarez tank is given in
Fig. 1. Each drift tube is supported by horizontal and
vertical stems, the diameters of which are 3 and 5 cm,
respectively. Every second drift tube is equipped with a
quadruple magnet. The magnets have laminated cores
and are excited by pulse power sources with a very low
~a~-t~~d-uty of 0.3% in order to reduce the heavy ther-

RF System

An rf amplifier of the Alvarez linnc is designed to
deiiver more than 1.4 IMWand is equipped with a power
tube of Siemens’s RS 2074 SK. In the two driver sta es

tof the amplifier system, RS 205i3 CJ and RS 2032 L
vacuum tubes have been adcpted and deliver rf powers
of 100 and 5 kW, respectively. Three sets of 1.4 MW
amplifiers with a sin Ie plate power supply will be used

fto excite the three A varez caviti-. The construction of
the amplifier for Alvarez tank no.3 is already finished,
including high power tests.

In a 300 kW amplifier for the RFQ linac, the Eim~
tubes have been adopted: 4CJV 100,000 E for the final
stage and 4CX 20,000 C for the driver stage. A 30 kW

Fig. 1. An inside view of no. 3 Alvarez type linac tank.

amplifier for the debuncher cavity k the same as the driver
amplifier.

Charge Stripper and Debuncher

At the cutput end of the Alvartxz lifiac, a 100
pg/cm2 carbon stripping -foil is installed in order to im-
prove a charge to -massrat]o for further acceleration, Only
one stripping section is used at a relatively hi h ion ea-

fergy because of the reliability of the system an of future
expansion to the acceleration of heavier ions.

A 100 MHz debuncher cavity is introduced in the
output beam line to suppress the momentum spread of
the accelerated beam. A distance between linac end and
the debuncher cavity has been optimized r.o be about 9

\ 1
m. An rf volta e of 300 kV for q/A = 1/4 rotates the

Ybeam bunch in ongitudinal p ase space, an reduces tile
energy spread of the Iinac beam from AW/W = &I.2%
to a satisfactorily good value of AO.11%. Some kind of
tuning error of the Alvarez linac, however, tends to in-
crease the energy spread up to more than +0.290.

Control System

A computer s}’stem of the injector consists of three
mini-computers: a system control unit (SCU) of pVAX
35OO and two roup control units (GCU) of uVltX 11,

fThe SCU main y covers the man-machine interface and
controls t}.e injector as a total system, whereas the GCU
directly controls a peripheral device through a universal
device controller UDC), which is a 16-bit microcomputer

\installed within t e device.
The SCU is connected to a central computer unit

through an ethernet by which other control units for a
synchrotrons s,’stern and a high energy beam transport
system etc. ccm-u-rmnicatewith each other. A control
corr,puter for medicaf treatment will also be connected to
the network. Another ethernet is used to ensure commu-
nication between the SCU and the GCUS. The GCU and
a UDC are linked with an opticrd fiber line,

All devices in the injector system, incltsdin a tim-
7ing unit, are controllable from an operator conso e with

four touch panels and three rotary encoders.

, F.: Characteristics of Alvarez No.3 Tank
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Fig. 2. A layout of the HI.MAC injector.

An inside diarrlccer of the tank was machined
within an error of *0.3 mm. After that, the copper sur-
face was treated with a orbital sander to a surface rough-
ness of 0.4a ( 1.2s). An alignme!(t accuracy of better than
AO.1 mm has been achieved im the transverse position of
a drift tube with an alignment ;Aescope and an optical
target inside a bore hole of the tube. The bore hole was
m-achined with an accuracy of *lOpm. after measurements
of a center position of the quadruple field. A 1x1 itudi-

fnal positioning error of the drift tube w’asmeasure to be
better than +(),2 mm.

Low Power Tests

.4 resonant frequency of the cavity exists very close
to a desired value with calculated positions of a frequency
tuner. The frequency is about 1 MHz apart from the near-
est neighborin mode of TMo1l (Q6 is about 50,000), An

Yunloaded Q-va ue, Q., of the fundamental TM610 mode
w= measured to be S8,000 for a virgin tank and about
70’XOof a calculated value including stem los3e9.

A tilt of the acceleration field wrMtuned with six
side tuners within an error of 2Y0. The positions of the
tuners were fixed after the low power measurements by
welding. A small jump (about 2Yc) ir, the acceleration
field appears at the end of the tank where a unit cell
volume is a little bit reduced with a 2.5 cm thick copper
wall separating the cavity iram the next one.

Field and frequency measurements were carried
out in order to obtain dependencies on a km itudinrd

fposition and a radius of an end drift tube. Al efforts,
however, resulted in little effects on the compensation of
the field jump at the end cell.

A field distribution in the acceleration gaps was
also measured with a bead pull method. The results were
very well reproduced b;’ the calculated values.

The resonant frequency changes with the cavity
temperature by 1.2* 1.4 kHz/deg and the value agrees
well with a calculated one.

High Power Tests

A full design power was successfully injected into
the vir “n cavity after conditioning of about one whole

rda}’. T ere was no visible damage to the coupling loop
and any other components. A maximum surfact field of
150 kV/cm ( 1.3 Kilpatrick) is stably obtained.

A length of a coaxial l!ne between the amplifier
and the cavity is optimized with a trombone :Uner so
that coupling between the amplifier and the cavity takes
its minimum value. A rise time (O to 9070 value) of the
field level is about 50fJ NS without any feed back loop,

and abcut 50% longer than a simply predicted value of
320 ps, The rise time, however, is reduced to about 400
~s with an automatic gain control loop. A flatness better
than + 1 x 10-3 is obtained in the duration of more than
700 ~s for an rf pulse width of 1.2 ms.

Phase stability wu measured to be better th?.n
*0,5°/8hr with all uutomatic phase controller, and well
within the acceptable range. .4fter a long run test of 24
hr, the unloaded Q-value of the cavity was impro, ed to
102,000 (79% of Superfish value).

Construction Schedule

Mechanical construction of a debunchm cavity is
already finished and rf measurements are now under way.
Major part of the RFQ linac is machined and the fabrica-
tion will be finished soon. Machining of the Alvarez no.1
and 2 tanks has alretuiy started and will be completed
early next year. Tests of parallel operation of the three
Alvarez cavities is scheduled in the middle of the next
year.

After characteristic measurements, all components
will be carried into NIRS during the last part of 1991. The
first beam from the synchrotrons will be ob~ained in 1993.
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TESr LINAC FACILITY AT PHOTON FACTORY, KEK
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Abstract

A test Iinac facility is progressing at National
Laboratory for High Energy Physics (KEK), Photon
Factory, Injector Division. The facility is used
both for testing of components of the 2.5-GeV
Iinac, which is the injector of PHOTON FACTORY
and of TRISTAN. and for research on accelerator
science and technology. The linac is to be the most
suitable configuration for every experiment.
Therefore, the Iinac doesn’t have a fixed layout. A
universal bed with a length of 13.5 meters is
being prepared. The maximum beam output,
restricted due to radiation safety, is 60 MeV and

10 y A. The design and manufacturing of both a
convent ional electron gun and a microwave
electron gun are being carried out. The present
status regarding the construction of the linac is
presented.

I ntrod uctio n

A new project to construct a test Iinac facility
has started and is progressing. An increase in
the total operation time of the 2.5-GeV linac
makes it difficult to test its components,
furthermore, the operation time for machine
studies has not been sufficiem under such busy
machine operation. The basic motivations to
develop this project has been to SOIVCthese
problems. In addition to the testing of components
of the. linac, the following activities concerning
accelerator science and technology are expected.

1.

2.
3.
4.
5.

6,

7.

8,
9.

High-brightness beam acce I erat i on
experiments.
Improvement of the energy spectrum,
Experiments on a free-electron laser.
Testing high-gradient acceleration.
Development of a newly designed beam
monitoring system.
Improvement of the production technique
for a positron beam.
Experiments concerning large peak-currcnl
acceleration.
Testing microwave electron guns.
Others.

Site of linac

The site of this tes: linac is situated
beside the elcct:on-gun room of the 2.5-GeV
Linac. One part of that room is partitioned by
blocks with a thickness of 1 meter. The size of the
room is 18 meters long by 4.5 meters wide and a
universal bed for linac components with a length
of 13.5 meters is installed in the room. The layout
of this Iinac will be changed for every
experiment, as mentioned above. A typical layout
of the Iinac is shown iv fig. 1.

Power source

The pulse modulator for the electron gun
produces 17.OkV, 1300 amperes pulses with a
width of 4.0 MS. A step-up transformer installed

in the shield room connected by a low-impedance

--7i-%1E!ta El El B n
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curranlmonitor IJ,–wl.nv mlfrmnlau.. . -.-=. . ... .. .rnmltoro am
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o 1~ 3 4m

O-magnet Glmagnel (hlagrlol ono~ analyzer
I

4

ploli!amonitor

!

Fig.1 Typica] layout of the test linac. me Iinac is assembled on a universal &d with a ]ength of )3.5
meters.
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cable with the pu!se modula~or can apply a 200
kV pulse to the electron gun under testing.

The pulse modulator for t!,e klystron installed
in the klystron gallery produces 84MW pulses
with a width of 3.5 IAS. The klystron, type PV-
3030, generates microwaves of 30 MW. The
microwave power is divided into two. and used for
the buncher section and the regular section,
respectively. The power for the pre-bunching
cavity is picked up from the power for the
buncher.

H i g h - b r i g b t ness beam a cce !e ra t io n

Preparation of experiments concerning the
high-brightness beam acceleration has started.
The production of a Iow-emittance beam is one of
[he main themes in this facility. Some users want
[0 u~c synchrotrons radiation generated by a
micro-pole undulator instai led in the Iinac
complex to obtain a high time resolution. As is
well known, the pulse width of the linac output is
typically several picosecond. A beam emittance
similar to that of a storage ring is desirable for
these purposes. Furthermore, some of the themes
mentioned above can not be carri?j out without a
low-em ittance beam. For example, the beam
quality is a crucial parameter for experiments on
a free-electron laser osci nation. Research
concerning the acceleration of a high-brightness
beam is described below.

Conventional electron gun

The design Gf an electron gun with high
quality represents the beginning 01 research on
high-brightness beam acce Ierat ion. The
brightness of a cathode is given by ‘)

Bn=3.7x109J (amps./m2rad2! at 1300K, (1)
where J is the current density of the cathode in
units of amps.lcm2.
The brightness is proportional to the current
density of the cathode. We have tried to design an
electron gun which has a emittance of ca. lrtm m
mrad, 1/100 of that of the gun used in present
2.5-GeV linac. A high electric field is applied to
the cathode surface, and the cathode area is
reduceri in order to obtain low emittance, An

electrofr gun with a cathode diameter of 1 mm has
been designed. The gun is operated at !80 kV.
Calculations have been carried out using a
computer code developed by Herrmannsfeldt. zJ
The distance between the anode and the cathode is
31 mm and is fairly long compared with the
diameter of the cathode (1 mm). The entire area in
the gun is divided into 4 blocks along the z-axis.
One mesh size is O.lmm by 0.1 mm and 6400
points are calculated in each block. The first
block contains the cathode, and the output of this
area is input of the second block. Calculations arc
repeated successively and, finally, the output of
the gun is obtained at the fourth block. The
cmittance at each block in the gun was compared
and degradation of the emittance at the anode hole
was large. An anode hole with a mesh grid will
he effective to avoid any lens effect. Calculations
with and without the mesh grid were carried out
and the emittance without the mesh grid was two-
timcs larger than that with it. The results
described below are for the case with the anotlc
mesh. A curr..n.t of ca. 600 mA is obtainable. The
brightness and emittance from calculations arc
5 .3x 1010 amps ./m 2rad2 and 1.ln mm mrad,
respectively. Then, the current density of the
cathode is 80 amps./cm2. The brightness of the
cathode calculated from equation (1) is 3.1x 1011
amps ./m 2 rad2. The cathode assembly for this gun
is shown in fig. 2. and its calcula:~d ray-tmcc is
shown in fig. 3 respectively.

The diode described above is to be used at the

beginning of experiments; a triode will also be

,

\ I

/

4 u -’uAmde

Fig,2 Cathode and anode asscmbly of the gun. The
diameter the cathode is 1 mm.

0

: ,n-1, , ,., , )J
I

, 1

00 5 10 “M “20 25 24 [u]

Fig.3 Ray-trace of the gun. The beam slightly diverges in the gun.
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used in the Iinac for some experiments. The effect
of the grid on emittance growth IS also calculated.

The emitLance is increased by several times,
depending on ●“oltage of the grid.

Microwave electron gun

A microwave electron gun (RF-gun) IS
suitable for [he production of a high-brightness
beam. The design of a RF-gun with ~hrec
electrodes (anode, cathode, grid) and tesiing it
under low power have been carried out. When a
photo-cathode is used. the pulse width can be
controlled by the time duration of the laser pulse.
In the present system, the pulse width is
controlled by the energy selection, The single-
cell RF-gun and the energy-anal>’zing system are
shown in fig. 4. A multi-cell RF-gun is being
investigated as a next step. A high-power test of
i[ and beam acceleration will be carried out in the
test Iinac facility.

currentmoni[or

sin

magneticlens & \ &Profi’kt monitor

‘w
Fig.4 The Iaycw of the RF-gun. The single-cell

RF-gun, energy-analyzing magnet and the
beam-monitoring system are shown.

Design of injector

The emittance grGwth in the buncher is serious
problem for high-brightness beam acceleration.
The cause of emittance growth is mainly lens
action of microwaves excited in the cavity. T.

S mi th3)f:t al. proposed mixing the fundamental
x-xp ( cm-mrad)

28

18 , /
{

0 I

-10 /

-28
-1. e--.5 0. —. 5—1. e

(a)

and third harmonics in order to obtain a flat-top
of acceleration field which would provide no
phase-dependent effects. A small beam size is
also effective to avoid emittance growth, since the
radial force increases with a transverse
displacement of [he beam. A calculation cf the
cm:ttancc growth using PARMELA has been

carried out. The emittafice growlh in a single-cell
pre-bunchcr is descrit?cd as one cx~mplc. The
phase space @f [he oulput of lhe electron gun

described abo~c is used as input data and is

shown in Fig. 5(a). A magnetic lens converges the
e!cctroil beam to a focus point at the center of the
prc-buncher, The phase space at the output of the
pre-buncher both with and without the magnctlc
Icns are shown in figs.5(b) and 5(c), rcspcctivcly,

V;hen the beam size is small at the prc-hu:lchchr.
the effects of the r,ldial force, depending on the
microwave phase, arc smal1. A focusing s>s[cm
used to minimize any cmittance growth is being
invest igated.

Conclusion

The tcs[ linac facility is progressing
Construction of the shield room, installation of
,.modulators and tcsls of :hc safety interlock

syslcm were completed. The dcsigrr of the electron
gun containing a very smal I cathode wi [h a
diameter of 1 mm was completed. Low- power tests
of the RF gun were carried out and high-power
tests will be pcrf ;rmed after completion of the
construction of waveguidcs for high-power
microwaves.
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NUMERICAL MODELLI~d OF THE CEBAF ELECTRON GtJJ~ WITH EGUN*

P. Ligel” tsnd G. A. KrssfTt
Continuous Electron Busm Accelerator Facility

12000 Jefferson Avenue, Newport News, VA 23800

Abstract

The electron suurce used i:. the injrctor for the CEBAF
accelerator is a Hermosa electron gun with a 2 mtzt diameter
cathode and a control electrode. It prnductw a 100keV
electron beam to be focussed on the firtit of t WII operturm
which comprise an emittance filter. .-l normalized emittattue
of less than 1rrmmmrad at i.2 m.+ issetby the requirements
of the !hrd beam from the CEB AF linac,since rlt,vinstream
~>fthe tilter, a system 1,f two choppers ~nd a third aperture
rerrr,wcs 5/6 of the current. In additicw. for RF test purposes
a higher current uf abtiut5m.+isneeded.possibly tit higher
mnittance.

This paper presents a WRYof calculating the chsirac-
tetistics of the CEBAF electron gunwith the gun design
code EG L’h“, and the accu:acy ~lf the results is discussed.
The trans~”erse shape of the beam deli~”eretl I)} [he gun has
‘ een observed. and its current measure[l. A halo around the
beam hasbees seen. and our calculations can reprod!lce this
effect.

Introduction

The nominal ~-oltage vf the gun is -100 k~’. The elec-
trons are emitted by a 2 m-m diameter dispenser cathode;
the gun current depends cm the }Co)tageof the contrul elec-
trode, -which has a 2 nun aperture. The cmtrol voltage (~~?)
is set between – 70 rmd -400\’with respect to the cath-
ode. The diqtances are 1.7Smm between thr cathode and
the control electrode, and 159mm between the cathode and
the exit through the anode hole.

Because the ler,gth of the gun is Iflrge c, ,mpared with
the size of the cathode. it is imp~)ssihlc t,, o ,mpute the gun
properties in a slt:gie EGL”S run. -i cJnlpletc calculaticm
involves five EG.~-.Yr~!ns; only the final three runs include
beam specc charge. The calculation procedure is outlined in
the first partof this paper. Next, sensitivity of the results
to changes in EGUN parameters is discussed. Finally, the
calculated rtisults, the beam profile and the delivered rurrent
versus k~c, will be compared with measurements.

EGUN CaIculation

The program is operated using cylindrical coordinates,
the axis being through the centers of the cathode, the con-
trol electrode aperture, and the anode aperture. Since the
cathode is so small relative to its distance from the anode
and since the number of mesh points in the code is limited, a
grid fine enough to resolve the cathode cnnttot be generated
in a single EGI!!’4 run. EGUN allows one to define several
regions of different mesh size and provides a way to connect
results between adjacent regions. One can focus on cathode
details in otie set of runs, the region between the control
electrode and a point 8 mm downstream in a second set of
—.

* This work WU >:~pporwd h}. the L’. S. Department ,]f
Energy under contract DE. AC05. E!4ER4fJ150.
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ruxss. ~.r.d from there to the anode in a third set of rum.
For our proh]ern, we ftmntl that sit least three regions were
needed to eliminate unncceptatde dependence of the results
(m the input parameters of the run.

Region 1 runs usc 7,238 mesh points tu mwlei the re-
gi!m twtween the cathude and the control electrode. The
left- heuti boundary represents the cathode, vhcre emission
occurs along 32mesh units of 0.03125mm size. Thcs CIm
trol electrode occupies m,,st of the right hand tmundary. A
Neumann boundary condition is placed on the large radius
{}pen boundary, and a Dirichlet bwlndary c:mdi[i( IIi is plnced
on the control electrode aperture. The boundary values are
chosen as discussed beiow. Region 2 runs use 1II,879 mtsh
points of (J.2 mm size to describe the cathode and the -wn.
tr(~l electrode to the left, to 8 mm downstrcnm from the c~m-
trrsl electrode on the right, and to the radius of a focussing
electrode at large radius. Tise upper and right hand limits
are both Dirichlet boundaries; the potential along the upper
b~,undary is set point by point, and the downstream tx,und.
ary is an equipotential surface drawn nearly point IJy ptJint
as discussed below. Region 3 runs use 3853mesh p,jints t)f
2.omm size to tlescrihe the main bwiy Ioftht.g~InTlw li~”l{l
is dominated by that given by the 100 kJ“.

Figure 1 shows EGUN geuerated boundary plot for Re-
gion 3. The figure also shows the equipotentinl surfaces
when there is no beam.

-.—— . ,. --- . —.—-—-—-... . .
. i “ “-”-” “”- :

.——. —
m }! \ \ \ i ,&— .1

60 iJ -----=s-s

,op / / / /
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“0 50 100 150 200

z (mm)

Figure 1. EGUN plotted calculation of Region 3
boundaries and equipotential lines.

As an example consider using E(iUN with the following
voltagea: 0.0 V at the cathode, 322.0 V at the control elec-
trode, and 100 kV at the anode. The Region 2 downstream
equipotential values are found by solving the Laplace equa.
tion in Region 3, and by interpolating the coordinates of the
solution’s1650.0 V points to fit the con)racted CfJOrdinate
scale of Region 2. This 1650.0 V (:quipotential surfaw is far
enough from the control electrode to prevent the ray dynam-
ics nearby the control electrode frrxn any serious error tlur



to the interpolation. It is close enough m the control elec-
trode, however, tc let Region 2 hold less thmr11,000mesh
points, the maximum its ,,ur vex,,n u,fEGI” X. ‘,’hc Region 2
upper boundary wdlles nre fixe(i to the potrnt’ d Complltrd
from the Region 3 calculation Orrce the Region 2 bound-
ties are specified. the Laplace equation is solved to find the
potential on the Region 1 buundary. N,,w n Region 1 cd~ii.

lation is done wi:h beam. The ra!”s are stopped upstream ,Jf
tbe boundary of Region ! to ~voiri error introduced by the
Diricblet houndary c,mdition imposed in the space charge
calculation. These ra}”s prrwi(!e initial conditions for a Re-
gion 2 calculation with space charge. The cy”cleis repeated
to go from Region 2 to Region 3, where the beam d}”namics
are again computed with space charge.

Therr.lal Effects

To mudelthermal effects at emission, EGL’N splits each
<~nerated ra}” into 3 or 5 s!lbrays which are given dfferent

perpendicular velocities. The initial radial velocities are
——
?kTC

1$ = (). *.-: ~J.
, 2kTC

-: \ y. t-, . .\, ~,

ic case of 3 subrays, and ir: additl, /n
——

~ M?:
L.-● =

-\ m ‘ 1 ‘ = -%”Y’ ‘

in the case ,~f 5 subray”s, where T. i~ :he cat hode temper-
ature. The splitting prl.~cess comer v-s :he . ,:rrenr of each
original ra}-. In the case ,,! :!u= 3 su!~ra} sph., tilt, non-
deflected r~y transports htif of the c.lrrent, and each de-
flected ray transports n quartm of the current 11.2-1 ratio).
In the case of the 5 subray split. the non-deflected r~y trans-
ports no cu:reut. the two less deflected rays trans}mrt 9,;20
of the mrren:, and the t wu more defl~r ted rays transport
1, 20 of the current(1.9.u-9-1 ro !1~,,.

Splitting the current in ,xhcr distnitl,ms has given
similar results except when the subrays which cue not de-
flected (O transverse \elocit>.) carry more Kl)rus10?%of the
total current. Results of using different curre[lt dktributions
are presented irr Table 1. The. emittance figures include ordy
tbe beam core, not the secondary halo discl,,~ed below. For
5 sub ray calculations. (me observes that the emitt nnce varies
hy a factor 2 dcprnding on the model of current distribution
“mcd. hut the total current delivered h> the gun st~ys con-
stant. The difference bet wesm 1, 3, and 5 >ubru:; calculations
seems to pro~ide the largest EGUN” parametric dependence
we observe in our problem, and the 5 subray calculations
are probably most accurate. The s subrny calculation of the
gun current agrees with the rnemuremcnt.

Beam Profile

The beam has hev okserved 63 cm downstresr:l of the
anode on a fluoresce. sws.creen. Figure 2 is a picture of
the beam produced by the gun with 125 }“ control voltage.
One clearly dis!in@shes a halo of electrons surrounding the
central beam.

One way to produce the beam halo is to assume that
the control electrodeemits secondarieson the edge parallel
to tbe beam current, since at 120 t’, secondary emission is

the most probable result of electron bombardment of the
surface]. An example (>fthe EC [1N rays calculated in Rc.
gi(m 1 appears in Fig. 3. It was asrmmeri that the secondaries
are emitted with energies up to 15e\’ and angles fr,~m nor
mal to the surface to withil] 10 {Ifthe surface4. Figure 4
shows the rays when they are rwnr the i.iewscreen. The ha!()
rays occupy radii at about 6.6 rum, very close to that tnea-
sured, and the beam core hns n radius of 3.5 mm, again
precisely as measured. The tmly conditions [hat we have
found when the secondaries would ●ctually stay in the core
is if the secotrdanes are emitted along the mritting surfnce
at angles less than 0.5°, a highly unlikrly e~.ent.

TABLE 1
EGUN results for various emission models
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Figure 2. View of the beam delivered by the gun
The halo is 13 mm in diameter.

Current Versus Control Voltage

The control electrode intercepts a significant fraction
of the current emitted by the cathode. There is complete
tr.armmhwionthrough the anode, even in the extreme case
of 322 V on the control electrode, where the transmitted
current and the beam dimenrsiorrsnrc maximum. For 26
values of Vcc, between 70 V and 322 V, the procedure to
calcuhttc potentials on the downstream limit of Region 2
was repeated, by solviug the Laplace equation in Re@on 3.
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Next,twosetsof calculations were done. Firsstly,~ EGUN
run with Region 2 wasused to compute the current emit-
ted by the cathode. Secondly, EGUN was used to aolve the
Laplace equation in Region 2 to obtain boundsry values for
a Region 1 calculation. The code was then used to com-
pute the current emitted by the cathode and the current
mansmittcd through the control electrode. Figure 5 shows
the results of these calculations of current versus the volt-
age of the control electrode, along with the measurements
~f the current from the CEBAF gun. In descending order,
the curves are the current emitted hy the cathode accord-
ing to the Region 1 calculations, the currentemitted by the
cathode according to the Region 2 calculations, the current
passiag the control electrode from the Region 1 calculations,
and the measurement. The current emitted by the cathode
is about the same in the t m“ocalculations, giving an indica-
tion of the error expected from our procedure. Due to the

agrecment with the measurements, it is concluded that by
subtracting the curre~t carried by rays which are stoppe~
at the control electrode from the total emitted current, one
c~btains the delivered current.

: 00

025

0 on- -- 0 05 1 1.5 2
z (InnI)

Figure 3. EGUN rays in Region 1, V.e = 120 V.

0 20 40 80 so 100
z(rrun)

Figure 4. EGUN rays near viewer, Vce= 120 V.
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Figure 5. Current versus control voltage.

As expected, the emitted current varies as the 3/2 power
of the control voltage. The control electrode stops 3270of the
emitted current for VCCfrom 90 to 320 V. The uncertainty
of 10~0indicated in Fig. 5 corresponds to the current carried
by the outer ray passing through the control electrode. The
calculations agree with measurements in the range of Vce
from 90 to 170 V. The difference at higher voltages arises
from the neglect of thermal effects in the calculations. For
example, when VCeis 120 V the current transmitted through
the control electrode decreases from 3.4 mA to 3.2 mA using
3 subrays with TC= 1250 K, and to3.1 mA using 5 subrays
with ‘l’C= 1250 K, while measurements give 3.1mA when
VCeis 121.7 V.

Summary

Some properties of the CEBA F gun have been com-
puted, despite a design which makes an EGUN calculating
difficult. The results are consistent with measured beam
properties. A beam halo is formed froIn secondary electrons
emitted from the control electrode. Since the computed
value of the normalized emittance of the core depends sensi-
tively on the run parameters, we can only estimate its value
to within a factor of two, 0.75 r mm mrad at the anode.
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LAL (ORSAY) RF GUN SIMULATIONS AND MODEL CAVITY DESIGN

C. Travier, J. Gao and H. Liu
.Laboratoire de l’Acc61&ateur Lin6aire

B&t. 200, Centre d’Orsay
91405 ORSAY Cedex, FRANCE

Abstract

The use of dispenser cathode for RF gun allows both
thermionic and laser-driven operation. Simulations re-
sults for both cases and cavity design are presented. The
status of the project is described.

Introduction

Over the last 5 years, a growing interest for very
bright electron sources has been shown in ddl’erent lab-
oratories around the world. RF gun first developed in
Stanford [1] and Los Alamos [2] h= the potential of pr~
viding such very bright beams. More than twenty RF
gun projects are now going on [3], in view of FEL and
future accelerators.

At LAL Orsay, we are pluming to develop a iaser-
driven Rr gun [4j, in order to gain some experience in
this field and to provide a possible bright source for the
high-gradient accelerator facility NEPAL [5]. A (W, Ba,
Ca) dispenser cathode wiU be used, therefore allowing
both thermimic and laser-driven operation [6]. Simula-
tions for both operating conditions are presented here.

.4 low-lel-el RF modtl cavity was launched to check
some RF properties of the design and to evaluate the
size of the coupling slots. Basic design characteristics
are presented.

LMer-Driven Gun Simulations

The $heoretlctd investigations that led to the chosen
~eld profile shown in figure 1 are presented in reference

For the simulations done with PARMELA [8] and
PRIAM [9], the following assumptions are made. Since
the bunch is quite long and the curlsnt no? too high,
the mesh grid method for space charge calculations 1s
preferred to the point to point method [10] in order to
save computer time. The effect of ima e charges in the

!cathode plane or cavity walls is not inc uded. Electrons
are assumed to leave the cathode with no energy and a
zero emittance. The I=er pulse is take~ uniform in both
transverse and longitudinal dimensions.

The PARMELA longitudinal random particle gener-
ation is changed to a deterministic one. Thi~ new genera-
tion gives consistent results for 100 particles = compared
to 300 to 400 particles needed in the case of the random
gfmeration.

The emittance is taken as the normalized r.m.s.
emittance defined as ~N = 4 x 1< Z2 >< (p=/WLC)2 >
— < z(p./rnc) >2]1/2 where z is the coordinate of a par-
ticle in the beam, p, is the particle’s momentum com-
ponent in the z direction and < > indicates averaging
over the entire beam. It corres ends to the “90 YO ernit-

“~tance” for a beam which distrl ution is gaussian in each
coordinate.

The optimization procedure and the results for dif-
ferent values of accelerating field are given in reference 4.

fResults are presented hwe or a maximum on+xis field of
70 MV/m corresponding to a maximum surface field of
112 MV/m which is just above two times the Kilpatrick
limit. 30 ps laser pulse length is usu,med. Figures 2 and

0. >.n n. 7.n 10.

Fig. 1: Longitudinal on-rucis electric field

FIRST CELL - 70 MV/m

fJLI. ~~ ..1 I I
10 20 30 40 50 60 70

RF PHASE FOR LASER PULSE(deg.)

Fig. 2: F .~ittance vs. laser phase sfter first cell
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Fig. 3: Emittance vs. @lz after second cell
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3 show the emittance as function of tk.e RF phase for
laser pulse at the end of the two cells for different values
of the bunch charge. For 4 nC, some particles are lost
w“ithin the second cell, while for 5 nC, some are lost in
the first cell. Table ] gives the main parameters for a
typical run.

Thermionic Gun Simulations
When runnin the gun in a thermionic way, the goal

?is to provide an e ectron beam to test the various mea-
surement devices.

Since, in this case, the electron micropulse repetition
rate is high, the cathode should work at a low tempera-
ture to limit the extracted current, in order to limit the
beam loading. On the other hand, we should have an out-
put energy roughly rM high as for the laser-driven case,
Based on these considerations, we have investigated the
gun performances.

The thermionic emission of electron micropulses is
assumed to obey the Richardson-Schot tky equation, For
a typical case, one has T = 1000 K, d. = 1.9 eV, El = El
= 35 MV/m and ~lz = 156.5°, where T and ~ repre-
sent the cperating temperature and work function of the
cathode, respectively; El and Ea represent the average
on-atis electric field amplitudes in each cell: #la is the
phase shift between the two cells. In this case, the beam
loading is around 0.2 MW. The characteristics of the
electron micropulse out of the second cell are shown in
figure 4.

A transport line similar to that of BNL [11] is con-
sidered. Based on the beam parameters at the exit of
the second cell obtained with PARMELA, the transport
line parameters are calculated with TRANSPORT [12].
Then the beam dynamics alon such a transport line is

tsimulated again using PARME A. The first results show
that the normalized r.m.s. emittances are increased fi-
nally to about 20 rr mm mrad for x dimensmn and to
about 12 ~ mm mrad for y dimension, from an initial
value of 6 rr mm mrad for both dimensions; for such a
case, the total energy spread and phase spread are 36
keV and 7° respectively, with the central energy at 2.866
MeV; the r.m.s. energy spread and r.m.s. phase spread
are 9 keV and 2° respectively; the average current is
about 4 mA. These values correspond to a small fraction
of the beam that could be selected with momentum slits.

cavity Desire
The cavity design constraints are as follows: obtain

a field profile as close as possible to the theoretical one,
minimize the eak surface field, obtain decoupled cells

[separated by t e shortest drift possible and with the low-
est priority, maximize the shunt impedance. The cavity
which. contour is shown in figure 5 is designer! with SU-
PERFISH [13]. Figure 6 shows a PRIAM 3-D view of
the cavity as provided by G. Le Meur. Table 2 gives the
RF parameters as obtained with SUPERFISH, PRIAM
and MAFIA [14] codes. Following the work done in ref-
erence: 15 and 16, LMAFIAcalculations of the coupling
slots size were performed: the results are shown in figure
7. Figure 8 shows a 3-D EUCLID [17] view of the model
cavity recently manufactured. This model cavity will be
used to check that the cells are decou led, to determine
the coupling slots size, {to estimate t e unsymmetrical
Iie!d distortion due to these coupling slots and to check
the efficiency of the 0+/2stub used for the cathode holder,
Measurements will proceed soon.

Project Status

Simulations are continuing for both the laser driven
and thermionic cases. Different parameters will be in-
vestigated. A two stage experiment is foreseen. First,
the gun itself will be tested in both operating modes. At

Table 1. Parameters for a typiczd run

Laser pulse length (ps)
Laser spot radius (mm)
RF Frequency (GHz)
First cell length (cm)
Second cell length (cm)
Cell aperture radius (mm)
Emittance at cathode (z mm rnrad)
Magnetic field (T

1Number of partic es
Charge in a bunch (nC)
RF phase for l~er pulse (deg.)
Phase shift between cells (deg. )

Max. electric field (MV/in)
Kinetic energy (MeV)
Bunch length (ps)
Peak current (A)
Bunch radius (rmaz) (mm)
Max. energy spread keV)

[Max. energy spread %)
Emittance (n mm mrad)
Emittance (RF) (rr mm mrad)
Angular divergence (mrad)

1 I I
-10-5 G 5 10 -lC -5 0 5

30.
?,.
3.
3.325
5.$35
5.
0.
0.
100
2.
22.
b.o.

1.326 2.867
17. 17.
118, 118.
3.1 3.9
186. 33.
14 1.1
27.3 34.2
18.7 15.5
44.7 24.2

x (mm) y (mm) x (mm)

Fig. 4: Thermionic gun simulation

k -—.—— ——

Fig. 5: Cavity contour (upper-half)
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this stage, it will be followed b a transport line including
rmeasurement devices that cou d be either an “a-magnet

or s line similar to that of BNL [11]. At a second stage,
it is lanned to place the gun directly upstream from

R~ hig gradient accelerating structure. This small ac-
celerator wili then be fcllowed by a magnetic bun~hing
system. This configuration will allow us to experiment
the method described by B. Carlsten [18] to reduce emit-
tance. Simulations for this second stage of experiment
will be performed very soon. A Iow-level RF model cav-
ity wx built. Measurements will start soon. The final
prototype design should be completed by the end oi 1990.
The first beam is scheduled for the first semester of 1991.
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Fig. 6: PRIAM view of the cavity

Table 2: Cavitv RF Parameters

l’t ceU 2nd ceU
SUPERFISH (2-D)

Frequency (MHz) 2993.8 2990.8
Shunt impedance ZO(Mfl) 3.26 3.39
Quality factor 11880 11353
Field ratio- 1.61 1.54
Mesh size (mm) 0.5 0.6

PRIAM (2-D) ‘ ‘
Freq~ency (MHz) 2989.5 2989.0
Field ratio” 1.3 1.3
Mesh size (mm) 1.-2. 1-1.5

MAFIA (3-D)
Frequency (MHz) 2881.95 2832.3
Shunt impedance ZO(Mfl) 3.17 3.
Quality factor 11610 10420
Field ratio” 1.46 1.36
Mesh size (mm) 0.75-4. o06.~,5.,

*: Max. surface field / max. on-axis field

10

a

“..

15 20 25 30
SLOTLENGTHx(mm)

Fig. 7: MAFIA calculationof couplingslots

g. 8: EUCLID view
the model cavity
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ELECTRONDIODESANDCAVITTDESIGNFOR THE NEW6-WV INJECTOR*
OF THB RECIRCIJIATINCLINEARACCEURATOR(RIA)

)4. G. Flazsirakis, D. L. SmLth, J. U. Poukny, L., F. Bennatc
U. R. Olson, and B. N. Turssan

Sandia Natlcnal Laboratory
P. O. BOX 5800

Albuquerque, NN 8718S

Abstract

We have designed and constructed four types of
electron-beam diodes fcr the new 6-W RLA
Injector: a con-immersed foilless diode, a
magnetically immersed foilless diode, a foil dtode
and art ion-focused foLILess diode. They are
tailored co fit the nev injector cavity. Tha
design goals were to produce hi h ]uality 10-kA to
20-IcAelectron beams with a Sf s.laller than 0.2
and a beam radius of the order of 2 cm. These
beams will be matched to the RN IFR channel so 111
must be equsl co or smaller th.=n the square rout
of the racio of the beam current versus Aliven
current for fe - 1. A reentrant anode geometry
.-.as selecced for the injector cavity des:gn,
because it offers substantial savings on ‘he
requi:ed amount of fercmagnetlc cores. The h-mr
radius of che oucside shell, now only 30 cm, would
have been twice as large (60 cm) if a coaxial non-
reentrant geometry hrcdbeen adopted. The shape of
:t.e anode and cathode electrodes were carefully
selecced to minimize the electric field stressea.
The field stresses on the inner surface of che
outer shell do noc exceed 200 kV/cm.

In:rotiuctfo~

Figure 1 is a schematic diagram of the Sandia
Laboratories recirculating linac (RIA). The
focusing of the intense relativistic electron beam
(IREB) is accomplished with the aid of an ion

focusing channel (IFR). The plasma channel is
generated by the ionization of 0.1 to 0.4.mTorr
argon or xenon gas. The usual Sandia techni ue of

\low-energy electron-beam (LEEB) ionization ) is
utilized to form the plasma column. Figure 1
depicts a closed racetrack; however, an open-ended
spiral configuration(2) is as easy to implement,
and it is being studied in parallel with the
racetrack.

In :he recirculating experiments reported up

to now we have utilized two IREB injectors; a 1.3-
.%’ Radial Isolated Blumlein (RIB) and the 4-W
IBEX accelerator. Both injectors have the
shortcoming of a triangular voltage wava form with
a very small flat top (- 10 ns). This makes che
design ana operacion of the electron diode sources
diffic~lt and the matching of the prodhced beam to
the transport and injection system inefficient.
In addition, since the beam erosion in the IFR
channel is dependent, the remaining beam pulse
lengch folloving the first recirculfition vould be
.~ery short.

*Supported by che U, 5. DOE contract DE-AC06-
?6DPO0789 and DARPA/A~ ARPA order No. 5789.

RECIR(XJLAYINGLINAC

Cnamsl

\ ~,
\ ~.
‘.,

\ -–---.-rd>i.——————C&\nV*&VkfmU
41.. .

sum

Fig. 1; Schemacic diagram af the R-M. Closed
racetrack channel con figuratirm.

NEW RLA INJECfOR
EQUIPOTENTIAL PLOT 4 NW ANODE

Fig. 2; 1%.e nev L-,Y.’ RU injector cavity design
and equip o:ent ial plots. The
~Wetically non-immersed follless diode
geometry is also shotxi.

A nev k.)iv injector which proaucez a longer
duration (40 ns IWNM) voltage pulse vich almcs L
rectangular shape (25 ns full width at 90% peak)
is currently being constructed. Figure 2 shous a
draving of the nev injector cavity. Four series-
stacked, L-W ferro-magnetically isolated cavities
provide the voltage vaveiorm of Figure 3 at che A-
K ga

r
of the electron beam diode. NAGIC PIC

CODE ~) was utilized to calculate the voltage
waveformat tha diode. The timing and voltage of
each of the four feeds vas estimated using several
netvork solver code models. A number of 4-NV
electron diodes were designed to fit the nev
injector and vill be discussed in this paper.

!wc tron Diode Sources for the 4-W In1ectOK,

a. o -NJU4!WaUUM@&W@(3) :

This diode is our best choice because it
produces tho lowest temperature electron beams
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I

I

u!-.ich cam be mapeticallv cranaported in
:h.anRel ●.f zh nin Lmum losses or beam
deter i oration. IC operates with ninin”um

a vacuum
quality

gas load
release from the ca:hode and large (- ?Ocm)A-K

zfiP. Hauever, in orde: to abt&ln good beam
;Ua:~:..-arid transporc, fine tuning of the

salenoi<.ai coils and volcage pulse with

subscartial flac top is required. Figure 2 sha~s
:he accelerating cavicy fic:ed wlch the non-
i=e:sec! foilless diode. The elec=rode surface
sha~es ana the loc~cion of the A-K gap are
seie::ed in a tia~” to ci:t{a!ze the field stresses
cn the electrodes- cm! keep ~~ea below 200k\/cE.

The electron emitting area of the cathode
surface is defined by a layer of felt cloth. The
ezi:tirig ch:eshold for felt is of che order of 60
kf.”’’c=. Figure . shows the electron cra;ecto:les
~5cai?.ed b“i~hTILL:(5)code.

5.0 r , I 1
I

4,0
t

“.Y+’Y’,’
\,

—-

‘1
1.0 1-i0.0

/’

-1.0 : i ! I 4

0.0 25.0 50.0 75.0

TIME (S) E-9

Fig. 3: .%WXC calculated output voltage wave form
of “he new ir&jector.

0.32 , 1

I~—.-. ..——— —.

I

b—.––—

1

..— ———. .. . . .I
i—.— I—.

0.0 1.0 fe=l/2\

z(m) 10.~!EA
/32 = 0.2

Fig L: Electron trajactorier for a 6-IfVo l(J-kA
beam.

b. ~~ ode.

Figure 5 ahows a schemntlc diagram of the
hardware accoosaodatlng both an immersed foillaas
diode (soienoldal coil on) and a non-iumersed foil
diode (solenoid off). The maxneticallv immersed
foillessdiodeproduces(Figu~e 6) a “relatively I
10U cempe:ature beam. The required large magnetic
field makea it somewhat difficulc to match the
beac co the IFR channel. However, we have
designed magnetic flux excluders which minimize
plasca column deterioration at the injaction
point. Figure 6 shows an electron -p-of che
magnetically immersed foilless diode A 1.6mm
radius cathode tip produces 10-15 kA eleccron
beams with similar emitcances to the non-immersed
foilless diode. Because of the small cathode
radius che contribution afcer extraction from the
aagnetic field to che cocal beam
velocity ~~ of the canonial angular
small.

transverse
momentum is

20

c

NEWRLAINJECXOR
AN IMNERSEDANGFOILDIOOECONFIGURATION

----—

0 20 40 w so Im 127

Ilcm) Vcowouns
t. 190\b .!7. 1 Omof.oo 11 2400f.el
Ec!waiwcm ● sooof.osltamc.ea

7 12WE.00 1s 3wof*
10 ?s00[-0s

Fig. 5: Schematic diagram showing how the same
hardware can accommodate tvo types of
cllodes: Magnetically immersed and foil
diodes.

IMMERSED FOILLESS DIODE

i
V.B6UV ●,.al10 .
,.*au

●

I q::;}~””” o
0
#

Fig. 6: The magnetically tiersed foilless diode
produces a low emittancc beam.

By properly ●perjuring the anode foil (Figure
7) w can aelect ● fairly cold, 10-15 kA beam.
Fortunately the current coming from the skunkdoes
not mix vith tha central part of the bemss vhich
has a very 10V tranaverae velocity cosqonont &
can be apertured easily.
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APERTURED FOIL DIODE
(rap. =0.87 cm)

V = 4 MV
I = 48 kA

A-K = 2 cm
rK= O.7!5 cm

r{~m~)= 1.06 cm

b:(rm.)= 0.14

--
0’

-—
1

0 10 20

2=22cm Z=:; cmii-l=-=1=11.5 kA 1=1 1.S kb

Ill=o.a

z (cm)

Fig. 7 : 1A-NV fail diode electron map

30 40

d. ~on Focused Fo ess F.lectr n Diodqo (6)

This diode is similar co the apertured foil
diode buc without the anode foil, and it has a
seal ler bore aperture and larger A-K gap. We
recencly postulated the mechanism of operation of
this diode and experimentally verified it with che
IBEX accelerator. At the beginning of the PU! se
the electron beam diverges and hits the aperture,
deposit ing enough energy co create a surface
plasma sheathe. Positive ions from the sheatha
are acce 1e~a ted towards the cathode, providing
space charge neutralization and focusing the
electron beam into the aperture. A ?OO A ion
current (Figure 8) moving in the direction
opposite to the beam can focus 15 M of the
electron beam into the 3 cm aperture.

ION BEAM FOCUSES ELECTRON BEAM

Four types of electron diode sources have been
designed and constructed to fit our new G-W
injector. They produce low temperature and low
emittance electron beams that csn be injected and
propagated inside the IFR channel with high
transport efficiency. The injector assembly 1s
wp~~achin$z completion, and the first beam tests
a~~ projec~ed fir October 1990.

1.

‘2.

3.

&.

5.

6.

j“
.

zg —..- ,2’—.. 1

-11,.mu
4.03

0
0 m

tkml

Fig. 8: Foilless apertured diode focused with the
positive ions emitced from the anode
plasma sheathe
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NUMERICALMODEM OF INJM70RS FORHIGH-CURRENTELECI’RONLINACS”

J. W. Poukey and M. G. Mazarakis
SandiaNational Laboratories,Albuquerque,NM 87185

NwInct

We have used four types of codesto aid in the design
of injectorstor our high-cumentIinacs. The typical
procedurebeginswith the electrostaticfield codeJASON to
find s geomet~ with acceptablefield stresses.Next. the
2-D electromagneticPIC codeMAGICI is usedto studythe
additionof voltagewavesfrom the input feeds,and the
resultingbarn generationand dynamimin a space-charge-
iimited diode. Then, the 2-D tmjectorycodeTRAY is used
for pammeterand optimizationstudies Finatly, in some
cases3-D effectsmay be examinedwith the PIC code
QUICKSILVER.J

Introductiv.1

The codesusedin modelmginjec~orsfor our electron
Iinacsare summarizedin Table I. Here we includeonly
cmtesusedm designingan injector itself, not the circuit
codesusedto designthe puke powersystemfeedingthe
injector.

Code

JASON

MAGIC

TRAJ

QUICK-
SILVER

TABLE 1
[njector-DesignCodesat Sandia

Running
Time

2 es. fields sea

2 em. PIC hour

2 trajectory tin

3 em. PIC many hours

[n the Table, “em. PIC- refersto an electromagneticfield
solvercoupledwith particle-in-cdl algorithms.4
“Trajectory”refersto a ‘ray-trace” methodcoupledto
electrostaticand magnetostaticsolvem. Tle run timesa-c
givenonly to indicateordersof magnitudeORa Cray
machine.

The codesin Table 1 havebeenusedto studymany
facetsof a variety of electronaccelerators. In this paper
we shfdlbriefly describesomerecentresultsfor three
particularinjectorsfor the acceleratorslistedin Table 11.
Here the voltaga and currentsare nominalvalues,applying
to the injectorsOnly.

TAJILE1!
High-CurrentLinacInjccms at Sandin

B-Fit!ld,
Accelerator Voltage Current Cathode

RADLAC 12-14 MV 50-90 kA immersed
RLA 4 MV 10 kA non-immersed
CASSANDRA i MV I kA non-immersed

RADLAC

Until reeently, RADLAC~ indeedqualified as an
inductionIinac, usingan injectoras the sourceof a beamm
be post-acceleratedby 4-6 gaps. Recently,however,the
machinehasbeen re-wnfigured in the HermesI I I style,b
This is illustratedby the MAGIC calculationin Fig. 1; note
that the z-scaleis very compressedrelativeto [he r-scale
(we work in cylindri&t coordinatesr, 0, z).

I
I
I

:

I
I

I
I
I
I

Fig 1. l%e latestRAD”tAC injector(“SMILE”) as
simulatedby MAGIC. shownat a time (60 ns)
near peaktotal voltageon the A-K gap. The dots
are electrons,and one B-field line is shown
(cathodetip in 23 kG). In thisexample. a 62 kA
beamis producedfor about 12 MV on the A-K
gap. The radial current lossoccursmostlyatong
the fringing B lines. The FIare the voltage feeds.

“Work supportedby the U.S. Navy, DARPA, and
U.S.D.O.E.
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[n Fig. 1, abovt 2 MV is fed into eachradial line F,,
hut the ulseshapesare somewhatTriangularso there is

rsomeL loss.and the sum voltsge on the diode is about
12 MV, insteadof 16 MV. The essenceof the design is to
use self-magnetic-insulation over most of me cathode
shank. For strongapplied fields (23 kG) on the diode.
however. a substantial radial loss current developsalongthe
fringing B-lines. Experimentswith this new RADLAC
configurationare now underway.and will be reported
elsewhereat this conference.’ Deudlsof the diodedesigrs
and the conditicming-cellbehaviorhaveatsobeensimulated
and will he discussedin future papers.

TTtcRecirculatingLinear Accderato# hashad a
numberof injectors designedfcr it, includinglaserdiodes,
immersedand non-immeswctfoillessdiodes.and apertured
diodeswith or withoutanodefoils. A JASON calculation
of a diode a{ low voltage of 1.3 MV, with maximum stress
200 kV/cm, is shownin Fig. 2. Here, both anodeand
ca:hodesurfaceshapesare optimizedfor minimum E-field
stress:the bipolarityof the appliedvoltagepulse
necessitatespreventingemissionfrom all surfacesexcept
the inner r S 5 cm on the cathode.

EOUIPOTENTIAL PLOT 1.3 MV ANODE VOLTAGE

20

~w

1s
q . !6sIlv/an
S,.lziskv/ull

-2g 10b

s

o
0 5 10 Is 29 2s

z(cm)

Fig. 2. A sample JASON run of an RLA diode, with
surfaceshapeschosento keepel.:ctrics!ress
C 200 kV/cm.

A more recentdesign.at X V = 4.6 M~.’on the
diode (1. 15 MV per feed), is shownin Fig. 3. Here the
(equilibrium) trajectorycodeT.%&lwasemployed,ahhcugh
JASON wasusedin designingthe feedsand electrode
shapes. Also. MAGIC wasrun with realisticinput time-
dependent feed voltages,and at peaku,ode (total) voltage,
the MAGIC resultagreedvery well with the TRAJ solution,
justifying useof the muchmore economicalTRW (see
Table 1) codeto do parametervariationson this type of
injector. Ile four-feedre-entraminjectorin Fig. 3 is now
beingassembled.g

O.aa

g

0.00
0

MA~ FLUX LfNES

\

*

(a)
-——

——
..~—.:—~:..—
-—
1.SXO ?!!E!!

1.44
dm)

ELECTRON TRAJECTORIES
P, P, P, r,

.llkl!iLL
Om 1s4

z(m)

FINAL EQUIPOTENTIALS
O.SJ

O.oa
t

\,.,; ,.,,.— .?;, :1]1,.. 1:!.!’/.— -. ,1 1

4.SMV I

(c)

Fig. 3. The new RIA ir;;wor, as modeledwith TRAJ.
Top (a): applied B field. Middle (b): electron
trajectories(every fifth is plotted). Bottom(c):
e.quipotentialswith beamspacecharge.

The physicafresultin Fig. 3 is straightfonvard. The
10 IA beamis focusedby t!,e appliedB onto an IFR
channel(f= O.5), which guida the beamto the “racetrack”
for further acceleration. Basedon furtherTRAJ
designis not undulysensitiveto smaflvariations
amplitude, applied B. or IFRmodelingdetails.

runs,this
in voltage
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CASSANDRA

71re 1 kA, I MV CASSANDRA1° injector is shown in
Fig. 4: again, TRAJ was used. ‘llte basicsystemdesign is
similar IO the RJA in Fig. 3, with two important
differences First, a Piercegeometrywasemployedfor the
cathode10help focusthe Iower-cumentbeam. Second,no
IFR channelis used,necxxsitatinga more complicated
applied B (Fig. 4a. b). The result. after someparameter
variation. is a very well-focusedbeam(Fig. 4c) whichwill
be further acceleratedby gapslocateddownstream. Only
the first nvo gapshavebeensimulatedthusfar; no
problemsare foreseenprovidedthe applied B transport
cuilsare de.$ignedc?.whdly.

QUICKSILVER

h is not usuallypracticalto simulatelarge systems
with 3-D PIC codes, so work thusfar hasconcentratedon
relativelysimpleoff-centerbeameffects. For example,an
RLA beam(10 kA) in a vacuumwire conditioningcell with
initial 1 cm offset is seento evolveinto a “corkscrew”
modewith a 20% loss:a returncurrentof 5 kA is induced
in a 2 mm wire carrying 15 kA. Injector asymmetries
couldalsobe studiedwith thiscode, in principle.

conclusions

ITe utility of the designcodesMAGIC, TRAJ. and
JASON hasbeendemonstratedin the problemof injector
designfor electronIinacsin the multi-kA range. Where
comparisonswith experimentcan be made, the codesare
foundto agreewell with reality. Besidesdesignaid, the
major vaIue of the codes is found to be in making
sensitivity and optimization studies.
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dmigrt. Unlike Fig. 3, magnetictransport(not
IFR) is useddownstream,

—



TEE LINAC INJECTOR FOR THE ANL 7 WV ADVANCED PROTON SOURCE*

A. Nassiri, W. Wesolowski, and G. Mavrogenes
Argonne National Laboratory

9700 South Cass Avenue
Argonne, IL 60439 USA

Atmtract

The Argonne Advanced Photon Source
{APS) linac system consists of a 200 MeV
electron llnac, a positron converter, and a
450 MeV positrzn linac. Design parameters
and computer simulations of the two linac
SySt$2fIW drf? Fresented.

Introduction

The Argonne Ad-tanced Photon Source is
a 7 GeV synchrotrons X-Ray facility. The
APS machine parameters have been
described.l Here, we will focus on the
design of the linac systems. We present
the results of beam dynamics calculation
and ccmputer simulations of the two linac
systems.

Electron Linac

Ganeral Description

The electron licac components are
shown In Figule 1. An electron gun
produces pulses of 30 nsec at a 60 Hz
repetition rate with a nominal energy of
110 keV and a current of 2.5 A. Each
30 nsec macropulse traverses a scanding
wave s~ngle-gap, pre-buncher operating at
2856 MHz and is broken into approximately
86 microp,~lses via ve!ocity modulation.
After a 22 cm drift space, the micropulse
of electrons has been longitudinally

compressed to 60”. Further longitudinal
compression to 12” is achieved by passing
through a constant impedance ~ - 0.75
traveling waveguide main buncher
consisting of six cavities. The reference
particle enerqy at exit of the buncher is
about 1.4 MeV. The bunched beam is then
accepted and accelerated through five
const. ]t gradient traveling waveguides,
e.set.approximately 3 m long, to their final
energy of more than 200 MeV.

Dymamics of Bunching

The dynamics of bunching have been
described before by Slater.2 ‘In

‘Work supported by the U.S. L)epa~ment of
Energy, Office of Basic Sciences, under
Contract W-31-109-ENG-38.

a gap-and-drift buncher, a beam of
electrons passes through a single-gap
cavity excited by a sinusoidal electric

field. For uniform elect:on velccity, the

higher order harmonic effects can be
neglected. In tne low space charge limit,3
the change in energy of each electron as it
traverses the gap is given as

AT(O) S= - a [gap sin 00 (1,

80 = - LJt

eEk
a-—

2
- normalized electric field

moc

Az

E
gap.—

gap A
=+normalized length

of gap

Electrons which reach the gap when
ut<O are decelerated while electrons which
arrive at the gap when wt>O will gain
energy. As the electrons traverse the
drift space, they bunch around the
electrons which crossed the gap at.(?=0. As
the electrons travel the drift space, O
will change as

Af3(z)

— n% [; ‘-#At (2)
o

where ~. ig the initial normalized velocity

of the electrons.

‘integration of the above equation.
gives 8 as a function of ~ along the drift
space. Figure 2 illustrates the bunchinq
properties of the gap-and-drift prebunchcr.
Particles traversing the gap at 0.=-90 have
the highest energy, while particles
crossing the gap at +90 have t)le lowest.
At ~02.0, electrons are bunched into about
60” of phase.

In the traveling waveguide buncher,
assuming a uniform electron velocity, the
longitudinal component of the field is
written as

Ez - E sin w(t-z/vo) (3)

The equation of motion of an electron
in this field is given by:

dpldt - eE sin @(t-z/vo) (4)
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I

In a zeference frame, mov~ng with velocity
v,-,of the traveling wave, the displacement

z’ w~th respect
Z’=z–vt.

In this frame the

to the moving frame is

Hamlltonlan2 IS given by:

Ii=

and

J

24 22
mc +pc-

0

k’ &lz’

~ Ccs —pvc- eE “
\’
c (5)

the equations ~f motion are derived

from the Harniltor,lan

dp 3H dz’ 3H
x=

.--,F=_
a~ (6)

Since the Hamlltonian is not an
expliclt function of time, It is a
constant. Figure 3 shows the phase space
plot. The bounded electzons follow a
closed orbit about the point 0=0, p=po.
E~ectrans g~ing slower than the wave lose

energ}, until they fall behind the phase
null. They then gain energy until %hey are
synchranms with t“newave and they continue
t~ gain enezgy until they pass the phase
null (9=0). Then they lose energy until
~hey are slower than the synchronous
velac:ty and zhe cycle repeats.

PARMH.A Simulations

PARMELA has been used to design,
study, and simulate the beam dynamics in
the electron linac. About 65% of the
particles can be bunched within
approximately 12”. The energy spread at zhe
end of the buncher is approximately 1 MeV.
“Jelocity modulation and longitudinal space
charge are the main factors contributing to
the energy spread ~n the b~nching system.
The electrons next :raverse five
accelerating sections.

Figure 4 shows the results of beam
simulations at the positron target. The
reference parulcle has an energy of over
200 MeV with a current of approximately
1.7A. A beam spot size of 3 mm and
emmitance of eS1.2 mm-mrad can be crbtained
at the target. It should be mentioned that
PARMELA does not take into account the
effect of beam loading. However, we have
introduced a phase shift of about 15” at
the beginning of the second waveguide to
simulate the effects of beam loading. The
overall energy spread is about * 8%. This
result is ~n agreement with beam loading
zzlculatiocs using TRANSPQP.T.

BsiamTranapod E’ocuaing Syatxm

I?ARF;ELAand TRANSPORT have been used
to cics~gn the focusing system for the
electran linac. Simulations indicate that
a set o: three qu..drupole triplct~ are
adequate to providt focusing and transport

properties.

Positron Production

Following the DESY des~qn, the

positrons are produced in a wacer-cooled,
tungsten retractable target of thickness
equ~.1 to two raaiation lengths (7 mm). A
double-layered ptilsed solenoid located
immediately aftex the target defines che
solid-angle acceptance of the pos~trGns. A
field strength of 1.5 T is necessary. The
accepted pos~tron emittance is c=330 mm-
mrad (220 mrad x 1.5 mm) in each transverse
plane when a beam size of 1.5 mm ra.”iusis
used.

Poaitzon Linac

Baam Focuaing Sy8tem

The positrons emerging from the pulsed
solenoid are further focused by a
solenoidal field of 0.4 T which encompasses
the first two positron accelerating
structures. The subsequent focusing system
consists of a FODO arrav. ~O~ORT has ‘~een

used for beam simulations. Figure 5 shows
the beam envelope.

PARMELASimulation

PARMELA has been adapted4 to simulate
the capture of the positrons from the
target thraugh the end of the positron
accelerator. Results indicate that one
could transport the positrons with a small
phase zpread, therefore the requirement of
a 1% energy spread at 450 t4eV can be met.
See Figure 6. ‘l’he normalized emlttance of
positrons at 450 MeV is 6.6 mm-mrad in each
transverse plane.
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ABSTRACT

The LEP Injector Linac (LIL) has b-n working for two
years of routine operation as the LEP injector. Performance
limitations are discussed and typical beam measurements
are presented. Measures to improve the reliability are
explained and a scheme for possible improvements of the
positron production is described.

INTRODUCTION

Operating since 1988 as the LEP source, three main
objmtives have been addressed:

- Measure and optimize the peak performances
- Improve the reliability
- Study an improved positron production scheme

Although the overall peak performance is above the
nominalvalue,a consolidationpmgramme hasbeensetup
tolmpmve the long term reliability. In particular,a new gun
modulator, a new bunching system, a change of acceler-
ating sectioniront-plates, a fixed target and an upgrading
of the klystron modulators. In the light of future projects,
the bottleneck of LIL would be the positron production and
a study has been made to improve this param”!er.

LIL PERFORMANCE

A detaileddescriptionofLILis given in reference[l].
The design was optimized around its positron performance
which is determined mainly by the characteristics of the
electmr beam on the target, the matching of the e* flux
into the accelerating section, and further acceleration and
transport downstream. Table 1 shows the beam

pxiormance of the Iinac providing tl~e primary e- beam:

Table 1
Peak Performartce of Primary Beam at the Target

No-load energy: 225 MeV

Charge: 48 nC

Pulse length: 20 ns (at FWHH)

q (full width at the base)
=k 8%

P

I{orizontal beam size: 1 mm (FWHH)

Verticalbeamsize: 2.5mm (FWHH)

Thee*production is not very sensitive to spot size and
position within - mm. Matching the e+ flux into the
accelerating secti,.tl is obtained with a pulsed solenoid
(1.5T) pu! right after the target.

With the bunching system optimized and LIL optics
matched, several measurement sessions of the peak
performance have been made. Results (for both beams )

are reported in reference [2].Table 2 gives a summary for e’
production, Figure 1 presents a comparison of the peak
performance reached and the design values,

Table 2
Positron Production Characteristics

Cun current: 5A

Transmiss.efficiencyin the buncher 80%

for primary beam: 80%

N“ of e“ on the target: 2.91011

No of e+ at the end of LILtotal: 17.4108

within *=* l%:
P

12.91($

Unresolved conversion efficiency: 6103

Resolved conversion efficiency: 4.410-3

Final energy: 500 MeV”

RELIABILITY IMPROVEMENTS

A new gun modulator has been designed to improve the
maintainability. The control of all par:~meters is made
through fibre optic links. The platform reaches it maximum
of 100 kV, and the working value is 80 kV. The amplitude of
the pulse, applied to the grid of the gun, is adjusted
according to the beam intensity for e- and e+ cycles. A
facility which allows the pulse length to be varied is also
implemented. A beam test line has been designed and
installed to measure the performance in the laboratory .[3].

The present buncher was designed for a maximum
beam current ‘of 20 A and an input energy of 100 keV, It
provides a no-load energy gain of 28 MeV with a bunching
efficiency of 60 % within A$ = 16° (80% of particles).
However, after several RF breakdowns occurred in the
buncher, a series of machine studies wme made [4], and the
results obtained helped clarify the behavior of the
bunching system,Presently,a project is going on to replace
the buncher by another one seven times shorter. The
output energy will be reduced to 4 MeV. Calculations have
shown that the bunching efficiency could be kept similar to
the present one in the range of a beam intensity of 10 A [51.
The mechanical assembly will be simplified, reduced in
size, and the constmction of a spare will be possible at a
relatively low cost. The free space will be used to install a
matching section between the buncher and the first accel-
erating sections and to add instrumentation. The new gun
modulator and the new bunching system will be instalkf
on LIL,at the end of 1990.

During the constructionof LIL, the envelope end plates
of the accelerating sections were corroded. With time,
several vacuum leaks appeared. All sectionswere removed
from the tunnel and the corroded welds redone [6].
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The SLED type ca\”ities, czlicd LEP Injector Power
%~crs ~LiPS)[71,used to increase ~heRF peak power, have
thmr cnd flanges made of mild steel. This was a weak.point
ior the vacuum in the LIPS tank. An improvement has
been made with the construction of a new tank built
comtdrte]y in staink%s steul with larger pumping holes and
ne-. types ot gasket. [n August 1990, a new set of cavities
~cre successfully tested with an RF peak power of 32MW.

During 1989 two designs of target systems without any
mechanical movement were investigated:

i) The rcquirai e- intensity is made to pass through a
0,~ mm diameter hole on the axis of the target. The energy

spread in the e- beam is larger than before.

ii)Deflecting the electron beam (cycle e-) through a 2.5 mm
diameter hole beside the 5 mm diameter target [81.Figure 2
gi}’esa sketch of the layout. Behind the target, focusing is
given by solenoids. The extended version of
TRANSPORT[91was used to calculate the new e- trajectory.
Both solutions were used in operation during LEP runs and
the stability was good. In the first solution, the small central
hole, reduces the e+ productionby roughly]0% and the
continuoushigh beam intensity gives a large activation in
the target area. Hence the second method is currently
being used [101.

Over the last two years the reliability of the klystron
modulators hasbeenincreased [11 ]. Despite more than
5000ho-ws of beam requested yearly, the downtime, due to
modulator faults has been reduced. As with the SLAC
experience a regular adjustment of each thyratron reservoir
voltage has been found necessary to minimize the faulty
shot rate, and obtain long lifetimes. The present useful life-
tlme of thex tubes looks to be in excess of 17000hours at
the IMIHz rate with 35 kV, 3400A and a voltage puke width
of 6.5gs. The individual klystron power outputs have been
adjusted to give between 13.5 and 24 MW with a 43 MSRF
pulse width, depending on their position in the linear accel-
erator. The present indications are that the average lifetime
of these devices does not exceed 15000heater hours.

New P[N-switches have been installed in spring 1990,in
order to work with a higher RF-power (up to 400 W) at the
input of the klystrons. The reliability of the phasing system
for the klystrons has been improved by a modular
construction of the RF-phase detectors and a new design of
the signal processing for phase correction by a new
microprocessor system.

Table3

STUDY FOR IMPROVED POSITP.ON PRODUCTION

The positron production rate would have to be
improved ior two possible future CERN projects namely
the LEP luminosity improvement programme[l 21 and a
possible Beauty Factory (BFI)I13]. The positron rate
including the capture and acceleration by LILas well as the

dN’
accumulation is given by: ~- = ~a~pN-E- (; where ~a is

the accumulation efficiency, ~p is the c- to e+ conversion

efficiency, N- is the number of particles in the primary

beam, E- is the energy of the primary beam, f is the Iirmc
repetition frequency. In principle all these different
parameters can be improved. Schcmcs[121 based OF the
increase of the primary beam power are summarized in
Table 3.

Moving the converter targetdownstream in the
Iinac (Fig 3) and powering two adjacent accelerating sec-
tions with one modulator equipped with LIPS, allows to
increase the mtmn accelerationfroma consmvativevalue
of 12 MeV/m to 18 MeV/m. The primary beam energy is
then enhanced from 220 McV to 700 McV. The rcmaining
RF sections of L[L are then sufficient to accelerate the
beam to the operational energy or up to 700 MeV, which
would nxluce the accumulator damping time by a factor2.7
and therefore permit a LIL repetition frequency of 150 Hz
which is possible with some improvement of the klystron
modulato-s[l 1]. The primary beam intensity is presently
limited by the momentum spread introduced by the beam
IGading in the accelerating sections. A higher field in the RF
sections would allow the higher charge to be accelerated
within the same momentum spread. Finally T’Ip would alw
be improved with a flux concentrator inspired by the SLC
system and qa could be raised by using a magnetic energy
compressor at the end of LIL. As a preparation, high
gradient tests will be performd with the spare LILsection.

CONCLUSIONS

The typical performance of the LEP Pre-lnj=tor is now
a factor 3 for e+, and a factor 5 for e-, above the nominal
requirements assumed during the LEP design, The reliabil-
ity of L[L is such that beam availability for the LEP machine
is close to 96 % of the scheduled time. The scheme and the
necessary LIL modifications will be implemented if and
when an improved positron performance will be required.

. -—.-

Parameters Unit Design Present max. Required for Required
performance performance LEP200 for BFI

e~ accumulation ra:e 1010e+/s 1.8 6.5 20 45

Primary beam power w 576 1056 3065 7380

Number of particles @l 1.8 3.0 4.3 4.6

Primary beam energy MeV 200 220 440 660

Repetition frequency Hz 103 100 100 150
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WE INJECTOR LINAC FOR SPring-8

Abstract

\{.Y=hikawa, N.Nakamura, tl.Suzuki,
MJizuka, T.lshida. K.Yamada A.’! izuno,

K.hiashiko and }1.Ydv.. .w.

Japan Atomic Energy Iilsarch lnsitute.
Vokai-mura, Naka-gun, [haraki-ken, JAPAN.

The Japanese project of the large
synch rotron radiation source, named SPring-
8(Super Photon ring 8GeV), is in progress
now. SPring-8 consists of the injector
1inac, the synchrotron, and the storage
ring. A :reation of the site was started
last year, and a part of the linac will be
constructed from this year, This paper
reports the design of the llnac. The
detail of the gun and the bunching system
will be described elsewhere[l].

Introduction

The linac consists of major four
parts(Fig.l); the high curren~helinac(HL),
the positron linac(PL), electron
linac(EL) and the main linac(ML). HL
produces high current beams from a large
cathode electron gun to bombard the target
for positron production. PL has a con-
v~rter target and a pulsed solenoid to
focus and accelerate the positrons to
120MeV. EL lies on the .ide of PL, and ac-
celerates the electrons to 120MeV. ML fol-
lows EL/PL and accelerates the electrons
and the positrons to IGeV. Two different
linac lines, HL and EL, are provided due to
the differences in the electron gun perfor-
mance between EL and HL. The linac is
about 200m long and three switch yards are
provided in ML to supply beams for other
fields of scientific research. Major
parametersof the linac, the synchrotron[2]
and the storage ring[3] of SPring-8 are
listed in Table 1.

TABLE 1
Major Parameters of the Linac

and the Synchrotrons
Linac

Energy. .
Repetition rate 60 Hz
Radio frequency 2856 MHZ
emittance 1.5 ~-mrad
(long pulse of pos;~r~s)

current
pulse width 10 ns

(long pulse of ele;;;o~)
current
pulse width IUS

(short pulse of po;~t~ns)
current
pulse width lns

(short pulse of el$;;r~s)
current
pulse width lns

Synchrotrons
Injection Energy 1.0 GeV
Maximum Energy 8.0 GeV
Circumference 396 m
Repetition time 1 Sec
Natural emittance 192 nm-rad
Number of cells 40
Periodicity 2
RJdio frequency 508.58MHZ
n~rmonic number 672
Radiatian loss(8GeV)

11.55MeV/turn
Accelerating voltage(8GeV)

17.lMV
Quantum lifetime over 10 sec

Storage ring
Energy 8.0 GeV
Circumference 1436 m
Natural emittance 6.9 nm-rad
Number of cells 48
Periodicity 4
IZadiofrequency 508,58 MHZ
Harmonic number 2436
Radiation loss in bending magnet

9.04 MeV
RF voltage 12.7 W
Quantum lifetime over 1 day

The linac design is dictated by the
requirements of the beam parameterswhich
are established to insure acceptanceby the
booster synchrotrons.

Four Components

EL—
EL has a low emittance thermoionic

electron gun which is driven in different
two modes. One is a long pulse mode (1OOW,
IUS pulse width), and the other is a short
pulse mode (300MA, !1:s pulse width) to
adapt the synchrotronsope~ation of a single
bunch mode. The cathode assembly model
Y646B supplied by EIMAC will be used and
the electrodes are designed of a low per-
viance for the low emittance. The electron
beam extracted from the gun is bunched into
50 degrees phase spread on the first-pass
through two prebuncherswhich are reentrant
resonanc cavity type of 2856MHz. These 50
degree bunches enter the buncher when the
RF phase is near null, and the bunch length
becomes 5 degree width. Three accelerator
sections accelerate the bunches to 120MeV.

HL—
The electron gun of HL is required to

be able to deliver of high current above 20
Ampere because of a low e+fe- conversion
ratio and transport efficiency. This gun
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Fig.1Concrplual iiw of the Iinac.

will be made of a large diameter cathode
assemb1y Y796 of EIMAC. The preliminary
calculatedemittance is 181 mm-mrad at the
point of 150 mm from che gun cathode. This
value wil! become better as modifying the
shape of the wehnelt and the anode, HL has
a subharmonicbuncher which is a quarter-
wave reencrant re~onafit cavity with the
frequencyof 239MHz. This frequency and the
drift space are discussed still now, and
they will be optimized in tht near future.
Through iiL, bunches of 10 Ampere, lns are
acceleratedup to 300 MeV. In this project,
we suppose the positron ‘use, and the ef-
ficiencyof the positron yields is one of
tL,emost significant issue, because the
positron yields ratio depends on the high
current and the high energy on the target.
Yiareover, the beam must achieve a 3 mm-
diameter spot size including the chromatic
e~fects of the transportsystem.

Q
For the high density positron beam.,it

is importanthow many positrons are ac-
celeratedafter the target. We are carrying
out two experimentsabout the target struc-
ture to aim of a high conversion ratio. One
is a conventional type of the combined
pulsed solenoid, and the other is a RF gun
type. High current beams from HL bombards
the z;rget, and the pulsed solenoid coil
a:ld the helmholtz coil are used to converge
produced positrons.The collected positrons
have a wide energy spread. Thus, the beam
transport line must have a large accept-
ance. PL is set to accept positronswith an
energy of 10&5 MeV, and the solid-angleac-
ceptance of this line is defined by a
pulsed solenoi(i, placed immediately
downstreamof the carget, and by matching
the oositron-accelerator section with the
dc solenoid. The pulsed solenoid has a
field strength of 1-2 T and is 10 cm long.
Positronsproducedwithin the angle of 200
mrad in each transverseplane are captured
in the acceptance aperture of the dc
solenoid.The loss factor in the accelerat-
ing seccionsof PL is assumed to be 50 per-
cent, and PL will finally provide a 10 mA
positron beam to ML.

ML—
ML receives either electron beams from

EL or positron beams from PL at 120MeV. At
first, there is a small angle bending sec-
tion to separate the positron beam from
electrons when the positron beam is used.
The beams are focused by three quadruple
triplets placed between every other ac-

celerator section. 23 accelerator sec.ions
accelerate beams from 120 MeV to 1 CeV. For
the consideration of the energy spread of
Fositron beams, the energy compression sys-
tem is placed at the tail of ML. This
energv compression svstem has a low com-
pres~~on f~ctor becau;e of ii large accept-
ance for positron beams.

Accelerator section

The accelerator section of this linac
has to achieve high performance. This per-
formance is determined by the shunt im-
pedance, the Q-value, the material, the
operating vacuum level and so on. Anyhow,
reliability>”is most important to the injec-
tor linac for many users of SPril]g-8.A
conventionaldisk-loadedwave guide of 2856
MHz, 21Tf3traveling-wavemode with a
constant-fieldgradient was chosen. Each
section is 2.835m long and containing 81
cells. Several kinds of the iris diameter
of the disk are mixed to prevent from a
cumulative beam break-up. we are now dis-
cussing about the modified type accelerator
secitions. The cross sectional shapu is
modified, shown in Fig.2, for high skunt
impedance65 MOhm/m. These accelerator sec-
tions will be made by electric welding
method. The first test tube was made al-
ready, and has been -ested on JAERI-linac.
The adoption of this modified type ac-
celerator section depends cn the results of
the test.
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of a accelerator section.



TABLE 2
Characteristics of

the ~odified accelerator section

Frequency
Srruccure

Acceleratingmode
Tube length
Number of cell
Range of iris dia.
Energy gain
Input power
Shunt impeda~ce
Energy gain

2856 ~Z

disk-loaded
type
2~3
2.835 m
81
26-.?OMM
Low’v
25MW
65 }l-Ohm/m
40 MeV

RF system—

~stron and modulators
RF power is fed CO each accelerator

section from a single klystron. The maximum
power of chose klystrons is 35MIJ, and they
are used around 30}~ in ~verage. Each
klystrJn amplifier is provided with a line-
type modulator rdted at 85 ,MWpeak and .?0
kW average power, at a pulse length of 5US,
and a maximum pulse repetition rate of
60pps. The pulse-forming network in the
modulator is discharged through a hydrogen
thyratron. Each modulator is provided with
a de-Qlng circuit which compares the charg-
ing voltage of the pulse necwcrk during
each charging cycle to a referecce voltage.
When the charging volt(qge reaches the
referencevoltage, the energy stored in a
charging transactor is dumped into a dis-
sipative circuit by means of rectifier
switch. lf the stability of the power
source, c motor generator will be used to
exclude noise in the electric power
provided to the modulators.

Phase cr,r,trol
The 2856NiHz low-level otltrJutof a

highly scable master oscillator will be
distributed by coaxial cables and amplified
by either newly developed sol~d state rf
high power amplifiers or booster klystrons.
Each amplifier provides a siznal to a power
klystron. The phase @f the rf power is con-
[roiled by low-power phase shifters, which
will be simple and reliable. The phase of
the accelerator is icitially adjusted by
maximizing the energy of the linac and at
che same time minimizing the energy spread.
This phasing system uses the phase of the
beam bunches as the reference phase. It is
based on the principle that the phase of
the beam-induced wave should be
synchronized with the klystron rf phase.
The relative phase difference is kept con-
stant by a control computer.

Control system

necessary tn adapt and modify devices and
operating conditions. The block diagfam cf
this control system is shown in Fig.3,
There is a VME cage in eack, modulator and
control signals are .listributed co the
modulator and magnet power so(lrces near by,
and monitor signals are gathered in this
cage, In each component, these VME cages
connect IAN by mini-MAP or ether-net, Fur-
thermore, fo~r LAN servers of each conl-
ponent are connected to the main computer
nf ?his li.n~cby MAP or FD13[.The main com-
puter will be used on UNIX. OS-9 or
VxWorks will be used as a operating system
6f VME controllers.
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This linac is designed to be reliable
and to have minimal failures, The control
system should contribute to minimizing
down-time of the machine. However, it is
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KEK 2.5-GEV ELECTRON/POSITRONLINAC STArUS AND
RESEARCH ACT~’~~lES

Akira Asami
National Laboratory for High Energy Physics

1-1 Oho, Tsukuba-Shi, Ibar~ki-Ken, ’30S Japan

Abstract x IOJ

Even though the annual operation time has
exceeded 4,500 hours tor these three years, the
operatitm raw reached more than 98 % in FY
19$9 due :0 \arious improvements. A new
atter!uat~r & phase-shifter has been developed,
And a considerable reinforcement of the positron
focussing s]’stem IS in progress. Construction of
the Test Llnac has begun. and research on [he
breakdown of slumina rf windows, multibunch
ins[~bility in the linac. and plasma wakefie]d
accelerators has begun.

Introduction

The KZK 2.5-GeV electron line~ accelerator
U“3S completed in March. 1982. and was
cammiss ioned for s}’nchrotron :adiation research
in June. 1982. TRIST.AX AR tests began in
Sep:emher, 1?83. Its first operational status is
reported in ref. 1. The posi~on generator w“as
ucd: r con j trul:tian from 1982 to 1984; its
cf’ns:rtsction and impro~”ements are reported in
refs.2.3.

In this report, recerlt operational status is
first described, together with some of the
improvem ents ~zhieved. Second, tu”o
modific ations prc serr tl }“ taking place are
described: one is the de}”elopment of a ncw
attenuator and phase shif;er; the other is the
reinforcement of the positron focusing s}.stem,
aimed at increasing the positron intensity by a
iactor of two. Finally, some research programs,
most of [hem undertaken recently, concerning
the following subjects are mentioned: ( 1)
construction of a small linac for advanced
accelerator studies, (2) breakdown n?c:hmism of
high-power klystrott rf windows, (3) multi-bunch
instability caused by a transverse wakefield in
the Iinac. and (4) plasma wakefield acceleration.

Operation status

The aanual operation time during these
eighc years is summarized in Fig. 1. The
scheduled operatioa time expected in FY 1990 is
also about 4,500 hours. In spite of such a long
operation time, the operation rate has steadily
iniproved, and reached more than 98 % in FY

!

“

I

h
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Fig. 1 Linac oeratlon time.

1989. This high rate is the result of continuous
efforts made to improve various instruments of
the liriac. In the following. these recent
irn.~tovernents are described briefl>”.

Since the initial operation of the Iinac. one
of the most serious problems has been related to
the main high-power kly”strons.4 In 1987, a new-
type klystron, which has a Barium-impregnated
(B1) cathcde, was test-used, showing excellent
characteristics. Since then, the old-type klystrons
with oxide-cathodes have rapidly been replaced
by new ones; at present there are thirty-nine
klystrons with B1 cathodes among a totsl of
fourty-eight. Most of the klystrons with BI
cathodes have demonstrated excel lent
ch~acteristics, resulting in a much lower failure
rate.

T$e energy analyzing and monitoring
s}.stems of the beam have been considerably
reinforced. s Energy analysis of the beam is now
possible at four positions along the accelerator,
and the beam currents and profiles are more
easily to measure. The monitors of the rf system
have been also improved, and variation is more
easily and widely detected for the rf phase and
power,

In addition to these items, significant
improvements have also been made on the
control system6 of the Iinac by introducing a
CAVT system and an additional ne!work
(Ethernet) for man- machine interface
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enhancement. The DS-Link and beam-switching
systems were also improved.

Development and Improvement

An attenuator and a phase shifter at high rf
power are usually required in the injector section
of the linac for optimum tuning of the accelerator.
Though these two quantities should desirably be
independent of each other, this is not the case,
and the power variation is closely related to the
phase change in the high-power attenuators
currently used. This makes tuning of the
machine very complicated and, therefore, the
dependence of the beam characteristics on these
quantities is often ambiguous.

To avoid this difficulty a new attenuator
and phase shifter is being developed.? which
enables us to vary the power or phase quite
independently. This is a single device with a
structure in which the usual attenuator and the
phase shifter are combined as shown in Fig.2; it
works both as an attenuator and a phase shifter.
The details are described in ref. 7.

L
–~y, ,

--
ot TPL T --- .-——

.— .. .. ----

Fig. 2 Attenuator & phase-shifter for buncher.

As in TRISTAN, Itigh-luminosit y
experiments started in 1990. and the TRISTAN
group requested the Iinac group to supply more
positrons. In orcier to meet this requirement, the
positron source was examir,sd and it was decided
to reinforce the positron focussing systems This
system comprises a pulsed coil, a DC solenoid, and
quadruple magnets. Both the pulsed coil ano
the DC solenoid are to be replaced by components
which are capable of producing a higher magnetic
field than the present ones by almost twice. As
for the quadruples, only those in the positron
generator are to be altered at this time; and the
remaing ones in the transport line and in the
initial sectors of the 2.5 CeV linac will be altered
the next FY. The present modification will be
completed early next year. Details are given in
ref. 8.

Research

In addition the work mentioned above to
improve the accelerator, some research started
recently, in the Linac Division. These are
presented below.

For research concerning an advanced
accelerator, it is important to ha~’e a suitable
facility; and it wus therefore decided to build a
new small Iinac, the Test Linac,9 The main
parameters of the Test Linac are its follows: The
maximum acceleration energy is to be 60 MeV at
a 10 ~a maximum average current; and its length
is to be about 14 m. This linac is presently under
construction and is expected to be completed
soon. Some mitjor subjects to be investigated are
(1) high brightness beam production and
acceleration, (2) RF gun, and (3) experiments on a
free-electron laser.

In recent )ears the output rf power of
klystrons has been steadily rising, while aiming
at future advanced accelerators: for example,
linear colliders. Breakdown of ceramic windows
is still one of the major problems to be solved
with those klystrons. An investigation of the
breakdown mechanism has been intensively
continued. It was recently shown that !he
puncture of an alumina disc is induced by
localized surface melting which is caused by
multipactor electron bombardment heating.lo An
example of simulation is shown in Fig. 3, It was
also confirmed that a Tih’ coating is effective to
suppress the multi pactor.

In accelerating a high-current beam up to
high energies in linear accelerators, it is

Fig. 3 Incident energy distribution weighted by
impinging rate of multipactoring electrons
on the alumina ceramic disk with an rf
power of 30 MW.
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important to know the properties involved and to
suppress any wakefield effects citused by the
beam. This problem w,lI become more serious in
future accelerators; the wakcfield effect due to a
multi-bunched beam is particularly important to
such a collider as the Japan Linear Collider, since
multi-bunched beam is to be used. In making
~se of the electron acceleration section of the
positron generator, so me pre Ii mi nar y

MST B’UNCH E

Fig. 4 Transverse (vertical) zhift of the last
bunch observed at a p:ofile monitor.

measurements were performed,l I since high-
current. high-energy “earns were ~vailable in the
section. it was observed that the last bunch of
the beam, comprising five bunches, was in fact
appreciably deflected by a field caused by
pi-eceding bunches (Fig. 4). Details of preliminW
results and analysis of the measurements are
described in ref. 11.

In making use of similar electron beams as
those mentioned above, another investigation has
been progressing concering so-called plasma
wakefield accelerators (PWFA). 12 A PWFA is one
of the promising candidate for future high energy
accelerators, since theie is no insulator or wall
material necessary, which usually imposes an
upper limit to the accelerating gradient of
conventional accelerators. It has been predicted

.,5L.L-LA_LJ
2 4 8 a 10 12

n, [ Iu’’cm. ?

Fig. 5 Observed centroid energy shifts of the
maximum bunch as a function of the
plasma density.

in PWFA that it would be possible to obtain an
extreemly high accelerating gradient. 13 At the
end of the positron generator installed there was
a chamber, in which 10I I -1013 cm-1 plasma was
produced. Severitl electron bunches of 500 MeV
energy with total charge of 5-10 nC were injected
into the plasma; it was observed that the tritiling
bunch was shifted in energy by about 12 MeV.~z
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PRESENT STATUS AND REINFORCEMENTPIAN OF THE KEK POSIlltON GENERATOR

A Enomo@ T. Oqgoe, ‘I’.Ka.mitan~ K Kakih~ S. Ohsawaj L SatoandA Aaami
National bbomtmy forHighEneqgyPhyrnca_, Oh T*ba+W ~a-kcw ~t Jap

The KEK positron generat.arhas successfully
provided positron beams tA both TRISTAN and the
Photon Factory (PF). However, to meet increasing
requirements regarding positron beam use, the
focusing system of the KEK positron generator will
be extensively reconstructed. This paper describes
the present status, the reinforcement strategy and
design of the positron generator focusing system.

Intmhmtion

As a part of the TRISTAF7 project the KEK
positron generator 1 was constructed on the south-
west side of the PF 2.5-GeV electron linac during
1982-1985; it was then combined with the 2.5-GeV
linac. In the autumn of 1986 it started routir.e-
operation to inject a 2.5-GeV positron beam into ~he
TRISTAN ring; in the autumn of 1988, the PF ring
changed the storage beam from electrons to
positrons in order to realize more stable operation.
Figure 1 shows the composition of the KEK positron
generator: a 250-MeV primary electron linac, a
positron radiator with a querter-wave-trans former
(Q\m)-type focusing system, a 250-MeV post-] :.nac
and a 300-beam transport tAtransfer the positrom to
the 2.5 GeV linac. A distinctive feature of the KEK
positron generator is the conjunction of a compact
focusing system with a high-current (>10 A), short
pulse(<2 ns) linac as a primary electron linac.
This choice enables low-power operation (<100
kW) of the focusing system and the direct injection
of a single-bunch beam ( <2 ns = l/(500-MHz ring
accelerating frequency) j LO the TRISTAN ring,

L2WMWtiLINAC d ~250MevtLINAc J 2.S-GeVLIFblC

Fig. 1. Block diagram of the KEK positron generator:
G is the electron gun; SHB, a subharmonic
buncher; PB, a prebuncher;B, a buncher:
ACC, a regular acceleratorsection;R, Ii poslron
radiator; P, a pulsedsolenoid;S, a uniform
solenoid;‘~ a klystron.

-.

with the required positron current (>10 mA).
Instead of energy-front studies in the

TRISTAN PHASE-I experiment, high-luminosity
operation of the colliding ring is aimed at PHASE-
11, which started this year. Furthermore, in a few
years, a B-physics plan is ecgerly expected to be
realized as PHASE-III. in these experiments,
additional positron beams are required in order to
save injection tfme; especially, the B-Physics plan
requires roughly ter, times as many positrons as
the present beam p:”oduces. To meet such
requirements, an integwted upgrade is necessary
for the injector linac (e.g., to increase the primary
electron energy, etc.); improvements of the
positron focusirig system ~tarted first.

Pmsmt Status

The 2.5-GeV Iinac injects positrons to both
TRISTAN and PF. For PF, a 40-ns beam is used
instead of the 2-ns beam for TRISTAN, because a
sing!e-bunch beam is not required for PF at present
and it is advantageous for both increasing the
charge number and suppressing the space-charge
eflect. These two kinds of beams are accelerated by
switching a gun-grid pulser and by turning ordoff
a 119-MHz subharmonic buncher (SH.B). The
operational parameters of the positron generator
are summarized in Table 1.

TABIX 1
Onarationd Parameters of the Positron Generator

General
Acceleration frequency 2856 MHz
Pulserepetition 25 Hz

Primary electronIinnc
Energy 250 MeV
Peakcurrent 10(2) A
Pulse width 2(40) na
Emittance 0.65 xMeV/c cm

Electron-to-positron converter
Radiator(thickness) tantalum 8.2 mm
Pulsedsolenoid QWT type
Conversion rate 0.3 %

Positron beams
Peak current at 250 MeV 30(6) mA
Peak current at 2.5 GeV 15(!2) mA
Energy spread at 2.5GeV 0.5(0.8) % at FWHM
Emittance 0.15 zMeV/c cm

( ): positrons for PF —

623



Figure z shows a typica’ di8play cf tlw
injection time for TRISTAN and PF, respectively.
Under routine TRISTAN operation, every 2-2.5
hours the colliding beams are renewed. A cument
of 12 mA (e+, e- x 2 bunch, 3 mA each) in stored and
accelerated in the colliding ring (main ring MR,
circumstance c = 3013 m) through the accumulator
ring (AR, c = 381 m). During the setup time (30-40
minutes) for the col}iding beam, the linac spends 4-
6 minutes for four injections of the positron beam
and <1 minutes for an electron beam.

For the PF 2,5-GeV storage ring (c = 187 m).
the linac injects a positron beam of up to 350 mA
every 12 hours and, sometimes, every 24 hours.
Because of the full-energy injection, only the loss
current is quickly filled up. After a short
ac@stment of the linac beam, the linac completes
the injection within 5-6 minutes. In the case of the
initial fill from the vacancy, it takes < 20 minutes.

Fig. 2. Display for injections to TRISTAN and PF

Reinforcement Plan

Genexd Featurw of the QWT-typeFocu..tig

The specific positron yield, n, for primaql
electrons striking a radiator with an ener~,: E is
approximately (for the forward angle) given by

G = !d2nlEdQdP) ti~ 6P,

where d2n/EdS2dP is the measured specific yield at
O“(e.g., 0.24x 10-3(1-(25/E(MeV))) 2; 6S2and 8P
are, respectively, the solid angle and the

momentum width of the positrons acceptable by the
focising system. Hence, assuming hat both E and
d2n/Ed~dP are constant, the positron yield

depends on parameters Ml and 5P, which are
determined by the positron focusi~lg system.

The KEK positron generator adopts the QWT-
type focusing system as shown in Fig. 3. A strong

axial field, Bi(effective length L), just behind the
radiator is produced by a pulsed solenoid; it is
followed by a lower field, Bf, applied over the
accelerator sections.

IkL.._.-
B(T) ~i
1

IDEALQW1-FIELD
ACTUALFIELD

Bf

oi i
v k

b PULSEDSOLENOID(L-76mm)
*W

utwom4 O&SOLENOID(4m)
-i

Fig. 3. Field distribution of the positron fmusing system.

Using the analytical expression for the QWT
system 3, and assuming that the accelerticor
aperture, a, is constant, the proportionality between
the focusing system parameters and the field
parameters are represented as follows:

(Admittance) u- Bf
(Matchedbeam on the positron radiator)

rmiiu9 x m Bf/Bj
transverse momentum P U/x = Bi
longitudinal momentum pm BjL

(Positronacceptanceand yield)
solidangle ~ oc (p/p)2 ~ L-2
momentum acceptance ~P~ PBM3i = BfL
positronyield n = ti~bp = Bf/L

The above expressions make the problem clear:
(1) For a larger solid angle, it is necessary to
fabricate a shorter pulsed solenoid. The strength,
Bi (times L), determines the acceptable positron
momentum, P, It is preferable that Bi is higher,
since it suppresses any debunching effects due to
speed and orbit differences of positrons.
(2) For a wider momentum acceptance, it is
effective to make Bf stronger.
(3) The positron yield is proportional to Bf/L.
Adding to these features, the following should also
be taken into account:
(4) As the solid angle becomes larger, the positron
production cross section decreases with a rough
dependence of exp(-0/O.35), where 0 is the positron
production angle, p/P.
(5) A larger Bf increases the debunching effect of
the orbit difference.
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Reinfoxwement Schedule

A reinforcement of the KEK positron
generator focusing system will be performed,
dividing it into two stages (Table 2). At first, using
the present pulsed solenoid, the solenoid field Bf
will be reinforced from 0.2 to 0.4 T. In this
condition, though the solid angle is not changed,
the momentum acceptance increases. As for the
matching condition of the beam on the radi~tor, the
beam radius may be twice as large au the present
radius; this means that the beam adjustment on the
target becomes rather easy. One problem to be
discussed is debunching due to orbit differences;
assuming that the accelerator gradient, dP/dz, and
Bf are constant, the phase slip is given by 3

&$= (n/A) j (P)P)2 dz = (x/l) (p2/(PdP/dz).

The maximum transverse momentum in a field Bf
is calculated by U/na. Substituting 0.43 MeVlc, 8.7
MeV/c, 10 MeVlc/m, and 0.105 m into p, P, dP/dz, L,
respectively, one finds that 6$ is 0.02x, i.e., 3.6°.
This phase slip may be within a tolerance.

TABLE 2
Parameter Change of the QWT System

Present Stev 1 SteD2
Solenoidal field

pulsed solenoid Bi(T) 1.2 .. .. .> 2.0
effective lenq:h IJmm) 76 ..... 50
I)C solenoidBffT) 0.2 0.: 0.4

Acceptance
U(rtMeVic cm) 0.15 0.30 0.30

Matched beam on the radiator
radius x(cm) <0.12 4.24 4.14
momentum P(Me\’/c) 8.7 .....> 9.5
transverse momentum p(MeV/c) 1.25 .....> 2.1

Positronyield (relative values)
solid angle dW 1 .... .> 2.3
momentum acceptance dP 1 2 1.3
specificyield fl 1 2 2.4

In the next stage the pulsed solenoid will be
improved. The pulsed solenoid of the KEK positron
generator was fabricated while considering tk,at of
DESY 1: to avoid any accidents, it was modified so
that the water-cooled coil is installed outside of the
vacuum. Consequently, it has become more
difficlilt to make a compact coil. Irnprovernent of
the pulsed coil will be carried out gradually.

Ilcsign of the Focusing System

By increasing Bf, the acceptance of the
focusing system will become 0,3 xMeV/c.cm, twice
as large as before; to obtain this acceptance over the
entire accelerator length, not only a uniform
solenoid for producing Bf, but the downstream
quadruple magnet system will also be
reconstructed. Figure 4 shows an illustra. ion of the
new focusing system as well as an example of the
calculated. matched beam, In the new system, the
uniform solenoid installed over the accelerator
section is extended from 4 to 8 m. In order to
monitor the positron current, an e+le- separator
comprising of an achromatic bending system is
introduced at the exit of the solenoid, since
electrons which also emerge from the radiator are
transported as well as the positrons. Downstream
of the solenoid system, first, a quadrupole-singlet
system (FODO-system) is applied over the
accelerator sections and then periodic quadruple
triplets are set between the accelerator sections.

1.

2

3.
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Schlossgc.rtenstr,9, D-6100 Darmsiadt,West-Germany

Abstract

The installation of the acceleratorhas been com leted
in Januery 1990 and its present status is reported. ~n the
meantime all eleven superconducting structures and the
normal conductin

~chopper and Prebun~her ,e,onator~are operated by t e new microprocessor controlled rf-
s}”stem which had been tested extensi }“elywit h the su-
perconducting injection Iinac in fall 1989.The rf control
s}.stem is integrated into the main computer control s}es-
tenl of the accelerator. operational experience with d

newly developed mechanical coarse and fine tuning sys-
tem Is presented. The horizontal and vertical emittance
of the injector beam have heeu measured sjsternatically.
First experience with the trans ort of the beam through
therecirculating beamlines an ~to oneofthe spectrome-
ters in the experimental area as well as phrise mensures-
ments of the recalculated beam with respect tn the in-
jected beam are discussed. Accelerating gradients of the
superconducting ca~ities (including one post purified and
three fabricated from ‘RRR280’ material) determined
from beam energies are giverr.

Introduction and Present Status

Reports on the status of the Superconducting Darm-
stadt Liriear Accelerator (S-DALINAC) have been given
regularly. Therefore, we will focus on the progress which
has been achieved since the most recent rep&ts [1,2] in
late summer last year. The design parameters of the
S-DALINAC are summarized in Tab. I below.

TABLE I
Design parameters of the S-DALINAC

Beam Energy / MeV 10– 130
Enexgy Spread / keV *13
CW Current /pA >20
Operating Frequency / MHz 2997
Number of Structures (I m) 10
Capture Section (0.25 m) 1

Most of the figures quoted above like energ energy
{’”spread, and cw operation are requirements resu tmg from

the fact, that the accelerator (besides being a driver for
rm FEL) will be used for inelastic electron scattering co-
incidence ex eriments.

rThe instal ation of the accelerator could be completed
in January of this year. This is documented by Flg.1, a
ph~tograph of the accelerator taken from the wde where

“Supported by the Bundesministerium fur Forschung
und Technologies under contract number 06 DA 184 I.
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the beam is extracted to the experimental rtre~. In the
upper right part the 270 lreV injector can be seen, fol-
lowed by the su ercondu$ting injector linac formed by

1a short cryomo ule, housing the .5-cell capture section,
and a standard cryomodule containing IWO 20-cell accel-
erating cavities. An isochronous Lram transport system
( 180° bend) allows the beam from the injector to enter
the main linac (center of Fig. 1) which consists of four
cryomodules, containing two 20-cell cat’ities each. The
fore round of the photograph shows the two 180° bends

Pof t Ie recirculating Leamlines. Their straig}lt sections
(!eftPortionofFig.1)leadtotwohlenticalbends (ill the
rear of the photograph), where the recirculated beams
are reinjecterl into the main linac via a four magnet chi-
cane. Extraction of the beam to the ex erimcntal area is

{“performed in the lower right corner o J?lg.1.‘l’he mag-
nets sitting to the right of the strni ht section of the

A“first recirculation form the beam han ,ng s~stem of the
FEL project [3]. They will be installed during the next
shutdown this summer.

Performance of the Superconducting Cavities
The resent installation contains qriite different cavi-

1ties ma e from niobium of different purity ranging from
RRR = 30 to RRR = 280. The average accelerating field
of the RRR = 30 cavities (four 20-celi cgvities) amounts
to 2.7 MV/m, whereas the RRR = 100 cavities (two
20-cell cavities and the 5-cell capture ssction) yield 5
MV/m. The prototype of a series of six 20-cell cavi-
ties fabricated from RRR = 280 niobium cchieved an ac-
celerating gradient of 6.6 MV/m but showed a severe
degradation in Qu afteran intermediatewarm up to 13o
K due to a shutdown of the refrigerator, Since simil-
iar effectri have been observed also in other laboratories
[4] with cavities made from high RRR niobium the next
two cavities of this series were fired at 650”C for several
hours in the UHV furnace at Wup ertal prior to instal-
lation in the accelerator cryostat. Both cavities reached
5 MV/m with Q,, = 1oIOUand were limited at 6 MV/m
with Q. = 5. 108and their performance was not affected
b a temperature cycle from 2 K to 180 K and back to 2
K! The~resent installation also containu a 20-cell cavity
original y made from RRR = 30 material which has been
postpurified by high temperature titanit m treatment [5]
at the University at Wuppertal. This cavity achieved a
gradient of 3.6 MV/m quite well in agreement with a
value of 3.9 MV/m determined in a first test at Wupper-
tal. We therefore presently conclude that there are two
possible ways to achieve the design gradient of 5 MV/m
with our 3 GHz 2Vcell cavities: i) postpurification by
high temperature titanium treatment from the outside
[5,6] which does not require a subsequent chemical pol-
ishing from the inside and ii) fabrication of cavities from
high RRR niobium which apparently requires a heat



Fig. I Photograph of the Darmstadt superconducting 130 MeV cw-electron-accelerator

treatment (very likely for outg~sing of hydrogen) prior
to the installation of the cavities.

Del-ado ments
FBesides the properties o the cavities themselves the

performance of the equipment directly associated with
the cavities inside the cryostat is extremely important.
We therefore developed a new mechanical coarse and fine
tuner described in detail in Ref. [1].

In the present installation, the 5-cell capture section
and three new 20-cell cavities are equipped with these
tuners. Two of them operated extremely well since Jan-
uary whereas the other two ot stuck because of too close

ftolerances in the series pro uction.
Similiar considerations like in the case of the .tlechan-

ical tuners ied to the development of new rf input- and
output couplers. The new desi n basically consists of a

#concentric tube inside the cuto tube of the cavity, form-
ing a coaxial line with an impedance of 21Ohm?, which
is shorted at the end pointing awey from the cavity. The
50 Ohms 7/8” coaxial input line is connected radially to
this device via a A/4 impedance transformer at a dis-
tance of .\/4 from the shorted end. Calculations using
the computer code URMEL [7] predict that an external
Q of 3.107 will be obtained with the distance between
the open end of the center tube and the iris of the first cell
of the cavity being as comfortable as 80 mm. The cylin-
drically symmetric construction ensures that the electron
beam sees no transverse electrical field at all while en-
teringorleavingthecavity.The coupler is mechanically”
very rigid, promising a oGd reproducibility of the exter-

fnal Q. Two prototypes ave been built and are presently
investigated at room temperature. Next steps will be the
calculation of the coupling to cavity modes other than
the fundamental TM,) ],, passband and measurements us-
ing a variable coupling between the 7/8” input line and
the c~>axial line of the coupler.

In connection with the fabrication of the six new cavi-
ties a new method for the tuning of the field flatness has
been developed. Following the ideas of ref.[tl], a com-

arison was made between the Eigenfre uencies of the
Fundamental passband calculated with UkMEL and via
a lumped circuit model. The unalysis shows, that in
our cavities, which have a cell to cell couplin of 4.2?40

%coupling to the cells following the direct ne]g ours stili
amounts to 7. 10-, decreasing by approximately a fac-
t?r of 50 from cell to cell when looking at even more
d~stant cells. We therefore developed a tunin method,
which works as follows: In a first ste the fiel profile of

Zfthe rr-mode is determined by a bea pull measurement.
Then the most evident deviations from the ideal field
profile are tuned to such an extent, that the phase of
each cell can bp ex ected to be correct. In a second step

ithe frequencies an field profiles of all 20 modes of the
fundamental passband are measured and from these r!atri
the complete matrix describing the Eigenvalue problem
is calculated. This means, that couplin from each cell

fto any other cell is taken into account. T en in a numeri-
cal procedure the Eigenfrequencies of the individual cells
are varied in ~uch a way, that i) the desired frequency for
the r-mode an4 ii) a flat field profile for the m-mode are
achieved. The results of this calculation are the neces-
sary correction!. for the Eigenfrequency of each cell and
mode frequenci :s as well as field refiles for each ste of

1’ fthe correction lxocedure. This al ows a quick check ur-
ing the final tuning procedule by measurin
f:rquencies any time a cell has been tuned, I%:%s::%
this procedllre is ~,fieldtlatness of < 2Y0in the ~-mode.

S.cseierator Te.-ts and Utilization of Beam

1n order to operate the ele’ren su erconducting cavi-
[ties of thecompletely insta!led S-DA INAC, the new mi-

croprocessor controlled rf system [9] had to be put into
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~~~}ersitlCrII{IJ rwunr,v L~f this >’tiir tiII:! hrrs 1)1’?IIw’)rkiIIg
Withou t m~jor prublems since the:l.

[r order to reci~culate the hearrl from the rllaiu lillnc
and to accelerate It correctly two requirements have L(,
be observed: i) the energy of the recirculated beam hns
to be five times the enerqy of the injector beam becatise
the last magnet of the chicane for rei~ection is identical
w“iththe last magnet of the 180° bend for the benrn from
the injector and ii) the phase of the. recirculated beam
has to match the pha~e of the beam from the injertoi.
The energies of the i

Y
ector beam as we]] as of the recir-

culated beam are easl y determined from settings of the
dipole magnets in the respective bends w’hereas for the
measurement Gf the relatlve phases rf current monitors
in front of and behind the main linac in conjunction wit?l
a pulsed beam nre used. Beam pu!s.es with a width of 70
ns (the round trip time in the first recirculation amounts
to 13s ns) at a repetition rate of i kHz allow to tlistin -
~uish between signals in the rf monitors induced try the
Injector beam or the recirculated beam respectively.

.4 phme lag of 10°of the 20 LleJ’ recirculntcd beam
w.ilh respect to the injector beam could be rne~sured at
the position of the rf monitor in front of the rnniu iinnc.
Taking Into rtccourtt t!ie not yet completely relativistic
&earn energies: this means, that the path length of the
first recirculation has to be increased hy 2 cm. IVe will
during the next perio$ Gf operati$n continue these men-
surernents and i nvestlgate to which extent the ch icrtne
will tolerate a de~.intion from the energy ratio of five to
one.

9 —. ——.— .—-.—————— -

II
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Fig.2 First spectrum of elastically scattered elec-
trons obtairted with a 20 McV singles pass
beam

Final] ‘a 20 MeV single pass beam was extracted from
{the acce erator and relnjected into the existing beam

transport system (10] to the 169” high resolution spec-
trometer. Figure 2 shows a first spectrum of elastically
scattered electrons obtained there with the cw beam from
the new S-DALINAC.

The properties of the injector beam were .measuied
extensively at beam energies between 4 and 6.5 MeV
stnd their de endence on the focugsing of the 270 keV

Ibeam from t e room temperature injection into the su-
perconducting capture section wu studied. It turned
~ut, that the normalized emittanc? is always between I
and 3 rrmm mrad in the horizontal as well as iII the ver-
tical direction; no si nificant dependence cm the beam
energy was found. 4 est results were always obtained,
when the 27o keV beam waa focussed in such a way,
that it had a waist at the entrance of the 5-cell capture
section.
We also found that the orientation of the hase space

f“ellipses do not agree with tl:e predictions o simulation

Cd]t”II]IL[II)rls./1II}1[1(!1tl~)Ila](/1111(]rIIJ)I~1{’tlIJII})lCtk!h111(!
L)ICi IIjec LorIinnc is therefor? used t[I o )tirn ize the brrmi

itrunsport through the isochronous 180 bend,which by
itself is not very tulernnt with respect to differcnl orien-
tations of the phrtse spnce ellipses.

outlook
Presentl)e the accelcrntor is nt room tempernlure nnd

nnother two RRR -280 cavities are l]eing Instrdled. At
the snme time the 5-cell capture section will bc replnced
by n ca}itj which is nble to opernte nt hi her gradients

rrtnrl the three inoperative tuners of the I) d versien will
be replaced by new ones.

The magnets of the beam tr~rrsport system for the
h’EL have to be incorporated into the straight section
of the first recircul~tion, because the delivery of the un-
dulator is scheduled for December 1990. Also the n;od-
ilicnt ion of the room ternperaturc part of the injectiol)
(installation of a high intensity gun nn,l n sllbhslrrrlolljc
chol~per- and preburrcher system) has to he performed
during this shutdown

E
eriod. We expecl the accelerator

to he operative ngain y the end of October.
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1{IGH-CRADIENT EXPERIMENT OF THE S-BAND ELECTRON LINAC

H. Matsmmoto,M. Akemoto, H. Hayano, T. Naito and S.Takeda

I(EK,National laboratory for High EnergyPhysics
Oho I-I, Tsukuba - shi, Ibaraki- ken 30s, Japan

Abstract fraction of the combined pnwcr is used to feed the prc-
bunchcrs and the bunchcr. The input RF power and

The electron beam has been accclcratml by the field the phase to the prcbunchcrs, the bunchcr and the 0.6
gradient up to85 MVim w’ithinputpeak current of 1 m structure arc controlcd by using a computer sys-
A and pulse width of 0.2 psc! succcssful~y. The accclcr- tcml”.
ating siructurc is a traveling wave 0.6 m-long constant
gradient disk-loaded type at S-band. The output power
of tw?oklystrons was combined and fed into the struc-
ture. The output pow”cr of c.~(h klystron was 72 MW
with lpscx RF pulse duratiort at 50 Hz.

Introduction

The accelerating gradient of the Japan Linear
Collider (JLC) is 100 MV/m for the X-hand main lirmc
and 50 ML’/m for the S-band injector and the prc-acccl-
cratorl. In order to rralizc such a high gradient, wc
have started the construction of an accelerator test fa-
cility (ATF) in 1987, which is mainly composed of a 1.3
CCVS-band Iirmc, a damping ring and a 1 GcV X-band
linac2. As a first step, the construction of an injector
part of the S-band Iinac has been already complctcd as
slioum in Fig. 1, which makes It possible to accclcratca
single bunch beam of 5xl010electrons and high current
multi-bunches at high accclcmting gradient.

Experimental studies on the upper limit of the elec-
tric field strength in corivcntimml disk Ioadcd struc.
turcs and single cavities have been rcportud from sev-
eral laboratorics~”B,though without the beam accelera-
tion and mostly by standing wave structures. It was
then dccidcd to launch further s:ud:cs on beam behav-
ior under high accelerating fields in disk loaded struc-
tures.

General layout of the injector

The injector consists of a 240 kV thcrmionic elec-
tron gung, three subharmonic bunchcrs (119 MHz, 238
MHz and 476 MHz), single gap double prcbunchcrs, a
traveling w-avcbunchcr and an S-band constant gradi-
ent disk-loaded structure with Icngth of 0.6 m as
shown in Fig. 1. The SHB’Sarc not usd in this exper-
iment. Tbc SHB’S, the prebunchcrs and the bunchcr
arc installed in the 25 Helmholtz coils whose current
can be controled independently. The distribution of the
axial magnetic field can be tapered from 150 Gauss to
700 Causs so that the beam flows in Brillouin condi-
tion.

The support system of the injector consists of a 9 m
long and 0.67 m wide table made of SUS316-L. The
flatnessof the table surfaceis 36 yin/9 m. All the com-
ponentscan be aligned easily within 100ym accuracy.

In order to generate the maximum acceleratinggra-
dient of 100 MV/m, the output power of two 100 MW
klystrons is combined and fcd into the structure as
shcwn in Fig. 2. RF output power of 200 MW with RF
phase deviation and amplitude variation in the com-
bined output was held to less than 2 dcgrccs and 1%
during any pulse, respectively. The klystron modula-
torslo have been dcvclopcd in KEK to drive the
klystrons, SLAC 5045 and TOSHIBA E371211.A small

Figure 1 A photograph of the Accclcrator Test
viewed from downstream.

“---- .-, U
,

Facility

II I

Figure 2 A schematic diagram of the cxpcrimcntal sct-
Up

Experimental Setup

The 0.6 m structure is a 2rr/3 traveling wave con-
stant gradient type with 17-ccIIs, input and output cou-
plers. The disks and cylinders were machined from
OFHC blocks with diamond bite. The surface roughness
of the beam hole is Icss than 0.2 urn and that of the flat
surface is Icss than 0.02 ym. The vacuum tightness and
~ g[~ Ck!ctricaicrm:act arc obtaincd by brazing process
!n hydrogen atmosphere,
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The parameters of the structure to obtain the gradi-
ent of 100 MV/m at input RF power of 195 MW arc
given in Table 1. From these parameters, the accelerat-
ing field without barn can be calculated in the follow-
ing way:

Eacc(MV/m) = 7.16x ~~W~ (1)

where Pin is the input RF power in MW.

TABLE1
Parametemof the 0.6 m structure

Phase Shift/Cell hf3 ConstantGradient
.stmc;umLength Su.s on
Ins Diameter 2a
in 1.89?8 on
at 1.59@0 on
Cavity Diameter 2b
in 8.172 on
out 8.124 an
RemnantFrequency f 2856 %411?at 36.5’C, VAC
QualityFactor Q 1164XJ
ShuntImpedanm r 62 MWm
AttenuationConstant a 6..:8 Xeper/m
.4veragcGroupVelocityvg/c 0.00445
FillingTime Tf 0.475 w

The RF power of both the forward wave and re-
flected wave was monitored by dual Bethc-hole cou-
plers with a coupling ratio of -70 cfB.The transmitted
power through the 0.6 m structure was monitored by
also a Beth-hole coupler and terminated by the SLAC
RF water load. Tiw momentum of the accelerated beam
is measured with a magnetic spectrometer. The peak
current and puke shape of the beam were monitord by
two current transformers at the upstream and down-
stream of the 0.6 m structure. A beam profile monitor
using a luminescent ceramic is mounted downstream
of the 0.6 m structure.

Experimental procedure and result

core part and the outer ring correspond to the accc\cr-
atcd beam and the dark current, respectively.
Acceleratinggradient was raised to 80 MV/m after one
day processing. After futhcr RF ploccssing for 120
hours, the beam was accclcratcdat 85 MV/m which is
the maximum gradient in the present experiment. The
current was 0.9 A and the pulse was 0.2 vsec. Figure 4
(b) and Fig. 5 (b) show the pulse shape of RF, beam cur-
rent and momentum spectrum. At these gradients
above 80 MV/m, dark current is very heavy and RF
breakdown takes place frequently as is given else-
whcrels.

100

k

[
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...........
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SCHEOULE( ttOIJRS )

Yigure 3 RF processinghistory for the 0.6 m stmcturc.

l-----b(?) !

(2)

D ‘“”“(4)

(5) \
~-

The injector including the waveguides are pumped
down :0 5x109 Torr by five 60 1/s ion pumps and three
160 1/s ion pumps. The vacuum pressure is m.mitered
by the cold cathode gauges (CCC) and the BA gauges.
CCC’s are used kr the interlock system of the vacuum
during the RF operation. The interlock level is set at
2X10-7Torr. The vacuum pressure of the injector has
been kept around 2xI0-8Torr.

After processing the accelerating structure up to 60
MV/m, the structure was exposed in atmosphere for
one week to replace the experimental setup. Then it
was evacuattd again and reprocessed starting from sw-
eral MV/m to 70 MV/m for 170 hours as shown in Fig.
3 before the bc@tning of the beam acceleration.

Firs! beam acceleration was started at 50 MV/m and
the accelerating gradient was increased up to 70 MV/m
without any serious problem. However, it took consid-
erably long period to reduced the rate of the breakdown
and dark current at 70 MV/m since the structure was
not processed above the level. The accelerated beam
current was 0.5A and puk width was 0.2wee. Figure4
(a) shc~wsthe pulse shapeof RF and beam current, The
second peak appearing in curve (2) of Fig.4 is due !Oihe
dark current. Figure 5 (a) is momentum spectrum of Figure 4 Pul& shapeof RF an-dbeam current,
the accelerated beam. Since the emittance of the dark 1) Input and 2) output current of the 0.6 m structure, 3)
current is large. only a small peak is observwf around 3
MeV/c in the Fig. 5 (a). The beam profile seen on the

reflected RF from the prebunchcr, 4) transmitted RF of
the bunchcr and 5) th? 0.6 m structure.

profile monitor isshown in Fig. 6. In this profile, the

(a) Eacc= 70 MV/m,

(1)

(2)

(4)

(5)

(b) Eacc = BOMV/m
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Figure 5
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SUMMARY

We have achieved the acceleration of the electron
beam of 0,9 A and pulse width of 0.2 psec by the 0.6 m
structureat the gradient of 85 MV/m. At this gradient,
the dark current is very heavy and breakdown occurs
frqucntly. However, at 70 MV/m, beam accelerationis
fairly stable.It seemsf-sible to cqwratethe accelerating
stmcture at this gradient for the practicaluseafter a rea-
sonableprocessingperiod.

It is cortfirnml that the operation of SOMV/m at
$band is quite promising. This level correspondsto 100
MV/m at X-bandwhich meetsrequirement of the JLC.
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Abstract

The injector of the LNF project LISA (LIncar
Superconducting Accelcralor) is a room tempcralurc systcm,
consisting of M100 keV gun. a transport line with chopper and
prebttncher systems, a capmre seclion (a graded-~ 2.5 GHz
structure) which accelerates the beam to 1.1 MeV, and an
isochronotts and achromatic transport line which injects the
beam into the SC-Linac after a n-bending. The status of Ihc
projecr is presenled.

Introduction

The superconducting (SC) clec:ron linac LISA1, in
construction at Frasca[i tNFN Laboratories, is a test-bench
machine aimed at studying the larger SC Iinacs for colliders or
CW machines for nuclear physics and at implcmrmtinga high
efficiency FEL in the infrared wavelengthregion. In additionto
the acquisition of the general techniques ,,:latcd to
superconductingacce!e;ation,LISA will allow to :mdy such
interesting iopics as IGW cmi(tance electron guns. beam
recirculationand beambreak-upthal are fundamentalin such
machines.

In the first step of the proj=t the beam parameters arc
mainly defined by the FEL application,which will rquire a 25
MeV beam and 5 A peak current.The bunch compression
required to obtain this peak current from the 2 mA average
current is performedin the injectionsyslem.

Injector l)escrlptlon

CH2
a ?7 PBa 5

0u
n

Ss s s . 55 sA

S - SolcnoidalIcnsc.s;ST - Stcerings;COLL - Collimator; CH1 -
Chopper1 (50MHz);CH2 - Chopper2 (500MHr.);PB -

Prebuncher(500MHz).

Fig.I - Sketch of the injectorline at 100keV.

The injcctor2$3 ccnsists of the followingmajorpar[s:
100 keV tfrermionicgun;
Double chopping systcm;
500 MHz prebunchcr.;
1 MeV.2.5 GHz capmresection;
Spectrometer channel;
Achromaticand isochronoustrartspor[line tsctwccn
the capture section and the SC Linac.

The other elcmcnts of the injector are: solcnoidrdfocusing
Icnses, steering coils, collimators, current ,monitors,
fluorescentscreens.

All RF elcmcnts in the injector have beenconstructedand
successfully testcd4.

The block diagram of the 100 kcV part of theinjector is
shown in Fig.1.

The Gun

As an injector of a SC Linac, tic low energy line has Ixcn
designed for working in a cw mode, btit to k.ccpthe mean beam
power within ihc limit posed by the RadiationSecurity Service
(1 kW maximum),WCdccidcdto workin a pulsedmode.Thus Lhe
gun is a Pierce-geometry thcrmionic triode which nominally
delivers 1 ms macropulscsat a repetition rote of 10Hz,although
macropulselength and frqttcncy can be irccly changedkeeping
rhc duty cycle constant.

The gun has been designed in our laboratory using the
Hcrmannsfeldtcode SLAC-GUNand constnsctedby the Italian
firm PROEL. The design parameters arc: current12200 mA,
nrvmalizcd emittanceEn<10-5 m rad, energyW = 100 kcV,
energy dispersion AW/W = 10-3.

R mm
F’ “ “ “ I ‘ “ ‘ “ I “ “ ‘ “ I ‘ “ ‘ “ l“” “q

24

16

8

0
-o 10 20 30 40

z
mm

A sketchof t hc !.ISA gun togetherwithclecrronrays
and cquiptcntial lirim. Main gun piuamclcrs:Va = 100kV,

Vg = 350 V, I = 0.2 A,calculatcdemtmtnce(irtv.)c = 1* 10-6
mrad at the distrutccof 40mmfrom the cathode.cathodedisunctcr

(height)Dk=6.4mm,cathode( spherical)radius Rk = 4&rtrn.

The gun is prcwttly under test, as we want 10mc.xure its
performancesbefore the final installationon the LISA injector.

A dcdicatcd channel has been constructed,composedof a
solenoid Icns, magnetic steering coils, a toroidal current
monitor and a ceramic fluorescentscreen seen by a high
resolutionCCD camera as shownin fig. 2.
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Fig. 2- Tmt channel schcmc.

The current vs grid volhsgc charzctcris[ics of IIWg:m II;IVC
bccrr measured as function of rhe anode potential. A simple I)f
tfrc cxpcrimcntal data is shown in fig. 3.
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Fig. 3 - Gun current vs grid voltage as a funclinn {If:!IC
accelerating potcnlial.

The maximum current value of 16(JmA k krwr [Iron [ht
zoo ~ proJcc\ V31UC bccausc lhcfilament power SUPPIY
resulted insufficient to heist the cathode up [u Ihc r igh[
temperature of 1020 “C.

- The cuncm vs anode voltaxc at !hc fixed mid visiuc o! 5[)()“.
V, shown in fig. 4, hasbeen fit~cd with the forrnulii

giving p = 350 arrd G = 6. 10-6, in good agrccrrxn;
design values.

‘:<nl
o 15*

“4+”””-”””/<””””””””””””
t-

L+++J--/-‘- ~~~~~ ‘

601’+ a“ld 70104 80!’$ ,oto~ lo:’a~ 111+
v !\l

●

Fig. 4-Gun currcii[t’sanode ‘,oltag: a[ 5(JOV grid pMuIII; d.

The beam mvrsvcrsc cmi[lancccanbecvai.]akxlnlcilsuring
thespot dimcn: ion rrn the screen as fl!nci;,;rr [>t ‘!IC s(]iuli,,i;!

sucngth. T7rc cqua[irms derived by ihc uanspor[ muwicc.<(If IIw
beam cnvclcpe for at least lhrcc different Lolenoid currcn[ tttlt,,:>
car, bc in..cr[cd gi’~ing [hc optical fun.::i(,ns fin(~ltl~ ,r,,; ;!,:;. ~

in cuch [rirnsvcrsc pliurc if the spiscc charge effects can he
ncglccteci.

in utrr preliminary nlctisurcmcn:s l}w beam dyn:imic}
suffered from IWOsfiffcrcn[ druwbacks: the low current caused an
cwly fucussing in the gun, and consequently a large beam in the
trwrsporl chisnncl, scnsi[ivc m nunlincari[ics in solenoid isnd
steering coil fields. The diffuse field of [woosmall ion pumps
positinnuf very rwar Ihc gun ou[put, Ibat v:crc required us lower
Ihc vacuum in k gun ilsclf, clearly influenced in 3 nonlirwisr
wtiy the beam trujcctory.

tfi ikt~;~ c~mtli[inns the crniuancc mcissurcmcn[s must be
cvuiutiud wi[h great cisutinrr id considcrcxl nnly as very
preliminary rcsulls.

Applying Ihc dcscrihcd lccl,niquc, wilt] iin accelerating
ficlrl of 90 kV and SItransportcw current of 100 mA, wc obtuin a

nurrntilizcd rrns cmit[iurcc of .9 10“5 m rwl in Ihc vcrucal pksrw
wsd of l.2 10-5 m rdd in IIICImriz, onlidone.

Chopping und Prelsunchlng Systems

A double ~ has been chows in crcfcr m
uperale with lrrwcr average current wilhout cfimi:mhing the peak
current. rclux ing so the shielding rcqui~cmcn~s. The first
chopper C}{1 operates iII ~hc mrbharrnonic frequency fl = 50
MHz and consists of a pair uf clcflccting clcctImlcs. II set :CM
lo% of Ihc tutul cm-rem sn IJus[the hums af[crwiirds is composti
of a succcssiwr nf micropulscs iu Ox frqucncy of 50 MHz. llc
second chopper CH2 is u KF rcu[arigular ccppcr cavity
t]scillisting at f = 500 MHz in Ihc dcflccling TEi 02 niodc. II

SCICCIS a phase sprcld AOch ranging bctwccn ’36° and 60° over
:bc wistclcngth according to [he acccleralcd pcrccmagc of the
tI)Ial currmrt, Ws[h choppers acl dcflcc[ing vertically Ihc Ircum;
~ p~lr Of s~ccrings ~OmCC~Slnis deflection so thal (rely Ihc
sclccrccf -1% of Ihc current passes Ihrough a csdlima[crr whose
W;IIIS~bsnrb Ihc -99Y0 of the ham power.

~: DNbUIM~ is is klys{rrrn type microwave c~;~ity
osci Ilating In T.V01 o male at the same frtqucncy of the
supcrcmrihlcling cuvilies, followed by [he corrcspmrcfing drift
(D=l .44m). The gap length is one tcnlh of :hc wavclcng~h; LIIC
\IJltJgc is of [hc order uf 10 kV.

Itiua?urc sccti~nfiis U nwmd wsductitl: S-flild,
>:~ridiri~‘+a.~c,bipcriodic xL? grudcd-fl accclcrismr, wcrkirrg at
[hc flf[h harmonic of the basic frequency, fcs = 25(W MHz. It
prepares lhc injcclinn of Ihc clcc[ron bunches in[rs [he SC”Lintic

Wilhsuffkkrrllylarge~ = 0.94,smallph,~sc bunch Icng[h AO n

10-20 (@5 f)f)kfHz), awl small crwrgy dispersion AW/W n 1‘296.
AS axial magnetic field produced by supcrlmpcscd solenoids
coml:crbalanscs Ihc radial defocusing forces duc 10 ci[hcr the

~JMCCcharge or ISS~hc radi~l c~mp~ncnt nf the ~c~clcraling
field.

The lrans~vt line bctwccn rhc capmrc scc[ir),. isnd the SC
Iinac is achromatic to avoid dispcrsiun in the horizontal phase
pltinc and isnchronous IU avoid bunch Icnglhcning. Since
clccmms arc no[ fully rclwivistic at [he injcctio,; energy, the
spread in isrrivul IImc duc to the ct,crgy spread has been tiikcn
inm dccourrl wrd prnpcrly compcnsa[ed wilh Ihc trisjcc[ory
Icngth dcpcndcncc on the dispersion function. The bending is
IIhtaincd wilh [hrcc dipnlcs (45°, 900, 45°) and two symnw[ric
qimfrufwlc douhlcls w]lich a(Jjus[ [jrcrJiSp~r:iGn funcllon 10 I}lc
isochrnni~rn cnmfitiorr ut the midpoint of the ccmral (Jipolc.
TWII Iriplcls in from and ahcr lhc arc take care of the malching
ij,.l,~ticc I}lc Iin;lcs and :};c uc jt~c]f.
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introduction

The construction oi a 25 hlcV supcrconduuting (S(’/
rdio-frequency (RF) electron Iinx is in progressill Friis:;)li
INFN IAwmtorics.

It will bc a test machinefor advmxd kx’hnology(~ri-
cnwdtowardsftiturclinear colliders.

In a first pltascof the projca the mxhinc will Iv up-
frlitxl[o realizean infraredFEL.

In a secondphase, in addition 10 the acquisi:ltm UI
!yncml whniquts rclmi m SC RF accclcra[ion,LISA \\ill
constituteth: injtcmr C( a Iargcr SC Iin;lc (ARES pro.jc~{).

A descriptionanda stxus of LISA and ii (cu. w(IIt!s tm

:umrudcvclopmcntsfollow’.

The machine

—.-- —-

;LL

— . - - —— —— ---- .-

........ ....... ............. ...................... . . . . . . . --,
0 I (1 !’,)

‘I-hc mxhinc husbeen dcscribcdin previousconfcr-
CI1(XS( I ], however,for lhc rcirdcr’sconvcnicncc,themainpil-
rwnctcrs ilr~Sutnnliirizul in Tub. I and iI layout is shownin
FIIJ 1.

Tul]le I - hftzitlPurumtersofLISA.

Energy(hlcV) 25 +49
BunchIcngth(mm) 2.5
Bunch~h;ugc(pC) 40

Peakcurrent(A) 5
Du[y cyclt < 2%

Averagemiru-opulxcurrent(mA) ~‘1

Invariun[cmittancc(rt m rid) ]f)-s

Energyspread(@25 McV) 2.10-3

The beam puramctcrs arc mainly defined by the FEL
ilpplica[ionwhosecharactcrisucsarc rtxallcd in Tab. 11.In the
I; I)’ou[i~ showna possiblerccircuhitionlattice, that hasbeen
smdicd [2,3:, however, in ir first phase a simpler direct
trimspt)r[!~:wfrom tb.clinac [o the undulator may bc im-
plmm!d.

TuhlcII -FEL:MaitlParameters.

L3camenergy(McVJ 25

Number of undulutorperiods 50
Undulutorwavelength(cm) 4,4

UmiuliuorpararnctcrKms ().5+ I

Rwliation wavclcngti (~m) 11 + 18

Optical cuvily length(m) 6

M itropulscIrcqucncy 50 MHz

hlacropu]scIYcqucrwy 10 Hz
Macmpulscavcrigcdpower 500 w

In the Iirst phaseu normal rmm tcmpmturc injector
‘.~Ill bc used,consisting01’J I(JOKcV thcrmionic ~iodc gun
.III(i ;I I 31cVgridcd ~wl(x.i[) bunchcr.
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A detaileddescriptionof it can bc found in rhisSiIIIW
conference(4]. 1[ is envisagedto rcplxc it kucr wilh ii rid i\J-
frcqucncyphomcathodcgun.

Downstnxm from the twnchtr the hewn will tw ilIM-
lyzcd by means of a spcctromctcr and a spccia]bunch]cnglh
measuringsystembasedon a dcfhxr.ingcavi[y.

The bmm is thendcflcctcd[hroughu IN]” uchromilliu
and iscchronousbendand injccmdinto [hc four SC il~~~l~rii[-

ing cavities.
Burn diagnosticsconsist of strip Iinc posilion nmni-

tors placedin eachquadrupolcandfluorescentrargcls.On Ihc
quadrupolcswill bc iIlso inserted additional windings that
constim[e comcctingcoils aclin~ in hoth trimsvcrscdirc~.-
ticms.The SC cavitic-sarc made of bulk Nb and c~chonc is
placed in a separatecryostat. as showmin [hc sI.xIL.11t)I’

“ Thc!r designchariictcristicsarc.shownin Tab. 11[.Fig. _

TableIll - Parurnetcrsof t)u RF Cmitic.v.

Frequency(MHz)

rlQo (f2fm)

Useful length(m)

Overall length(m)

Numberof cells

Acceleratinglicid (MV/m)

QO O@ 4.2 K)

Qcxt

1 .— --.— -. .--.—-. 17, ‘L+-T-

—.=–---- —

Fig.2-500 MHzAcceleratingModu[e.

The operationof the cavities requires the rcmovid ot”
about200 W at liquidHeliumtemperature.To providea rea-
sonable safety factor a 300 W at 4.5 K refrigerator (Sulzcr
TCF-N) hasbeenaquired. The refrigerationschemefeatures
a distributionbox betweenthecold box and thecryostaLs.

The RF systcmto power the cavilics consistsof four
independcn[15 KW klysrrons,eachseparatedfrom i!.sciI\IIy
by 3 circulator.

‘t$hcnlil~hinc will hc pluccd inside an umicrground
V;IIIII whj]~ iII groundICVCIarc si[uti[cd[hc power gcncrumls,
Ihc rcfrigcmtoriuNilhc comrol mom,

There is iIlso a building ticdicutcd 10 asscnibling.
lcwing anddci’clopmcntof SC cavities.11containsa dustfree
room, il CICilll w’a[crfiluilily iilld ii shiCidc41zone for cilvily
Icsls.

Sttitus of the project

The roomtcmpcraturcinjectorh:.:sbeencomplctcdand
11SIn:lil] ])iWL\ Nslcd

Cold tcs[son onc of d?cSC cavities have been pcr-
Iimncd irI the manufilcturingindustry(Imcrmom). The cavity
uus completely tisscmblcdin its horizonmi cryostat and it
ANSpoweredthroughi[s muin RF coupler.

Thc hchi~~’iourof [IN quolity firctorQ VS.ihc accelerat-
ing Iicld E, dctcnnincd by cidorilrlc[ric mcasurcmcn[s(boil
oft”ru[c of LHc),h“shown in Fig. 3. Measured smrd by
losseso!’the cryomt arc 6 W.

The buikiingsarc complctcdand installationof rcfrig-
crnmr,po’~crgcmcritorsaridconnwting wble.sis in progress.

‘l”hcdelivery of iIll four SC cavilics is forcsccn in
Novcmbcr 1990 and completion of machine asscmbly is
plannedfor the summerof 1991. Commissioningwill follow
immcditilcly.

/
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■
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● m ■
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Fig.3- Behaviour{~QualiryFactorvs.
AcceleratingField.

F’uture developments

The key to 1hcrcidisation of high energy SC linear
collidersis the achicvcmcntof high gradientswith goodqual-
ily factorsin industriallyproduceablestructures,and the gcn-
crutionand accelerationof very high peak current, low cmit-
tanccelectronbrmns.

Basedon tiIcseconsidcritions,a dccignstudyof an ex-
pandedSC Iinac, the ARES project [5], has been submitted
to the mimogcmcntboard of our Institution INFN, that has
tipprovcda program lhat will develop on a rather slow time
MItC (6 years), for compatibility with other programs iii
Frtis(il[ikrboratorics.
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Fig.4- Sketchoj”tlteARESDesignAccelerator

This programis inlcnwxlas the naturalcontinuationof
the R&13 work in progresson LISA and on SC.RF caviiy
designand constructiontechniquesin collaborationwith Ital-
ian i:ldustry, and will bc dcvclopcdby expandingthe LISA
bt;iklmgsandfacilities.

The final accelerator,as prospcacd in lhc ARE~ @-
sign study, will consist of twenty 500 MHz, four cells SC
high performance cavi~ics (the goal is E= 1(J MV/n~ a[
Q=3x 109). Its nommal energy, 240 McV, is high enough
tha[ rccircula[ion wi~hout cxccssivc deterioration of beam
quality can be envisagedas a later upgrade.Such an rncrgy
would allow to extend the eventual FEi. application to the
X-VUV range.The beamwill be gcncratm by a RF gun with
photocathodc.

A sketchof the ARES designacceleratoris shownin
Fig. 4.
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Abstract

The high-current electron 1inac for
the positron generation operates in two
modes: a sin~le bunch mode of 1 nsec and a
multibunch mode cf 10-40 ns ec. In order to
generate 10 mA positron beam, the high-
current eleccron 1inac is designed to
provide 10 A electron beam onto the target.
The high-current electron linac bunching
system consists of a high-current gun, a
following subharmonicbuncher, two single
cavity S-band prebunchers, and a S-band
buncher. The gun is able to deliver 18 A
beam at 200 kV. The subharmonicbuncher is
a quarcer-wave reentrant resonant cavity
with l/12th the linac frequency 238 MHz.
The prebtinchers and the buncher are
standing-way-estructure with the linac
frequency 2856 MHz.

Introduction

The injection system for the 8 GeV
synchrotronsradia~ion facility consists of
a 1 GeV linac and a 8 GeV synchrotrons
[1,2,3]. The linac accelerates both the
electron and positron beams up to 1 GeV.

The ultimate qualities of the electron
and posit~on beams emerging from a linac
depend on the design of the bunching sys-
tem. It consists of two parts; the electron
linac(EL) bunching system for the 120 MeV
electron linac section and the high-current
eiecuron linac(HL) bunching system ior the
300 MeV high-current electron linac sec-
tion.

The principal differences between the
two bunching systems are the specifications
fcsrthe gun and the existence of a subhar-
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monic buncher in the HL bunching system.
The electron beam experiences strong

space-charge forces which affect lon-
gitudinal and transversebeam dynamics. Ex-
pected performance 1s analyzed with com-
puter simulaticr~s.

We discuss the bunching system for the
HL. The characteristicsof the high-current
linac are given in Table 1.

TABLE 1
Design Parameters of the High-current
Electron Linac

Energy 300 MeV
Current 10 A
Pulse width

short 1 nsec
long 10 nsec

Repetition rate 60 PPS

Momentum spread 5%
Emittance 12w mm-mrad

Design of the HL Injector

A schematic diagram of the high-
current electron linac(HL) bunching system
is shown id Fig.1. It consists of a 200 kV
electron gun, a 12th subharmonic buncher,
two fundamental frequency prebunchersand a
standing-wavebuncher. The gun is placed
out of radiation shield wall because of
easy maintenance. The wall thickness is
100-150 mm, The beam irom the gun is
focused by magnetic lens so that we can
adjust the radius and convergence of
the beam at the entrance to Helrnholtz
coils. Solenoidal focusing by Helmholtz
coils are used along the entire length of

y,.-4
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./,
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Fig.1,
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the bunching system to provide
finement of the electron beam.

radial con-

Beam diagnostic devices are arranged
as shown in Fig,l to control and measure
the beam qualities. Two kinds of current
monitors are used; core monitors (current
transformers)are used for long pulses, and
wall-currentmonitors are used for short
pulses. We also make research and develop-
ment on a short pulse monitor using amor-
phous metal. Beam profile monitors are
fluorescentscreen monitors using ceramic,

El~~tron Gun

The gtin of the HL section require to
have high intensity because of a low
conversion(e+/e-) efficiency. The high-
current thermionic gun is based on a dis-
penser cathode assembly (model Y796)
developed by EtMAC. The gun is a triode
type with a 2.0 cmz cathode. It will be
able co deliver 18 A pulsed beam at 200 kV.
The emission current can be pulsed for
duration of 10 nsec and 2-3 nsec FWHM(full
width at half maximum) by varying the grid
voltage ir,the triode.

We have simulated the beam optics
using the electron trajectory program[4].
Therefore the sniitcanceis calculatedwith
suitable weighting for the current of each
ray. The magnetic lens is arranged just
after the gun in order co converge the
beam, because che gun is separzted from the
Helmholtz coils by the radiation shield
wall. The Helmholtz coils are about 400 nun
away from the cathode of the gun. Since the
drift distance is long, we have designed to
minimize the radial beam size a?d the
transverseemit~ance. Beam optics to 150 mm
for this gun are shown in Fig.2. The cal-
culation predicts an output current of 18 .4
at 200 kV. We assume that the emission
ability of the cathode is 10 A/cm2 . The
calculated overall emittance area is 181

--SK-A ;%
.—

—. —.

K4*x4.lxrxlL$

Fig.2. 8eamopticsto 150 m!
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Fig.3. 8eamopticstc 400nmwith magneticfield.
Thescaleof verticalaxisandhorizontal
axisisdifferent..

nmm-mrad with the radial beam size of@12
mm at the position of 150 mm from the
cathode of the gun. Beam optics to 400 mm
are shown in Fig.3. The magnetic lens is
arranged at the position of 150 mm. The
calculated overall emittance is 362n mm-
mrad with the radial beam size of 019 mm at
the position of 400 mm from the cathode of
the gun.

Subharmonic Buncher

The subharmonic buncher is a quarter-
wave reentrant resonant cavity, The subhar-
monic frequency is the 12th subharmonic
(238 MHz) of the linac frequency(2856MHz).
The electron beam from the gun is bunched
to within about half a cyvle of the subhar-
monic. This allows the beam pulse from the
gun to 2-: nsec long. The subharmonicbun-
cher will deliver the electron beam having
a pulse width of approximately 1 nsec at
200 kV to the followi!lg2856 MHz prebun-
cher. Fo:- the long pulse mode (10 n:ec),
the subharmonic buncher is not used.

We have simulated the bunching ch~rac-
teristic using the modified disk-model
trajectory program[5]. In the simul~tion,
we have assumed that the beam pulse from
the gun is the 18A peak Gaussian shaped
beam with 2 nsec FWHM. And furtherwe have
assumed the beam bore size of dI16 mm and
the drift tube size of *32 mm. We have
modeled a beam as 51 infinitelychin disks
of charge, Fig.4 representsthe evolucion
of phase focusing, or bunching. The gap
voltage of the subharmonic buncher cavity
:S 30 kV. The simulation results that 2
nskp (170 degrees) of the Gaussian sha?ed
beam bunches to 0.75 nsec (65 degrees) at
the position of 2500 mm from the entrance
of the gap. It corresponds to 76% of the 18
A peak Gaussian shaped beam. The equivalent
peak micropulse current is 37 A. The first
prebuncher position (PB) is indicated in
Fig.4.

?B

,*:, 4

I

-16C.O I I
0.00 ;.00

DISTANCE[m]

Fig.4. Theevolutionof phasebunchingin
thesubharmonicbuncher.

639

—

I



Prebuncher

We use two prt?bunchers to get the high
capture efficiency. The prebunchers are
reentrant resonant cavity with same linac
frequency 2856 MHz.

In the simulation, we have assumed
that the beam pulse from the subharmonic
buncher is the 37 A peak uniform charge
density beam. And further we have assumed
the beam bore size of $10 mm and the drift
tube size of 032 mm. We modeled a beam as
51 infinitely thin disks of charge. Fig.5
represents the evolution of bunching. The
gap voltage of the first prebuncher cavity
is 30 kV, and that of the second prebuncher
cavity is 60 kV. The drift distance between
the gaps of two prebunchers is 200 mm, and
che drif: distance between the gap of
second prebuncher and following standing-
wave buncher is 95 mm. The buncher position
(B) is indicated in Fig.5. The velocity
modulation by the prebuncher causes 70% of
the electrons to be bunched into a 50
degree phase spread at the entrance of the
buncher.

The buncher is a standing-wave struc-
ture with varying phase I-elocity. The 50
degree bunches enter the buncher section
when the phase field is near null. In the
simulation without space charge effect,
they become bunched to approximately 5 de-
grees and asymptotically approach the crest
clf the wave as they are accelerated in the
buncher.

B
.5: 2

~
L
2u

CLl

z

.Jm.o C.1
DISMNCE [m]

Fig. 5. ltie wolution of me
“the mm prebunckrs.

L.(JU

bunching in

Conclusion

We have designed the bunching system
with the subharmonic buncher. Our simula-
tion results that bunching efficiency of
tt,e subharmonic buncher is 76%, and that of
a pair of bunchers is 70Z. Consequently 1
nsec macro pulse wihch and 26 A peak cur-
rent beam is obtained.

We are going to simulate the
transverse beam dynamics in the bunching
system and longitudinal beam dynamics in
the buncher in consideration of space
charge. We are also going to discuss the
24th subharmonic (119 MHz) buncher in order
to accept longer beam pulse emitted from
the gun.
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MAGNETIC BUN CHEJIS FOR THE GENEILATION OF HIGH PEAK CURRENT,
LOW EMITTAh”c E ELECTRON PULSE!; AT MEDIUM ENEJLGY*

B. E. Cnrlsten, B. D. McVey, ~jrrtlE. M. Svrit~m,**
G. R. Magtdstrtm,and L, M. Young

MS H82s, LotI AlaInos Nationaf Laboratory, Los Alamos, NM 87s45

Introduction

..\ goal of maII}. electrnrr accelerator s},stcms is high peak
current, low enlittarlcc, and low energy spred. This is particularly
~twful fot f:rtie.Flectron Laser (FEL) devices, ] hut ii also hcncficial
for other uses.: In E’ig. 1 we sce typical 1:l;l, pelformar:ce
‘L. a func[iorr of peak current, emittarrce, and ener~. spread.
L’ttl’ortunatcl}.,these goals are hsically contradictor},. As the peak
current is incrcaed, the space cltar-ge forces also incre~c, and
the eniitcarrce due to nonlinear space charge forces grows. There
It= been significant irnpmtwment in the desigu of photoelectric
inject(m which minimizes tl.e emittance growth due to space-
,:harge forces,3 but in general the ncwrmlizcd SW emit tarrcescales

and Q is thr bunch charge, ● is the electt onic charge and m its nmss,
.&is the accelerating gradient at the CAL}ode, re is the initial beam
radius, and q is the duration of the laaer pulse. The crmstants k,,
Lz. and 13 depend on the exact design of the photoinjectur, Lilt
t>,picall}. lead to a dependence Iikc

,90%-=10+5/+.

where Q is in nanWoulom}~ and the units of emit! arrceare x mm
mrad.

,,.,. .:,.
I

- ,.
..

.

Fig. 1. }-EL performance as a function of ernittarrce. Squares
are for 0.5Yc errcr~. spread and circles are for 0.8~Genergy spread.
Solid s>.mbols are for 625 A arrtlr,pcn symbols are for 375 A.

\\”e see two efiects from this scafing. First, for vanishingly short
pulses. the emittarrce does not in,:reaqe paat .s certain value for a
gi>en rJIaIge because the radiaf space charge force remairw finite.
\“cxt we see that if the pulse Jength is increaaed, the emittarrce
c(,rrtribllticm due to the space charge drops.

‘\Vorksupported and funded by the US Department of f)efet~e,
Army Strategic Defense Command, urrdcr the auspices of the US
Dtipafirnenl of Energy.
‘-R,,, kwell r,,tert,a~i(,nal. Rl,,kctcl:;no Divisi,,r\.

S~lcient nlt,titation arises frrjm this scaling to start tvilll
a ]orr~ p-rise ]ength (until th(! rf dfmtb cannot hc ignf,:rd) ant]
then lstmrh the heam to the rfesirmf peak curreltt. If pt,s~il,lv,
thishunching should be {Il]nc al a high enough ener~, s(, (110
reduced spar-e charge fxcrs will not lead to adtlitiorml villitta!ll:~:
growth. This bunching is provided hy a trarv.port secti[,n with
magnetic dispersion. fhnchiug occurs if the cmTcct energyphaw
correlation is impressed on the hunch, typically IJydqdlz~ing the rf
fields slightly from the rnaxinlmn energy gain of the hcanl.”,’ ‘1’l,e
emittarrf.~growth of prcviuus desigrrr roughly obey

&OO%nOrm(rrrnns mrad) = 254
7

where the curre.lt I is iu Anlperes. s In this paper we will tliwxl.~
new types of n,agnetic tmw:hers with one third the emittarwc
growth, alluwing hunching trr 1KA at medium crrcrgy (20 to .!0
MeV) will) cmittance incrc.xies of less than 10 x mm nmx!, afl(lwi
in quadrature.

\\’e will also consi[ler in lliis pap-r the effects {,f 1in]itwI rf
power. In general, it is always preferable 1,) bunch at as hig)t an
energy su possible, but under certain Iimitatimrsc this cannot Ix
done. [n the next sectio!l, wc will outlillc the various ph>sical
constraints and issues ff,: maglietic buncher :!~igt]. Dismssi(m c,f
achromatic design and dispersion ancJminimizing?,rf power will IX
presented.

IrI the following section we will provide gellcric ,h:signs for
positive and negative dispcrsinn. A short s.cction will follow
descril.{ng the effect uf curvature in the energy -ph-e cumclatirrn
dI:e to the sinusoidal nature of the rf fields on the cmtput pulse
shape. Methods to.remove tt,~ curvnture will be examinc,l. ‘1’IW
finaf section wiU cover simple nrrnlil~car dispemion which ran
compensate for the Curt.attrre.

General Considcr:+tions

h this section, the basic ideas for magnetic bunr~ler dcsi~
will be discussed. First, geo]nctric and chromatic a}>errati(~nsrmtst
be avoided. The concepts of linear and higher ordrr dispersi(,n
are introduced. Next, 1he cunaturc in the crmrgy sIc*. will
be discussed. Finall),t tlIc emittance growth in the hunclwrs
due to space charge force. will be cxarnirred. After these items
arc introduced, W.Cwill discuss sperIfic magtwtic Llinrllers and
comparisorr~ of them. Space cJlarge i.mes are ignrrrcd lmtil the
cntf of the section.

Trssecondorder,Lhenmgnctic field in a dipole I:arr}/c expressed
as:

BV(Z, O,&) = B,(O, O,As)(l – nhz + @’eh2z2)

where .$ is t}Ic in}.ersc bending radiux *, n is the field grndir:nt,
,~c is the fichf c!lrvaturc Lerm, and ~6 is the pfrth varia}dr withiti
Ltlc dipole, for a dipole with field in the transverse ;/ dir(:ctititl
A general analysis of the electrons’ hehavior in thr .iipc,lti nlt.s~
include a description of the tran9fcr matrix f? wi[h fit Id gradient n
rind field curvature 3.. }iowevcr, since wt will look at the transporL
from a geometrical basis arrrfthere are several crnnpl,:te dmrriptions,-
avadable, ‘,8 it will nrJtbe included lu:re. f:rom this theory, IImltiplr
dipu]tis are requiretl for any rna~netic systnln to rlinlitlalc rltrvmtatic
a}mrmtiorw.

In I:ig. z we we an example of a type t,f a tnagnetit: t~tlnchvr
caflcd the cl:icane, which [Jrm,ides gwmwLricid aIIIi ,.!wol[mtir:
syrrunetr,. ‘rhis is tree f~fa larger claw of }mrrchersw.hic}ih J),airs
of parallel pole faces. Any transwrse displacement (If the hra.il
yields an equal final transverse displacelrwnt. lnit ial trarwtv:rse
velocities produce fu]~ displace nw:tttsIinrar wit IIttit. it)iti,d vrl, wi[t.
(f(,r stna]l itil,,citifi), ar,,l tt,c \rl,,,it} is ~,f,...,,t,l,l I II,. Iju,,tl,t:f
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Fig. 2. Cotiigurat i,,ll of (1w t.liic-ane (a) alwl (:ircll13r(b) hullchcrs.

esscntiall~. looks Iilw a drift to IIw IJC.WII.The cllic.mw bunclmr ha%
sollw nonfincar dispersion, e~.cn with \-~,IIslarltgrarlirnt dipoles.

T!lese ~r,,l)eltle~ are itl]lcrt.llt witlt s}nlll]rtri,: desi~ns with
parallel pole f.m.es,:’and we w.i!l , ,111}.dist.ms Illis 1.I.Msof hunchcrs.
This aflow.s us tu neglectIhcR nmt rix m)d!.sis, ,mtil Weusc mnzcro
field gradients in a later section. Ant,lhcr .aria!l~ rrfthe parallel
Puk face idea i=ah shownin Fig. 2, called~hecirculu Lundwr.
This rlesigl) has onl}. linear cfispcrsion witlt zero field gradients.

The c~s itit% afler the buncl)er mttsl bc ph~ecf to eliminate
t!]e cnerg}. dew required for bunrhing. Lc( Ii’l and .\’l bc the
masimurrt energy gain per ca,..it}. and the number of cavities before
tbe brntcher, arul Itj and 3-2 bc them after the brsnclmr. The angle
C.land 42 are the rf phases tile center of the bun& sees Ircforc and
:.fter the Luncher. If 0, k the pulse phase Imrgtltbefm-c the buncher
and 02 after the bll~d)er, then tllc enrrg}. sprcarf Al!’ satisfies

e,
AW = 2NllVlccim$lsinT (hz)

S3z
A}V = –2Nz Wacoshitty. (lb)

Tl]e cun.at ure, or deviation fron] a straight Iir.e, for the energy
SICWis

\\’e see t}lat this is increased with incrcasec{ pulse length 01, and
has a maxi.num for #l Iwar ~. The cur\atu]e is greatest for
the Iargcr dispersion buncl]em, and longer i[litial pulse lengths.
lt’itlmut compensating for the nonlinear dispersion in the bunchcr,
this results in a skew.~.dfinal cilrrcnt profile. Usualf}. this is not
desirable, and can lead to significant cmittancc growth during the
rest of the transport.

.~ssuming that the rnnittarrce growth for Ilonlinear optics and
the fringe tieIds are eliminated, tt]c crnittarwe gmm.th from a
buncher is due onf}. to the space charge forces. IIIparticular, there
are a..iaf and radiaf forces within the bend. The predonliuate effect
is when the forces change the kin~.tic envrgy of a particle while
it is still within the buncher, destroying the arhromaticity of the
},urrchcr. ‘rheaxid force chang(:s the energy, intersely proportional
to gamma. [t can be mark quite small by decreasing the path
Iength or operating at a higher cncr~. The radial force creates a
potentiaf redistribution of the particles - the beani hrmc}lerr,and
the energy change is independent of gamma. Usuafl} this is small,
but can domir,ate if the other effect is reduced enough. Tlvse
effects can he !ninimizcd by focusing the beam to a waist in the
final dipole.!’

In order to compare these effects, w.ti sllmsld in principle
compare the rms potential change of the beam. However, the
resulting algebra and complicated expressions ma~k the unrlcdying
physics, and we wiU make scaling argurrrmrtsfrom simple formuhxr.
The voltage change from the axia space charge force is very
dependent ,m the actual longitudinal density distribution. The
irtitial distribution is somewhat parabolic. This aUows for an axial
force throughrrut the pufs.e; if the initial distribution is square,
the voltage change is primarily located at the axiaf cnris. The
emit tance grr,w.thscales as the energy change divided by the energy.
The potcntiaf redistribution is also dependent on the lrmgiludinal
6.: isity distribution, although in all u9e9 it k distributed afrmg the
e,ltire length of the pul~e.

The resulting emittance is of a different nature from the two
effects. ‘l”he ernittance growt}, from the axial space charge force
arises from a twist in ph~e space for differmt axial locations in

the IUISC;the emittancc ,d a single nxird location is quite small.
t%tthe ,Ithm. hand, lhc cn’!llruwcfrma the p,, tentidredistribution
cfh!ct nppc%;s ns rsrrtdid twisting ill 1}w ptuwcspace for all axial
slices.

The spncc chrsrgc field at a puint from a trwtsvrmw:disk of
charge A: away, where ro is the disk’s r~tliiw, and P is the chqc
density, is

—.

(3)

It ismsytorhcck t}mt this rxprmsion rcrlucmill the limit A:is
zero to the surface field from Gauss’s law, and in the limit r~ i<
zero to CoId{mIl>’sformula for a point charge.

Inlcgmting [his expression for a unifornl slug nf charge, we fimi
that the t~xid field at IIICends of the slug is (to Iuwesl rm+:r in ~):

(4)

for a pulse length of:0. This axiralfield is in thr heron’s r(st frame,
and

z. = ypffb .

Using
E,,lmb = E,,,,., ,

the resulting volt age change for the cnrfs of the pulse after a drift
of Irnglh A5’ is then

AV =
QAS

4xererbyJ3c “ (5)

For an mxuratc amswcr, we should integmte over the path 3S in
the bunchcr as rL dccrcrwcs, but as an approximate amiwcr, we can
assume AS’ is roughly one quarter of the path length in the buncher
and Q is the fhal pulse length. Since the voltage chnngc is mostly
at the axiaf ends, we will write for it

(6)

where F is a form factor, lebs than one.
The relative voltage change from the potential redi.stri-

Imtirm of the center uf the beam (for a uniform bcnm) is given
by

Q“l ( 1AV = — — . —
4%OC Tb,flnol rb, onmal )$

(7)

where. rL,f,,,Jand ~b,,~,,,,ularc k fhld tuld hitbd pdSC h!tSgthS.

Assuming that the initial pufse is long, wc equate fZqs. 6 and 7 to
sce at wl!at btutchcr path length the Iwo effects are of the same
size

AS = 4-lro~ .

For bcarn sizes around 2.5 MM, energies of 20 MeV, and using a
form fartrrrof iJ.5, we see that the axiaf space rhargc effecl becomes
wnallcr than the potential redistribution for path lcrsgths lens than
80 cm. This is of cotnse just a rough estimate, but it indirmtcs that
wc shrruhf try to design tmncheta with path Icngths weff under rsrw
meter.

Exssmphw nf Prssititw rsnd Negative Dispersion Bunchsw

In thiti section, we will crsmprwe tb.e circular and chicane
btmcheni. For equal path lengths, the circufar bunchcr haz afJout
three timm the dispersion and that its dispemron is positive, while
the chimte hasJ negative dispersion. For geometriad rerwons,
prreitive dispm-zion bends usuafly have more dispemion.

The dispersion of the cir-cufar buncher is completely Iincar,
but there is some nonlinear dispemion for the chicane. This k
because the rotation angle ccuscd by the fwst dipole is not linear
with energy but instead satisfies the trarrscenrhmtd equation

L&= ASain@

I
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where L is the w.idt.hof the dipole and AS is the path length in it.
Because the Particles’ paths in the dipoles of the circular buncher
are circles sliced into two and displaced, there is no nordinearities
in its transport. It looks Iikc a drift to the beam.

In Fig. 3 we see the emittance increrse as a frmctioo of energy
for both bunchers. The smaller emittance introduced with the
circ,rlnr buncher is due to its larger dispersion and shorter path
ieng!.h. Emittance diagnc.sti[s indeed show that the emittance
growth is dominated by the pc,tentialredistribution.

1, .

41

2

I

I
~ “1 ..-.

5

. ‘q\\\...--’&~ -——-

Fig. 3. Transverse emittance growth for btmching8 nC from 160 to
.Mt3A for the chicane (open s}.mbolz) and circular (solid symbols)
hunch..rs at different errcrg). Squares are for horizontal ernittance,
and circles are for \.erticaf emittrmce.

Effects of the Curvature of the RF

In Fig. 4 we see the initial parabolic and final skewed current
profiles before and after the circular buncher. The units of phase
are degrees at 433 XlHz. The skewing is fronl tkie curvature in
the energy phase slew, atso shown in Fig. 4. This skewed output
current profiie is ur,desirable. The curt.ature can be remo..ed before
the start of the burtcher. A conventicmid approach is to use a
third harmonic rf ca~.it},.10AnoLhert~~~j(lueis to use a series of

wake-field producing apertures or other disturbances. The initial
current profile is t>.picaUy cosine-like shaped from the initial axial
space-charge forces in the fimt cat.ity. The wake potential lags
somewhat behind the current profile, but if the lag is short relative
to the length of the PUIS, the encr~-ptt~e slew can be significantly
straightened.

;H:m;:
.,0$ .. . ● , , ,, , , . , , . , , , . ,

(4a) ( ib)

\

R~.–-...
“’.,.,.

——. . —._.

“.-\\

1 \—.
. .,, ● ✌ ✌ ✌✌ ✌

(4C)

Fig. 4. htitiaf current rmotile (a) and after Lunching (b) for the
c;rcular Luncher. Energy slew is shown in (c).

Alternatively, no:dinear dispersion in the dipoles from norucm
field gradients or field curvature can compensate for the energy slew
curvature. In Fig. 5 we see an example generated },y angling the
pole faces apart. “rhe path hmgt}i in the dipoles is now a nonlirwar
functir-mof a particle’s energy.

Conclusiml

‘,f”?:}Ia\w ~,r(:srf]~..(l a rla.w . i magll,.ti, }Jtu],hcrs w)li,:h
tl:.~,. [,ar:~ib.1J,(J- fw es “1his s},:nm~[ ry r~:d,wm ,,r elin]inate~

Ii-alITC15

x -.. l\
!.4 --1. \

n,,., = 2pf2. + z);

.

Tig. 5. Simple nonlinear dispersion in the circ.Jar bunrher can
be provided by separating the pole faces at an ai,glc, reducing the
magnetic field for the bigher energy particles.

geometrical and chromatic aberrations, and leads to smaller
emittartcc ~owth than with conventiorud designs. We have further
divided this class into two subclasses, thcae with positive and those
with negative dispersion. The positive dispersion deaigns hate
larger dispersion and smaller emittance growth, but the smaller
energy spread reaufts in a larger curvature in the energy-phase
slew. This curvature results in a skewsA output cru-rwntprofile.
The curva;ure can be removed before the bend either by rf or by
space charge forces. If it is not removed, nonlinear dispersion in
the bend can be added, which corrects the pulse profde, but may
introduce small geometrical aberrations.
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~Nmnu O?THE ACCEURA’XOR TEST FACRXI’Y?OIZTHEJLC

M.Akamo20,R Akipmas H. Hqm90, ILXa&plahl -T.mite,E Mataasnoto,Y. Otakaand 8. ‘mkeda

EEILyJa,y IdlrdlrlmntIm’#lt#rgywm*
“*

For the electron source of the JLC (Japan Linear
Colllder].the ekctron guns wtth a low emlttance and
high cument am mqulred. In order to realtze theae
requirements. the thermkm.icelectron gun capabk of
operating at 240 kV ha8 been deetgned and
constructed for the Accelerator Test Facility. A
conventional EIMACY-796 cathode-grtd aaaembly la
used aa the electron source. l%k paper deecrtbeathe
design, speclIlcatiuns and results of test of the gun
syatem.

I&tiuction

High-current, low-emlttance and multi-bunch
beam is required to attain htgh-luminosUy of 1033
cm-2~- 1 for the J’A (Japan Linear Colllder)‘1. The
pammeters of the beam are summarized In Table 1
and the dructum of the bunch la .schemattcallyahown
!n ~g. 1. ‘he number of ParUclesper bunch la 1.0 x
101O. me number of bunches per bunch tratn ta 10
wtth the bunch spactn of 1.4 naec and the mpetttton

%rate of 200 Hz. l%e uctuatlon of each bunch In a
bunch tratn should be Ieaa than * 2% to obtain the
required luminoatty. ‘f%erms normalized emlttarm
should be also less than 10-3 rad.m for the
acceptance of damping rtngz). Increasing the cathode
voltage of the

c
n, the beam emtttance la decreaaed

a9 well aa the ngltudtnal space-charge forces tn the
p:e-buncher. Therefore, the higher volta e is

Lpreferableto obtain low emtttance high cument am.
A 240 kV gun has been destgned and constructed for
an electron aource of the AccelertitnrTest FactMy.

Tabk 1 Beam parameterof the JK

Number of ParWks per bunch 1 0 x 101U
Numberof bunchee per rf pulae 1~
Repetitionrate of rf pulae 200
Bunch spactng 1.4 naec
Flatneaa <+2%

wr-e

Electron ma IhdgB

The simulation of the beam trajecto~ was
performed to design the electron gun wtth an
apolted voltage of 240 kV by udng the electron
tmjectory program made by W. B. Herrmannsfeldt.
~ti~ of the anode and cathode electrode are

tn order to obtatn a kuntnartlow and small
beam etze. l%e beam trajectory for the optlmtzed
geomet~ k shown In Fig. 2.

al
:1

7.— . . ..—

W. 2. Stmulattonof beam trajectoryat 240 kV and
&am current of 10A

Aa shown In Ftg. 3, EIMACY-796 cathode-grid
aaaembly10utlllA for the gun cathode. me electron
gun constataof a cathode stem, HVtnmdator,vacuum
chamber with anode and magnetic lenses. The
diameter of the Insulator la determined from the she
of the flanges and the ICF253 flanges am uaed for the
present gun, l%e length of the insulator Is 360 mm,
whtch ta determined to avoid the W breakdown in
atmoephem along the outer surface of the Insulator.
‘l%ekey kaue of the gun design is the altgnment of
the cathode. anode, magnetic lenses. magnetic
shield. Altgnment of the axte both the cathode and
anode k reallz.edby preciae machlntng of ‘he flange9
of the insulator. The axk of the cathode and anode
can be allgned In 100 pm, ‘he anode and magnet.k
knaes are fixed on the aame SUS316L block which b
ako machined preclaeiy to altgn the axte in 50 ym
accuracy mechanically. The electron gun ta inatalled
on the support syatem where the IInac ..omponenta
are net up. me support ayatem te a 9 m long and 0.7
m wide L-blockmade of SUS316L. The flatneaaof the
block surface ta 36 uIn/9 m. ‘l%ecommnente can
automatically be al@d- wtthln 50 pm 6y eetttng on
the aupport and allgnment syatem. As the results.
me elkctron gun, ‘iignetic - lenaea
shteld Can be aligned wtthtn 100 pm

and magnetic

Fl& 1. Beam structure of the JLC
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~ Ceramics [nsulater ,—,

(1) long pul@emode (0.8 - 3 ~aec),(2)Semi-long
pulse mode(10 - 100 nsec) and (3) short pulae mode
(5 naec). ‘fheae modes can be switched ●asily by the
computer control system aa described Mow.

Table 2. Speciilcaticns of the I-N modulator

Peak poweroutput 24 MU?
Averagepoweroutput 8,4 kW
Output pulaevoltage 240 kv
Output pulae curnnt 100 A
output impedance 2.4 kQ
Load impedanm 2.4 Ml
~sf~~~r ratio 1:15

7 paec
Plllae ilat top 3 ~ec
R& time 2 yaec
Re titlon
&

50 ppa
height deviat;on

ihm flatmma e 0.3 %
Mae amplitude drift

Short term <0.2 %
Lang term <0,5 %

Fig. 3. A’IFElectrongun assembly

control 9y8tamk? mouldator and @d pulnr

Tlie ochematic diagram of the control system is
snow In Fig. 5. The local controlled are Installed in
both the modulator and HV station and they are
connected with the main crmtrcdconsole. l%eee two
local controller provide the manual control of
modulator and grid pulser individually, At the main
cent.ml console. both the modulator and grid pulser
can manually be controlled ‘I%econtrollers provide
the contmln and data acquisitions by programmable
sequence contmllere (FSC]with a CPU, DI, DO, ADC,
DAC etc. The PSCa of the W modulator and HV
station are connected to the main control conaole
with opUcal-fibercables. TIMPSC of the main contm]
console la abo connected to the ATF control systems]
consisting of CAMACand two micmVAXa which are
connected to the KEK network. The timing of the
trigger puke for the gun puber and HV modu!ator
can be contmlkd ~ VAXstation through the CAMAC
module.

Fig. 4. A photographof the gun

Otmmwdlllatar

The gun modulator ronsiats of a 240 kV puke
modulator, a HV station with grid pulser and a
control 3yatem. fie high voltage pulse la generated
by the HV modulator of a line-type with a 16 aection
pulse forming network and a de-g)ing circuit
stabilizes the output pulee. A high pounxdummy load
is installed in a pulae transformer to decreaec the
impedance and to eliminate the sa of the output

&voltage. The gun ptdsers are inst ed in the HV
station 9et up near the electron gun. fie gun pulaer
la designed to generate the following three modes:

Fig. 5, Gun mntml syatem
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llte acUvaUonof the cathode after assembling
whole system Is made by a computer controlled
automatic procesatng system under the condition
that the vacuum presaure 1s kept Iesa than 6X10-T
?orr.

~e maxtmumvoltage of 220 kV can b= applkd
wtthout using SF8 tank outstde the cemmtc Insulator
at 5 pps. At the maximum voltage of 240 kV, the HV
breakdownts genemted inside the gun.

l%e beam current IS o“~e~ed with a wail
current monitor and a core monitor. The beam
pmflle ts observed by a acrcen monitor made of a Cr
doped A1203 plate and sets at 2 m dowrmtreamof
the gun. l%c phomgraph as shown In Ftg. 6 10 the
beam protlle obtatned at the accelerating voltage of
205 IArwtthout ustng any stceflng magnet. Aa sh=tir.
tn Fig. 5, the dark part Is the shadow of the su port

rof the grtd mesh and the pattern of the @d Is c early
proJected on the screen. This shows that the
altgnrncntof the gun haa been made succcaafully.

Fig. 6. Output waveformof the short pulse mode.

Ftgure 8 shows the current waveform of the
shol; ps&e mak at high voltage of 200 kV, the peak
current of 4.8 A and the beam width of 5 nsec.

‘I%econstruction of the ekctron gun has been
completed and operated successfully4J. The high
voltage of 220 kV is applted without any sertous
problem. We expect to apply 240 kV wtthout ustng
SF6 tank ~e beam can be guided to the accekrattng
structures wtthout uetng steertng magnets since the
accurate ah nrnent system are effecttve. The whole
system can L controlled easily wtth the computer
control syatem through the nemmrk.

Ftg. 6. Photograph of the beam prdt.k at 2 m
downstream of the gun.

Figure 7 shows the current waveform of the
long pulse beam at the high voltage of 200 kV. the
pak curwnt of 2 A and beam width of 3 WC.

L.
FYg.7. Output waveformof the bng pulac mode.

1.

2.

3.

4.
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DEVELOPMENTOF J?OLARIZED ELECTRON SOURCE USING

SUPERLATTICE

Y. Kurihara, T. Gmori, Y. Takeuchij M.yGshi.oka~
T.Nakanishi*, H.Aoyagi *,M.Tsubata *,
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Abmkre&

We have maaaureci‘a polarization of

photoelectrons emitted from a GaAs-AIGaAs

superlattice. The polarizt.tion of

52.5+0.3 (stat.)+5.O(sys .)% was obtahed at

a photon wavele:lgth of 775 to 800nm. This

polarization i-

excited from \

lnv+rpreted that electrons

teavy hole state only.

A spin polarized electron Learnis a

very powerful tool to study the

electroweak interaction by electron

(1) Inpositron colli6ers at high energy.

(2)
linear colliders, for example the JLC ,

polarized electxoxs can be introduced to a

interaction point without depolarization

during acceleratlnn, therefura a

development of the poJarizod r.lectron

source is very important.

The pol.srlzation of 49% was obtained

by a photocathode of a bulk GaAs w.fth

negative electron affinity (NEA) surface

(3)excited by circulary polarized photons .

However the Intrinsic u>per limlt IS 50%

because of a spin degeneracy of hole stats

at G poifit.l%e degeneracy is sepaxated in

Tsukuba 305, Japan

superlattice, the one can get then

intrinsic upper limit of 100%. The

photocathodes of GaAs-AIGaAs superlattlce

(SLI are developed by several
groupq[4,5,6)

to get highl-~ polarized

electrons, however no one achievef’ Lhe

polarization greater than 50%. We have

tested the photocathode of GaAs-AIGaAs

superlattlce of which parameters are

optimized according to the method gresented

by Ref.7. The SL photocathode was rado by

Molecular Beam Epitaxy (MBE) method. The SI.

structure is ahown In figuer 1. First a

50nm layer of a GaAs buffer sas grown on a

GaAs substrate to make a flat surface. On

the GaAs buffera lpm )ayer of AIGaAs was

inserted to avoid low polarized (less th?n

I

a /auI..wIAl
SUPIIWLWUQIA

(ids aIA

,AN,uhn’if.lum

I mA

I l-- ?i*dosAl
S.t4mu
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50S) electrons coming from the GaAs

substrate. Then, GaAs-AIGaAs SL layers were

qrcwn. The layer thickntss of GaAs ~AIGaAs)

was 21h(33P}, respective},. The final la},er

cf the SL was GaAs. The surface of the SL

is covelcd b). Arsenic for protection

against atmosphere. Baridstructures of ~.he

SL calculated .>y a method in :ef.? are

summarized in figure 2.

Ek<uw I

L.-=——..,.— .—--~-:~ 0,,1

I ii-!
0l,*

I
I I

—. L_--. .r

——.

7Eirir:
Ll?ntkale I

The electron spin polarization was

meusuxed by the Mott scattering using the

apparatt~s ‘8) shown in figure s. ‘rhe

Titanium:Sapphire -unable-laser, excited

by Ar-iron laser, with 1/4 k plate supply

circular-~larized monochromatic photons.

The photoelectrons emitted from the

superlattice are accelerated to 4 KeV. V<

to hete, electron beam is polarized

longitudinally. Next the electrons were

bedded 900 by a spherical static

.>131CMA1 fw~”,~”,,,~

Om.ixurfr

8-—t --

-1—.

electrode, then those spin were rotated to

have transverse polarization. Finally,

the electron beam is accelerated to 90 KeV

and inlroiiucedto the Mott Analyzer with

tha hll foils. Cesium and Oxigen were used

to activate the SL surface in NFX. Before

the NEA activation, the As cap wau removed

by heat cleaning at temperature of 4000c.

It was confirmed that the heat cleaning

process dose not destroy SL structure(7).

A figure 4 shows electron spin

polarization as a function of laser

wavelengths. One can see two flat regions

on the electron polarization. It.was

i:~terpretedthat a flat reqicn in A-775-

800nm with average polarization of

52.5+0.2+5.0% is a contribution from the

electrons excited from the heavy hole

hand only, and that.in k-7fi0-743nm with

33.0%+0.5+5.4\ is from the electrons

excited from the heavy hole band and the

iiqht hole band. The first error is

statistical error and the second is

systematical one. The quantum efficiency

was ~-asured to oe 7.7x10-3% (I.O9X1O-4%)

at 775 nm (800nm). In the ~egion whoae

wavelength is longer than 800nm, we could

not measure polar~zation because the

quantum efficiency is tm smll. The width

of the first flat region of 25nm (this

0 L.-J.--L. I ,–—I I
700 n% 750 7?5 800 825

Wavel.cn~th(nIn)

II4/ II

——— h:u=~lmtukwnlw,ir .—.8......—— -——



corresponds SOmeV) agrees with the

calculated energy gap between the top of

heavy hole band and the top of the licjht

hole band (43.4 meV as shown in figure 2.

There are no mear.uredpoints below 700nm

of wavelength bec ]use our laser dose not

wc~~-kthere.

The result of photoluminescence at

room temperature is shown in fiquro 5.

The large peak at 750nm is those from the

SL. The small peak at 675nm corresponds

the photoluminescens come from AIGaAs

barrier layer of lmm which is located

behind the SL. A endpoint at longer

PHOTOLUMINESCENCE

03

I
}

s.E18A11cE

WAVELENGTH(A)
**S

wavelength sido (about 800nm) agrees well

with a point at nearly zero quantum

efficiency. That shows we actually

extracced the electrons excited at the

th.eshold energy.
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DESIGN (JF A 1(1-hlef’ PIiOTOIN.JECTOR ACCELERATOR FOR ELFA*

I
A.C~mx:Il(!tti**nml L. Young

Los Ahtmos Nutkmnl Lnljwntwy, Los Alnmos, NM 87545

IINJl?CTOR 4 CELL

Ndnwrical simulations SI1OW tllilt Jlit)l proper
focussing t III?elnittancc increases in (INYfirs( cell of Illo
pllotoinjwtor awl ,it?crcascs in th.: drift rcgioll.

As it IIas already been statd in tllr iil)s[r~ct, (110
1s”1;!, theory for this rxpwimcnt rcquinx a pukx! Lvatl)
of d nlicropulscsl each wit h 80 n(’ of charge which
i,r~~zoo”~)s ]OIIg WIII 2.&l ns apnrt [rcf 2]. Crnerating
and t riil:sport ing this high-chi~rgc I)l?illll inlposcs sl rict
colldit ions on thc choice of the source illld rcquircs
particular care in the design of lht’ first i~cc!!lt!ratillg
s~Iclion. i;ach hunch is gt!neratcci b}’ photoetni:;sicm
wit h o i,aser shot that dett?rnliucs the kngt h and t lw
ch:.rge of oaci] electron pulse and Ihc scpuralion betwwn
pulses. \\’ith this tj’pt~ of source the Iwanl is C!illittc[f
direct l}’ inside t]w first cavity of LIM injector. Thcrcforr,
the design of thr first ca}’it>: is wry i~ni]ort iu]t for the
dynan]ics of the pilrticlcs. 1 he find sclmtlw consists of
two accelerating sect ions having a resonant frequency of
352 Jflf:, that prot”idc all clwr~” g;iin of 3 ,\feV an(f
7 J1/c\” rrspwtilcl)’. T\vOdrifls, the fi:st hctwccn the
accckrators and the seconti between the last accelerator
,and the wiggkr, allow dw iustallat ion of t!}c diagnostic
instrutlvmts, the injection of the photocat hocie km
beam, anti the 3 mm ratiiation into tile wiggicr. Enough
space r(*nlilins for tlle cr}’ostat. A focussir!g systrnl 011
tile injector rctfuces t ilc effects of the S[)iiCC ch;lrge forw
and four qua(irupolcst in !hc last (it ift, n}at ci) the brii~)~
into the wiggler (fig 1).

‘1’tw (icsign of tile injector and all the cavities
paraltwtcrs arc chow] to rninimizc the wnittance growt]l
caused by the space charge and by the non linear

LEP II MODULE

*i\”ock sllpportd al)~i funthxi h)’ 1.\’i>I\’, Italian lnslit utc
r,f .\”uclear Ph} sics, th: ough a co]lat)orat ion with Los
Alwnos N’ation;il i,iil)orator}’ u]lder tile auspicics of t!w
[“S [)cpartmcnt of fjllcrg},.
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IJl this section w will discuss the tIKM il]lportallt
:u+l)ects of the bea[]l (IY I]ilt ii~cs. ‘[’lw rcslllts I)r(!st’lllcd ar~,
f,)r a single bllnch and Lhc}$haw bw~l djtait~d using
t lie progt an} P,\ I{\l [[ l,~\. [u tllc sitrullatiOllS the cllargc

. .
dist rihut m m W lmlg I(udiu:d dirw t iot! is uIIihm II,
II(,gltvt ing Ihc rai.si]]g Iinw of ~0 p.$. Iiow(wci”r, lwf~
posil)lr {listril)ut i(~lw [Jf cllargy IIalot: I)drl cf~lhi(lt’rt(l
ill I)11’ratli;d (fircc t ion; Iht~ IIIlif(v III aII(i (lit\ gallssiall
,listril~llt ion.

‘1’[1(,t rill)S\”(>rSt$ tfirlwlwi()IIS :lrl’ ~1101(or!]lim,tf 1)}’III(’
]iL$t’P+JJt)l iIJl(l I tl~’ Cat ho!!I’. ‘!’11,’ silllllli\liollS Sll{t””’t’11
( 11.,Lii c$itlmth’ rmlius t)f 1.5 (Ctllw“as~)l)tilllutil for 1~~)111
1III ga:hsiao nllti 1Ilt’ ulliforlll (list rilllll ilw. l’m IIII

gaus+i:ill (fistril)ut i,;ll, ;~ ~,. (Jr ! .2 f“tll IJ’WIls!’tl ‘1”1,,.
lot iil chargl’ ill tll~’ltllll~ll is S(111(“. wIii,”ll IIII,al15I}1;Il a

pt~:~ficllrr(vlt of 4U(I.4/(’) /12II:LS to Iw Psl r:t-lml frwll t IUS
~ltl(JtllCiit Ilodf!. \\”it ]) a ~)])olos!”ll~;l i~’!’ s~l~,:’f~~’ ‘)f i “1)12,
t Iw cllrrl!ilt tlt’lwi!j’ is low’r t IIatl IX ..1/crlt il;t’rilgt’(1 ow’r
t tll’ p})otm’a!I)[)(It!.

‘l’tIt’11’llgt h of t 11!.’I){>all”tilt th’ ~t’111’ra~h)ll ]I;L$]M’(’11
. ‘)’)0 rf u“llil”l)gives ;L1)(’allldsclectt’d t0 I)(! 1ho ~hsor ..-

2UU ps’ or 25° l{)l~g at tlw t’lltl of t i:c Iinac ‘1’lle 1)1111~”11
Imgt hming m“c; lrs Itminly in t I)(’ i)~jl!ctor an[{ al(mg t II(I
tirst drift W!i(}r(> ( II<>Sp:w charfy forces an! st rmwst;
how(o\~I, ;Imr t}Ian 90% of tlw part irk!s rcrllairl con firmf
in 25° as required. ‘1’]ICgrOWol Of t]l{’ }11111(”]1h?ll#ll
illl(l of t iu: vncrgy spread hilVCh’11 furllmr Illiftiulizt:d
ty optilllizitlg the injection pllasf’ of I}w heflol ill t ht’
first coil. “1’hcpossif~ility of choosiug 111(Slilrtlllg pha.s(’,
Iwwc}’1’r,is liltlit~wlto a r;ulgc of 10° 1)1’CilllSO the 1{’llglh
of the first. cell illl(l the accelerating gra(!icnts are fixed
atld t lw clcc trOIi S haw to rclachthe Second accclurating
ccl!illl)llascso tllej’wil! not lw decrler:itml. J t;st as
t}11’l)Ull~ll is lea\”ing t }11>Cilt 1)0111’, it for:lls a flnl disk of
charg,! ltest to ii collfiucting surfaco ( till! (“iitllO(fC). ‘1’11(’
silw’t! Cllilr&!(! produt. w XJI(!lect ric fit’ld t Ilat at IriiCtS tlI(.
[ilil of the f)UOCllbrv.fi tfl th<!CatllO{ft’wllitoll i Nlrt’(”t ing
t 11(’ }11’ii(l [~ft 11(’ I) IIIICII . “1’11(!piiaw of t II,’ rf at illjm.tiou is
il(ljUstc(l t o piirl iilll}’ c~allcclthis cfrt!Ctl))’ using t IK’risiug
part of the rf field. ‘[’ho tilil of tllc Lllt)cll sees a .Itrongcr
nccclcral illg fiel(f Il(!tar111(’CittI)0(1C Ll):tll 111~’ll~!:l(lOf IIll’
I) UINII.‘,\c have selcctctf ! l~t’ iojt’ct ion phase al 53° for
the rrf’vroncc p:wt.irh!. In I11(’Iotlgillldillal pllasr SPilCl?.
tlmigll tlic f)ealn is filirl}” 10Ilg, t }1(!energ}” Si)rf!il(l lti}S
f.mwnII)it)inlizvd l)}’ adjusting the r~$l:ltiw’ ptlas(”of t III’rf
in 1II(!differtmt c(!lls. ‘f’tw I’A1{51ELA sitlmlal ions slI(nvs
an rllw Iv}crgy spr(!ad of = 1% at tllr cIlt ranct! 1.0tll(’
wigglctr. i:llrl twrrllor(’, l)tItlch h!tlgtIwning only afft!cts III(’
head iNl~l Llle tail of {11(’plllw so tllnt Illost of the part ich
arv cm fired itt th{!rwplirwl ?.r)o.

‘j’]Ic Ilrain I,r(jlll(,ltts tit IIII. liwl till i~l’~’I11~’Cl
tl(,ftwllssill~ NII( I t IIIo ~I1:11”1III::I!’I ,IlllllS, wltirh r: IIIWO

[ III. Ij(itflj f ( I ,,lIlitt };I, Ill 1Ill rii,liill (lil”,”~[ I II ‘. I , \ ,

illcrc:w in Iwat]l siz,’ and f:ltlit I.illl(”l! rt!suIts. ‘I’uIIIItIIII117.I
tIMP f!frf!cts, ;1 ]Iiglit.r ;iC(:(*l{’riit ing gra( I iI ,111 a!l(l :1
f{lcussitlg sysrd!ll is IIst[l itl t111:first. Crll. II IiiL’+ 1)~’t:ll

anal>’lirall>” d~$llm!istriil~d t Iliit for a !1igll CUrrmt hI’:illl
M) iip[)r(J~)riiit (“ t IIaglll!t ic fidd Cill) III*I;; to rt’llw\”c t11(’
Spiitiid corrclat ion ill(lllced I)J’t II(’S[)itC(! charge forces ~rt’f
1]. Nullwrical silt]ulilt ions SI)OWii ]Jrogrussit’e(fccr(”it.~(’
of the ttwswrsc clllittilll~r? along t Ilc first. drift ,whi!c a
niinimuul is reaclwd just Iw:frw t II(!VlltriillC~ to t Iu” 141q)2
c.avit ies. llcmww, in ii prct’ioll$ dcsigil, Ifw vlniltawl’
VillUC Was (Iou1)1(:(1WIM:lIt IW part ic [!:s were at-c($lf:rat(’(1
i!) t.llf! four su pmond ucting c(’lls of th! IA*IJ2typ: [rvf
5]. “1’hisil,CrciW! was ,,rohai,ly ~llu’I() t ht’ t!ff’f!ctof thf’
linvar l.iltl~’-(l($lj~’llclf’tllrf fi~’f,lsIlIitl ritIIsf5 411~,llli~!;\IIc4,
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It*;ill\\\”:\Sll\:i(lt, Slllilll(’r

‘rA13LE I

1.III. Injector u. u.
I:xir Iltjcclcr 63.5 65.4 l:i6
I)riil ]2$.$ ,-~, / .!) 1.94
S,jlt-’lloi(l 1:{s.8 L: 2.03
I’:111 Lop! 13s.6 Q.I ,:{ 2.’23

Exit l.ep? .5U9.!) 17.3 1.04
Drift ~.))).~) lti.7 1.04

(:411 1]lu1l k II IJI:, I . I :1>11}’ 11110 l.! Il. N’iJ@’r I’(Jr ~111’ ]4’h:],

Ir, IVI.GS[II :t,l,lil11111,({itII f III. II..{ ,1” III. il i I . .illl I
, t~,, ,Jll 1.11,III&Ii and low Cllvrg} 1AIb {Jl”lliI. vI(x:1roll

I,cam. These tails occur at the head and at the tail uf
the beam and arc rcsp,msihle for the halo.

‘ro in}’r!stiga:c some of tlIc possiL1e ~ariations 011the
[m~posc{!‘design we Ilak’canal}’zed the ol)tion of rcducillg
the I,eanl charge to 60 nC’. In this case the (:ll)it.t.iin~~
rkcrva.ses = 20(Z and the energ}! spread goes from
1.0.5% to 0.8.570, confirming that the space charge forces
pla}’ a fundamental role in the evolution of the beam
parameters. We have also considered the pmsibility of
much higii~r gradients for the injector in order to achieve
a lower vai ile of cmittance. ~Numcrical results show
that a qllirker acceleration of’ the elect rrms reduces the
elllittan& grmvtl!. part iclilar ). if t II(’Iwaill has a uniform

disl rihul ion of Cllilrgl?. \\’ it II 11igll accckrat ing fit~l(isand
tl],’ uniform d ist rit)u t iotl, a (Illlit t :ulrt: of 11 rr I-1)1rnrfrd
(“:111IJc*Ol)tili 11{’(1at t 11!’ end of t II(’ :Il”c”l’11’riltor.

‘1’11(’Clli\rgt’dist ril)llt ion st’~’illsto l)!’ it flllldallwlll al
[)iIr;ll ! II* I cr ill t II!’ physic.+ (lc5igil nt’ t II is nccdmat or.
[11‘1’:11)1(’fI I11(’(“ollll)iIriSoll” })(>1W’1’(’11L}IC fillill rt?sulls
Olltiiilil’11 Wit 11t 111’g:lllS$iilll iill(l tht’ II Iliforll] l)e R1ll, in tll(’
l)ilSi(” C:ISI’, II I,! IIOIISIrat (’s i II(I inlportallco of gcncriltillg

the Imrt i(”lt’siIS unifornd}! ilS vossilk 10 0~’oitImmlinew. .
space’ c)large clf(’cls.

TA13LE II

Dl?anl pnrnnlt?tors
at,t.licLcp2 c tit

Ilunch l(ngtll(rP ) 25.9
Ilealll rmlius(ctnj u.!)
llncrgy gilill(hl C\’) ~f)[j
{,J( rr Clmnlrw!) 1(;.7
A-f/-r” I .04

Conclusion

‘1’ht>1])1}’sicsdesign presented here shows that tile
theoretical rc.quirrmwnts can be satisfied with both a
gaussian and a uniforln distrihulion of charge. Ilowevcr,
the numerical results confirm tile iIllportilHCC of a
unifornl distribution to get bctt.cr values hotl) of
mllit tance rrnd cuerg}’ spread.
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ENERGY IU.()\V AND HIGH REPETITION RATE ISSUES FOR THE UTA 11
MAGNETIC MODULATON SYSTEM

M. Newton,D. Barrett,C. Ollis, D. Pcndlcton
bwrcncc LivcnnorcNationalLaboratmy

Livcrrmrc,California 94550

kV. The hf,4G 1-Dconsistsof three stagesof mrignctic
pulsecompressionwhichcompressit 3.8 p-schargepulse
to a 70 ns output pulse with approximately a 20 ns
risctimc, The input voltage is also stepped-upfrom 25
kV at the input 10 100 kV at the output with an auto-
tritnsformcrin the MAG l-D. A diamm of the MAG 1-

ETA 11 is a linear induction electron beam
aucclcratordesignedto operateat high rci)clition rates (c5
kHz) and high average powers (c3 MW). The 2 kA
electronbeam is accclcratcd wi:h 70 ns, 100 kV pulses
generatedby a systcmof magneticmodulators.Therearc
a numberof criticalissuesaswci?tcd with high repetition
rate imd high average pow,.r operation of the magnetic
modulators in a iincar induction itccclcrator power
conditioning systcm. A discussion of the initial
investigationinlo the high rci]ctitionreset issues is also
presented.

D is shownin Figure 1.

T Tallblterclrcult

@c
IEScapacitorand
svdtch2KF,charge
time= 100w e’....
Pre-compression
s~e 2.1 wF,
charge time = 3.8@

High average power operation of electron beam
iicdcr~tOrs requires the ability to gcncrirtcdrive pulses
efficiently and precisely at high rcpcthionratcsl23.
ETA 11 uscs magnetic modulators (MAG 1-D s) to
generate100kV, 70 ns dnvc pulsesinlo2 Q at repetition
mtcs up to 5 kHz. Magnetic modulatorefficiency and
rc.setbecomesignifhnt issuesat highaveragepowersand
highrepetitionrates. Modulatorincfficicncicswhichcan
be toieratcdduringlowaveragepoweroperation,resuh in
major cooli~tgproblems in the magnetic core matcnais
during high average power operation. In addition, this
thermalloadcauseschangesin the temperaturedependent
componentchamctcristicsthroughoutthemoduiator. The
greatertie. temperaturechangethe greaterthecomponent
changesand the more difficult it kcorncs to generate a
precisepulsetrain. Measurementswere made{oevaluate
and understand the energy flow through the magnetic
modulatorson ETA II. The resuits of the investigation
willbe presentedin thispaper.

Resetalso bcco,mesan issueat high repetitionrates
because tic magneliccores in the magneticmodulators
mus[bc rcsc[ I:uthrrmch pulse. Stableand precisereset
can be easilyaccomplisheda[ low rcpctitirmrates but as
therepetitionrate increasesand rhctimeavaiiablcfcr reset
hcrcascs, maintaininga prcciscrcsci conditionbecomes
tnuchmoredifficuit. Precise:csct is requiredbecauseof
[hc requirement to maintain a drive pulse jit[cr of less
than 1 - 2 ns.4 This paper will briefly dcscribc the
measurementsthathavebeenperformedon the MAG I-D
to evaluatethe reset issue.

Flrat compression — T, 1:10

stt 19.3nF,

w

charge time =950 ns
R: ,80 rnC

C2 t -– B ‘eSet
L2

PFL/output stage,
17.3 nF, 2Q, PF

~o[
charge time = 200 ns ~+–- ‘>

Ouiput transmission

.5!5

L3

w, 2 ea, 4s2, ~E
pulse FWHM=
70 ns

Fig. 1, Schematicof MAG 1-Dmagneticpulse
compressionniodulator.

The prc-compression stage of the MAG I-D is
charged from an im.ermcdiatcenergy storage (lES)
capacitor COthrough ii thyrw.ronswitch. AS the prc-
comprmion stagecapacitorrcachcsits peak voltage,the
prc-compressionstage rcactor,Ll saturates,discharging
Cl, through the 10:1 step-up transformer,TI, into the
1st stage water capacitor C2. C2 is charged ill
upi]roxirnatcly1w and tiischargc.sin ubuul2(JUIIS whcII
the Ist stage reactor,L2, .mturatcs. The PFL is charged
in 200 ns and as the!PFL voltage reaches its peak, tile
outputswitch, l.~, satura[csand deliversthe PFL energy
to the loud. Ilc comimn:ntwducsarc Iisux!in Tublc 1.

Dcs~ . .

The ETA 1[accclcramr is dril’cnb} four t!];qywtic
modulators(MAG 1-DS)5. Eachmodulatordriveslwcmy
acceleratorCCIISwith a maximumoutput voltageof 100
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T/:l]Lk: 1
Component values fur MAG I-D

20

c1

L1 (sat)

T1

C2

L2 (Sat)

PFL

L3 (sat)

Muss
2.() pF

2.1 pF

87 nHy

10 : 1 Step-up

19.3 nF

614 nHy

2 ohms, 3S ns

23 nHy

All cores in the MAG 1-Dam writppedwith 2605
CO Mctglaswith the cxccpdonof the trimsformcrwhich
is 2605 SC. Mylar, .25 mil thick, is used for the
irrtcrlaminarinsulationin the cores.

Capacitivevohagcdividerswere insrallcdon eachof
the capacitorstages in the hfAG 1-Dand on the output
switch. Each of the citpacitivcvoltage dividers were
calibratedagainsta TektronixP6015,1000:1high voltage
probe. Eachprobewas calibratedin plitccin the MA(31-
D by insmrtingthe high volugc prohc through rtccc.w
portsat it symmetriclocationson the modulatorhousing.
The capitcitiveprobes were then used to measure the
voltagesin the MAG 1-Dundervariouscircumstance to
cvidua;cefficiencyandreset.

FIOWh~

The voltagewaveformsa; each stageof t.hcMAG 1-
D were rccordcd at a constam input voltage but not
simultaneously. The maximumenergy stored in each
smgcwasdefinedat thepeakvoltageof exh stage. Table
2 showsa summaryof thess voltagemcissurcmentsand
the calculated maximumenergy storage of each stage.
From Table 2 it is easy to scc that the losses incrcasc
dramatically near the ou[put stage of the MAG l-D.
Approximately236 joules arc lost during the tmnsfcrof
energy from the 1st stage water citpacitor, C?. I I Ili(’

PH., This is not uncxpcctcdbccausc the IIIIIIJIII . il
: 11: IliUl]c.;t dll/at (-15 T/j.is)This is nearly 36’;, III

tic energystored in the IES capacitor.CO. The o\ LI;Ill

efficiency of [he hlA~ I-I~ WM nlctisurct! 10 bc
approximately 58%.

“l”,il]Ll;2
Summary 01”measurements on MAC 1-D

Sta&22 Y9.kis Ell.uY
IEScapscimr 25.5 kv 655 J

Prc-compressionstage 23.7 kV 5$’2 J

1 Ststagec:pacitor 246 kV 583 J

Pm 200 kV 347 J

Oqlu[ p:llsc 103 k}’ 380 J

Further cxpcrin]cmswwrc pcrlormcd 10 ;ulcmp( to
Acrsliird the k)SS m~~hiinh]).+ in th~ Ii\s[ IWO stii~~s
where II)c majority of t!ic IOSSCS itppciir to bc. ThCSC
cxpcrimcn~sfocusedSpCCifif.”illlYon lhc trisnsfcr of energy
to tic PFL stage MU miign~tk IOSSCS in the output
switch. In one cxpcrimcul, the output switch wits
rcmowd and the energy in the MAC 1-Dwos iillowcd to

oscillmcthroughthe MAG. Thc?vohitgcon the PFL was
measuredat its pcitk to dctcrrnincthe.amountof energy
that was transfcrcd to the PFL with no oulpul switch in
the circuit. This value wits then compirrcd with the
mcasurcrr?nts taken with isn output switch shown in
Table 2 to determinethe 10SSCSdue to the outputswitch.
A summaryof the distributionof the energyl&scs in the
MAG 1-Dresultingfromthesemcwwrcmcursis shownin
Table3.

TAI\Ll? 3
Energy Ihditncc Summary

1. Energy dissipated in charging prc- 30 J
compression stage

2. Energy dissipated in wmcr capacitor (1s[ 37 J
slagc)

3. Energydissip~lcdin lhc PFL charge 32 J

4. Energy dissipated in output rcucxor 85 J
5. Energy dissipated in ulschiu~cof PFL 21 J
6. Energy rcflcctcd into MAC 1-D 70 J

7. Energy dissipated in IoM.I 380 J

The 10SSCSis Table3 werefurtherca[cgorizedas 120
joules in cffw[ivc series rcsistaccc losses, 85 joules in
theoutputreactormagnetic10SSCS,md70joulesof energy
reflecteditttheoutputstageback intothe MAG l-D.

I .1$ t I ,i~., .II I,1 I I it 1 I. ..., dtiq.jc, VI(I J, ;Icrosstlw
~II L v. ititIII IU:4Mjct. thin II, mlcgrul of the reset volqgc,

~ vr(t) cfl, is cqu:d to thatof the imcgralof lhc main prrlsc

Vohilgc, J Vp(t) (h. If the.setwo integral:;arc not cqutil,
then the core will not be fullyresetbefore ihe next pulse.
Timing variations in the output pulse wilI result from
inadequate resei, It has been estimated that in order to
maintainoutputpulse jitter of ICSSthan or equal 101 ns,
the core must bc rc.m to wihin 1*10-3 Tcsla6.
Maintainingthis typeof accuracybecomesvery difficult
at high rcpctilion rates where there is ICSStime for
resctingthe cores. Presentlytfc rcsst is used to reset the
cores.
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Fig. 2. Prc-compression stage vohagc showing
rctlcctcd energy that appc:rs us rcvcrsc voltage orl
Cl .(Upper uacc 50 ps/div, Lower tmcc2 p.s/div)

Fig. 3. Prc-compressionstage.voltagewaveforms
duringburstsat 3 kHz in the toppho[oand 5 kHz in the
bOl[Oln photo.

A prcliminwy investigation of high repetition rate
reset was conductedon a MAG 1-D. One of the issues
associated wi~hthe MAG 1-D that makes reset more
difficultis the 70 jonlcs of rcflcc[cdenergy thatdocs not
gc~dclivcrc~i[o the load. Figure 2 shows [he reflected
energy thatappearsat t!!cprc-comprcsion slagcaflcr the
initaldischargepulse. This energyoscillatesin tic MAG
1-Dfor greater tkrn 200 ps after IIWmtiinpulse. These
oscillations mtikc it nearly impossible to maintain a
stableresetcondi[ionat highrcpc[i[ionrates(3-5 kHz)

Thisreflectedenergycan easilyhc dissipatedwheni[
returns 10the prc-compressionstage of lhc MAG l-D.
The tailbitcr circui: shawn in Figure 1 was installed to
dissipate this reflcctcd energy in a fctv microseconds.
Prclimintiry cvaiuti{irms of Ihc n)wni[udc of the reset
problcm were mdc with dw tailt)ilcr imstallcd. Figure 3

655

shows lhc ctlcct of inwl”l’icicnl rcwt 011lhu wnpliludc
slilbilily in tbc l)rc-col~)l)rc’ssioll”s[it~(%during il l)urst of 62
pUlSCSiit rcpctitiun rates of 3 i~ndS ki[~.

From Figure .3 i[ is obvious thal [h: prcsunl rwu
schcllw is in;ldcqunlcfor rcpctilion rillCS of .1 - 5 hI{7..
“IIIc problcm SCCIIIS[() 1)(:ICSSsevere ill 3 k}1/.IhaII ;I[ 5
kl[z ilS indic:itcdby Icss:ullplilwlcvari:iliuns,hillncilhcl
Is ilCCCl)lillllC. ‘1’his prcli[llillilry inves[ig:llim Sh(lWS lllill

cmnsidcr:lhlyIn(w cl”frmwillbc fwcdcd10I“ullyundcrstaml
and solvelhc rcsclprt)blcnls.

CY.IUA5i~ns

Invcs[iga[ionshiIvc been conducted m study [he
efficiency and rcsc[ issues of [he MAG l-C Voltage
mcasurcnwrtson cxh srirgc indicatetha[idth[ugh losses
arc disu”ibutcdthroughout the entire MAG I-D, a large
fractionof Lhclossesoccur during the transfer of energy
from the IsLstage ww.crcapxilor to the PFL. This cwr
be ptartlyexplainedby the IOSSCSin the outputswi:ch(IUC
to the high i)B/dtr.lmtthe ou[pu[switch SCCS.

A preliminary investigation of dw reset problem
was conducted in whwh significant variations of
ampliludcon the I)rc-c[)lll[)rcssionsmgc capacilor were
observed. The n]c:lsurcnwntsindicate lhat the prcscm
sys[cm cannot produce slabic pulses at repetition ralcs
above 3 kHx. AdditiontiIwork is nccdc(fm charactctize
the outpu[pulse behavioraI high rcpclition rirtcsand m
fullyunderstandthe resetdyrxunics.

A cknowle(f Pcmcn~

All measurements dcscrihcd in this paper were
conccivcxfandcxccumdby DavidBarrct[.

Refc renc~ I
1w. Ncxscn,ct al, “q~cE’I”AII InduciionLinacas a }Iigb
AveragePowerFEL Driver”,Procccdingsof lhc 1lth
InternationalConfcrcnccon Free-Elcctro:)Lxcrs, Naples,
Florida,August 1989.
2 D. Prono,cl id, “HighAverage-PowerInductionLmacs”,
Proccxxiingsforthe 1989ParticleAcceleratorConfcrcncc,
Chicago,Illinois,March 1989.
3 J. cl~k, CL A, “Des@ and Init.id Operation OfETA-II
InductionAccc!cralor”,1988LinearAccclcrator(hrfcr~i;cc
Procccdings,Williamsburg,Virginia,October3-7, 198S,pp.
19-23.
4 M. Newton,J. \V~~sOn,“Timing and Vokrgc COntrOlfor
MagneticModulatorson ETA II”,Proceedingfor lhc711)
fEEEPulsedPower(hrfwcncc, p.175.
5 hf. Newton,et al,, “L)csigrrand Testingof the 5 kHz, 3
MWThymtmnModulir!orsfor E“f’A11”,Procccdingsfor the.
EighteenthPower ModulatorSymposium,p. 71.
6 Inwmal Comnlunications fromD. BaITctt.

I

I
*Performedjointfyundertheauspicesof the U.S.DOEIY,

1LLNL urr~cr \V-7~05-~ng-dH and for the DOD under
SD10/SDC-AThllPR IS().N’3IRPD-()-D.1()74



SIMUL.4TION OF A STANDING- WAVE FREE-ELECTRON LASER*

\\’. hi Sharp. /1. h[. Scsslcr[ a), 1). 1[. \\’h iltum(: ’), itll(l .1. S. Wurlch:(t))
[.ii~t”rl,ll(.(’l.iv(rmor~, Nat ionid Lirhorator), Ifnivrrsity of (;tdifornia

Livermore, ~aliforni~ 9.1.550

Al]st rtict

Thc standiug-wave frcv-electroll Iascr (1“’1~1,) dilfcrs from a
ronvcrrtionai linear-wiggler microwave 1;l;l. in vsing irkcs along
tlie wiggler 10 form a scric+ of st itnding-whvt, cavit its aIId ilt
r<~accclcrilti]lgthe beam imtween ravitirw to maiutaiu IIICav-
,ragc energy. ‘1’hcdr-vice h,as been proposrd for Ilsrlin it two
II,,AIII accelerator (“rtl,t) hrcausc micrmvavc power can he cx-
Ir.icted more cffeclivclv than from a 1ravrling-wave i.’EL. The
.t :inding-w.atc f-’1:L is nlcd(,lctl in Ihe coutinuu111Ii:llit h}, a SCI
,~f,~qu,ation+ (Icscri})ing I II{, (mu pling of .3 ollc-1,1imensi(m,al I)cCalll

iJ a “I”};r,lrcctani:lllar \\ii\’tSgllid(. mode. Anir]y[k ca]cl]]iitirrlts

:.nd numerical <i ,Illilaticsns ~rt, IISIXI 10 dclcrminr lhe time vari-
al i.jn of the rcac,.clt,ral ion field and Ik prehuuching rcquirtxl
so (hat thc lin,al Illicrov..at.c.energy is tIIe s,aIIIc in ,all c,at.itics.
The microwave energy ami i)hase arc found to hc inscwsilivc 10
wlodcst spreads in the beam energy aud ph~su lnd 10 errors in
IIII.reaccclt.ralion field and Lbe hcam t.urrcot, 1)11t the 011tput
l>h,a-scappcats scnsiri.:e 10 bealn-ent,rg), errors and to timing
jil Iur.

The next gcncratio:) of linear rolilders is expected to require
accelerating gracficnts of 100 Me\:/nI or greater. For tbc high-
gradicmt st rwctwres that ha~e becrr tested, this field str.~ngtb

‘“O Ml%’/m, andcorrcsf)olld> 10 a microwave povicr of ‘.bGiit A.,
tIN.required frcquenc} is Iypicall}. in tk range of 10-30 GIIz.
“[’heniicrowave free-elcctrtrn iaser (FEL) 1 anJ ttlc relati~,istic
kl~stron ( Ri{)2 ha~c both dcmrrrwtratecl tbc required power
hwel in this frequrmcy range, and tlwy have been proposed as
collder power sources in a configuration known M the ‘two
hcam accelerator” (TBA)3, in which a high-current “rfrive”
bcarn generates microwave energy in a bcamline that paral-
lels the high-gradient structure. Both the ItK/TBA an(i the
FEL/TBA have practical prohlcrns. The !t!i operates hest in
thc X-band (8.4-12 Gliz) an~i so cannot be used with many
high-gradient accelerator designs, [;ontwntiona] FELs, in con-
!r.ast, ilave no funclamcntai frcqu~ncy imitation, but experi-
nlcrrts have shown that microwave cxtractioll is difflcrrlt.4

The cavity-coupled k’EL/Tfl~\5 has been rfcviscd to sidestep
the problems found with RKs and conventional FELs. This
new device would replace the usuai FEi. waveguidc by a series
of short standing-wave cavities, each about a wiggler period in
length. The cavities wouid bc separated by irises that allow
tbc beam to pass but reflect most of the microwave prrwcr,anti
between cavitiesthere wouid bc intiuctio!l accckrating ceiis to

● N’ork perf~rmed under the auspices of the U. S [)epUrLmCl,Lof [;l,.
c:gy by Lawrence Livermorc National Laboratory and Lawrence f3?rkelcy

[,at,oracory under contract Dt3 AC0376SFFOO09K and by the Le.S [)e-
prwtlnent of ErmrgyDivisionof tIigh-EnergyPhysics

a. Lawrence Berkeley Laboratory, Berkeley, L.A94720

maint ain the beam cnmgy. Alicrowavc energy frotu tII(+(.r~vi-
1ies woui(i he connected to the high-gratiicrrt st ruct11n, l)}.c(J11-
pivrs and wnuld oscillate iwtwccn the two heam linvs with J

imriod Ihat is much Iongm thall the hcam tinlr w“aiu11111 III IICII

II+S than the resistive 10.sstimc. ‘1’hiscoupling schcmr was pro-
I)OSA hy llcmkeb for a R K /’rn..jandis discusswi (,ls[,$t,hl,r(,.r’

]n lhis paiwr, we present i~rciiminary num,ricd Silllll]iit ions

of tlw S!anding-wave Fl.:1,(SIVFLi.) uswi ill t iic cavity -coilplmi
I>l:L/”i’ii:\. l’hc S~VIJl:I. has two imlmrt ant tlilfmwc(. frt)lll
crmvclltirmai 1:itl. ampli Iicrs. Onc difTorcncvis thilt IIII sl ajl{l.
ing wa~c ph.lsc @dmckrps in time only at each ritvil} II)c;tliou
z, whrwcm.sthe wave iJlasc ill Conventimlnl dc~’ic(.s c~vd\I,s ill :
,along with tlw ‘part iclv phase” Oj = (A., + k,,,): - J,*t, \\llp~L

thesu bsript j rfenotcs the ~th imrt icit.. 1’}1is tiif~ct CNW wr]rks
against the i)rrwri.atlon of a ncariy COIISI,anl a~,c.r;ig(.i.,u~.~;.l
phase (t~~j) = (Oj -+ f#r)that is nectlcd for grrrl(lhullchill~. :\s
a conscqucnce, the SWFEL requires an unusual form ,)f ljrc-
burrching, as wc discuss later. A second difffrmcc is the W.

of frequent reacccleratir.m to maintain a ncar!y constant iwam
energy, Rcaccelcration is used rather tban tapering of the wig-
gler strcwgth bccausc it is more appropriate for tile very long
heamiines expcctcd in iinear colliders autf iwcause it in princi-
p~i aliOwStilu ircam energy to be adjusted in time M well as ill
:. Since the unusual phase cvolrrtirrnis a critical novel aspvc[
of SWFEL physics, wc choose a very sirnplc simulation mo(id
that retains this feature but ignores other arguahly import~nt
fe;iturcs, such as the discrctc nature of the stanrfing-wave cavi-
ties and the competition hctween waveguidc modes. ‘1’Iwnext
section describes this moticl briefly and is followed by a section
on simulation rcsrrlts. Wc offer some tcntal ivc couclusitiws ill a
final section.

Modrd
Assumptions and Equations

Simulation imrticlcs arc modeled by a pair of wi ~glc-avrr.
\agc~ cqllations for the total erlcrgy Tj in llnit~ t~flnec and the

particle phase Oj. Radial motion and the Meets rsf the trans-
verse beam structure are ncglcctcd, and the beam is (assumed
to coupk only with a TEOI waveguidc mode, which is usually
most strongly coupicrf mode. The signo! wavcnnmbm for this
moric in a rectangular waveguide witlt height h and width w
is k, = (wj/c2 – 772//)2)1/2. For the fields, we rwume an
idcmlizcd iinear wiggler witil a vector potential

A
rnec2

= —aw cos(k. z) i-w c
(1)

and an appropriate form for the signai field

where
!iJ. =- sin( rr/1//l) i is the transvcrw st rrrcturv for a

TEO1mode. A number of other conventional assumptions arc
made that arc suitable for most Compton-regime Fk:l.s anti
significantly simplify the equations, The enm~v is taken tn h<,
rillfficiently”high~hat aw/~~
SII med small erlotrgh that all
axiai tdocity Vb. We Lr{.at

<<1, and the cne;~y spread is as-
parlic]es hatc Mc(:Iit,clj IIIC samv
tbc signal ampiitu(ic US as SMiiil

656



ct>nlparcd with au., and the both rr, and ~ are assumed to be
slowly varying comparrxl with A“$:and WU,t. This last a-ssunlp-
tioll malws the:quatirms inappropriate for mode.liug wavcguidc
modes ucar cutoff.

The wiggle-averaged partid: qua tions arc idcn: those
in a convcntimlal single-mode microwave 1’k:1.. ‘l’<iki,lI; : to be
the independent variahlc. wc write 1he cquat ions 4L*

As a practical special case, wc consider a beam with constant ~)
which is prcbunched at a frcquertcy w. + Aw, sa that O.(s) =
0- (Ati/\j)s E o +/?s. The cmnponcmts of it arc then given
by

Ii,(s) = ilr(o) + * ICos(r.,) - Cos(n + /?s)] (10(,)

U:(S) ~ iii(0) - ~ [sin(n) - sin(o + ~ls)] , ( lofJ)

d,
—-

[
1+$– ~~rau ((’1,~OSflj – fli sill Oj)

Ii-[j – ~ U.’,tl~
—= . —— (Ur sil) flj + (1,CCM0, ) – ‘.
d: t. >j

(:10)

(315)

Iierc. the coupling coeflirirmt 1)= is git’cn for am,,, mode by

\\.]lcrc< = ~.,(1~,/’(tickUj; ) zx ((rU/.1)( 1+ rt~./2). AIIcqnation
for tIIecomplex signal amplitude a S (ir + ifl: = a, cxp(i~) is
ohtaincd by assuming thata evolvesonlyin time and requiring
that the wiggle-averagedequationsconserveenergy.‘1’akingthe
dis!ancebackfromthebeam heads = l’;:- t asthe ‘time”
coordina~e. this procmlurc gives the field cqnation

(5)

u.here the coefficient1)in geaera] dcpcncls on s anrf is given by

(6)

if ”llile ~his equation itnplicitl}. assumes an infinitesimal cavity
I,:ngth and ignores field coupling through the cavity irises, it
does rrrodclIhe nowd sigaal evul ution expected in a SW Fk;~.

..Sillgle-Pal”ticlc”: Sollltio:l

Some understanding of the S\\”FEL equations is gairwrl hy
looking at a =-indeperrdent %inglc-particle” solutian, in which
the full beam current is assigned 10 a single phase-space point.
Linearizing the equations for small d-l = ~ - yr, where ‘(~ =
x,( 1 + a~, /!2)/2c(kW + k, - LJ,/c) is the resonant energy, we
obtain t}ie approximate particle cqualions

Rcquiring 15-fto be :-imfepcnderlt givc:s the F.’z required for
cqtrilibrinm:

e EZ
E ~ –— 9=,, = . ~ ~ [U, sin C + iI: CCMO) (8)

mcc-

lf A-fis initially zf,ro, thrm O is likuwisc indeprmtlcnt of : and
c~!ual trrsome arhitrary O.(s). The components of u in Eq. (8)
arc obl aincd by integrating the linearimf field equation, which
gives

and the corresponding rcacccleration field is

E = D.~~
[
ilr(0) sin(n + ~s) + ti~(()) cos(a + /?s)

c ‘lr

+;, 1—sin(ps) .

(11)
‘1’fwbucket size shrinks with increasing l?/liil, and it is straight-
forward in this case to calcrrlatc the minimum extent of the
lrrrclictin O and ; as the signal develops in s. These minimum
values are approximately

‘o=:’’’(-p-’r:(o)’)(12U)

‘-’=33(::7:k)’’2(-%)’’i’(1)’(
where hk = k, - W,/c. This result shows that the bucket
vanisbcs when @is zero or negative and that the longitudinal
acceptance AO fi~ increases wilh a larger initial sign31 anti
Iargcr–o/q. [tis found tbnt f?q. ( 12) underestimates the ac-
ceptance for distributions with spreads in O and ‘~ because the
required rcaccclcration field in such cases is somewhat hvcr
than for the single-particle case. There is also a weak depen-
dence of the acceptance on the initial average particle phase o,
with the Iargcst acceptance occurring for 0 + 4(O) = O.

Simulftticm

Paranmtcrs

The operating frcqrrrmcyw, and the .lnal crrergy pcr urlit
length IVOulleft in the cavities arc dctcrmincd in practice by
the TBA requirements. With these quantities givtn, lhc sprcifr-
cation of the waveguxle di.mcnsions h and w, the wiggler wavr-
Iength AW = 2rr/kW, and the wigglerstrength ati sets the
principlebeam parameters.The beam energy is determined by
the resonance condition, and the total beam charge, given b}
/bL6 when the current is constant, is set by i{zou~. Since the
initial spreads in 4 and -~ are usua;ly dctermirwrf by the intrin-
sic emittarrce from the accelerator and the additiona! crnitiancc
introrluccd hy prebnnching, the values arc not crrnsidcrcd free
parameters.

Two rctnaining beam quantities, ths beam-current envelope
i6(s)/ rnax fb and the prcbunching factor P can bc chosen by
practical c(msidcratirmrr, Since the acceptance is founrf trr be
proportional to lb-1, it is prcfcrablc for the current to bc low
near tflc beam head, where the bucket rcachcs its minimum
size. Itisako found from the single-particic equations that a
crrrrcnt that increases like s or faater lcarls to a monotonically
increasing ~: for s < Lb, which is an easier fiehf to gcrmratc
than a short pulse, For tbcsc reasons, we usc a beam with a
uniform current ramp as our standard case. The prebunrhirrg
factor is cboscn h>, considering tllc j’?-rfvpendcnccs of various
hearn quantities in the single-partitlc soljlti(,rl. Jf’v fintf t IIAItht.
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Tabk 1 Nominal standin~-wave FKL Imramctvrs

peakbeam current
~canl length
initial energy
initiaf 0-spread
initial y-spread
wiggler strength
wiggler wavchrgth
wiggler length
wavcguide height
waveguidc width
signaf fr. qucncy
cavity Q
input power
output energy

lb
Lb
?“r

AfiO/2zr
A“jQ/y.
au
A
L;.
h
11!
w#/Zr
Q
Pi,,
It’o”t

2.17 kA
INO.Ocm
27.6
0.1
0.01
8.86
25Clll
20m
3 Cln
10 cm
17.1 GIIZ
104
S6 li\V / m
10 J / m

required beam charge and the longitudinal acceptance increase
with ,~Lb, while the maximum rcacccleration field decr~ases.
Siuce the beam emittance is diflicull to decrease in inrfuction
accelerators, we choose /?Lb = rr, although a lower value might
be selccterf if the limited acceptance of the S\\’FEL is not fonnd
tc be a probk:m.

The nominaf parame$.ersused in the simulations here are
Iistsrf in Table 1. These values are appropriate for a generic
TBA, andIitdcefforthasbeen made to optimize the wavcguirlc
size or the w,igglcr strength and w.a~,elength.

initialization

The simulaliuninitializa~ionparallelslhcsingle-particleso-
lution..4distributionwithprescrihcdspreadsAOo and Ayo
in OJand ~j is loaded so that (~j) ~ u + @S and (~j) = ~,.
Simulation particles are rrniforrniydistributed within this phwc-
spacc rectangle, and different random position arc chosen for
each beam sfice. Such a distribution is not realistic, but it
allows the Iongitudinaf acceptance to bc tested systematically.

The reacceleration field required to keep (?J) constant is
gj...err by

c .(4%9+’’(%9)’13)E = D=fia

This field could be rcc.afculated at eac)l z and s V~uc, I,ut th~

aigorithmintrodrrrcsa high-frequencynoise component in E
that incre~ cxponcntly with Z. A more practical approach
is to calculate E(s) at z = 0 and to use it at all subsequent
z positions. \\”ith this second technique, the calculated f2 is
noise free and -educes to Eq. ( I!) ii! the limit that 400 and
370 are zero.

We set the inilial signaf Ievcl la(o)! by assuming some input
micrcwave power per unit length Pin an(i fdancing this with
cavity-wafi losses, specified by an assumed cavity Q.

Results

The output microwave energy }~out and phase # for a beam
with the nominal parameters and a linearly inczcasing lb are
shown in Fig. 1.The spreadsAf)o= 0.1and ~~o = 0.()]used
herearcs;~aflenough that the distribution remains trapped and
the output signal is reasonably insensitive to beam and fickf
errors. The principle z dependence in this c~e is the initial
ripple in !~out due to synchrotrons motion. This ripple would
probably be much reduced for a rcdistic distribution.

For the standard case, the greatest sensitivity to parameter
errors is found for flactuations in the initial energy. Whrurthe

rcaccwlcratinnfieldiscalculatedfora beam al thercs,jllant
energyand thesimulationisrun withan energythatis2(70
hi*her,\\’Ou;isnearlyunatTcct.d,but ~ h= a rippleofahoni
?rr2 with a wavelength in : corrcspomfing to the synch rotrrm

wavelength in the initial field. ‘1’ilis phase ripple can frc rcducwl
by choosing Iargcr rtw or Au, which gives a higher resonant
energy. In contrast to this energy Sensitivity, a 2’%0error in lb
has a ncgligihlc effect on either\\’Ouiand ~. A changeof2%
inthemagnitudeofLi’zlikewisehaslittl~cfr’cctson cjtherthe
outputenergyor ph,ascforthestandardcase,butintrudncing
a O.1nstimelaginthrrcaccr!lcrationticlrfagaincausvsa long-
wavclcngthrippleofalrrrutr?/2in + d rre to I)ealrl-enf:rgj, 10ss

during the initial period wbcn C.. = 0.

Sludics with a constant -curr,nt beam sho\v that the final
wave phase is as stable zxs for a lwam willl a linear curtent
ramp, but there is a 1O% rippk ill I;’cut that p :rsists in :. .4
bCalll With COMtallt ]& afSOhCgillS t(l !OSepartkk WhWrf?rrOIS
in energy w currcrrt cxcwd about 1.5(%,indicating the rcdwx-d
wceptancc for Lhiscurrent cnvclnpc.
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Fig. 1 ONtput energy :wr unit Icngtli }VO,.,and tvavc phasc
d w functions of z for the standard case.

L’onclusiozts

I’rom the 1-II simulations discussed here, a standing-wrivc
FEL appears to bc a possible microwave source for a two-beam
accclrwatol. Using a beam with modesl current and energy,
wc ~indthat the final microwave energy in cavities is adcqrratc
todrivea hi[;ll-gradientstructure,and thisenergyremainsef-
fectivelyconstantinz forfluctuationsin energy, current, the
rcarxwlcration fielri, and timing of up to 2~0. The final signaf
jrhasc appears to b~!more sensitive, with 2V0 errors in energy
or timing causing a phase variation in z of up to rr/2. Work is
underwaytodeterminehow such a phase error wonld affect the
performance of the high-gradient ntructure. ‘rhe need for tight
prebunching is another potmttid shortcoming of the standing-
wave FEL.

1.
2.

3.

4.
5.

6.
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TOWARDSA 12CeVELECI’RONACCELERATORFORNUCLEARPHYSICS
WITHA 100%DUTY CYCLE
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M. Goutwfangeas,M, Pmm$, A, llatchenko

Institut Nationaldc PhysiqueNuck%irtet de Physique&s Particultx, Paris,
and Commissatiath l’EncrgieAtomique,

uCENSaclay,91191Gif-sur-YvetteG!cx, WCC

Abstract

For the futureresearchesitsnuciearphysicsit is widely
klicvcd that the clcctsomagncticpmsbcis a very useful tool.
Thereforein 1989a preliminarystudyof a 4 GcV, 100%duty
cycle acce!etator was caniu! out. T!IC accclesworconsists
essentiallyof a m.dtculatingIinac using the supcrconducsing
cavities being dcvelopd at Saclay. Two nuclear physics
experimentaltwins wouldbe fcdsimukasscouslyat the t 5 GHz
RFftequcncy.Provisionscouldbemadefora laterup~adingof
the acceleratorup to 12GcV, as rccommandcdby the French
Academyof Sciences,althoughodw-rappruachcstowardsa 12
GcVekXXronaccclcmtoraucalsoundersrudy.

Introduction

lltis 4 GeV ptojcct was made to obtain:

a 100@ beamwitha 100%dutycycle

ancmitwce (phasesurface/x)= IO-8m.rad
fur95%of theelecoon&am

arelativeenergyspread=3 ● l(j4 FWHM

two beams being delivcrd at the same time on fucd targets,
either at the same energy.or at diffcscmenergies(one being
chosen at ramtomup to 4 GcV, the choice for the otherone is
restrictedto a set of a fcw valuescotscspondingtocxtsactionat
a previousmm)

The ptoj~tisbasedonsccirctdatinglinacs.Thegeneral
lay-outisshownon figure1and2.

raGom Llncr+im*For qwlzndcr
8.1sM
w w

Sas08v

t

Fig l.Gencmflayoutof the4 GcVrccirculittingaccclcmsor.

Although it can bc scat that this is a “CEBAF.tikC”
dcsi [1], with five turns in the linacs,theprojectdiffersfrom

&the BAFdcsignon fourmainpoints:

1. The two beams dclivesed smtuhatvmuslycm the
cxpcrirnentalareas arc energyseparatedinslcadof ~i:lg time
scparat~d.The consquencc is that each USC.:sees bcrtch:s
comingL! 1.SGH.z(whichis the RF frequency)insteadof half
of :his fnqucncy. This is obviouslyan advrmta~cas far as the
dctcxtorselectronicsis able to catch eventsx sherateof 1.5
GHz.

2. Supcscomhscshgcavitiesam supposctito be operated
at aneffcctivcacceleratingfield:

Eacc= I(IMVf~

withan unloadufqualityfactor:

Qo=6• 109@ 1.SKelvin

3.The so-calfcdHO,Mcouplws,responsiblefortcjccting
higherorder modesin the cavities.arc cspc-iallydesignedfor
sc.circulatingIinacs.11mcartsthatsky amciticicnl prim~ily{or
the Cansvcrwmodes.TIICconceptresults in a sirnplcrcoup!ez
design[2].

4. T%cgenera!designcf dscaccclcramris a compactone.
Of coussc the linacs arc shortersince the acceleratingfic!d is
Iargc, but the radius of the arcs ha &.n ~~cn as small L<
possibletakingintoaccountthetcuuircmenlsstatedabove.

Wc will not give a gcntml dcscriprionof this project,
since theconceptof fccissxdatinglimes is wellknown.We will
tather fcmsson the points which am specific to this &sign.
Dctaikd information willbe foundin theso-called“bluebook”
proposal.

f..— —.—.—.—.— I —.—.—.-..& s&y”

Fig2.Mainstructuresof tic Linac.

Injectionand extraction

A 50 MeV i“jcztion energy has been chosen for two
reasons: first, the vklocisyof the electronsis closeenoughto c
so that thephaseshiftin the f~st rumof the Iinacis acccpublc;
sccon&focusing m dtc Iinac is not 100difficult.This value
guamntcesthai the thresholdctsmcn;for IJBUshould bc much
lsrgcrthanthedesignv,duewiththechosencavities.

Actually,two beamsarc injccta r the same time and
the same PIICC.Their cncrgicsdifler b) 4 McV.ilis 4 McV
diffucncc will bc carticd all shc way to :hc final energy. and

will be used !0 separate the two beams a! the cxtriiction ICVCI.

Figure 3 shows schcmn:icailythe injectionsystem. h can bc
no!~d!ha!provisionshaw been made for a polarimt clecuon
source.
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Fig3.fnwctordesign.

The two setsof bunchesdifferingby4 Mc-Vart exactly
supcnmposcdin the Iinacs.They art slightlyscpamc.din the
radialdircaion in shcarcs.Tlsechoiceof 4 McVfor theenergy
difference rcsuhs from a com romisc bctwtws an easy

fscpararionat exrxacrionand a smal enoughradial sprmd hr the
t’inl arc.

Superconductingcwitics

A march and development prognun on
superconductingcavities started at Saclaya few ycats ago. It
includesbasic research on RF supcrco~ductivity,wxties on
fieldemission, surfacecharactcrirarion,dcvelopmemof HOI;
couplers and statistics on industriallymanufactum.dniobium
cavities. This IUD program is king continual, but it Amady
showtxithat a projc.ctcan be ba.wion cavitieswithan effective
acceleratingfield of 10 MV/mand a quafityfactorof 6*109aI
l.I3Kelvin.

Last year it was decided to build a test facility for
superconductingelccrronlinac, the socallcd “MACSE”[3].
This is goirtgso be a small CW linac with a currentcf . few
hundreds of microampcres. Technological &velopments
un&rtakenfor this projecthave be~napplic.dto the &sign of
the 4 GcV accelerator.One cryomuleconsistsof 4 five-cell
cavities. Its length is about 4 meters. There arc 44 such
cryomodulesin the 4 GeV project. Eachcavityis fee!with a 5
kW Idysrron,whichmeans 176klystrc,:sahog::.her.Only ha!f
of these 5 kW are nc.cdcdfor the beam. The other haf is
availablefordynamiccompensationof cavity&tuning.

The cryogenic system power must be 2.5 kW at 1.8
Kelvin.Thecorrespondinglinepoweramountsto 5 MW.

●r *1
*
1

● ● 0.60● ;

/
●:’‘“-r

e-26w ●xkractai bcarn

Flg4.f)csigriof the~~rion sys~ernat 3.25 GeVandat4 GcV.

Figure 4 and 5 show the extractionsystem and the
bunchseparationin theradialpha’espace. Focusingin theIinacs

E~stx10”7

x (mm)

Focusingis chosen so that the beastsis adaprcdfor its
fwstturn(witha 2d3 bctatronphaseadvance).Butit must stiU
be goodenoughfor the other turns.llse 50 MeVbeamentcrir.g
the tirw linacreaches850 McVat its output.Thislargerelative
energygainobligedto put a quadrtspoleevery5 meters,which
means that there is always a quadruple between two
cryomodules.The ~ functionsaredisplayedon figure6 for the
fust and1ss[turn.

lastmm

.C2Er=l

I 1
50 mo S50s Id

Fig5.o@calcharacteristicsof the exmtcrionsystcmat3.25GeV.
Fig6. ~~XZ functionsforthefmt andftith1~.
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Tlsearsa

l%c arcsconsistof 4 periods,c~h PC~~ ~isfig Of3
~DO CCHSand 4 r,~gnets(missingmy.~wtstestmiq@.~
magnetic mhrs is !0 merm, whilethephysi:altiUS of rhc wc
is 27 meters.The arc is an achsomahand thesuucrureprovides
iwchronismfromlinacto Iinac.

With such arcs, it has been cacularcd that the +
functionis qual 100.45meter,whichis smallenoughto avoid
largeeminarrccgrowrhin Shearcs.

Figures7 :md 8 showrcsptcrivclythe 6 funcriorwiw
oneperiodandOkdispersioncocfficiemforone arc.

Fig 7.~xz funcfionsforoncLmicc. Fig llDis~~iorr fmc~ofr
Lxonearc.

Upgrfdingupto 17Cev

To follow rt.commendationsissued by she. French
Acarfcmyof Scierccs, a mdificd versionof this project has
beenmark h consisssina two h= consuucaon..is shown on

J’figIISE 9, the two Iinacs (XKJ + CO MeV)havebeenrcplaccdby
a singic 800 MC-Jlinac. Dtig phase 1, tie RF cavities arc
operatedar 10 MV/m ami the maximumenergy is 4 GeV as
before.Phasetwoconsistsm buildingaddirionafarcswisha ICM
m physic~Jqr~IM.[n tie mcandmcthe dcvclopmcntof RF
superconducungcavities is expcclcdm have mchcd the point
wtmc cffcctivcaccdcratingfklds of 15MV/mcan be rourinely
obrained; the cxisMg 800 MeV Iirracwouldbenefitof such
improvementeitherbychangingthecavities(woratCUC)or bya
simple suskc matment of drc caviacs (best caw) ; it would
bscomca 1.2GsVIinac.Tenpassesof thebcarnwould&liver a
30~a, 12GeV beam,sheros.albcarnpowerbeingkeptconssar,t.
TheemirranccwouldIM1~7 m.radfor95%of rhcbeamandshe
relativeenergyspread l&J m.

Otherapproaches

At a time where the nuclear physics communityis
discussingon what is the most interestingnxcarch field in the
long wno the qxd.ficarionsfor the nccdcdaccclemor am not
clearly sratcd It -ms that a first step at 4 GeV may bc
Wonhless: a higher energy being rquircd as once ; a
recirculanng linac project wouId have to be optimircd
consqucntly. Mmovcr the &simf maximumenergymay bc
significantlyhigher shan 12 GeV. In that ca$c,a rtcircrrladng
linac may nol be shebest choice.Discussionshave srancdat a
Europeanlevel so M to be able soanswerthe needswhenthey
amknown.
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THEENERGYSTABILIZATIONFORTHE SLC SCAVENGERBEAM*

Ian Hsu, M. Browne,T. Himel, R. Humphrey
K. J&e, M. Ross,J.-L.Pellegrin,J. Seeman

Stanford Linear Acceler~tor Center
Satnford University, CA 94309

Abstract

T. . energy of the SLC scavenger
used to produce positrons must

beam which is
be carefully

m~intained so that the beam can be transported
through the collimators in the dispersive region of the
extraction line which leads from the Linac to the
positron target. A feedforward control loop has been
developed to compensate the efiwgy fluctuations due
to the beam intenslly fluctuations. The loop detects
the beam intensities in the damping rings and then
calculates how much energy needs to be compensated
due to beam loading effects. Theenergy is corrected by
adjusting the acceleration phases of two sets of
klystrons right before the extraction. Becausethere is
feedback loop using the same controls, their
interaction needs to be carefully treated. This paper
presents an overview of the feedforward algorithms.

Introduction

When operated at 120Hz, in each beam pulse , there
are three bunches in the SLC Iinac. These are, in
order, collider positrons , collider electrons and the
scavenger electrons. The last one, the scavenger
elecbons, is extracted at sector 19, the 2/3 point of the
Linac, with energy 33 GeV to produce positrons for
use later. The intensity variations of the two
leading bunches and the scavengerbunch will cause an
energy variation of the scavenger bunch due to the
beam loading and the self-beam loading effects. A
collimator, used to protect the extraction line, defines
the energy acceptance to be ~ 1.270. ‘if,on some pulse,
the scavenger beam energy is greater than 1.2 % above
nominal, the collimator will scrape some of the
scavenger beam and therefore reduce the intensity of
the produced positrons, as shown in Fig. 1. As a
consequemx of that, the energy of the scavengerbeam
one subsequence pulse will be increased since it
follows the lower intensity bunch of positrons. This
energy variation will add up with the previous one
and cause even more scavenger beam loss and redue
the positron beam intensity further and so on. The
radiation due to the beam loss iri the extractionline
will trip off the whole machine by the MI% (Machine
Protection System). This kind of ro!ling snow ball
mechanism can trip off the machine within a couple
beam pulses at moderate to high intensity. It is so fast
that the existing extraction energy kedback loop can

-----—————————

not prevent it. Therefore, a pulse by pulse
feedforward loop has been developed to cure the
problem.

Fig. 1 The schematicdrawingof the extractionline.

The FeedforwardLoop

A schematic drmving of the feedforward loop is
shown in Fig. 2. We pick up the three beam
intensity signals in the damping rings at 5.3 msecs
before they are extracted inio the Linac. The intensity
signals are converted into a scavenger beam energy
change according to the known loss parameter k of the
SLC linac structure. This is summarized in the next
section. The signtd for the required energy
compensation is sent down the Linac to sector 17 and
sector 18 which are the sectors right before !he
scavenger electrons extraction line. By changing the
sub-boosterphases of sector 17and sector18in opposite
direction we can accomplish the required energy
compensation without changing the beam energy
spread. If it takes 1 ms for the suHooster phase to
stabilize, data processing must be completed after 4.3
ms. Due to the short data processing time, the
manageable algorithm and the cost of a software
intensive solution, we decide to use hardware data
processing techniques. The block diagram is shown
on Fig.3.

● Work supported by the Department of Energy,contract DE-AC0376SFO0515.
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Fig. 2 The feedfonvard loop to stabilize the acavenger
beamenergy.
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Fig 3 The bkk diagram showing the overallloop skacture.—
Where

T & H : TrackandHold
SAM : SsnadArdog Monitor (ADO

IGADC: GatedADC
PAU : PulsedAmplitudeUnit(DAC)

(The de~fi of PAU1-6 ISdescribed at the ●nd of the paper. )
FFF . (Faat)IkedForwardloop
FFB : (Fad)FeedBackloup
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The Summary for the Beam Loading Estimation

For SLCLinac:

Lossparameter : k = 19 V/pC/m

Beamloading enhancement factor : B = 3.1
\ forbunchlength= 1mm )

The scavengerbeam energy loss due to

1)The fundamental mode wake t)i :

e; :!4.6N,* =
10’0

ec : 102.8 N< %!

e; : 55.5ye; 3’”

?) -f-h ,, .IIn loading of the higher
c’ .L”: ,de wake :

E (B-1)x55.5Ne;
i lti 5 Ne;

10’0

r (heloop is finished the above theoretical
resu~: dl be com’irrnec!by checking the correlation
bet’ n the beam intensities :ncf the scavenger beam
er,e: at the extraction lin-

The :erfcce Between the Feedforward Loop and tile
Feedback laop

.,i,e mentioned in thv in tr~duction, there is a
feedbai mop to stabilize the scavenger beam energy
and tk,. extraction position and angle The control
variab!es of the energy feedback loop are the sub-

booster phases 17 and 18. The ieedforward loop, for
purposes of the simplicity, could use another pair of
sub-booster phases as the control variables but would
take about 1 GeV of energy for the head room.
Therefore, we decided to use the same sub-booster
phases for control. [n this way, we can also utilize
the existing control software and some of the hardware
by merging two Imps together.

After the analysis, we disco~”ercc!that because the
feedback loop energy measurement is in the extraction
line, downstream of the two klystron sets, and the
feedforward loop intensity monitor is upstream, these
two loops will not fight each other and will not
diverg~. In fact, if there is a consist error of the
feedforward kmp, it will be corrected.by the feedback
[odp

Several methods for merging these two loops have
be,.i~studied. Due to the non-linear ( cosine ) wave
form of the RF field, an exact mergence circuit would
need ihree arcosine operations and one square ic)ot

operation which are in principle possible in hardware
but may be somewhat complicated. Under ;ome
approximations, those operations can be reduced. to a
single arcusine operation. According to simulations,
the maximum fractional energyerrordue to this
approximation is 0.54% which is about the half of the
tolerance. A different fipproach is to use the final
feedforward signal to do the linear interpolation of the
feedback output. In this way, complicated arcosine
operation is not needed, but the maximum fractional
energy error is 0.64?’0. T%emethod which we will use
for this project is that instead of using linear
interpolation , we use quadratic inte~olation . In
this case thti maximum fractional energy error is
‘educed to 0.20% which is well inside the tolerance.
I_’heequation for the quadratic interpolation is :

where
[ : Thecurrentvector= [ ~., 1<,L; 1.

$1~(1):Thephase1sappliedmthesub-bocmr17forthcdetcaedcurrentsI.
41~7U:“fhcphase wouldk ~ppliedinthecaseofmaximumcurrents.

IlIq7: Thc phasewmddbeappliedmthecaseofmu currents.

.A(o~?&’,/:TMinterpolationcoefflcier,twhichdependentson& tid;s.
AE,W(II:~e ~tiofld ~om~nsaoonCnerflofthef~o~ard 100Pat 1“

2E

The formula for the sub-booster 18 is similar the
above equation.
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THBPRO- OF ION BEAMSX)I.IXLINGTN INJECTORS
AND RF’Q LINACS

YU.P. vakwlMhin, M.F. Voro&ddn, Yu.A. Svistunov

D.V.EfremovScientificRe8earoh Institute of
Eleotrophy6ioalApparatus

Abatract
Problemaof Simulationof ion dynamiosin

tijeotorsandXFQ llnaos are dlsoussed. TWO
methods of modelin$ of fields and partiole
dynamicsin injeotlon syetem6are ooneidered.
Io~ optics as ?unotion of electrodesdimension
k .,;ghgradient~ llnaas are ex~ined.

“.5 :-te-of-the-arts

‘lreat progreas made recently in
Rzaio-frequenoy ion li-naos have become
pofsibledue to the radio-frequenoyquadruple
foousi~ (RPQ),proposedby I.M.Kapchinskyand
V.A.Teplyakov[Ref.1].~~ acceleratorsused
as a low energypart of linao (LEW) enableto
providea high ion trappingcoefficientat a
low injection enev~r and a ~mall beam
emittanoeat cheIr,letto the main part cf an
accelerator(HEBT).But to realisethis it is
necessary to fulfil quite exacting
requirement for beam parametersat the inlet
to the LEB!l!,especiallyat great phase ourre
densities.Thep.roblemuof matching& beam ?:
the regular part of an accelemtor were
consideredin a numberof studies[e. .Ref.2].

fIt has been revealed that the best ma ohi~ of
a beam to the regular ohannel will be obta~ed
if thebeam at the j_nletto the bucher is
convergent,symmetricaland with an optimal
ratioof largeami small semiaxes of phase
ellipces Ln the planes XX: and YY~. The
calculation.sof an ion injeotorwit”nphysica~
parametersprovidingthe fulfillmentof these
ccndiiions,is extremelylabomconsuming ?md
requires r’peated modelirg of the
3--dimensional ion dynamica in the injector
cha!hhel. A standard scheme of a negative
r~rdrogenion injectorwith a plasmasource is
shownin Fig.1 (thesame scheme may be used
also to forma positivehydrogen ion beam).

‘b
Figl. Sohematic configurationof ion

injeotorof RFQ linao

The chargedpartiolebeam transportin 6uch an
injector is complicatedby a considerable
difference in the residualgas presmre (by
3- 4 cm2er8 of magnitude)along the injector
and thepresenceof a btiamspace-chargefield.
Near the sourceand in the bending rriqet,
which is used t~ remov~heavy ionsand caesium
atomsfrcman H beam, the beam charge is

compensatedby ionsa~;~ingduring ionization
of residual gas o or molecules. The
denaityof theneutral~tomsor molecules of
re8idual gas and the density of a gas.
enteringthedriftspasefmm thesource, is
usualiysuch thatthe dmsity of an ion plasma
formedas a resultof the ionizationmay be
comparedto or even considerablyexceed the
density of pz~ticles in a beam. As the
mobility of’ ions and eltctronsof plasmabeifl+
different,thereappears a plasma ambipo:a?
electric field, equalizing the fluxes ;:
oppo6itechargedparticles in tk,”mdially
limited syatems (the i~jector length
considerablyexceedsits lateral dimension).
This fieldmay drasticallyaffecttheparticle
dynamics in the inje>tor regions, whert.
externalelectromagnetic fieldsare abcent L.r
negligibif?.The externa:fieldsare of gr+a:
importancein thatpart of the injectorbef..:s~.
theaccelerator,wherea beam volume chaar<~.
is not compensated, and h match the tI&:L_n
emittance with the accelerator accep:x.:e
there is used a preaccelerati.ng focus i:<
Eystem ~onsisting of se’.$wal electrodes.

Attempts to model thefieldsand particle
dynamiosin ion injeotin systemswere nao?e!.y
J.H.Whealtonand co-workersduri

T
1978--1989.

the problemsof not only the ransport(the
regionto the rightof the source slit) .\,J:
the ion extraction(theregionto the left Q:
theslit) havi.msbeen considered.I?ut the
problem was no~ solned completely thoti.<h
up-to-datecomputerswe?’emade ~~ m~.#of. ...t
plasmatiensityto the r@ht of the sourne
was suggestedto be alwayssti.ficientlyreal:.
The resultsof thesest~:diesa-e reviewed :;
J.H.’Whealtonin [Ref.3]. His approalXLo
consistingin the mod!ling of the Poisscn
eq’uationand threekinetio Vlasov equatior.~,
is at Present the 0,.ly serix.is progr’~~
allow~ to model thr,process of an it..-.
extraotlonfromplasma 5ourf’es of differ~z:
typesand to obtain re~”lltsconsistentwith
the experiment.But as <or themodelingof ic.r
transport prooesses i:, the preaccelerat:”;
systemf3 of differen. complexity rd::’e
economicalcalculation:~thods are possibl-,
whichallow to obtaingod results.

2. The model of the given field

To caloulatea fie!dpotentialand pha~c
ChW8Ctf3~StZiC6 of a be:<nin the region ~f
high-to-low-pre6suretrmsition the poll@wi7~
6ystemof equations must be solved: :~ti
equationfor thepotentialQ

A(p=- ~[ni(q)-nb-ne((p)l
o

(1)

plus the movement equations, that determine
the distributionof the denBityof plasmaiOn13
and eleotrons,ni and ne, and b-m l-, ‘b-

But while mrry’ng out preliminary
calculations, theproblemmay be simplified,
considering the ga6 distribution
injectoras the givenone, af3 it if3hmaJ?j
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determ.tiedby the vaouumpumping systemand a
souroe operation mode. The enerimenta of
!4.D.Gabov~oh [Rer. 41 showed - that the
dependence of beam potential on the pressure
~ ‘~(P)ne~ the vol’dme oharge oornpe~~~ti.on
pointisof a logarithmicoharaoter.!l%us,
knowingthe flmotion ~=$(p) and pressure
distribution = P(z) it is possible to

calculation~ = ~(z).Such ~. approach fi
mode~i,gthe3-dimensionalion @mmios in an
injectarwith large pressure difference has
been realizedin the PL-codes [Ref.5]. me
calculationof theproper field of a beam,
taking into aooount the dependence

~+z), Pe~itted to avoid the solutionof a
self-consistentproblem.The dynamiosof beam
ions in the field of given foroet3 ia
con6_ideredalongthe whole injector channel.
The field of axial-synnet.rioelectrostatic
systemsare calculatednumericallyby solving
the Laplaoe equation with corresponding
boundaryconditions.The proce6se8of an ion
extnotion from thesourceand the fomation
Or a plasma boundary are not considered.The
formand sizeof thephase beam volume of
‘large” pzmticles are given in the point
immediatelyafterthe extracting eleoinmdes.
AS a rule,the initialpnasevolume is known
fromthe experiment.The oaloulationsof a
z?.?ative hydrogen ion injeotor for
R.FQ-acceleratorhave beenmade, with the hel~
of this oode, and the axial--symmetrio
electrostaticsystemof preacoeleration~the
bending magnet parameters being properly
selected,have been shown to provide small
lossesof Ii ion8in the injeotorohannel and
.=oodmatchingof thebeam emittanoe
~Q-structureacceptance[Ref.61.

to the

3.The hydrodynamic model

A more striot approaohto themodelingof
processesin the injectorchannelinoludesthe
calculationof a self-consistentfieldin the
piasma-beamsystemand furtherthe calculation
of the iorldynamicsin thegiven field. This
appr~aohis justified,as one of the tasks of
the injectordeGign is to provide a mall
emittancegrowthof an accelerated beam. To
describethe behavicm of eleotron and ion
?lasma comp6nent8 the equaticms of the
two-fiuid hydrodlnamios are aed, i.e.
movementand continuityones,as well as ihe
Poisson or Gauss equaticns for
self–consistent beam-plafzmafield. l%es~
equations for a symmetricalplasma souroe
(externalfieldsare absent)may be writtenh
a one–dimensionalfore, taking into account

thatthe injeotorlengthoonside.rablyexoeeds
its lateral sizes, and supposing a weak
nonuniformityof plasma and a8 parameters
along the “ “ (dE/%ME/t3z and
ErzEz).Assw@Vl~~tSrbea ionized the gas
only moe the gaa ionizationby seoondary
electrons is nef$liible and only

f
elastio

Collisions occur w. he plasma it8elf. Under
the6eassumptionstheplasma-be~ system may
be modelled by five integro-differential
equations[Ref.7]:

-2‘v=J’.nbdv-h“aw*J
v v s

$ JErdS=4’Ke(ni-nb-ne)dv, (2)

In.

‘.0 —-----% “!no+~

Here, the index a takes on values 1, e <ions,
eleo trons ); na and Il@re the densities and
directed velooitie~‘of plasma ions and
eleo trons; nband Vb are the denBity and
velooityof beampartioles;v@nd Vm are the

collisionfrequenciesequal to VH= nE(Z)Oi’Vb—.
and Va= ng(z)umvao respectively;?? ‘is the

~
gas atom density;Ui is the oross-seotionof a

gas atom ianizationby beam ions; am is the
oross-sectionof elastiooolli8ionscf plasma
componentswithgas ne’~trals; Ta, Va, ~ are
the temperature,thermalvelooity and plasma
partiolemass;m. i6 the gas atom mass. In

system(2) the direoted velooity of neutral
gas atoms is acoepted to be equal to zero
without violatingthegenerality.The boundary
conditionsare of the form:

(3)

(4)

They are di~cussedin detailin the paper of
the scme authors that in [Ref.’71,which is to
be publishedin JTP in the hearest future.
Zero valuef3 of densities and directed
velooitiesof plasmacomponentscorrespond to
the initialconditionsof theproblem.In case
the spaoebeam ohargeis not f>ullycompensated
by the plasma, when ni,ne~, in order to

oaloulate the field the beam movement
equationsought to be added to equa’tionsystem
(2).With the ext-rnal eleotrostatiofields
theproblembecomesthe two-dimensionalone.
Fig.2presentsthe curves of the resulting
fieldin t!~eplasma -beam system for three gas

,.20 m-3
de~sities’ ngl

=3,6 X
%=

3,6- x
,“ 9M-3,

‘@
= 3,6 x 10’%-31 oorrespondlrig

to threepoints of the injeotor alc,ngthe
longitudinalaxi~ Z: 21<22<23.The maximum

partiole density on the bystem- axie amourrt.ed

to ~ = !.l’2m-3,the effectivebeam radiusrb=

3 om, Te= 3 ev, Ti= 0,03 ey, Vb = 2 x !08M/S.

To a“zo~~ the influinceof
the fieldnear the beam
SYSternwal1 was chosex
than thatof the beam (20
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boundiryeffeots on
the rafliubof the
crwmiderably larder
cm) . The ease ng=
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I

ng2corre6pondedto the full beam charge

compensation (ni,Ae>nb). Uncle:- the6e

ccnditiom the plasma-beam 6y6tefa is
consistent. and the dependence of an electric
field pctential on iadius in the region
o...0.15m correspondsto

[Ref.8](seeexperimentally

&;F{’
NH ~

{.2 :

u :
A

the one obae~ed
Fig.3).

Fi@. A field distribution ‘in the beam-
plasmasystem

Xl-curvecorrespondto gas density

ngl; ‘2-‘g2; ‘3-‘g3”

Efo-28/M
foI

M

Fig3.Caseof full charge ~Gmpensationo
Dependence of an electric field on

the radius
—— Theory; ----- Experiment

4.Modelingof the ion dynamics l.n RFQ llnacs

The calculationof the dynamics of
charded particle beams with large density of a
VO1’LLW?charge “ RFQ accelerators is
time-consuming, e~~ecially in carrying Oct.
multivariant calculation for optimization
problems or in detect~ the to~erances for
the man~”actureof acceleratingstructures.
Usingdifferentmodels of a particle beam
considerablyreduce the time for numerical
mdeling. Thereare anotherproblemsas taking
intcacc.mnt the influenceof heighbcmring
bunches m each other, the differenceic
calculationresults for “ideal” and “real”
electndesof an RF resonator.In go~ from
resonatorswitha 150MHz operating frequency
to ?hose operating in a 400 - 500
drequency range the numberof bunches (eox~;
themainoneJto be takenintoaccountin the
model increasesfromtwo to four.Usually the
accrmntof only the termsof thefirst order,
determining the acceleration and foousing
ef:ect., in the function of the potential
diet.ribution corresponds to some ideal surface
poles. In goingto a real pole surfaoe in
resonator~, operating with 400 MHz frequency

and above, it resultsin considerable ch es
in the acceleration efficiency and ?
trajectories, especially for the RR
accelerating gradient (AU/AZ> 1 MeV/m). The
particle lof3ses over the length for an
accelerator with a 2 Me-l fin~te e~e~ for the
‘idealnan(! “real”eleotrodes are

-— ... ..
shown ln-

F’ig.4. RRJ limo 6uch as that must be built in
D.V.EfremovInstituteas LEBTforl%l’ ~tem,
likeone In [Ref.101.

W4%

401
[

a+

. . . .. ...
----”2

Fig4.The ~articleIOSSeS over tkie lc.:yt}.
fGr a accelerator

1- “idealH ele~trode~;
2- “real” electrodes.

Jartil:.ls dj”r.amics in resona:urr, w~t.h f ;.l’ !~:.
the tfixns of higherGrders of tl~t:p~:lc:.tlL“
ej:pan~ionare to bc takenir,to account.

Beskles.forhigh-gradientstructuresthedepcnt!cnc~
ofoutputbeamcharacteristicsontheparanmtcrscfinitial
phaseellipsebecomesso sensitivethatitisrequired
toconsidera commoninjcr:or-tic(vlcratorsystem while
modeling the ion dymamics.
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Induction Acceleration Module Ior Maryland PulseCcmpressio~Eqxrtnwnt”
J. G. Wan:,

bbordlory

Abstrtict

A compact induction acccltralion
designedandconslruclcdforIhecleclron

D. X. Wmyg,E. Bogg:isuh;).D. Kehnc. M. Relser, and T Sheab
for Plasma Research iind Depnrlmcn!of ElectricalEnglirewing
Urti\ersity of Maryland. C’ollcgcPark. MD 20742

moduIe has hccn
pulse compressiwr

experiment al the Univcrsi [!’ of MiIryii nd. The -design
parameters, opera lion prlnciplc and pcrform;l ncc
characteristicsof this dcvicc arc brkfly reported in Ihis paper.

Introduction

The Maryland Electron Pulse Compression Experimcn[l
requires a fas[ electron beam pulse wi[h quadratically Iime-
dependent energy shear. This is achieved by an electron beam
injcc[or that consis[s of a \;ariable-perveancegriddcclclrxron
gun, three solenoidal matching lenses and nn inducl ion
accelerationmodule. The tlec[ron gunz produces a beam with
50 ns pulse w“idlh,40 mA current and 2.5 keV energy. The
induclionacdem[ion module producesa ioltage Ihs[ iaries i]s

a quadra[icfunction wilh [imc from O 10 5 k\) across its gap,

Th]s voltage imparts an approx ima[el}, Iincar head-1~-[iii I
velocity shear to the beam electrons IO caus~ compression. in
[his report w“epresenl the induction accelcrzl ion modUIC
design, its operating principle, modulalor circuit ani]l}sis. and

some IcN iesulls.

Induction acceleration module

A [oroidal ring of magnetic malcrial surro~ndcd hy a
conduc[ ing loop is driven by a I“olIagc pulsc l’rom s
mcdulator,and the change in flux in lhc magneticcore mtlucw
an axial electric field3.4.The volttige appearing across ii gap
in a second loop duringthe flux change is expressed by

V, (t) -YE . dl - “Dd+ ~’ ,
(1)

where the accelerating particles perform ihe line in[cgmlion
and the surface inlegral is [aken over the cross section of the
ferromagneticmaterial. The gap vol[age w“illdrop drama[icall!
if the toroidal core ma[erial reaches magnetic saturat ion.
Assuminga 12gap voltage during opera!ion,Eq. (1) yields

v~ ~,T -3 A& (2)
which relales the maximum gap VOIIage. Ihe core cross-
sectional area A, Ihc IoInl ch:+nge in the magnc [ic flux
density, AB, and Ihe maximum operation Iimc T before Ihe
core saturation.

As illus[ra[ed in Fig. 1, the induc[ion a~ccleratio~l
mcdulc catsists of a single-[um primary around 2 sof[ ferri~e
cores (H material) wi!h !he beam c~mpleling [he single-turn
semndary. This arrangementforms an inductivelyisolated gap
with a one-[c-onc vollage ratio. The primary is driven
symmetricallyfrom two opposite sides in a balanced mode 10
minimizede!kc[ions of [he beam. The beam UJbChtis i! radius
of 1.9 cm and the gap distance is 4 mm. The dimensions of
each ferrite are 14.82 cm in outer diameler, 6.35 cm in inner
diameter and 1.59 cm in width. The [otal cross-sectional wea
of the core is 13.45cm2.The satumlionflux density Bs of the
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m:llcrial is. O..MlkskI. Taking lhe maximum gap \olIagc of 5

mngncIic flux dcnsity of AB=O.06 “lesla which is much
snl:tllcr than lhc saluratirm Oux rknsity of Ihe malerial. [1 is
cspcc[cd that Ihe t’irsl guildranl of lhe B-H curve of Ihe
ma[erlal is :tdequa i s ior c.wral ion. Nevertheless, [he gap
l~oltagcwill sv~in: ‘~j]to a higher value afler th: 50 ns beam
pulse period. Ihat could driw the core info sarumlion. Since
the malcrial has a residual magnetism Br of 0.1S T-.1:. onc
needs a rtwrsrrl curren[ a~ter each shol 10 reslore Ihe core
~pprOxlmalelY[0(hewgh ofiLSB-H~u~c,

In

Alumm2
Insulator

FcmtL.

H.—.Connewor
(1of 2)

F“ig.1. Mechanicaldrawing of Ihe induclionacccfera[ion
module.

Since Ihe gap volIagc Vg is quadraticallytime-dcpendenl.
[hc gap physical char.~clerislicswill rely on this f~ature. For
instance. the longitudinal impedance of the acceleration gap
will wry in a Iargc rjnge during the beam pulse. The very low
impedancea[ the &am from resuhs in heavy load problemand
waveform diskxlion. The acceleration gap acling on the beam
as a focusing Iens wil: aIso produce severe chroma Iic
aberrations Ihat cause rxoblems w“i[hbeam matchirw 10 the 1.
periodic cucusing channel and may also lead to e;i!!ance
growlh.

Modulator

The schemalic diagram of Ihe infiuc!~~nOcceleralion
rnodulc and i[s associitleclmodulalor circuits is shown in Fig.
2. The induclion acceleration module itself i-. ;quivalenl to a
RLC parallel circuit where R acmunls fw Ihe resislive loss in
Ihe core. With Ihe external capacitance and inductance, the
five components Cl, Ll, C2, L2, and R conslilu!e a Pulse
FormingNework (PFN).

“1’hctwhavior of Ihe PFN is go~”errtedby a fourlh-order—.
a GSI Da.m~fad!,W.Germany (lIffercntiitl cqutilion. In the complex frequency domain the
b &ooLhavcn National Labrawry
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voltage on lhe induclion module is related 10 the charging
voltageV. on the capacitor~; by

v,,+
v (s ) -

s ‘ + SJW. + s-’([0; + q’ +w; ) +S(O ,,(0: + W:ro;‘
(3)

where the characteristic frequency cmrsuwr!sm. !kru 103 arc
de[errnincdby the PNF paramekvsRC’2.L,Cl, L2C2.and L1C2,
respectively.TransformingEq. (3) back 10 the time domain is
s[raigh[fomvad,and one finds Ihc induc[irmgap voltagt as

[
V (i )- }’ ~W;pl? “’ (70S (b/ ) +

q

1
= si/1(h ) -t)p

[
- ~ ,W;pe“ cm (A)+

r

I
= Si}l(J1I)“

rlp , (4)
where the constants a, b, c, d, and p, q, r are determined by
the PNFparameters.For a small time scale t, equation (4) can
be approximatedas

v ( t J - +- v,,(w,i j’. (.5 )

This proves that under certain conditions the inductit;n
acceleration module with !hc driving modulator circui~ docs
lead [o a quadraticallytimcdepcnden! vohage.

. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .
. .,- . . . . . -- Pm

——----.-~-..-—.--...––
—— mducuonmodule

t.
.. ..... , -..—. -- -- -- _-

--_.------- .-. .-L..-. . . . . . . -------- ---- -

——-
m~gcr
arcult

\’(l)
f

. . . . . .

Fig. 2. Schemaiic diagram of the induction accclcralirm
mwfuleand Its modutalor.

Igncring the resistive toss of Ihc core, the current
throughthe induclionaccelerationmodrdecan be found as

(6)
Equalion (6) shows that lhe current through the induction
accelcra[ionmodule is sinusoidal. With the proper switch that
allows curmn[ reversal, Ihc cores will be dcgaussed after wrch
shot and the induclionaccclmationcould bc opermd withoul ii
separa[c reset circuit.

Pseudospark switch

A pseudospark swi[ch is employed [o comrol [he PFN
operation.The pscudosparkdischsrgc switchs is a fast, spirrk-
Iike, low-pressuregas discharge that operates on the left side
of the Paschen curve. A gap geometry [hat supports the
pseudospark discharge consists of two insulated metal
electrodeswilh a center hole. Tl_wcfischmgccan be triggeredat
the cathode by a flashovcr inilia led inside [hc bore hole
across a Ihin mylar surface. Tablc 1 shows the typical
operating parameters for this switch. This data SCIinclicalcs
s~perlorperformance of the switch in ihc aspects Of fi3St

risetime, small jitter, repc[ilion rate and long Iifclimc The
itsts show that Ihe pscudospark switch has current wversal
ability when the charging vohagc V. is more Ihan 6 kV.

“rable 1
Operating Parameters of the Pseudospark Switch

I{old-offVOha~C 20 kV
Ccmenl 10 kA
Currcnlrise(max.) 500AJns
Jilter 1ns
f)day 30ns
Ripelitionrate 100Hz
(;2Sprcssum 30millilorr
L]l’clime > 1 million shots
GilS ly~ nilrogcn

Te~t results

l“he induction acceleration module has ken fesled with
respect 10 ils giIp voltage, module current, and rircuit
behavior. The modulator components used in Ihis test orc
CI=2400 p~ Ll=2.3 }(H,C2=2000p~ and L2=3,4pH.

A typical gap vohagc waveform taken at the charging
voltage of Vo=1S kV is shown in Fig. 3. In the first 50
nanosecondor so. ihe gap voltage increases quadraticallywith
lime during w“hichthe elcclrcn beam will be synchronizedand
accclera[ed. This lime dependence gradually disappears a!
larger [ime scales u“hcn Ihc conditions for Eq. (5) arc no
Iongcr sil[isfied. However, Ihis has no effccl on beam
acccleralirrn.Figure 4 fiIs Ihc gap voltage data to the ideal I*
curve. that shows rcasonahly good agreement between the
theory and cxpcrimcn[al da1:1.The waveform of Ihe 12
dependcnct could bc further impmved by inaeasing Cl or L,.
but that would require n higher charging voltage or lower
repetition rate of operatioc. The measured gap voltage versus
Ihc charging vollage V. is plotted in Fig. 5 which shows
reasonably good linearity of ofxralion.

The current waveform passing through the induction
module is shown in Fig. 6. The peak currwrt is aboul 4S0 A
when the chargingvoltage is 1S kV.The reverse currvnihas ;I
peak value of ijpproximatcly 200 A and lasts about 300 ns.
This results in a reasonable degauss effect on the core
operation. In Fig. ? the forward and reverse peak current of
the induction module as a function of the charging voltage is
also plotted. The Iincar bchiivior of the forward current
indicnles [hat Ihe core is operalcd withoul getting into
x]lumtion. l“hc nonlincanlyof Ifrc reverse current explains Ihc
curren I revcrsi biIi[;! of Ihe pscudospark only at a higher
charging voltage.

Summary
A compact inducl ion acccleralimr module has tieen

dcsigrvxl nnd constructed for the Longitudinal Comprcssimr
Expcrimen[ at the University of Maryland. II generales an
accclera[ ion gap voltage Ihal varies approximately as a
quadratic function of time. This imprms a head-to-tailvelocity
~pr~ild [o the eleclron beam pulse which is injccled into a
solenoidal focusing channel. The vclocily spread will produw
Iongllud inal comprcssicrn of Ihc electron pulse as il
propngales down lhc 5 m long chanrwl. The induction
irccckration module employs a pseudosparkswitch 10 achieve
good pcrformarrw in synchronizationand current reversibility.
Tlrc induc[ionaccx!cr:itiwrmodule has been tested and the test
results show ~~tisfitutor}’ performance of this device. The
intcrac[ion between Ihc beam and the induction gap will he
swdied in dclail with the ncw injector and Ihc resulls will be
reported.in the near future.
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Fig. 3. Measured induction gap \“oltag: waveformat Vo=ltl kV
which show’sa quadratically rising gap voltage at \h\:
firsI 50 rrs period (5 kV/div. vertically).

?
5.

4.

3.

2-

1.

0

Gap
is a
!east

o 10 20 .W 40 .$ 064

t (as)

voltage in the fhst 50 ns where the smooth curve
t-.quare form fitted to the experimental data by
square method.
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Gsp volmge versus charging voltage V. where the
top points are the peak gap vollagc and the bollom
points arc ihe gap vollage at z=50 ns.

Induction module currerrf waveform ( 100 A/div.
vertically ) al Vo=18 kV which shows the reverse
current through the pseuilospark switch to reset the

Induction module currcnl versus charging voltage V.
where the top points are lhe peak forwardcurrent and
the bottom poir.fsare the peak rtverse current.
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STATUS OF THE BNL TOROIDAL VOLUME H“ SOURCE”

J.G.dessi and K. Prelec
AGSDcpatuncnt,klrookhwenNationalLaboratory

Upton,NY I1973

Abstract

A volumeH- sourcehavinga toroidaldischargechamber
andconicalfilterfield hasbeendeveloped.Parametricstudies
of thi$ sourcehave ken in progressfor two years.Extraction
aperturesfrom0.5 cm2to 1.87cm2havebeenmed. andat H
currentof upto 43 mAhasbeenextracted.Theelectron-to-H
currentratioin theextractedbeamcm be as low as 10for= 25
mA H-. lle measuredemiuance (normalized,90%)of a 19
mA beamwas0.44 x mmmrad.Whenoperatingwithdcutxi-
um. the D- outputwas50-00% of the !!- currentunderthe
samedischargeconditions.Theadditionof cesiumto the dis-
chargeincreasedt!!eH- outputanddecreasedtheelectroncur-
rentso thatG 30 mA of H, one obtainedan electron-to-E!-
ratioof 1.Usinga twogapextractor,witha dipole field in the
intermediateelectrode. approximately80%of the extracted
electronscouldbe removedfromtheprimarybeam.

?~troduction

Volume H ion sources have an advantage over surface
production negative ion sources, which are morecommonly
usedonaccelerators,in thattheydofi’tneedcesiumforopera-
tion. Amoung the disadvantages,on ‘&eotherhand, are the
usuallyverylargeextractedelectroncurrent,andtherelatively
low extractedH- currentdensity.At Brookhaven,the design
andstudyof a novel volume H- srmrcebeganin 1988.’ Ile
goal is to developa sourcewhichufiUproduceat mst 50 mA
of H, in 500vs pulsecanda 10Hz repetitionrate,to replace
themagnetsonsurface-plasmasourcein operationollthe200
MeVIinac.Thesourcehas a ;orokkd geometry,with the dis-
chargeregionsurrounding the centr&l extraction regioIL Acon-
ical filter field separates the two regions. The idea of the
toroidalgeometrywas to get the best utilizationof the dis-
charge, and to maintain a full rotational symmetry of the
source.

While at this point we can reachthe desiredcurrentby
“pushing”the source, it is still just the first prototype,and
wouldprobablynotbeableto deliver50 mAforweeksof con-
tinuousoperation.Presently, reliable operationat30 mA is
morerealistic.Inthefollowingsections,featuresof thesowce
arefmt given, andthentheresultsof someparametricsmdies
arepresented.

Features of theSource

Figure 1 shows a cross sectionof the source.Thesource
chamberis cylindrical,6 cm limgand20 cm ID. Thewalls of
the chamberarelined with SmComagnets,arrangedto form
ringcusps (typically4 eachon thefrontandbackplates,and3
rings aroundthe side). A SmCo disc magnet opposite the
extractionapertureproducestheconicalfalterfield. TIIecalcu-
latedmagneticfield lines arealso shownin Fig, 1.2Thecath-

——
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ode is a single loop of tungstenwire placedoutsidethe filter
fieldregion.Thegasanddischargewerepulsedforthefollow-
ing measurements,typicallyat 0.5-1.3 Hz, with a 1.2 ms dis-
chargewidth.A negativedc extractionvoltagewas appliedto
thesource,andtheextractiongapwastypically0.97 cm. Most
of thedatapresvntedherewas takenat 12-18kV.

-,SDN
I

/ --14!1 -0, -0

... !” JIC7W
/ D,*TC (AL)

‘mutmsJ lb-m-
1

Fig. 1. Cross section of the volume source.
magneticfield lines arealso shown.

-J

The calculated

A Faradaycupandslit-and-collectortypeemittancehead
were located 10 cm fromthe source.A strongdipole field in
frontof the Faradaycup removedelectronsfromthe beam,
whiledeflectingtheH only slightly.A currenttransformeron
the outputof the extractorpower supply measuredthe total
supplydraincurrent.The differencebetween t$e H- current
measuredon theFaradaycupandthe totalsupplycurrentwas
assumedto be eiectrons.

RwdtY

Thefollowing subsections give brief summariesof the
some of thesourcesmdies.

Conicalvs.DipoleFilterField

NormalvolumeH sourcesusea dipolefilterfield to sep-
aratethedischargeregionfromtheextractionregion.Theconi-
cal filterfield wasremovedfromthesource,anda dipolefilter
field was placednearthe extractionaperture,Figure2 shows
theH currentvs. arccurrentforthetwocases,Theconicalfil-
terfield increasedthe K cumentby = 50%.

DependenceonFilamentParameters

Alsoshownin Fig. 2 is thedependenceof the H current
on the circular W filament diameter. A higher output was
obtainedwith the smallerdiameterfilamentloop, butthe arc
currentwaslimitedto< 150A dueto thesmalleremittingarea.
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Fig.2. H yield vs. arccurrentfortit:dipoleandconical tilter
fields. ShownforeachfiltertypeareIWOdifferentfila-
mentdiameters.

lle output alsG dependeci 00 filame:lt wire diameter ( 1 mmis
approximatelythe optimum),axial position of the filamelit,
anddirectionandmagnitudeof theinstantaneousac ordc fda-
mentcurrent.3Normaloperationis now withthefilamentcur-
rentintenuptedduringthedischargepulse.

PlasmaElectrodeBias

Theplasmaelectrodeis isolatedfromthedischargecham-
ber.Withthisek-ctrodefloating,the outputis usuatly slightly
higher,butthe electronaxrent is muchhigher,comparedto
operationwith it grounded.If the electrode is biased, going
froma negativeto a positive biasreducesthe K siigbtly, but
theelectronsmuchfaster.4

Source Presnwe

As the source pressureis varied,one can go througha
broadmaximumin the H current,andat the samepointone
goes througha broadminimumin theelectroncurrent.’The
pressuremeasurediii thedischargechamberis~ically 5-10x
10-3Torr.

Extraction Aperture Sixe

Figure3 shows theH currentvs. apemlrearea.Withthe
largestaperture,theextractedcurrentdensitydroppedsignifi-
cantly.However,by puttinga thintungstenwire cross across
theaperturetheH currentdensityreturnedto nearthatof the
smallerqmturea. Operatingata4MIA dischargewiththe 1.87
cmzaperturegave an K ouQutof 48 mA.

ExtractedElectron Current

l%e ratio of ekctron currentto H cunent depends on
manyparameters.Figure4 shows a scaaer plot of the e-/H_
ratiovs. H currentfora varietyof operatingconditims. This

50r———7

[arc(A)

Fig. 3. H currentvs. arccurrentforthreedifferentextraction
apertures.The “grid”is a thin tungstencross putover
theaperture.
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40~
I

--l: I .:.., “ .
●

I
..

20
● .... .

.“ .. ● . .=”

●. . ●“
10 .. .. .. . .

“-t . “ . .

s s“
1“

i

1..“1

..

I
1

o! 1 1 [
10 20 ;0 40

1 “. (MA)

Fig.4. ‘l’heratioof electronto K currentas a functionof arc
current.Thepointsarevaluestakenundermanydiffer-
ent ofaating conditions,source geometries, etc.

includesdifferentarccments, aperturesizes, phsmaelectrnde
biases,filamentgeometries,etc. Detailsof thedependenceon
variousparameterscan be foundin thereferences.

Emittanee Meaauremeata

Emittancemeasurementsweretakenwitha 1cmzextrac-
tion aperture,and a 0.97 cm extraction gap.’ For a 13 mA
beam,a normalized,90%emittanceof 0.32 x mm-mradwas
measured.or an RMS value of 0.07 x mm mrad.This corre-
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spondedto aneffective ion [emperamreof 0.57 eV. At 19mA
theemittancewasEN(90%) = 0.44 x tnm-mrad.

Double Gap Extractor

Atwo-gspextractorwastied, inanattempttoremr.vet!!e
electronsfromthe beamat less thanthe fill energy.Al! three
c!sc~~es hadape~res of 1.13cmdiameter.Theintermediate
electrodewas1cm thick,andhadpermanentsma~,ets imbed-
ded in it in orderto producea dipole fie:d to dumpthe elec-
trons.WewereabletodumpmorethsnSO%of theelectronson
this intermediateelectrode,operatingat= 5 k%”relativeto the
source. There was a 10-20%loss of beamcurrentdue to an
insufficientgradientin the fmt gap, andfurtheroptimization
ofthegeometryis planned.Also, whiletheemittanceareawas
thesameas witi thesingle gapextractor,thebeamdivergence
couldbe reduced.

IsotopeEffect

When the source was operated with ckutenum, the D- out-
put wzs 50-60%of theH outputobtainedunderthesamearc
conditions.sAta given D- curten~the extractedelectroncur-
rentwasatleast4-5 timeshigherthanthatobminedwhenrun-
ning with hydrogen.

Cesium Vapor Ef?ect

A small cesium oven was installed inside the discharge
chamber, and the effect of cesium on the source performance
wasstudied.sFigure5 showstheH outputvs. arccurrentwith

J I 1 I I I 1 I 1 1 I 1 1 I r I

Ov’ 1 1 1 1 t I I I 1 1 I : 1 1

0 20 40 60 80 100 120 140 16C
Im (A)

Fig. 5. H currentvs. arccumentwith andwithoutcesitunin
the sottrce.The extractionaperturewas 1.87 cm2and
the voltage 16kV.

andwithoutcesium,fora 1.87cm2aperture(singlegapextmc-
tor). Generally,the outputapproximatelydoubledwith cesi-
um,whileatthesametimetheelectroncurrentdropped.Figure
6 shows the H- cumentand Ie/IH. ratio as a functionof the

plasmaelectrodebias. Note thatwith cesium added,one can
adjusttheelectrodebiasto get a very low I& ratiowithcut

muchloss of H_cument.Wecouldcbtain>30 mAof H with
I&~ <1. Inaddiaon,theoperatiiigpressurecouldbereduced

byapproximatelyafactorof twowithcesium.Theeffectof the
cesiumremainedaftertheCs supplywasturnedoff, andeven
when the source was opened to air, some efffects of the Cs
remained.While LSeH currentwent backto ne~rthe levels
before Cs was introduced,the operatingpressurercmained
low,andthe1,/1”-ratioremainednearunity.‘he sourcehadto

LwthoroughlyCICJXUto bringit back to its original “cesi-
um-free”levels.

40,1 I 1 1 1 1 1 r I I 1 1 r r v 1 1 1 1 I
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VW 09

Fig.6. H currentandratioofelectronsto H- asa functionof
theplasmaelectrodebias,withandwithoutccsium.I,rC
= 150A,VW,=250V,andV,Xt= 16kV.Thedotsindi-
catethefloatingpotential.

Ackoowledgementa

Wewouldlike tothankD.McCafferty,whohastirelessly
madethemanymodificationsto thesosuceandassistedin the
measurements.

References

1.K. Relcc, Proc. 1988European Mt. AcceL Conf.,Rome,
1327(1988).

2. C.R. Meitzler, Proc. Fifth International Symp. on the
ProductionandNeutralizationof NegativeIonsandBeams,
to be publishedin AIPConf.Proceedings(1990).

3. K.Prelec,Pmc.FifthInternationalSymp.ontheProduction
and Neutralization of Negative Ions and Beams, to be
publishediu#,&Couf.Rocexdings(1990).

4. K.Prelec,Proc.1989IEEEPart.Accel, Conf.(CatrdogNo.
89CH2669-0),340.

5. J. Alessi, Roe. FifthInternationalSymp.ontheReduction
and Neutralization of Negative Ions and Beams, to be
publishedinAIPConf.Raeedings (1990).

6. J.G.Alessi andK. Relec, Roe. 1990EuropeanPart.AcceL
Conf.,Nice,France,to be published.

673 I



THEBNL200MEVH- LINAC- PERFORMANCEANDUPGRADES”

J.G. Alessi, J.M.Brennan, A. Kponou,
V.LoDestro.P.A.Montemrsrro

AGS Depanment, BrookhavenNational Laboratory,
UpIon,NY 11973

Abstract

Forthepasttwoyearsthelinachashadreliableoperation
from the new RFQ preinjector. The performance of this
preinjectoris described.Thereis a fast beamchopperin the
transportline betweenthe ion sourceandRFQ.By injecting
narrowpulsesinfo the AGS we can obtainan accurateIinac
energymeasurement,or the detailedshapeof the Iinacbeam
energydistribution,on a single pulse. Somegeneralcomment
on thehnacoperationarealso presented.

Introduction

The BNL 200 MeV Iinacbeganoperatingas the proton
injectorfortheAGSin 1971.In 1982,theIinacwasswitchedto
H- operation.In 1983apolarizedH sourceand750 keV RFQ
were added to the preinjectcr area, and polarized protons were
accelerated in the AGS. In 1988,a second750 keV RFQwas
installedinplaceof theCockcroft-Waltonpreinjector,forhigh
intensity H- operation,so we now have only the two RFQ’s as
preinjectors.The Iinacpresentlydelivers= 25 mAof H- in500
LSpulses,ata 5 Hz repetitionrate.In thispaper,we will ftrsi

describesome featuresof thenewRFQpreinjector,anddis-
cuss itsperformance.As partof thisnewlx?arnline,a fastbeam
chopperwasadded.Thischopperhasallowedus to do severat
interestingIinacstudies,andwe will describeaccuratemea-
surementsof the linac energyandenergy distribution,both
obtainedon asinglepulsebasisusingthefastchcpper.Finally,
some generatcommentswill be madeon the hnac reliability,
andimprovementsbeingmade.

RFQPreiojector

We have now been operating for two years (approxi-
mately 7 months continuous per year) with the RFQ
preinjector.Detailsof thebeamlinehavebeengiven previous-
ly.’ Briefly, the line is as follows. H-is producedin a magne-
tronsurface-plasmasource,withacircrdarextractionaperture.
The beami., extractedat 35 keV, andtransported2 m to the
RFQ.Focusingin the 35 keV line is provickdby two pulsed
solenoids.witha fastbeamchopperlocatedbetweenthe two
solenoids. The4-vane RFQ,designed andbuiltat Lawrence
BerkeleyLaboratory,zacceleratesthebeamto 750 keV.There
is thena6 mtransportlinefromtheRFQto theIinac.(Theline
is longtoallowroomforthepolarizedH beamfromtheother
RFQto alsobe injectedintotheIinac).Transversefocusingin
theline is providedby threequadruple tripletsanda quadru
plet.Thebunchstructureof thebeamoutof theRFQis main-
tainedby threebunchercavities in thetransportline.

Theoperationof theRFQhasbeentroublefree,withonly
anoccasionalproblemwithitsrfpowersupply.(AnRCA4616

tetrodeisusedas thefinalstage,deliveringapproximately160
kW).Bothmaintenancerequirementsanddowntimearemuch
improvedoverpreviousoperationwiththeCockcroft-Walton.
Undertypicaloperation,we measure50-60 mA on a current
transformer60 cm before the RFQ entrance,and get = 80%
transmissionto theexitof the RFQ.Bettertrammissionwas
observedinearlytestsinwhichthesource extractor designwas
different,butthepresentextractorwaschosenforits improved
reliability.With= 45 mA out of the RFQ,we lose 25-3070of
thiscurrentinthe6mtransporttotheIinac.Theexac!sourceof
this loss is notwell understood.anddiscrepanciesstill exist as
well betweenmeasuredemittancesandcomputermodellingof
theoptics in this750 keV rransport.Transmissionthroughthe
Iinacis typically80%,with=25mA measuredat200 MeV.in
comparisonsof theemittancemeasured76 cm upstreamof the
RFQ,andtheemittancemeasured173cm downstreamof the
RFQ,thereis an = 50%emittancegrowth.Reviousmeasure-
mentson a test smnd,takencloserto the RFQentranceand
exit, hadshownonly an= 10%emittancegrowth.

Basedon thedesigncalculations,the propervoltagesare
obtainedin theRFQcavityat 121kW.Thisis thepowerlevel
maintainedundernormaloperation. We observe, however,
thattheRFQoutputdropsoff onlyslightlydownto80 kW.The
transverseemittanceof the beamat SOkW is also essentially
thesameas at 121kW.Wehavenotmeasuredthebunchstruc-
tureof thebeamatthislowerpower,butwithnoretuningof the
bunchersfromtheirnonmdvahses,we still accelerate= 66%of
thenormalcurnmtto 200 MeVat80 kW.Wehavealsostudied
thedependenceoninjectionenergy.Undernormaloperationat
35 kV, the sourceoutputis space chargelimited ratherthan
emissionlimited.Therefore,as thesourceextractiofivoltageis
decreased, the current out of the source drops as V3’2.
However, the fractionof the beam transmittedthroughthe
RFQdropsbyonly= 10%atanenergyof 29 keV. Atthisener-
gy, theouQutcmittanceis also still constant.At aninjection
energyof 23 keV, however,tbeacceleratedbeamthroughthe
RFQis essentiallyzero.

Linac Studies Withthe Fast Chopper

A fastbeamchopperis includedin the 35 keV transport
line between the ion source and RFQ.3Tne purposeof this
choppx is to allowbmch-to-bucketinjectionof beamintothe
AGSor Booster,inorderto throwawayat35 keV thoseparti-
cles whichwouldbe lost at injectionbecausetheyareoutside
thesynchrotronsrfbucket.Beambunchescartbeproducedwith
thewidthanddelayof eachbunchprogrammableto matchthe
moving rf bucketsduringmultituminjection.Inaddition,
when this chopper is used in conjunction with a sine wave
chopperinthe750keV transportline, onecanacceleratesingle
200MHzbunchesthroughtheIinac,withperiodsrangingfrom
50 ns to once permacropulse.The <1 ns wide pulsescan be
usedforneutrontime-of-flightexperiments.’

‘Work performed under the wspIces of the U.S. Depsrnncnt of Energy.
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The chopper is a pulsci electrostatic deflector, where
voltagesof approximately*700 V ~ applid to platesabove
and below the beam to deflect the beam outside the RFQ
entranceapecture.Ik chopperhasa totaflengthof 38cm, and
a separationbetweenthe upperandlowerplatesof 8 cm, The
chopperis mule upof 15pairsof platesoverthe38 cm length,
which are connected as a slow-wave structure by coaxial
cables, so thatthe voltage pulse travelsplate-to-plateat the
beamvelocity. The chopperplates arepoweredby a pairof
commercialsolid state pulse generatorshavingrise and fall
[imesof less than10ns. Rise andfall timesof 10ns aremea-
suredon the beampulses.

Undernonnaloperation,thebeamis spacechargeneutral-
ized in the 35 keV transportline. However,whenthechopper
is used. the neutralizing ions are partially swept out of the
beamby the platevoltage,andeven thoughLhevoltageis off
~.+hentheH beampassesthrough,thespacechargeneutraliza-
tiondoesnotbuildbackupduringtheshortpulses.’Theeffect
of thisloss of neutralizationis a poorermatchof thebeaminto
the RFQ, andeven when the line is retuned,approxi.nately
20-60%of theinstantaneousbeamcurrentis lost(thedegreeof
neutralizationdepends on the duty factor of the chopper).
Becauseof this loss, thechopperhasso farbeenused only for
machinestudies,anda new chopperis now beingbuiltforthe
7:0 keV line, It is a similar travelingwat”estructure,~d in
spl;eof thehigherbeamenergyitwill operateatessentiallythe
sameplatevoltage,This is possiblebecausethenewchopperis
approximatelytwiceas long,withhalftheplateseparation,and
therejectionslits will be locatedata momfavorableposition.

Several linac stu(!iestave been done using the 35 keV
chopper,andtheAGSAStie diagnosticline.Thereis amomen-
tumrecombiningbendbetweenthe linacandthe AGS, andat
thepointof maximumdispersionarelocateda positionmoni-
torandprofilemonitor.Usiiig this, and the magnetcalibration,
we areableto determinetheIinacenergy.However,by inject-
ing a = 100ns beampulse intotheAGS(withtheaccelerating
voltageoff), andwhtchingthesignalon a wallcurrentmonitor
asthebeamspirals,we areabletodeterminetheabsolutevalue
of the Iinacenergyin a veryclean way cn a single pulse.The
radiusof theAGS is accuratelyknown(126.457meters),so if
thetimeis measuredforthebeamtospiraffor 100turns.one is
dcing a time of flight measurementover = 80 km. Usinga
I.eCroy9400digitafoscilloscope,a 500KStraceof thespiral-
ing beamcan be takenwith 20 ns perpoint,andthe centerof
thebunchon thefmt and101turnCV1bedeterminedto within
i20 ns. Fromthis, theabsoluteenergyof thebeamis knownto
withinMOkeV. Evena variationin theradiusof the AGS by
1.0cm (a largevariation)only changesthedeterminedenergy
by 4i keV.

Wehaveusedthismethodof energymeasurementtoperi-
odicallycheck the stabilityof the Iinac,andwe occasionally
notedunexpectedchangesin the energy. It was finallydeter-
minedthattheseenergychangeswerecomingfromchangesin
thephaseatwhichthebunchedbeamentered the linac. InFig.
1,ameasurementof thelinacenergyas a functionof thisphase
is shown(the absolutevalueof the phaseshownis arbitrary).
Also shown is the Iinac transmission as a function of this
phase.Wesee fromthisthattheIinacenergycanchangeby = 1
MeV withouta significantchandein transmission(this phase
hadtypicaUybeenset byoptimizingtransmission).Theshapes

of the two curves could be reproduced fairly well with
PARMILA.By optimizingthe buncherphasesrelativeto the
RFQ,wc can get transmissionvs. inputphasecurvessuch as. .
shownin Fig.~.
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At the same time thatthe linac energy is measuredwith
the spirafingbeam,onecanalsoobservethe spreadingof the
pulse over the 100 revolutions, and estimate from thatthe
energyspreadof the beam.Moreinteresting,however, is the
case in which the single 100 ns bunchis injectedinto a high
voltagebucketof theAGS. Inthiscase, itssynchrotrortmotion
wiUrotatetheenergycoordinateintothetimecoordinatein 1/4
of a synchrotronsperiod. If the bunch is *45” the motion is
essentiallylinear.Figure3 is a single tracemeasurementof a
bunchtaken 1/4 synchroton periodafterinjection.This plot
gives a detailedpictureof the linac beamenergydistribution.
The horizontalaxis is equivalentto 0.4 McV/division, with
iow energyon theright.Itwasobservedthatthedetailedshape
of the energy distribution can be changed completely by
changingthephaseatwhichthebunchedbeamis injectedinto
theIinac,evenmovingtheshoulderfromone side to theother.
Withthe Idative ease of this measurement,we hope to study
furtheritsdependenceon variousIinacandpreinjectorparam-
eters,andimprovethe sha~ of thedistribution.
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LinacOperations

Inrecentyears,thehnachasoperated=5000hrs/yrforthe
physicsprogram,with= 95%availability.l%erf systemsare
thelargestcontributortothedowntime,spreadamongthevari-
ous components.Vacuumproblemscome next, followed by
ion sourcedowntime.Thequadruple systems~picidly cause
only a few hoursof downtimeperyear.In the pastfew years,
we have.begunto experienceoccasionalpinholeleaksdevel-
oping in the rf windowsat severallocations, (The feed loops
areon the atmosphericside of the window,and= 2 MWpeak
poweris fed througheachwindow).We do notyet undemtand
the suddenoccurrence of this problemafter many ycsrs of
troublefreeoperation.

Manyof the45 ion pumpson the9 linactankshavenever
beenrebuilt(20 yearsold), andwerebeginningto tripoff fre-
quently or develop shorts. Therefore,approximately20 ion
pumpshavebeenrebuiltby theAGSVacuumGroupoverthe
past two years, andthis programis continuing. In addition,
vacuumvalves arebeinginstalledon each tankto allow us to
do anintermediatestageof pumping,afterroughdown,witha
cryopump.In tests, thisreducedthepumpdowntimeof a tank
from8-12 hoursto only 2-3 hours.In addition,lessmess will
beputontheionpumps,since iheywill be turnedcmata much
lowerpressurethanis presentlypossible.
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BEAM PERFORMANCE AND MEASUREMENTS ON TIfERFQlACCELERATOR

G.M. .Arbique,E.G.Chidley, M,S. de ,Joof\,
G.E. Mcfvlichaelaud J.Y. Sheikh

AECLResearch, ChalkRiverLaboratories
ChalkRiver, Ontario,CanadaKOJIJO

RFO.1 w MO1ON LINSAn ACCEL!HiArOR

Abstract

RFQ1,’ompriscsa 50 keV dc injectorand a cw radiofrquencv
qwu!ruprslc(RFQ)accclcrntor. The structure,designedto scccleratc
75 mAof protonsto an energyof 0.6 McV, is a tcs~bed for a wide
mngcof high-powerRFQ cxpcrirncnts. The injectorhas dclivcrcd
100%of the designcurrent to the RFQ. The RFQ haa accelerated
Up1090%ofdesigncurrentat 1.5 Kilpatrick.
pcrthrmancc is prcscntcd and mmsurcments
cmittanccand b~m energy.

Introduction

A summaryof beam
arc tcporlcd on the

RFQ1l is an accelerator research project at Cha!x River 10
develophigh-cumcntcw RFQ’s suitable for industrial applications
suchas neutronsourcesand Iissilc fuelbreeding. RFQ1comprises
a 50kcVdc injectoranda cw r-adiofrqucncyquadrupolcaccelerator.
The injectoris designedto providea matched50 kcV multi-beamlc[
prutonbeam, variable up 1090 mA, to (he RFQ. The RFQ is a
100%duty factorradiofrqucncy quadrtspole,designedto accclcratc
75 mA of protonsto a finalenergyof 600 kcV.

Sincecommissioning,in mid-1988,the RFQ1hasaccclcrutcdup
m 90% of design currcm. Atlcmptsto achicvc the acsign RFQ
injcc[ioncurrent witha thrceapcrturc sourcewere unsuccessful. A
highercrsrrcntfour-aperturesource has rcplaccdthe !hree-aperture
sourceand a modificationhas beenmadeto a barn-limiting aperture
in lhc ijijcctorto providethe designinjectioncurrerw.

Atlcr a bncf descriptionof the accclcratt - facility, efforts to
ac}, icvc the designbarn performancearc summarizedandcmittancc
ad energymcasurcmcntsof the RFQ outputbeamarc rcpartcd.

Descrhion

Figure 1 showse drawingof the injectorand RFQ subsystems.

The majorcomponentsof the injectorarc an ionsourceand low-
cncrgy Leam-transpofi system (LEBT). Tire ion source, a
duoPIGatron,zprovideshigh currents with modestproton fractions
(30%-40%). The LEBTincludesa 60”dipolemagnet10separatethe
unwantd molccrslarspccics from \hc beam. Solenoids,aflcr the
sourceand at tbc RFQ cntrancc, matchthe ion source beam to [hc
RFQ acceptance.

This work was pafiially supportui by Los Alamos National
LaboratoryundercontractNo. 9-X5D-7842D-1.
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Fig. ‘i. RFQ1 AcceleratorComponentsand Layout.

The acceleratoris a cw four-vaneloop-coupledRFQ,

‘., ,

I
1,

- , ;.,
,,-

rcsonant
at 26”1MHz. [t is constrtrcwdof mild steel, 1.5 m in length,with
intcmal surfaces elcctroplatd with about 100 micrnns of copper
Vanetipsarc.ofOFHC copper and arc brazul to lhc vane bodies.
The meanbore radius, ~, is 4.13 mm. At the designpeak electric
frcldsof 1.5 Kilpatrick3(24.7 MV/m) the cavity power is 130kW
199kWlm)andheatIlrrxcson thetankwallsandvanesidesarc =
7 Wlcm’.

BeamPerformance

The RFQ was dcsigncxiusing the code PARMTEQ.4At 1.5
Ki)patrick,a 90mA0.05 r-cm-mradnormalizedrmserrri[tanccbeam
(design3-bcamletinjwlion) shouldhave 85% transmission(75 mA
outputcurrcnl). At injectionCUITCntS less than 50 mA (i.e., Iowcr
space-charge)transmissionsin excessof 90% arc prcdictcd.

Transmission ICVCISmcasurcxiduring the initial low-ctsrrcnt
commissioningrtsnson RFQISOCwere muchIowcrthan prrdictcd( =
35% for thrcebmmle[ irsjcction).A dc!icicncyin the RFQ cntrancc
solenoidcurrent, and misalignmentof LEBTelements,prcvcntcda
good match to the RFQ acceptance. With irrrprowxl focusingand
better alignment,transmissionsin cxccssof 90% were achievedfor
single bcsmlti injcc[ion, and cw currents of up tc 15 mA were
accelerated.

A[temptsto achicvc[hc designinjrxtioncurrentwith the thr-
aperture source were unsuccessful. OpcratirrgOSCsource in the
ma[chcdcondition(minimumbeamdivcrgcncc.,Lndhenceminimum
cmittancc),about50 mA of protonbeamcouldbe transportedto the
RFQ, with 85% transmissionthrough the cccdcmtor. Figure 2
shuwathe irrjcctorand RFQ output currents (mrasurcdwith non-
intcrccptingbeam current monitors)for a three-bandcl operation.
An aperture on mc plungingbeam stop (PBS), at the exit of thz
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in;e..+or(pastL!rcinjector b=m CUITCflt InOnhOr), ecIs to limit the
barn size. Since the barn is nemly psralk! at this Iocsition,the
apcrtur~ads as an cmitttmccscraper. Opcratuf “oler match”, thr
sourcecouldproduceprctoficurrentinexcessof 90 mA, but the 1>1~>
aperturelimitedL4Ccurrenttransport to the RFQ, and RFQoutput
current reachai a platcmr of about 55 mA.

20 :
I

/-
1C

1
:20

—..— —— . —.
140 160 1S.3 200 22L2 240 263 ?:!! 300

S9urc? D Urren t ( -n/+)

‘ “r--’ — ‘ ‘- --” “““”--—-1
I

Jk
co
L

,— 07 I
‘3
&.

06
I

. .. —-----
/“ --.,.! ---

(“”’ ~ “-’\ 1
‘.!

./-— -y

(, ——- — -- —~— —————J
! (, 7.5

;<~ ::,,,,~ tAotchecl SL .Cce — current

Fig 3 RFQ hluhi-BcamlctTransmission.

prcdicls that t::msmissiwr can bc incrcascdby operatingat higher
fields. However,an rf overeating problemat the endsof the vanc-
seal-gasketsprcvcn[s us from further increasingthe fic!ds at this
time.

Fig. 2. Three-flscamlet InjeztionTransmissionCurrcnls.

Two main limitations prevented us from achieving the design
injhlion current wilh the three-aperturesource.. It was originally
plannedto use an extractioncolumngapof 5 mm,but this gap is too
small for reliable ,~pe.r~tion.At 6.4 mm, the smallestgap used to-
Jatc, the extractioncolumnspark rate averagesaboutone per hour,
a r~te consideredmaximumtoierable for reliable operation. The
second limitation was in usc plunging beam stop apefiure, which
mtercep[cdabout 15%of the protoncurrent at match. Calculations
uith the code TRANSO~7 irrdimmthat it was unders~~ for ~
‘. rcebeamkx k-am

TOachieve higher current,ISfour-apertureextractioncolumnwas
L-;talled v,’iti art estimatedcmittarwc15% larger than the thrcz-
kamlet sour~. To accommodatethe largerbeam, the PBSaperture
di~m~erwas increaaedby 25%. Four-timl@ operationresultsare
prc ..ninary, but. at match, about 70 mA of protons can be
transported ~ [he RFQ, Mh 10s5 or, the PBS of abo~t 10%.
operatingthe ~,rsre.c“over match”,the designcurrentof 90 mAcan
be exceeded Undertime conditions,up to 67 mA (90% design)
was acce]cratedthKNsgh ~C RFQ.

Figure 3 showsRFQ transmissionfor threebeamle.tand four-
bamlet operaticaas a fun~ion of relativematchedsource-current.
Tmnsmissionis an optimum for matched sourcsicurrent (i.e.,
mmirnrsmsourcee.mittancc),and due to barn scrapingon the PBS
aWfiure)tie ~smi~~ion CUnWare fairlybroad. Zlic 85% @t
wansrnissionforthree be.arnletinjectionis ingoodagreementwiththe
pARMTEQpmvliction. Arsexpe.cxed,the transmission for four-
beamktinjection(i.e., h@er current, largeremittance)is decreased;
tiie highmttransmissionmesaurd to date is about 80%.

Figu,c 4 showsthe IWQ transmissionversus the van-tip field
for threebeamlezinjection. At 1.2 KiIpatriek,trartsmissicnis down
to 70%from 25% at the 1.5 Ki@rick design field. PARMTEQ

r t i

07

I

,/

Fig.4. RFQ Transmissionvs. RF Vane-TipField.

RFO Outms[BeamMeasurements

Figure 5 sh.ws the transversephasespacc of the RFQ output
beamformatchedthr~bmmld injation, m~sured in the horizontal
planeof the injector60°bend magnti. The emittmtceis 0.04 x-cm-
mrad, and the distribution shows no signs of the original three
hamlets. We do not have a measurementof the injector output
emittsrnce,but, fmm ion source test atand measurernenta,cnd
RETICONCmeasurementson the injector, we estimateour source
emittanceto b~slightlyless than0.04 x-m-mrad. The similarityof
the aourceand RFQ output emittancedow not neccrorarilyindicate
zem emittancegrowth in the LEBTand RFQ. We expect some
growthin effectiveemiltancein the LEBT,butthePBSsipertureacts
as a beam scraper, to limit the emittanceof the injectedbeam.

Figure 6 ahowsthe RFQ on-axisenergy spectrumfor matched
thr--be.smlet injectionat design and 1.2 Kilpatrickwow-tipfields.
The memsurcmcntswere made using a 45° bend, magneticenergy-
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analysis s! slcm with tin wwrgy resolution of about 0.2% wilt]
design ficid in the RFQ, Ihc spccwumis chamc:crizal by ‘Isinglu
peakat 600kcVwitha widthof about5tJkc~’. Lowertmcrgypcahs
are prcsct,~in the ~pcctr-um;however, they arc rcdurd i], intensity
by over three orders of magnitude. \t rcduccd Iic!.fs, the
trmsmis\ion dccrcascs wuf the energy spcchwm shills k) lower
uscrgics. At 1.2 Kilpp.trick,the main peak width at hnlf-maximum
is dccrcascdby about 1/3 and the base is Irr>adcncdon the low-
encrgyside. Lo’.vcrcrsergypeaks in the spcdrum arc incrcascdin
magmtude;the mostprominentat 360kcV hasa heightCIOSCto 70~0
of the 600kcVpeak, althoughit is narrow,witha wid[irof Icssthan
10kcV.

Fig. 6. RFQ ErrcrgySpw’tnim,

Summaryand Discussion

RFQ1 has acccluru[cdup [o 90% of the design current, A
highercurrentfour-bcamlctrmurccwas installedon the hrjcctorwhen
the design current could not be achicvcd with Ihc three-aperture
smsrcc. The four-b~mlct cmittance is Iargcr than the design
ac~cpunccandbarn transmissionthroughthe IWQstructureis uhout
5% ICMthtinthe 85% tmgct,

Emittancc mcasurcmcntshave been mndc on lhe RFQ output
beam for three-bcamlctinjection. The mwsurcd outpul cmiltarscc
was in goodagreementwith the sourcecmittancc. Emiltancc~-owth
in the systcmis limitedby beam scrapingon the PBSaperture.

The energy spectrum of Ihc RFQ, at design power, is
charactcrir..xlby a singlepeak at 600 kcV with a width of SOkcV.
At low power Ihc [transmissiondwmxsscs duc to dcxrcascd
longitudinal:tcccptancc.The energyspectrumshilts to lowersncrgy
and Lnvrrcrwrgypwikshccomcmore prominent.

.4eknowlcducmwrts

I“f.cau[hors ,,rntcfullyncknowlcdgcthe efforts of irumcnsus
r..rsl IIS involvw.f,JIthe RFQ1 projcd. In particular: L.F. Bimcy,
A.D. DaviJs{~c,and kt. tl. Thrasher, who operate and maintainthe
uccclcratora:. : sy~tcms;A.B. HoodtindB.H. Smith for electronics
support;and “r(’.L. hlichcl for work on the systcmdiagnostics.
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CESIUM EFFECT ON VOLUME H- ION SOURCE

l“oshiharu Mori, Toshihisa Okuyama, Akira Takagi, Dick Yuan*
National Laboratory for High Energy Physics, Oho 1-1, Tsukuba$Ibaraki 305, JAPAN
*TRIU MF,4004 Wesbrook Malls Vancouver!

l~bstract]
Obsemation of the f-i-beam intensity en-

hancementby introducinga very smailamountof
Ceslumvapor in the volumeH“ion source dewl-.
opeda[ KEKis shownindetail. TheextractedH
beam current of 20mA was obtained in the
cesium-modeoperationandtheme,nsured90~0 nor-
malizedbeamemitwncewasabout lmnm.mradfor
12mA beam. It was foundthat the workfunction
of thecesiumcoveredsurfaceof the beamextract-
ing p!a,smaelectrode was importantin increasing
the H ueamintensity.

Introduction

The volumeH-ion sourcehas beendevloped
at KEK.[1] The surfage-plasmatype of H- ion
source, in which the H- ions are generatedon the
cesiated low workfunction molybdenumsurface
placed in the hydrogenplasma, is being used in
the 12 GeV proton synchrotron.[2] This ion
sourceproducesabout30mAH beamwitha 9070

normalizedbeamemittance(phase-spaceareax b x
g) of 1.Snmm.mrad in pulse-mode operation.
This ion sowce is ratherdelicateto keep its m~i:
mum intensity during theoperationbecausethe H
beamintensityis verysensitiveto thecesiumcoat-
ing on the molybdenumsurface. If a small
cesium consuming or cesium-frtx H- ion source
was realized,it would be very useful for the high
intensityandhighduty accelerators.

Oneof thepotentialcandidatesof suchan ion
source is a vohtme-production type of H- ion
sour:e and at KEK, the pulse operatedvolumeH
ion source has been dgvelopedsince 1988. It is
aimingfor a pulsed H- beamof mom than 20mA
with a 9070normalizedemittanceof less than 1 n
mm.mrad. One of the difficultiesin operationof
the volumeH- ion sourceis its poorefficiency. A
relativelylarge arc current is requiredto obtain an
intensebeamcurrentof more than IOrnA. More-
over, the total electrondrain curtwtt fmm the @
sourcetwches 100timesof thatof theextractedH
beam.

Kao Leunget al haverecentlyfoundthat the

CANADA

extractedH- beamcurrentcouldbe increasedbyin-
jecting cesium vapor into the ion source plasma
chamber.[3] We have-alsoobserved this cesium
ef$ct in our volumeH ion source. The extracted
H Ionbeamcurrerttwas increasedmore than four
timesof rha~before injectingcesiumvaporandthe
extractedH ioncurrentreacheda maximumof 20
mA. The cesium consumption rate was suqxis-
ingly small compared with the surface H ion
source and this may hence reduce the difficulties
deseribedabovein operationof the ion sourcewith
cesiumvapor.

Cesium-mode operation

A schematicdiagramof thepresenttestappa-
ratus of the KEK volumeH ion source is shown
in Fig. 1. The ion sourceconsists of a cylindri-
cal plasmachan ‘.%rwhichis surroundedby SmCo
permanentmagnetsand a singlehot filamentcath-
ode. A pair of SmCopermanentmagnets,which
make a dipole magnetic field, a so called virtual
magneticfilter,are placedat the the outsideof the
plasma:hamber and close to the plasmaelectrode.
Throughthe experiment,a singleholeof 7.5mmin
diameterwas usedas the anodeaperture. The an-
ode material.s molybdenum.

A helicalcoil shapedLaB filamentis used
as a hotcathodeand it is attach~ on the molybde-
num supportingrods which are ceded by water.
The operatingtemperatureof the filamentis about
140(PC and the lifetime is more than several
hundredhours.

Gsium vapor is injected into the plasma
chamber from the outside reservoir through a
heatedfeedthrough. The high temperaturevalve,
which can be closed to-stop the cesium feeding
immediatelyafter the H ion beam current is in-
creased, is locatedbetweenthe ion sourceand the
~:;#.C The reservoirtemperatureis normally

At tie end plate of the plasma chamber, a
smallglass windowis mounted. By injectingan
Ar laser beam(l=514.5nm) through this window,
the workfunctionchanges of the anode electxode
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can be estimatedby measuringthe photo-emission
electroncurnmtfmmthe_ electrode.

The H beam current is measuredby a Fara-
day cup whichis placed.about 1meteraway !lom
the anodeelectrode. Beamemittancecan be aiso
measuredwith an electrostatic deflectiontype of
emittancemonitor,w’hichis located at the frontof
the Fara&y cup.

Cesium effect

The extractedH- beam intensityis dramati-
cally changed by injectingcesium vapor into the
plasmach-vnber. Figures2-a and 2-b show the
typicalH- beam wavefoxmxbefore and after the
cesium vapor is injected,respeqively. In these
figures, the totaldraincurxents(l-i+ electron)from
the ion source are also shown. The 1-i. beam
currentis increasedfrom3mAto 12mAandon the
otherhand the totaldm.incurrentis decreasedfkom
350mA to 100 mA. By optimizing the various
parametersof the~onsourceafterthecesiumvapor
is injected,the H- ion beamcumentwas increased
to 20mAas shownin Fig. 3.

Tinecesiumconsumptionrate was verysmall
in operatingthe ion source. Forexample,oncethe
beam intensity was increased after opening the
vaivefor the cesium feed line. it kept almostcon-
stant for several ten of hours even when the valve
was closed. This is a quite different situqtion
from that of the ordinary surface type of H- ion
sourceand it helps a lot to eliminatesparkingsin
theextractionregionduringlongperiodoperation.

The beam emittancewas also measuredbe-
fore and after the cesium iniecaon. Fimre 4

ows the typicalvalue of the beamemittan[eafter
‘ectingthe cesium vspor at beam intensity of
?

/

L4fkri

39L

Fig.2-a H- beam
w~veform before
injecting cesium
vapor. l’srtical
axis: 1 mAfdiv.
Horimntal axis:
0.1 mseddiv.

Fig.3-b H- beam
waveform after
injecting cesium
vapor. Vertical
axis: 2 mA/div.
Horizontal axis:
0.1 mseddiv.

12mA.
We have observeda dramaticbeamcurrent

inmase in the H ion sourceat the cesium-mode
operation. There have beenproposedseveralex-
planationsof thiseffect. Amongthem,thefollow-
ing two processescoficcrningthesurfacecondition
of the ion Sow-ccwall whichis coveredby cesium
atomsare consideredas the mostlikelycandidates
to account for the effect. One is that numbersof
vibrationalexcitedhydrogenmolecules,whichare
consideredto playan impoklantrolein thevolume-
pro$union pr~ss of H ions,are producedfrom
H ~dh H ionsby pickingupelectronshorn
th? cesiated l#w workfunctionsurfaceof the ion
sourceinner wall. [4] The other is that H ions
can be fornwi directlyon thecesiatedsurfacehorn
thermalhydrogena!oms.[5]Althoughthisreaction
probability is predicted to be verj small,[6] the
densityof theatomichydrogencon\a@xiin the~n
source plasma is very large(n>10 atoms/cm j
and this may hence lead an enhancementof H
ions. In both processes,the workfunctionof the
inner surface of the ion source is }ery important
and it has to be nxiucedby injectingthecesiumva-
por intothe ion source.

In order to check this, we have measured
workfunctionchangesof the plasmaelectrodebe-
fore and after the cesium injection. The work-
functionchange was measured by detectingthe
photo-emissionelectroncurrentwhichis generated
by a single mode Ar ion laser beam(l=
514.5nm)o[7] Whilewe madethe measurements

A ~;g. 1 !SC”hernatic
H ion souice.

diafim of the KEKvolume

681

—.



Fig.3OptimizedH- ion beam current. Vertical
axis:5 mA/div. Horizontalaxis: 0.1 msec/div.
severaltimes, the results wem alwaysveayrepro-
ducible. In Fig.5,photo-emissionelectroncurrent
changesareplottedas a functionof timeclaspedaf-
ter the valve of the cesium feedline was opened.
Alsowe foundthat theworkfunctionkept&creas-
ing for long time during the operationof the ion
sourceeven after the valveof the cesiumfeedline
was closed. This may relate to the fact that the
cesiumconsumptionrate is verysmall.

In order to examine which surface, the
plasmaelectrodesurfaceor othegwall surface, is
most effective in generatingH ions when the
cesium vapor is injected, we cleaned the plasma
electrodesurfaceonlyby Ar ion sputtering.Before
the Ar ion sputtercleaning,the H ion currentwas
12mA,however,it decreasedto about3mAjust as
befo.ethecesiuminjectionand thfiphoto-emission
electron current was also disappearedafter one
hour cleaning. Thus the plasmaelectrodesur-
faceSeernSto affectverymuchon theenhancement
of theH Ionproductionin thecesium-mti opera-
tion. It is inttmstingthatonlytheplasma decffcdq
surfaceseemedto be immxtantto enhancethe H
beamintensity. ‘
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Fig.4 Emittanceshapeandnormalizedemittance
vs percentageof total H-- ion beam after hjecting
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Fig.5 Photo-emissionelec”troncurrentchanges as
a Functionof time elapsed after the valve of the
cesiumfeedlinewasopened.

Conclusion

l%e characteristics of the volume H- ion
source changed dramaticaUy by injecting the
cesiumvapor~ntothe ion source. Morethanfour
timesmore H Ionbeamcurtmt wasextractedafler
the cesiuminjectionand, nevertheless,the cesium
consumptionrate wasverysmall. It was alsoob-
semedthatL$esurface COndihOIlof the pl=l~a t#W-
trode playedan importantrole in the cesium-mode
operationby the worki”tmctionmeasurementwitha
photo-emissionekwron technique,.

Tbe authorsappreciateProfs. I-i.Sugawara,
Y. Kimura,S. Fukumotoand M. Kiharafor their
continuous encouragement. They ate also in-
debtedto Mr.K. Ikegamifor his technicalsupport.

(REFERENCES)
(l)Y.Mori,Y.Okuyam%A.Takagi,D.Yuan;

submittedto Nucl. Instr.Meth.,
(2)Y.Mori,A.Takagi,K.Ikegami,S.Fukumoto;4th
Int. Syrnp. on Production of Neutralizationof
Negative Ions and Beams,BNL,1986, AIP conf.
sen=es,page378.
(3)K.N.Leunget al;Rev.Sci.Instr.,~ 1989)531.A.. -
(4)J.R.Hiskes;to be published in Proc.ot qth In:.
Svmtxon Productionand Neutralizationof Nega-
ti~e ions and Beams.Bmokhaven.1989.
(5!M1Seidl; ibid. -
(6)W.G.Graham;Phys. Let.. 73A(1979)186.
(7)H.Yamaokaet al.,Nucl.h~Meth.,B36, 227

682



DECELERAllON

A !khempp, H. Deitinghoff,
Inst. fllr Angewandte

OF ANTIPROTONSWill-i A RFQ

M de SaintSimonx,C. Thibauitx,F. Botlo-Pilatxx
Physik,Univ.Frankfitrt,D-6000,FRG

‘CSMM F-914)6 Way, France,
‘XCERN,CH-1211,Geneva Switzerlandand CSNSMFW06 Orsay.France

Abstract
A“4-Rod-RFQ is being built for the deceleration
of’ antiprotons which will be extracted from
LE.ARat 20 MeVand injected at 0.2 J4eVinto
the rt-miiss spectrometer built by C’SW\l. Orsay
for the high precision mass measurement of
prbtons and antiprotons (PS189). The design of
the RFQ system. which shouldimprove the
counting rate by a faclor of up to 103 and the
slatu~ of the project will be reported.

Introduction
The C’S~S\lOrsayexperiment:“Arttiproton-

Proton mass comparison with a radio -
frequency mass-spectrometer ““(PS189)12 aims at
the reduction of the present upper limit on a
hypothetical C’PT theorem violation in
baryort-antibary ort pairs. The experifi:ental set-up
is a specially designed radii)freqtizncy mass
spectrometer of I..G. Smith type. It has been
insmlled at C’ERN at the LEAR (low energy
antiproton ring) experimental area in order to
make a comparison of the charge to mass ratio
of an antiproton and a proton by measuring the
c}.clotron f~equenciesof antiprotons and H- ions
rotating in Ihe same very homogeneousmagnetic
field. The physical parameters are fitted to
reach u nlass resolt”ing power of 5X105.enabling
u mass comparisonaccuracyof5%10-9.

Severalproposa!sfor rf - deceleration to
provide 0.2 MeV Antiprotons for the
specwometer e.~. with help of a small
synchrolron. a cyclotron or a RFQ were not
realized because of complexity and the costs
involV.edJ.~5. but the RF~ system proposed was
the least csrnp!ex one.
Deceleration is an new application for RFQs.
which has been proposed for highly stripped
heavy ion> and for an[ipi.otons. which have
been stored and cooled in a synchrotrons ring3.6.
in this context LEAR is’a bulky ion source.

RFQ5 are unique for low energy
deceleration because of the strong electric
focusing with rf quadruple fieMs78. The low
final energy in case of a deceler;;or at
relatively high operating frequency . very
i,mpartant. because the structure is compact and
the p are slowed down efllciently and with
little emittance growth.

‘ <now tit SSC..Wayahachie’.Tx

Designconsiderations
Ina new effort work wis concentrated on

the reduction of costs e.g by a pulsed mode
RFQ deceleration with a less complex RFQ
structure and simpler bunching srhemes. Other
important points were the chiinge of the data
taking mode at the experiment anti success of
the LEAR team in decelerating the p beum from
6.() to 2.0 MeV with an ejection lasting ().5 msec.

A layout cf experiment PS189 is shown in
Fig.1. The acceptance of the spectrometer i},
extfemly low: ~H ~ 1; mm mrad, I v = 21 mm
mrad (net normalized) . JT/T .2 6 eV and the
kinetic energy of the particle is not ulloticd to
exceed 0.2 MeV.

%
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‘ \ \c.~ LEAR ●nd Experimental Areas
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I--l [ “l-i
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Fig. I Layout of the experime~t PS 189
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The deceleration with the RFQ has to be
optimized for the :fansmission !0 tho
spectrometer. The ot.erall trarwrnission ,is
planned ta be 1O-S (o gain at least [0~ In
comparison with ,In energy degrading process
using a foil coupled w“itha bunching-debunching
technique.
.3 RFQ decelerating s) stem h,ls to match the
spectrometer and hits “to be m-npact and
rel:lti~’elysimple. A short RFQ requires i\ high
electrode voltage and therefore a high rf power.
which is no problem for the C’ERN Lirmc
~requenc:; of ~()~,j MHz. because a Linac
ti”~nsmitter will be used.

The spectrometer accepts bnly the core of
the phase spiice of [he beam. Thatmeans that
usual RFQ design procedures aiming at high
transmission have to be revisecig .4diabatic
bunching for a decelerating RFQ would require
a RFQ of appr. ~(~m length and would not
increase the [transmission of the sys{.:m.

The output emittance is sensitive 10 the
electrode voltage. the buncher voltage and
possible energy t’ariations of the beam. It will be
fme tuned with the help of a debuncher cavity
at~ached directly to Ine low energy end of the
RFQ as shown in fig. 2. Tfiis addi!iortal degree
of freedom allows bo[h a precise orientation of
the ou[put ellipse and some energy varintion.

Simplicity of the system restricts the
length of the drift to about 3.5m because a
buncher infront of the last bending magnet
,ould introduce chromatic errors. 1he same

argument w’orks against a scheme
prebunching at a frequency of 202.5
LEAR1O.lhe gain intransmissiondoes
off”because the phase space dilution.

RFQ Design
The 4-Rod RFQ resonator design is

with a
MHz in
not pay

based on
thestructure operated successfully‘at DESY11”12.
It consists of an array of flat stems on a
ccmmon base plate supporting the four electrodes
which have a periodically changing diameter. Fig.
~ shows a scheme of the 4-Rod ~Q structure,
C“hangeshave been made for the improvement of
alignment. vacuum. and rf-efficiency.
The resonant 4-Rod insert will be coole(l
efficiently by water tubes in the base plate, The
structure has been operated already with much
higher duty cycles e.g. rf-losses up to 20kW/m
and electrode voltages up to 150 kV. These values
are clearly higher than the design values for the
decelerator which are summarized in Table [.
The beam dynamics design of the RFQ which
determines the variation of modulation, aperture
and cell length alona the structure is
charac;erlzed in fig. 3.

The bunchers will be sDira loaded cavities
which iire efficient and “compact. They have
been deve~~ped for application in post-
accelerators and have been built e.g. for GSI
;lnd DES}’ for use as !inac bunchers14.

Beam Transport
The small accept:~n~’eor the PS189spectrometer
requires a careful design of ihe antiproton beam
transport il. order to cwtimize the Dar{icle
transmissionthrough the-system. rh; h;gh
energy befim line with a length of
transport:: the F beam from LEAR 10
entrance of the RFQ. Practical aspec[s

3hl
the

like

G?

I

1! J

Fig. 2 Scheme or the low energy end of the RFQ

*~~ I
(J9 02 04 06 08 1.0 1.2 1 $

LIO
(m)

Fig. 3 Electrode desi,qriof the decelerating RFQ

Table J Parameters cd’the decelerating RFQ

Frequency 202,5 MHz. Electrode voltage 111kk’
Input energy 2.OYleV Output energy 0.2}+4eV
Length 1.49m,
Phase

number of cells 46
-160- -126°, Aperture 4.5-5.2S mm

Modulation 2.1-1,6,Maximumfield35.YN/~i

Impedance Rp 60kr), Rf-power 210 kW
normalized transverse acceptance 5,0 nmmmrad
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sharing the first part of the beam line with
other experiments restrict changes to the parl
after the bending magnet. A design for a Iine
able i~ match differen~ RFQ input conditions is
shown in Fig. 4.

The low energy beam line is about four
meters long. The beam from [he
~FQ.Debun~her svs!em has a ]arge divergence
which can be ma~ched to the spectrometer with
n set of two qudrupoles close 10 \he RFQ and
a central triplet The design of the low energy
beam iine is more diflicult because of the
tral]sverse (absolute) emittance increase of abuut
a factor three caused by deceleration. This
corresponds to a 10% increase in nol realized
emittance only. Ihe final energy spread being
rougly 4% including the debuncher.
Fig 5 show’:: resultsof simulationswith
P.\R\lTEQ for the deceleration of a ~ beam
wiIh J.E.ARparameters,

The presentdesign of the li,~es is
c~~nslsteniwith an estimated[ransmlssionof
1X [()-5 for the overall system. Final optimisation
of the transport be;<m Ilnes and the weholc
system is in progress

Status

The prepar:{tion of the experiment is now near
cotrpletion. The MQ delivery should take place
by the end of the year it-i order to test the
equipment during next spring and to run dita
taking In 1991zfid 1992
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PERFORMANCE OF THE CERN HIGH-INTENSITY RFQ

E. Tanke, M. Vreten~ and M. Weisa
PS Division,CERN, CH-1211Geneva 23, Switzerland

Abstract

The CEKX R.FQ2. desi ned to become the injector
!of the CER.N Linac ?, h= elivered ita nominal proton

current of 200 MAat 750 keV.from the start of the beam
tests. However,prior to Its mstallatlon at Llnac 2, ex-
tensi}”eme=urementi, on a teststand ha}”eto be carried
out to aaaess the quaI; ty of the beam and the overall re-
liabili~yof the accelerator.

Kcfortunately, the measurements have beerr per-
turbed owing to accidental oil pollutlon of the RFQ2.
The remcwalof the cracked oil from the vane tlpa, the re-
conditioningof the RFQ2, and the reduced measurement
prograrmmeare reported.

Introduction

TheRFQ2.afteritsverysuccessful start; has been
operating reliably on a teststand. The nominal proton
beam of 200 mA at 750 ket- could be easily obtained.
By. raisin the vane voltage by about 105+ and b:. in-

%creasing t e input current. output intensities of 240 MA
were re@tered. For the sake of completeness, the RFQ2
parame~ers=: presen:ed in Table I.-

T.ABLE1:Main RFQ2 design parameters

~ frequency fo 202.56\fHZ
Input energy H’,n 90 keV
Output energy \{’out 7S0 keV
Output cufrent 1.”, 200 nti
Trapping efficiency V - 90%
\.ane voltage l’~ 178 kk’
Final synchronous phase O. -35’
Modulation factor %- 1.62
Mean aperture radius ro 7.87 MM
Ca*ity length LWQ 178.5 cm
\’ane length iv 175.2 cm
Cavity diameter D 35.4 cm

W’hen the system on the test stand was put into OP
eration after a shutdown, breakdowna startid tocccur
in the RFQ2 a!mady at very low RF levels, and it was
imp=ible to reach the nominaf\ane voltage. Inspectin
~arious elements of the vacuum system, it waa {eaIiJ
that a missinginterlockof the vacuum VaIvebetween the
turbomolecuiar pump and the R.FQ2couid have cauaed,
by accident, an oil pollution of the latter. We then tried
to recondition the cavity by slowly increasing the RF
Ievel, thuaprogressively elimtiating the oil from the vane
tips. This allowed us to reach finally, after several days
and at the price of many breakdowna, the nominalop
crating level. Huwever, the RFQ2 w- not very stabk
and-,aftera few dayaof interruption of the teats, the eit-
uatmrt de aded again. It was tben decided to open the

fRFQ2 an , once the end co}.erawere removed, the typicaf
damage to theme tipa (presence of cracked oil), caused
by the breakdown, togetherwiththemarksofexcessive
heatingon thevanesabovetheturhomolecularpump,

could be seen. The RFQ2 was then dismantled from its
teat stand and hrought to the workshop for cleaning. At
the same time, all elements of the beam line were cleaned,
either m sdu or elsewhere. When the experimental set-up
was reinstalled, careful reconditioning of the RFQ2 per-
mitted us again to reach and go abob.e the nominal RF
level. Similar output beam intensities and emittances to
those before the accident were obtained.

The experience gamed with the cleaning of the
RFQ2 had to be paid for by a delay in beam mea..ure-
menta: only a part of our me=urement progmmme has
been carried out so far.

Cleaning of the ilFQ2

To clean such a complicated structure as the RFQ2.
containing a jot of weJdings and brazings, is far from ob
v~u. The Oil depositedon various surfaces could hab.e
been removed, but the cracked oil on the vane tips w.=
the real problem. It rendered any norma! operaticn im-
possible, in particular in view of the high fields which
are required for the RFQ2 (2.5 x Kilpatrick limit). To
remove the cracked oil. chemicaf or mechanical cleaning
has to be empioj’*d. Chemical cleaning requires subse-
quent rinsin with distdkd water, which is incompatible

%witb the tan being made of mild steel. Therefore, me-
chanical cleaning making use of inorganic abrasive paper
with aluminium-oxyde grains deposited on a suhst rate
waa used. The danger is that, after the cleaning, the
grains remain encrusted in the cleaned surface. Several
papem were tried outand it was found that grains of
at least 5 pm were necessary to remove the cracked oil.
Before starting the cleaning, a sample of the vane mate-
rial (Cu-Cr alley) was gently cleaned with such a paper,
rinsed with alcohol, and then analyaed under a micr~
scope: no encrusted grains were seen on the sample.

A strip cf the ahr-ive paper was fixed on two Plex-
iglaa rode, which permitted progressivecleaning of the
vane tipe, see Fig. 1. The progreea of the cleaning was
continually checked by an endoacope. A few hours were
neceaaary to clean a vane. After all the wne tips were
cleaned, the RFQ2 was placed in vertical poaition and
rinsed with alcohol and freon, and then left to dry.

RF measurements and reconditioning

Once the experimental set-up had been put together
again, the uaual aerieaof tests were performed. In par-
ticular, the RF field in the RFQ2 was carefully checked.
The rneaaurernent showed a degradation in the field sym-
metryof the quadrants, which WM *1% previously and
now raked to +4%, owing to a decreaae of the field in the
quadrantwherethe turbo pump, zesponaibkforthe con-
tamination,waxmounted. The robable e Ianation for

i Tthia~ymmetry iathe exceaaive eating in t at quadrant
due to the manybreakdown wcurring exactly in front of
the pump hole (where mmt of the oil was concentrated)
and whi

$ ‘uld “ve c’~d m~~ic~ shocks t. thevanea. T ia aaymmetrywtl eventually he corrected by
installing a new fixed tuner. En. :ver, the asymmetry
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Figure 1: Mechanicalc!eaning of the vane tips

was preaent during the oeam measurements reported ir,
this paper.

Pumping haa been applied for about a week before
switching on the RJr power. Careful and slow RF con-
dicionin~whichlaat&ialsoahouta week(initiallythe
RFQ2 w% conditionedin about a da}”) brought us, fi-
nally, to the situation we had before the accident, with
the nominai RF levelkept stable. Note that the vaneaof
the RFQ2 had a gold depoait of about 1 pm, as a pr-
tectlon against oxidation during tuning and adjustment
of the cm.ity,which waa removed from the vane tips dur-
ing the mechanical cleaning; neverthe!eaa,no difference
in voltage holding could be detected.

Beam measurements

Our experimental act-up is shown schematically in
Fig. 2 W’henstarting to do beam measurements, sev-
eral tests, already performed before the accident, were
repeated.

The duoplaamatron ion aourcewaaadjusted to yield
a proton beam of about 220 MA. The matching solenoid

Figui~ ?: Experimental act-up of the RFQ2: (1) solenoid
lenses, (Lj emittance measurement device, (3) bending
magnet and (4j detector gri4s (SE\f grids)

Figure 3: Energy spreads of the RFQ2 beam for diff~rent
vane voltages.(Horiz.scale: 39 keV/div. )

lenses were given the same values aa before. W-ith thew
aettin~. the following resulta havebeen obtained:

Output beam intensity: for the nominal vane
voltage, intensities ot’about 190 MA were measured The
nominal 200 mA beam could be obtained with a 5%
highet vane voltage. Increaamg the vane voltage even
more, a’d mdjusting the ion aource, resulted in an out-
put beam of 215 mA. So far, we have not tried to go to
a higher intenalty.

Energy spread: about +70 keV waa meaaured, for
an output beamof 200 mA and a 5% higher vane voltage
(note that the space charge increws the energy spread
by a factor of about 3 between the RF@? and the mea-
surement device). In Fig. 3 one sees the energy spreads
for different vane voltages, ranging from 70 to 105% of
the nominal value.TIlere are practically no particles in
the right energy range for voltages below 70%. The areaa
under the various curvea are proportiona! to the acceler-
ated beam.

Output beam emittapces: the rneaauredoutput
ernittances are shown in Figs. 4 and 5. The normalized
r.m.s. value, .s-,”, is about 0.6x mm. rnrad. For com-
parison, we alao show ernittancea rneaaured before the
accident, see Figs. 6 and 7. Their c-,” value ia about
0.5x mm.mrad. The corresponding input emit:ance val-
uea are cm.. = 0.4z mfn.mrad.....-,..

It aeema that the impaired field symmetry slightly
reducea the output beam and increaaea the output emlt-
tancea.

Diacusaionand conclusion

The oil pollution of the RFQ2 prevented us from fol-
lowing up our previously established measurement plan.
Intenaity limi~, bunch rneaaurements, &ad the detailed
analysis of emlttance and energy spread still remain to
be done. However, prior to this, we intend to r~establish
the field symmetry in the quadranta, if poaaible at the
previous value of *l%.

The experience showing that cracked oil can be me-
chanically removed, without damaging the vane tips and
without impairin the voltage holdlrrg, can be considered

7aa a pmitive resu t.
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~lgure II: ht~zontal output beam emittance Figure 5: Vertical output beam emittance

Figure 6: Horizontal output beam emittance, before ac-
cident

Figure 7: Vertical output beam emittance, before acci-
dent
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PRELIMINARY DESIGNS OF 1.54GeV DAMPING RING AND
BUNCH COMPRESSOR FOR THE JLC

J. Urakawa,K,Egawa,T. Higo,T.Ieiri,K. Kanazawa, M. Kikuchi,
H. Kitamura, K. Kubo,S.Kuroda,Y. Mizumachi, H. Nakayanm, K. Oide,
Y. Sakamoto,S.Sakan aka,M.Takao,S.Takeda,Y .Takeuchi,M.Tejinla,

N. Yamamoto,S. Yamamoto,K, Yokoya and M.’x”oshioka
KEK, National Laboratory for High Energy Physics

Oho 1-1, Tsukuba-shi, Ibaraki-ken 305, Japan

ABSTRACT

\\’e describe preliminary &signs of 1.54GcV darr,p-
ing ring and bunch compressor for the J LC(Japan Lin-
r,?r Collider). The desigrl of the damping ring is changed
Into feasible one b}. introducing a pre-riampil]g ring for the
pusitron beam. Parameters of the bunch compressor are
adapted to parameters of the damping ring and the J 1.(’
reqt. irements. The normalized emittances of the extracted
beam from the pr~damping rirrg are -yc== 2?Oprarim hor-
izontal} and ~tv = ‘7.5pradm ~’ertically. The damping
: ime of the pre-damping ring is r =3. 16mscc. ‘Ill: main-
(Iamping r~ng has normalized emittance of ~t= = 2.9pradm
il~ld ?tv = 2S 9nradn]. The damping time is r =6.’23rnsec.
I“he main parameters of the compressor as well as results of
SGme simulations are presente(i. It produces bunch trains
~ti~h a bunch length of tiw urder of 60pm and a momentum
spread of >p/p N 2%.

Introduction

In c,rdcr 10 realize the JLC. project, we ha~w besm riis-
~“ussingior set”eral years on possihle paratnrter sets of Ihe
JI. c’. \\’e were requested to increase the normalized emit-
t;mct of the irljected positron beam into the DR(danlping
:Ing } ahou[ six months ago. % we designed a pre-dampirig
ring( PI.)R) for the J LC be( ause the normalized emittance
more than 3.0 x 1O-3raffrn gi~”esi.ery sek”ere requirements
for the aperture. the jittrr Loierance of the extraction kick-
ers and the damping time. Fig. 1 shows tire layout of the
IL( according to the parameter set so far obtained.”z~
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F’ig.l Layout of tile JLC

The design parameters of tile \IDR\lnain-DR) and the
R(.’ihunch compressor) which are rcqtrired from the design
[,f the JLC are as follows:

1.0 x IOIOparticlm/imnch,

10 b~,i:ches/train with the bttnch spacing of 1.1 nscc.

rf_?;letitiOIlfrequwtc}’ 200[IZ,

the normalized cmittances of the cxtractmi hearn

fronl the DR are less than

‘/~x/?fy= 3.0 x 10-6/3.0 x 10-MAn),

.5) the hunch length flom the BC is less than 7611rrl.

One of the charactt’ristics of the present tiesign of ttw
J L(.’ is to opsxatc in a :nulti-buncb mo(ie. The Iinisc itt(”(,ksr.

ates bunch trains wh:ce the hunches containmi in Atrain are
separated b>?abou I. .!?cm and the number of particles p(,r
Imnc!r is 1 x 1O1O.\Ve assume that the total time tiuration
for ttre kickers to turn un, extract /injrct a train. and tl]rn
off is less than 130nscc. Thus thr trains nmst be separaLed
by at least 60nsec. \Ve have decided to iutrodwce tianlp-
in~ wigglers in zero-dispersion region and also selected is
racetrack configuration as a ring style for the rcxiucticm of
dispersion suppression and matchicg regions. The t}.pe of
lattice in the arc is a separated fuctiorr FOD() since sirllplc
lattice are favored for operation sinlplicity.4 In the follm\”-
ing sections. we present preliminary designs of the Pl)R, t Iw
MDR and the BC. AISOwe discuss the merits of introtiucing
the PDR and results of some simulations are presented.

Pre-Damping Ring

.+ lattice design of the PDR is illustratwi in f’ig.~. The
ring has a circumference of 50.2m and a superperiodicitx of
two. The optical functions & and $v and the dispersto[l
function q= for a quarter of the ring are plotted in Fig.:!.
Basic parameters of the PDR are as follows: beam mwrg}
1..5,1GeV, Circumference 50.2m, damping time 3.l(iwtscc,
equilibril]rn natu rat normalized wnittance ‘2.1S x 10-+rwlm.

The normalized emittance of the injected beam was
increased from 1.0 x 10-3radn] to 3.0 x 10-3radm. “1’11(”
energy acceptance was also increased from 0.7% 101 .0%. In
order to accept the beam with 2.070 energy spread, energy
compressor before the PDR is necessary. The PDR hiis

mainiy four merits.

1. Normalized emittance of the injected beam is easily

increaser-! because the PDR has not damping wig~lvrs.
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“) Jitter tolerance 0( the vXtracLi6:l k.clwrs d the \ll)R-.

is relaxed.

3. Rcquirtmwrst IIr thr ,iampi!tg tiu,r for the \ll)R is

loosened.

4. Requirement of ttw 11.vndmicaperture for [h,: Jfl)ft

is relax>il.

Design of Damping Ring

:\ !attice Aign of the N 1)1{ is illustrated in I:ig.l.
“1’hering has a rircumfrrrwcc of I U.SIII. The optical func.
[ions 3= and .19and the dispersion function !tr for the ring
m’ plotted in Fig.5. llasic paritlIlclCrS of the \[f)R arc
as follows: bean] cucrgy 1.54Gc\’, (’irtlilllf(-rrc[]t”c 17?.SIII.
daIIImng time 6.2msec, Pquilihrium natural nornalizt’d rmit
~ilIICt’2.92 X 1O“-Gradm,i)unch leflg[h 511)111.

‘ ‘\A I I H,5 / \ ‘\ /.
/’ “.,J u

!/ \\/ ‘,\/’
i \

I
.
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?
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.,
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l~l[ql{-=Jl{;J if++=-+pe-+~k+
1!!?! !1! I I

Fig.3 Optical functirms for a quarter of the PDR

[t is extremely important that the extraction kicker
have very small jitter. $~ We would like LO achieve a jitter

tolerance of one tenth of the beam size a=,v at the [P. This
specifies a tolerance on the kicker.

where

I

0’”5 iv’

Fig.4 Sdlen~atic of the ilf)R.

I 54fA‘J CIAI!PII{(JR11/1,OFI It S fORJLL
.,
n

.!

,..

heam at the septum. This tolerance can be written in a
more transparent form:

(!40 1
—<—

J%tl%,cpt

0
—

- 10 r,,p,plat + 1?Ilrn -t N, @Lpt

it.here Tt,=l and yc,m, are injected and extracted beam cnlit-

tances. N, is the distance between the closed mbit and the
septum plate in units of the injected heam size. wc assumed
N, = 3 and, since damping the bunch for z IOmsec reduces
the errrittance of the injected beam by two orders of magni-
tude, this value gives sufficient beam life time. The septum
plate in a DC septum with strong fields cannot be made

much thinner than 3mm. Assuming ?cinJ = 3 x 10-3radm

and .d=,CP1= 7.5w4, the jitter tolerance on the kicker is
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I’he ji:tcr Merauce of the extraction kickers $ is incretied
[rem 7.0S x 10-4 to 1.4 x 10-J by using the Pf)[{, ‘lhc
stored t imc of each train is reduced from 7r to .57. This
result reduces the number of the damping wigglers fnzm .1-I
to ?.!, TnC required aperture of t ht. if J)ft is mluccd from
NJuOto 40c10.where O. is Inaximutl; ,tluilibrium beam size
in t be ~!DR. But the ph}sical apcvt urr is limited to the
iuner riiameter more thall Mom rl~ beciii:sc Ihe condition
~,i [he ~crt ical elnit tancc grow[ h riit(: dIK’ to the Rut her-
fmd scatlming it”i!tl residuiil gas rvquires the pressllr~. 1(:ss

I h] z 10-; Pa. I’he results of sumilation( S.l D( KEli orig-
i11A(de) ) inclicatt. that the ri}natic apertllre is more than
LUUCT6and that the trslerauces cf the quadruple misalign-
nwnt and rotational misalignment, thr scwtupole misalign-
ttwn[. t !Ie magnet ic field error irlld the Inonitor setting error
(Ire less than 30um ~ertically. 61)pm horizonlall}., 0.3mrad
:otat ionall}.. O.1% and (J.1mm to obtain the required e[nit-
‘anct’. respect i~”el;,t.

Design of Bunch Compressor

JL(’ rtqoires the hllncb length of + 60pm for lon-
Ir~d!irlg [he ad~wrsc elrects caused by the transverse wake
tirl({ an~l for utr!aining high Iominosit}, . .A burlcll of this
!I,ngth is not rc.adil}. oht ainable from a damping ring and.
htw_cv.a ,wmpres.sor will he needed to transform a long
i, IIr:L. h with small monwnturn spread .3p/p into a short
l~unch with a larger n]ormntum spread. For the bunch CX-

Irirrtetl from [he \! DR the nlornrmturn spread will he t}p-
il”tlll}”-l/J/p S O.O$lfi with a bunch length of 1 s .lwnm.
[ “,,l]lljressiol] of t his I](lil(.11 Iungth ro - 60Prn would then
r,:,~uire illcrcasi!lg (he IIwnlvllt on] sp:ead to 7(7L. “1’hat is
I irarl}” unalr~,ptat~lt, whvn chromar ic aberrations arid prac-
IICAIape:[ Ilrc limit at iom arc considered. “1’hercfore. a two
-t iig.. rfmlpressor w’ith an irlternn:diate accrltira[ ion is ,as-
-Ilnit,d irl the presetlt flesigr .: Fig.6 show.+tb,, ia}out of the
R(.’ for the JL(.’.8
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Fig.6 Layout of the BC for the JLC

The second compressor accomoda,es 180° bend before
the injection to the main Iinac which make it easy to up-
grade the energy and to handle the beam from control cen-
ter. Transport line must have spin rotator without any
degradation of spin polarization. Sextuples were incorpo-
rated near the quadruples to form achromatic celis that
relax the alignment tolerance as well as chrcmatic effects.
“rhe results of tracking simulation with 1000 particles input

hearn in the second B(; arc plotted in Fig.7. ‘rht: stict)rl[l
comprmsor with 2Y0energy spread does work and St.rink the
bearrl up to 66pm although 5% pdrticles spread OL “lord
20: ,
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Adam

10N SOURCE AND INJECI’OR IMPROVEMENTS AT THE SUPERKLAC*

B. Feinberg, G. Behrsing, B, Gavin, S. Ryce, K Sihler, and D. Syversrud
Lawrence Berkeley Laboratory, University of California, Berkeley, CA 94720

Major improvements have been made on the
in.iector at the SuperH ILAC ;!et.vj. ion.

accelerator. Adam is a pressurized Coc~croft-
Walton injectm, typically run at voltages in exceas
of 2 MeV. The PIG ion ~ource was redesigned to
increase the length of the discharge column and the
extraction slit, while remaining within the magnet
poles of the source magnet. To maintain cooling,
part of the thinner soft-iron end cap was replaced
with a copper section, modifying the magnetic
circuit. These modifications resulted in more than
doubling the ion beam intensity. A large liquid
nitrogen cryotrap within the pressure vessel was
replaced by an RF shielded, commercial cryopump
head with a custom pumping array. This reduced the
pressure at the ground end of the injector by an order
of magnitude and reduced that at the source by a
factor of two, even with the additional gas load due to
the longer slit. The pressure reduction was essentiai
to minimize charge exchange loss of the highly
charged ions, such as Fef Plans are underway to
replace a 3 watt cryopump in the terminai end with a
10 watt pump which is expected b result in a 50%
faster cooldown time, and greater than a 50%
increase in running time before regeneration of the
cryopump is nececsary.

Intm&dOn

The SuperHILAC is used primarily as the
injector for relativistic heavy ion experiments at the
Bevalac. The middle range of massee is provided by
the Adam injector,l a presaunzed CockcrofVWakm
injector run at voltages in the range of 2 MeV, shown
in Fig. 1. Experiments at the Bevalac using
secondary beams (radioactive beams produced by
fragmentation of the primary beam in a thick target)
oflen use ions from Adam for the primary beam.
Since the secondary beam intensity is reduced by
ordera of magnitude compared to that of the primary
beams, intensity improvements in the Adam
injector are crucial b the experiments. In this paper

Whis work was supported by the Direchm, Office of
Energy Research, OffIce of High Energy and
Nuclear Physics, Division of Nuclear Phygics, of the
US Department of Energy -under Contract No. DE-
ACXS76SFOOC88,

we describe several recent improvements to the
Adam in.iector which more than ‘double the injected
beam in~ the Bevalac, enhancing seconda~ -beam
production.

Golumnand Source,Magnet,
cockcroft- PowerSupplies,

n Walton SourceCfyopump

WP:::=4~A:re
Fig. 1. Sketch cf the Adam injector showing

limited space available.

~n ~ -M==ti

the

Aa can be seen in Fig. 1, space in the Adam
injector pressure vessel (165 psi nitrogen) is at a
premium. All components, including the source
magnet, the source itself, and the power supplies are
optimized to fit in the smallest possible volume, The
PIG ion source2 was redesigned to accomplish
several objectives without enlarging the overall size
of the source. A schematic of the ion source is shown
in Fig. 2. Not skown in the diagram is the sputter
electrode (which provides the beam for solid
elementa), located opposite the slit.

The principle objective was to lengthen the
ion source active region, providing a longer
ioruz[.tion region and extraction slit. It was hoped
tha~ this would increase the ~eam intensity while
keeping the emittance within the acceptance of the
accelerator. A second objective was to improve the
mounting of the vanadium cathode, allowing it to be
pressed into the holder.

To make these changes while remaining
within the poles of the magnet, the so&iron caps on
the source needed to be made thinner, which
presentid two problems. First, making the iron
thinner would reduce the heat transfer from the
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lathodes to the cooling chnnnek Since the source
v~rks best at close to the maximum power, reducing
the power-handling ability wap not desired.
Secondly, any change in the mabmetic circuit which
results in a non-uniform field in the active region of
t}le source would likely degrade performance. As
can be seen in Fig. 2, the changes increaeed the non-
uniformity of the end caps in the vicinity of the active
region of the source.

OldStyleSame

NewStyleSource

❑ SoftIron

R VanadiumCathode

❑ Copper

Fig. 2. Schematic of the Adam ion source. The top
part of the schematic shows the previous
version of the source, while the lower part of
the diagram shows the new version of the
source.

These problems were both solved by replacing
the central section of the iron cape with copper. The
copper conducts heat much more efficiently than the
iron, allowing a much thinner section of copper to
conduct the same heat flux as the thicker iron. In
addition, the copper is not a high permeability section
of the magnetic circuit, so any non-uniformities in
its thickness do not result in a non-uniform field.
The field is, of course, slightly reduced by removing
the iron from above and below the active region, but it
remains uniform.

A number of sources were built to test these
hypotheses. Fig. 3 shows the performance of several
sources. The sources were run at a number
repetition rates to represent the various operating
conditions.

The graph clearly shows that the new source,
with the extended slit and the copper end cap,
performs best at all repetition rates. These intensity
increases were also verified at the exit of the linac,
where the intensity increased by a factor of two for
low pulse rate operation. -

Injactor Intensity
V3

Repetition Rate
‘w ~

o 10 20 30 40

Repetition Rate
(Pulses per Second)

~ NewSource,CuEndcaps

~ NewSource,FeEndcaps

~ StandardSource

Fig. 3. Performance of various source models
versus repetition rate. Intensity is
measured at the entrance to the
SuperHILAC Alvarez linac. The three
curves represent two new versions, one
with copper eridcaps and the other with iron
endcaps, both with a 19 mm long slit, and
one older version with an 11 mm long sIit.

-* Impmvementa

Introduction of the new source reinforced the
need for improvements in the vacuum system. The
Ionger slit allows more gas to leak out of tt.~ source,
raising the background prc~sure, A high
background pressure allows the high charge state
ions (e.g. Fe4+) to exchange electrons with the gas
atoms, especially in the low velocity region at the
upstream end of the accelerating column where the
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charge exchange cross section is a maximum.
Charge exc},ange will cause the ion to be lost,
reducing the intensity,

One improvement was made at the gwurid
end of the accelerat;’lg column shown in Fig. 1. A
liquid nitrogen (L,N) cryotrap, operating at 77° ~
acted to freeze out gases, thus reducing the
background pressure. This was replaced by a
commercial cryopump refrigerator (CTI 35u)3 and a
custom pumping array, shown in Fig. 4. The custom
array, necessitated by the available space for the
pump, cools down in approximately 90 minutes. For
typical operating conditions the pressure at the
ground end of the column improved by an order of
magnitude, and the pressure just downstream of the
source, at the upstream end of the column, improved
by a factor of two, even with the additional gas load
due to the longer slit in the new source. Since the
fraction of beam undergoing charge exchange
fraction is an exponential function of pressure, the
factor of two improvement is significant.

The cryogenic refrigerator requ:re d
shielding to enable it to function in the field of the
Cockcroft-Walton. The C-W ope,ates at an RF
frequency of 100 kHz, with the accuating coils
surrounding the cryopump assembly. A copper
shield was constructed to shield the mov!:.g pnrtb of
the refri~erator from the RF field, thus removing a
major cause of bearing and motor driveshafl
failure.

A second vacuum improvement to be
installed this fall is the installation of a larger
compressorfor the cryopumps at the source end of the
column. The increased capacity should allow most
Bevalac experiments to be completed without a source
change. Changing the source in the Adam injector
typicaily requires half a shifi (4 hours), due to the
time needed to regenerate the cryopumps and that
needed tu pressurize and de-pressurize the injector
tank, so reducing the frequency of source changes
will be a major improvement.

tindusion

A number of improvements to the Adam
injector at the SuperHILAC have been described.
These improvements have as their principle goal
increasing the intensity of the beam delivered *4 the
Bevalac, especially for secondary beam experiments
which are ~everely intensity limited. The
improvemer>s have, so fsr, more than doubled the
beam intensity, increased the time between source

changes (with plans for further increases), and have
strengthened the construction of the source, allowing
for more reliable operation.

tlO°KSurfaca

‘L+tl!n200KSurface

Activated
Charcoal

/
copper

\

I
267 mm

k-1--1
Fig. 4. Cryogenic pumping array, composed of

copper with activated charcoal adsorbent.
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DEVELOPMENTOF THE DTL FOR THE JHP

F. Naito, T. Kate,E.Takasakia~d Y, Yamazaki
NationalLaboratoryfor High Energy Ph sics,KEK

11.1 Oho, Tsukuba+hi, Ibaraki-ken, 30 Japan
Abstract

~xpcrimenudinvestigation for rhcdevclopmcm of the 432-MHz
DTL is in progress wi’h the aid of new enginrwirrg techniques with
I\ighaccuracy. The rquired fabrication accuracy was tc.stcdwids tic
construction of the low-power model of the f.YTL.The rf properties of
tic model in the low-B region were smdied The field stabilization
withposIcoupler was alsostudied by using rhemodel amlby rhe field
p31tcmscalrxked with MAFIA. On the basis af the smdy of drc low-
poI..cr mode], the high-pv,er mode] of dre DTL is being Constructed
ior beam tests. The quadruple magnets of high quality were fabri-
<wxi.

introduction

A 1-GcVhigh-intensity protnn Iinac will & consmucted ss .sn
myxtor for a ring accelerator of the Japanese.Hadron Project (JHP)l.
The pro[on hnac comprises n radio frequency quiidrupo!c (RFQ), a
drift tube Iinac (IYTL) and a coupled CCIIIinac (CCL). The DTL
iiccelera[cs H ions from 3 hfeV IO148McV. A frc+mcy of432 MHz
WMchosen in ordexm increase the shunt tmpcdancc and [o usc s[ablc
klystrons.

The increase in the frequency reduces the size of the DTL. Thus.
tie precision machining tools can be utilized for a ncw fabricating
method of the DTL. Thcrsfore, a Iow-powermodel of [hc DTL was
fabrica[cd in ordei m test tie accuracy bodr of machining and of
wsembling of the drift tubes. We also studied the rf characteristics, in
particular, a stabilization of fhe field widr post couplers. &r analysis
of the field patscrn with MAFIA was applied to a DTL wir.hpost
Couplers.

Ahigh-powermodelof tie DTLis being constnscmdon the basis
of the study of Ae Iow-pwer model. Apermanen[quacfrupolemagnet
(PQM) is chosen for a focusing magne[ because it is strong and
COmpSCL1[rquircs neitherthecooling nor mainlcnancc. Asscmblir,g
tools of PQM are SISUdeveloped.

The low-power model uf the DTL

The low-power 35<eU model of the DTL, 2.6 m in lengti is
divided into four unit tanks, tha~ makes it cmy [o use precision
machining mols. The drift tub were held in the tank as shown in Fig.
1.The cndpartof the stem is tapered and fltcd to a Iapered holeon the
tank. The taper section has two important functions: keeping good r-f
contac[ and aligning the drift tulxs on the beam axis.

Since the cell length varies rapidly in the Iow-13region, so does
tie effect of the stem on the cell ftqucncy. The distribution of the
frequency shif[due to the stem is reduced by changing the diameter of
he stern near the drift tube as seen in Fi .1. Then, i[ was taken into

/accoum in rheSUPERFISH caiculationo theccll frqucncics inorder
L)obcairta flatdistribution of an accelerating field. The flcld flatness
dsus obtained wiulout post couplers was wi[hin 1.2%, where the
~cccleraringfieldon axis was mciunsredby a standardbead perturba.
:mn mcrhod.

The transversedeviationsof drift tube.sfrom dtc km axis were
93,28,22 and 75 ~ for four unit *, rqectivcly. We found d’Iat
the amount of fhe deviation among unit ranks &pcmded upon manu-
facturing machines that made rJrerapcr section. 1[means that we can
~chievethe fma.1goaJof 20 ~m with theaid of more precise mac},ines
for the machining of high-power model of the DTL.

F’ieldstablilzatlon with post couplers

Anaccelerating fteId in a DT~ is distorted bysome pcrnsrbations
“Wause of the zuo group velocity of an amclerating TMO~modc.lle
pcrrurbatioms wiU arise born thermal &tuning, beam ‘loading and
structure imperfection. Post couplers are usd for s[abiiizing the field
against thepcrturbtiions by increasing fhegTOIIpvelocityl. Jngeneral,
a reduced numbcrof post couplers are desirable as faras it is possible
rokeep the field stability kecause post couplers dccrcasc the Q vaJue.
Thus, we studied the dcpen&nu of dre field s[ability on the number
of post couplers’~~.

For discussing-the field stabi!ity qua.htatively it is useful for
defining a distortion pararnetcd D by

D- fIE, -C31
,-1

where E, is an average electric field of the i.
th cell on axis normalized by the maximum electric field and cE> is
sn mwzageof E ‘s. A distortion parameter of 1.1xlfl]wss obticd for
the unpxturbed field. A pcrturbfition waa intentionally introducedby
kmting fOUrfrquenc)’ tuners. It gave rise 10a lf@o tih of tie fic]d
(D=3.6x10”]).if post cmplcrs stabilize the field, Ulcvalue of D will h.
rcduccd against the perturbation.

At lirs[, thirty-four post rmuplerswere inserted into the model. A
fine, individwd tuning of the Iengrhof each post coupler was required
for stabitiutionof the accelerating field. Thedctails of the tuning arc
deacnbed in Ref. 3. The distortion parameter of 1.5x10”]wasobtainwI
on dte stabilizd condition. In order to study the effect of dte number
of the pos[ couplers on the field stability we attcmpted to reduce the
~umbcr of post couplers ( 17, [2, 6,4, and 3 post couplers). The ficid
stabilization was observed except for tie case of three post couplers.

A group velocity of the accelerating mode, dctinod as a dcnv~.
tive of dIC meaurrxf dispersion curve, is another measure of tic
stabilization effect’. It can be seen from Fig. 2 hat the group VCIOCI[}
widr 34 post cuup]crs is approximately qua] la tiat wiL$1?.~~>1
couplers. The maximum group velocity was obtained witi 17 psi
couplers. On the odrer hand, tie Q vahsc&eases with incrc~ing the
number of pos[ couplers; about 7% dczrcasc by inserting 34 post
couplers, which is not negligibly small. h is thus colicluded tiat drc
opdrnum numberof pos~coupless for the model is 17,compromising
between the obtained group velocity and the decrease in the Q value.

The ~nal}s~ of fieldprstterns with MAFI14

The stabilization with ~sl ‘Up]ers w~ introduced on ticanalogy of a rKRmode CCL . Properties of tf,c smtdiziwion were
explained from calculations of an quivakrtt circui~’. 11.c compumr
code MAFfA’was uscrfinorder to s[udy field pa[lcrr.s of theTM and
dre pos[ mrxics of a DTL wi~ 7 cells and 6 post couplers. The inpui
g*onlctry witi 1.8xl@ meshes is prepared as shown in Fig. 3. Both

sirnplicity.$hecaJctslatcddispcrsioncmeissho~inFig.4.Among
iiccclcratin gap and the sim of the drift tube are kept corLctantfor lhc

tiese modes, both ncsuest neighboring modes of TMOIO,dre TM,,,
mode and the post mode PCl, play an important role in the stabilizatlo!~
effect. Here the PCl is the hlghcsi among the post mcdes. The ekctric
field Ezon the beam axis is shown in Fig. 5 both for the TMOlland for
‘dtePClmode. It can bc swn that ihc EzofTM ,, andPClhaveanode
in tie cenlerof the M’L F\gure6 shows the fveckx in they-z plane
including abeamaxis. Figures 7 and 8 show the E and Hvectors in the
z-x plane below the drift tubes. The patterns of these vectors show tic
following facts. (l) The fteldof TM is distorted by thesrcms as seen
in Fig. 6-& h car-trainsa TE-lilte fic?~pattern because it has the loop
of dre magnetic field in tie z-x plane ILSseen in Fig. 8-a. (2) The tlcld
patlcm OfTM , below thedrif~tubes rcacmblcs lhal ofthc PC,* seen
in Fig. 7. (3) fle Ez of TMO)lmode and PC have an opposite sign (Ii
tiltif TM , mode has the same phase as ~1 mode in the Iowcr half
of tie Dfi.

The Ez of TMO mode is mabilized mainfy by the contribution
fromTMO,,andPC,.fiowever, dreresukofh4AFIAsugg-ta tiat Ey’s
of brxhmmicsonthebeamaxis arenotcompcrtsa~. Jnstead,Ey’s arc
enhanced when Ez’s are~mpensated. The stress thnf Eydepends on

brhesimationofthesmbilizationandthedesignof TL. Themsximum
values of Eyboti of TM modeand of PCl mode we about5% of Er..
The maximum value of~x of the TM mode is 1=s than 1%of EL

1’while Lhatof PCl mode is about 3~o o ~z in tJtc above calculation.

The high-power model of the DTL

Tl;-tigh-power model of the DTL 1.2 m in lengrh and 0.44 m
in diamercr. is being constructed on the basis of the study of the low-
power model. The ml.,, made of an oxygen-fr~ coppex (OFC).
accclcratcs the H“beam t%-sm3-McV w 5.4-MeV. It has 18CCIIS“and
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2 urut Ianka.The post aruplers are imalled in every other cell of the
model.

The following new lxoblems related witi a new fabrication
method should be solved before the corrmructionof tii~ high-power

%
model; (1) assemb “ of adjacent two unit tanks, (2) assembling of
drifrtutre&(3)sealof “ [tubes containing quadmpole magnets inrhe
tifs ruk (4) fabrication of compact and strong pewnanem magnas,
and (5) &veloprremt of an input cuuplcr. Thc assembling merhod of
rhe drift rttbe is shown in Fig. 1.h has three functions; an rf contac~
a position alignmentof Ihc drift tube and 2 vacuum seal. There we
dueekindaofmethod ofrhe seal of the drift tuhc.They are rheelccmmr
beam welding (EBW), the elecrrofomring (EF)Oiurdthe cold shrink-
ing methwl”. The develo~cn~ of EBW and EF have been done
succeduUy. Tlse cold shrtnkin mcrhod is now unricr devclopmcrw

8h irt trxs ler was designed with tic aid ofrhc computer codes,
SUP&&IS?and MAFfA.

The permanent quadruple magne[

Specifrcationaof thequadrupole magne[ rquircd horn thekrn
Jynamics areas follows, (1) The integrated held is 5.5 T for 3.McV
H injection in order reobtain a transverse phase advance of about 60
degrees. h requiresa gradientof themagnetic field of 184T/m with
a magne! length of 30 mm. (2) The deviation of the quadruple field
center from the beam axis is about 20 ym (r.m.s.). (3) The vtuiation of
‘he field gradient is witiin *4.4%.

The Nd-Fe-B permanen~magne[ rhat satisfies he specification
(I) was chosen for making tic quadrupsic nmgnct. Figure 9-a shows
a cross section of the quadrupolc magncr. [hat is compaed of 16
wgmen~ with five kinds of duections ef magnctization)a. The scg-
menrs with three kinds of axrs of magnetization were made as shown
in Fig. 9-b. The spe.dlcation (2) requires tiw high accuracy of the
fabrication foreach segment. The calculation widt the wmputercode
PANDIRA1zgaveshedisplacement of rhc ccn[cr of quadruple field
* ith two kinds of perturbation for three kinds ofscgmcrw Results are
summarized in Table. 1.

Table. I
Displacement of Qtmdrupole Field Center

Permrb~ion PAIWXRA Types of
for Displaccmem of scgmcnrs

a segmenr field mrter
~ti~

masmetizafionof <s 4s’
1% 9

Deviation of ; :;
direction of 2 45”

a e“ “ .m_guuauon of 1 8 90” ,

The deviuions of the field strcngrhanti ‘h direction of
magnetiza[irmfromtJsedesignedvafuesmust& !c...,thanMJ.4%and
tO.3*respxively in orderto rrbfi the qxc,r,cation (2) mentionai
above.The Wic.ation of she aegmems was csrefully carriedout in
ordertowhievetkr@rafacc urUy.’fle accuracythusobtaine.dare
showninTable.J1.The magneticfield of the two sets of PQM’swas
measuredbyusir.~aromrymil.nedeviaiiom of thequadnrpolcfield
centers from tie mdrarrical center of the PQM were 25 and 8 Vm
respectively with fhe ex~imen~ error of about 10 ~m. Since the
segmen~ofperrnanen: magnet were assembled into duPQM without
a shuffling, k measured deviations were small enough m meet she
r~quirement wilhin the error.

Table II
Accuracyof Test Segments of ,Magnet

Types of Deviationfromthe Smrrdaxddeviation of
scgmenta designed value tic field srrcngth

(deere )e. (%)
0.MO.2

4?5”
0.3

0.7M3 0.2
90” 0.2 *

Conchrsfons

The.dcvclopmem of dte DTL (or rhe JHP is in pro ress witi the
aid of new engineering techniques with high accur~y, h e accuracy
of dre fabncat;on was tested bv means of rheconstruction of rhc low.
powez model of the DTL. l%e”rfproperties of the model in tie Iow-li
region were also studied. The stabilizaionof an accelerating field by
post couplers was cOnfmrted. T2re number of post couplers was
opdrnized.lle field ptirerns of alYTLwithpostcarplers weestudicd
widr MAFIA. The hsgh-pwer model of the M’L is underconsrruc
tion. The quadnrpole magne~ of high quality were fabficared.
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Fig. 1. Drift Tube and Stem.
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TEST OF A 47S MHZ FOUR-llOD R.FQt

Resa Kaaimi, F’. R. Buson, and W, W. MacKay

Departmentof Physics,TexasA&Mhirersit~ andTexasAccelaatorCen\er
TAC, 4802 Research Forest Dr., Building 2, The Woodlands, TX 77381

Abstract

A S00keV 473 MHs RFQ using ● new type of four-

rod design baa been fabricated at Texas Accclaator Center.

Our purpose is to test the structurebyaccclera@g•10 mA

beam of H- ionsthroughthe RFQ. Thh paper prcmntnthe

structural dtaracterhticsof the RFQ,the beam dynamics

parameters, the tests of a cold model , and the rendts of
the lowpowerrf tcstmof tk RFQ.

Introduction

The four-rodRFQ atructurc inrented at FhnMurt: not

ortiy has been a viable dtanative to the four-vanestruc-
ture,but dso offeremanyadvautagcw mch as simplicity of

structure and elimination of the dipolemode.Mowever,the
four+od design has not been dudied extensively for tk-

qucnaes much above 200 MHs. Higher fiequeuacs (400 to

500 MHs) are desirableforprc-injectorsof protonmachines.
By introducinga smallvariationto the Frankfurtgeometry
wc havedeveloped a four-rod type design for these higher
~equacjc~.~ss ~ta designing several SimPICtest mod~)

checking them using computer codes such as MAFIA’, tmd

obt aining desirable results from cold modtd meamucments,

we set out to mttkc a test RFQ at 473 MHs and t~ acceler-

ate a IOmA of H- ion beam from 30 keV to 500 keV. (The

reason for 473MHs is the rf power source.) Wc 6rst made a

shortcold model of the structure to check our cdcula*.ions

artd to discova and SOIVCpossible probkrns in construction

snd assembly. Next, wc made a full beam dynamics cksign

for a short low power RFQ. Piecer were machined and as-

mrnblcd and a cold test of the RFQ was done. This paper

will discuss the dczign of the structure, the test results of

the cold model, the beam dynamics design, and the cold test

of the find RFQ.

j TAC ●t.EARC u ● coaoortiumof B& Uniwnity, ‘1’cxMA&MUaimr.

city, lb Uaiwerdy of Houst~ The Utiwrmty of Tew, P- Vii
A&Muniversity,Sam Kouston!hte Unkrsity, and tbe Bark CaUcga
of Mcdiciu MR Ccnta. Tbh workvu dso mppdt b~theSSClab-
ralory.
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Figuk= 1. Two modules of the 473 MEs structure.

The structure

The structuxc is made of a series of modulcm F&c

1 shows two modules next to each other. Each basic mod-

ule of length 4 consists of two square plates of thickness T

and width W supporting the four rods. Each supporting

plate is ctmnccted to two opposing rods. Four rectangular

plates cover the sides of the structure with the corners of the

structure being lefi open to give bettervacuumquality.The
comas canbe leftopcrtforthe followingreasons: First, the

diagond planes going through the opposing corners are the

symmetry planes of the structure. Therefore, tkrc ohould

bc no Currcnts aossing thes: planes. In otha ‘rds, the #

field is perpendicular to these planes. Secon& the fields are

weak at the corners, so leaving the corners open should not

apprcaably change the resontmt bcqucncy or the Q. Figure

2 shows the rrutgncticfield for a aom section at the middle

of ● module (z = 4/2), showirtg that ~ is negligible d the

comas.

Since the two op?oIing mb arc dittchcci to the mme

plates at many points through the structure, tk dipole

mode, which appears when the two opposing rods oscilbttc

at Mercnt voltages, is not ● problem. In otkr words, there

is no mixing of unwani~d dipoles mode with thedesired

quadruple mode. This is an advantage that all tk four-

rod type structures share over the four-vane types in which

the XIiOdSrnisin~ e~~d be ● mrious prob!cm
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Figure 2. Plot of the magnetic field .m tbe middle of

a module. (MAFIA output)

All parts of the structure are bolted togethex, and as

a recut, it can be fully disassembled. To make it possi-

ble for the vanes to be positioned exactly in plnce and ai-

tached to the square plates, each plate is split diagondly

into two bakes. The rods are then held in place between

time two haives and positioned using dowel pina. To make

good recontacts at thejointe., thinannealed coppa wires are

squeesed in at the contact points between the plates and the

sidewalls, and the rods and the plates. However, we need

not worry about the quality of the joints betweenthe two
halvesof the square plates; ~iuce they fall on one of the two

diagonal symmetry planes which have no currcncs crossing

them.

To design such a structure at a specific frequency, we

only need to design a module using the MAFIA code. Since

the st.mcture is made of a series of identical modules it

wily have the same frequency, quality factor, power per unit

length, etc., as a single module. Our RFQ structure is reads

of 10 module. Table 1 lists the dirm-nsions of a module for

the 473 MHs structure. It also Jists the frequency and Q fkc-

tm predicted by MAFLk and capacitance per unit length of

the vanes calculated by the CAP program, a modit5cation of

POSSION for calculating capacitance. Note thnt the qualiiy

factor predicted by MA!’IA is not u good prediction since

the O fxtor also depen& on other factors such as small ge-

ometnca! detaih, surfece quality, and so on, which are not

taken into account by the code.

The Cold Xb50deI

A cold model consisting of four modules WIU ccm-

stmctcd. In this model the geometry of the ~es is the

same as that the RFQ’s except that they are shorter and the

shapes of the tips of the vanes twe difkcnt. However, using

the CAP programwemadesurethat the intervanecapaci-
tance per unit length is the same in both cases. A resonant

TABLE 1

Dimemviosaa of a 47S MHs modulu

Length of the module(t) 5.48 cm

Width of square plates (W) 18.8 cm

Thickness of the plates (T) 1.27 cm

Intervane capacitance (CT! 107 pf/m

MAFIA Results.

Frequency 473 MHs

Q 85U!

frequency of 471.5 MHs was measured for the q:uxirupole

mode. this was ICSSthan half a percent away from the design

frequency of 473 MHs. Then by slightly modifying the ge.

ometry of the back of the vanes, the resonant frequency was

changed to 473.1 MiIs. The unloa&ri quality factor for thh

model was 4400. More importantly, no neighboring mode

was seen within100 MHs of tbismode, which codrms our

prediction that there is no mode mixing to wm~ about. Fig

3 shows the reflection coefficient versus the frequency. The

S* absorption happens at the reaonant frequency 473.1
MHs. The cold model can be fine tuned witbin about 1

MHs simply by inserting a cupper rod into one of ita four

comers.

Figure 3. The reflection coefficient vs. frequency for

the cold model.

The Beam Dynnmics Design

The beam dynamics of the ILFQhas been studied tiug

the PARMTEQ program. In this design u eEort has been

made to keep the length of the iZFQshort and the intcrvam

voltage low, so thatthe total power required is below 130

kW. The input to the RFQ is 10 anA and .? x rrmmxad

(normalised 90%) eaxtte.ace. The output beam shouldbe
abmt 9 mb. with less than 10% emittance grow$i. ‘I’able2

and figure 4 give t!uparameters oi the RFQ.
I

The SU?Q

The RFfJ consists of 10 modules d:scribcd above. At
t~c ?OW eneru end of the RFQ, a $~ ~~e 6aP cavity

has beeu added to eliminate any axia! electric field at the
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TABLE J

mrget &cquency

Initial exwqg”

Final Uagy

vane length
Intam&e voltage

Aperture (r,)

The Cald Modek

-~

Q
TheRFQ:

Ekeqlltncy

Q
Power

~-

473 MHs

30 keV

500 keV

56.25 a

Y? kV

0.25 -

473.1 MKa

4400

470.3 MKs

4800

00 kW

. .
begmmng of the RFQ. The two opposite corners of tk wall

betweenthis extra cavity and the tirstmodule of theRPQ

ham been opened wi& to let the magnrtic field couple

the cavity to the first module of the RFQ. The resonant

~ency is kept constzuu by deaeasing the length of tk

ilrst module in the RPQ km 5.48 an to 4.1 an.

The Umr&lmtes for Xnachh@ the RFQ vane tipa were

calculated based on tk PAB.MTEQ results. The transverse

rachs of tk = tip is 0.188 an (0.75 . r,) and is kept

amstant tkrough tk RFQ Ie@h. The macbmmg. . of the

nines tnrned oat to be a dilEcult job and great care was

needed for two reasons. The first was to make sure that

data points were smooth enough since after machining, no

a WSLSdomd- Tbis is because the vaues ban to

hold h@ mrfaee &CtXiC 6eh =d potishing WOdd embed

cmdl particia to the aurkc end create possible spark@

points. The second ~n was that machinkg the mna

was to be done to high tokerxes OWX their W length as

xequird by the beam dynamics. This was mccessfidly done

on the MAZAK comptiaimd numerically conczolkdmilihig

A high speed cobalt tool was used to machine

the modnktion on the wanes whirh are made of telhuium

-P=-

A ~ -CY O; 4?0.3 MHa WMmeanued for
the RPQ. ThiJ is lower thaa the design &quency of473 by

about half ● percent end will b? lixed by tuxing. The un-

Ioa&d Q value is 48oo, requi+g a structure power of about

90 kW which is within the reach of OUX 200 kW rf source.

F-5 SilOWSthe rcktjori co&cient versus the kquaxy

for the EFQ and once again thae are no naghborhg modea.

/r-.20

1 ----A ~: --30/’(7:,.-,,0“y 7; ---- EJ4
~’ 1“

z i --– B/20 ,’ ,. -40

:..3 ~ a.. -.-..., ’ !“
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-- ~’... ... . .. .

:
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Figure 4. The RFQ parameters vs. RFQ lenph.

} l’. H I II!
, I

I : I :!!,
& [ I :,

) !
,. ,,, , 1

Figure 5. The reelection coefEaent vs. !kequency for

the RFQ.

Conclusion

Thus far the cold model tests of our stmcture ,and low

rfpowu meamrerncnts of the RFQ hnve been accomplished

aud results ham had a good match with the calculations.

The next step is to do the full power test of the RFQ. Finally,

the P#Q will be attached to the ion so”arceaud The LEBT

●ystem.
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THE SINGLE-BEAM FUNNEL DEMONSTRATION: EXPERIMENT AND SIMULATION “

K. F. Johnson, 0. R. Sander. G. O. Bolmc, J. D. Gilpatrick, F. W. Guy,
J. H. lvlarquard~K. Saadatmami,””D. Sandovd, md V. YWUI
Los Alamos Na[ional Laboratory, fms Alamos, NM 87545

ABSTRACT

Accelerator concepts for heavy. ion fusion and for the
transmutation of nuclear waste require small -emimmcc. high-
curzcnt beams. Such applications include funnels in which
higfi-currenl, Iikc.charged particle beams arc interlaced m
double rhe beam cument. The first experimcn[al demonstration
confirming the beam dynamics of the funnel principle (with
contained emitmnce growth) was rcccntly complctcd at Los
Alamos National Laboratory. A single leg of a prcrtotypc
5-hle\’, H- funnel was succcssfu]ly [es[ed. Th single-beam
demonstration explored physics issues of a two-beam fumcl.
The cxperimen[ contisined cle.mcnrs for emittmu:c control,
position con[rol, and rf-deflection. Diagnostics allow-cd
meas ~rcmcnt of beam in[ensi\y. position and angle ccntroitis,
energy and phase cenrroids, transverse and longitudinal phase-
sr.ace distributions. Results of the experiment will bc
prcs.cntcd along with comparisons to simu[a[itsns.

INTRODUCTION

An experimental demons: ra[ion confirming the beam
d}.narnics of bcarn funnclling ivas recently completed cm the
Accclera[crr Test Stand (ATS)l m Los Alamos National
Laboratory. .41though this experiment utilized a single-leg of
3 prototype 5-hleV H- funnel. it addressed most of the physics
issues concerned with a t~o-beans funnel. The only known
beam d}marnics issue that was not addressed was the heam-
bcam imcrac[ion. Objectives of this experiment were
pwilion control (with -100% ban Iransmissicm), successful
usc of rf-deflection,3 and control of emittance growth.

EXPER13ilIXTAL TECHXIQUE

The H- inpu[ beam was from the ATS, 425-MHz, 5-hlcV
drift tube Iinac (DTL). The bcamline is shows schematically
in Fig. 1. Beam position control was achicvtd with four
permanent-magnet dipoles (Phi Ds), four off-set per.mancnt-
magnct ouxirupolcs (PhfQs), four movable PMQs for slccring,
and onc rf deflector. Reference 2 contains component design
spccifica[ions for the funnel beamline. Funnel transverse
cml[[artce control was maintained by 15 PMQs. The PMQ
iocusing ‘AU chosen [o match the periodic focusing of the
.ATS DTL. Funnel longitudinal cmittance control was dorw
NIds four rf bunchcrs (two 425-MHz and two 8S0-MHZ), whose
mpli[udc and phase cou!d be idcpcndcn[ly varied [o change
the longitudinal emitmrsce shape.

Bcamlirw diagnostics included three broad-band [oroirfs
and nine microstrip probes (MBPs). A Iargc cylindrical
t,zcuum \.CSSClcon[tined ~C bc~]ine which w-as nlounted “n
four scpara[e plates (Ml through M4) [o allow for staged
installation (Fig. 1). The diagnostics for beism
chzrac[criza!ion were mounted on a diagnostics plate (D-plate),
w.hich was placed af[er each LM-plate. The diagnostics
cons is[cd of two pairs of SIi[-collectors for transverse
cmit[ancc measurements. lhe L1NDA3 (a longitudinal cmiuance
mcastmment technique) interscsxion poin[s and a sweeping

“M’orksu?porkdand fum?uiby the LX Dcpwumnt of Dsfcnsc,Army StrzIe&:
O&r.= C-.w.d. .mder.heaqi~ ofIFIcUS ~nmm ofFk-g)
““l:ixr.d F41WC2.GrJMMauCoqm-atcRcxamh Cam.

magnet for Iongi[udinal cmiltancc measurcmcnts, three
onc wide-band toroid, a beam slop, and a Faraday cup.

EXPERIMENTS AND RESULTS

MRPs,

The single-krrr funnel cxpcrirncn[ was performed in fou:
stages. They were the chmwtcrizations of Urc ou~put bcwns
from tile DTL, M 1-, h13- and M4.plates.

U1 M2 s13 Saa.-. -.

IL” 1’ : I o I ,., 0
0 0 1

1.” M --l0-],0 F$lIJla- 42SW Bunchsr 0
F&R4-8SOMHzEurrclror
Rs-RF Ooftufor

Fig. 1. Fum~el beamlinc schematic. Shown arc the locations
of the optics elements. These inchrdcd PMQs (fixed
and movable), PMDs, collimators, and rf cavities.

Characterization of the DTL

The DTL rf amplitude and phase set-points were
determined using lhe phase-scan [echniquc.4-5 This tcchniqttc
utilizes MBPs to mcmsrc the energy and phase ccntroids of
the beam as a function of tfrc DTL ampli[udc and phase. A
comparison of dala [o single-particle simulations provides the
signature for determining the DTL operating sc!-points. The
phmc-scarr hardware-software syslcm allows rapid
dclcrmination of tftc DTL set-points (5 10 10 minutes). The rf
amplitude was also detcrrnirwd by monitoring high-energy
x-rays6 from the DTL. Diso~rccmcnl in the dctcrrnirm[ion of
the DTL gap vollagc from phase-scan or x-ray data was s5%.

Longitudinal and transverse phase-space distributions
were charac[crizcd as iI function of DTL arnplihrdc and phase.
Comparisons bctwccn these mcmurcmcnts and those made
previously indicated is problcm wi[h respect [o [hc trarssvcrsc
phssc-space. Thc trarrsvcrsc cmitmrrcc in tile h(rrizrm[isl and
vertica! planes had incrcascd by a factor of 1.7 tc 20 over the
previously observed va!ucs. Ex[cnsivc ins[rumcntai checks
showecd tha[ the incrcasc was real. Scheduling constritints
limited the scisrch for the cmssc of this cmittwrcc growls, srr
an a]tcrnative approach was used. Two collimators (nlot,able
vertically and horizonmfly) were insmllcd on the M 1-pkuc (a[
i[s cntrancc and cxi[). The collimators were designed [o rcducc
the trirnsvcrse em!tlancc to an ircccptablc ICVC110 permit ~
rrtcsningfuI physics tesl of the remainder of the funnel bcam-
linc (i.e., the M2- through M4-plates).

Chnracterlzation O; the Ml-Plate

The M 1-plaw contislncd onc 425-MHz bunchcr cisvily
(R 1). onc movdrlc and two flxcd PMQs, three MfH>s, onc
lmoid, and two movable coil imaws. The positions of LIIC
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movable collimators and movable PMQ (SMG 1) were
Optimized 10 prepare the bcarn for injcc[ion in[o KIW/vf2.plwc.
The final settings of the collimators and SMGl were fixed for
the duration of the funnel expcrirncnt. The M1-pla~e beam
transmission was -S8~0. Depending on ATS operation, the
hl 1-plaIc cutput current varied from 25 1040 mA.

ph~c.s~~s were made w dctwninc the RI rf amplitude
ml phase set-points. With the collimators and R1 SC(, the
trwrstcrsc and iongimdmul phase-spaces of the collirna[cd
hcuv were chamctcrizcd. ‘flw cxpcctcd lranst’crsc cmil[arrcc
NM achicvcd (-0.021 x cm-nsr in ctich plzrrc).

(’huracterlzatlon of the 312- and \13. Plates

The h12- and M3-plates conl~inctl nine PMQs (lhrcc
mcr~ablc). three rf bunchcrs (one 425 -hf Hz, R2, and Iwo
s50. hlHz cavities, R3 and R-t), four PMDs, six MRPs, and
two b:oad-band turoids.

C;OOLItransmwsion (-1OO%) through Ihc M2- and M3-
platcs was achieved wilh the skcring PMQs (SMG2-SMG4).
These PhlQs WCTCused [o isdjusl the bcism pcmition and angle
ccntroids for injection into the hl~-pla[c. The error on the
tr~nsmission measurement was domin~tcd by beam noise and
I!.)( loroil measurement precision. For quiet beams, a relative
uncertainty of -2Q0 on bcarn transmission was possible.

The funnel s[eering modtt WM chcckcd by moving tic
S\l C,s onc M a time, vertically or horizontally, and measuring
:!w changes in beam position and mglc ccntroids at [hc
funnel cxi[. In general, the model urtd mcasurcrncnt agreed
within the experimental errors of fO.2 mm and *1 mr.

The phase set-points for R2, R3, and R4 were determine
by trcmn loading and the amplitude sc[-poin[s were determined
by using LINDA 10 measure bcwn energy gain. The phase-
scw-rtechnique could not bc used duc [o RFI (rf imcrfcrencc) in
the hlBPs. The RFI significantly reduced he accuracy of the
microstrip mcasurcmen[s of posi[iun, angle, energy, and
phase ccntroids. The principal source of the RFI was rf
Ictitigc from the RI cavi[y and tic bcwn ilsclf.

Longitudinal and [ransvcrsc phase-space dis[ribu[ions
were measured for optimum sct[ings uf the four rf bunchcrs.
To study phase-space distribu[iun sensitivities to non-
optimum conditions, the mcusurcmurls were repeated as con-
ditions were adjusted (all rf buncher arnpliludcs decreased by
MVZC,a[~ rf bunchers off, etc.). The normalized horizontal

(~cr[ical) wansverse cmillancc Cx(CY)was unchanged when the
buncher amplitudes were dccrcascd by 20% from their optimum
settings. For bunchcrs off, c1 incrcascd by -33% (dispersion

m the bend plane), but ?. rcmaincd unchanged, as expected.

Characterlzatlon of the M4-Plate

The M4-plate contained lhrcc PMQs, the rf deflector
(425-MHz), two .MBPs, and one [rxoid. The D-plate woss
aligned with the deflector ‘“on” beam itxis. This choice
prohibited certain types of mctrsurwmcrrls when the deflector
was “off.”

Good transmission (-100%, 2Y. rcltstive uncertainty) was
acfiicved through the rf dcflcclor with rf power ‘“on”or “off.”
To achieve this level of transmission. slight adjustmcn[s of
SMG2, SMG3, and SMG4 were necessary.

the
RF deflector performance was critical to the succcss of
funnel cxpcrimcm. The horizontal beam deflection, the

rc]a[ivc c, and EY, and CL were measured as functions of
deflector phase and cevity power. The rf power set-point was
dctcrmirwd from x.ray monilor data. For 86 kW of cavily rf
power, analysis of II:e x-ray data gave rs gap voltage of
333 k 17 kV (design value 333 kV). Figures 2 and 3 shrrw
the dependence of the rcla!ivc horizontal beam deflection tuld
rclirtivc t, un the rcla[ive defleclor phase. Bolh the

dcflcc[ion and El show cxtrcmums at the same input phase.
This behavior is also observed for Ihc Couriint-Snydtr
pararrwtcrs a, P, and y. The cxtrcmums irt ~ and y are rclutcd
[o minimizis[iun of position and angle spreads. Thcw is ii
clear signa[urc for Urc rf phase sc[-point (-6fP rclittivc phiw)
of tic dcflccwr, This phase was shown 10 bc indcpcndcnl of
cavity power (Fig. 2), and Cy WM.shown 10 be indcpcndcm of
the deflector phase. Both observations were as prc(fictcd.

The behavior of CL with respect to dcffector phase (Fig. 4) is

similar to that of cs. Although broader, its minimum occurs
al approximately the same phase, as it should.

Relatlve Horizontal Deflection vs.
Deflector RelativeRF-Phase

& ~ ~’” 1 I 1 I J

ii -10 L . # 1 t 1 I
a o 25 50 75 100 125

RolatlvoRF-Phstso (dog)

Fig. 2. Relative defection angle of the deflector outpu~ beam
in the horizontal (bend) plane vs. relative deflector
phase. Da\a are shown for two deflector cavity
power levels. The curve is to guide the eye.

Relative Horizontal Emittancevs.
DefiectorRelativeRF-Phase

4.0 I 1 1 u
1

3.0

2.0

1.0,.o~
o 20 40 60 80 100

RoiativoRF-Phaos (deg)

Fig. 3. Relcitive Ex of the deflector output berms in the hori-
zontal plane vs. reIntive deflector rf phase. Cavity
power set at 86 kW. The curve is to guide the eye.
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Relative Longitudinal Ermlttancealo
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vs. Deflector Relative RF-Phase
m 1,~~T

11.0 ●

0.8

0.6

-m r
z’ 0.4 t

●

SUMMARY OF THE FUNNEL PERFORMANCE;

The major objcc[ivcs of the. ATS single-beam fume] were
realized. Position (i.e., steering) control was achicvcd
Omrughout the fumel with a -100% beam transmission.

The usc of rf-deflection was successful. The dcpcndcncc
of bcarn dcffcction, Ex and Ey, the horizontal Courant-Syndcr

paramc[ers, and &L on ddlcctor amplitude and phtssc was iss

4 cxpcctcd The desired amplitude and uhasc set-poin[s were

L
0.2 ~

0.0 ‘
1 1 1 #

o 20 40 60 80 100

Relatlve RF-Phase (deg)

Relaliwe CLvs. rcialivc ddfcctor phase. Deflector
cavity power set at 86 kW.

Rclistivc E,, Ey, cl., and Ihc Coururll-snydcr parismclcrs (in
s wld y) were shown to be indcpcndcnt of dcffcctor cavity
power.

\Vith the rf dcflcc[or set :11its cxpcrimcrrtally dc~crmincd
“bcs:”’ power isnd phase set-poinls, Ihc mcitsurcd absoltstc
horizontal deflection of the bean: wus 36 t 2 mr. Simula~ions
prctiic[cd a dcflcc~ion of 38.4 nlr. \Viihin the cxpcrimcrmd
error (*2 mr) and dlc 590 unccrtain;y in gtip voltitgc, lhcrc was
cxccllcnt agrccmcnt bctwccn mcasurcmcnt and simulations.
The beam dcffcction sca}cd widl rf power as expected.

Wilh the four bunchcrs wrd the rf deflector al lhcir
optimum phase and amplitude scl. points, {hc mansvcrse and
longitudinal phissc-space distributions were mcasurcrl. When
the observed cmihisnccs and ctsrrcnts U[ the exit of the M 1-
plalc arc used as inpu[. simul~lions prcdi(.t an upper limit of
_5$?C[ransvcrsc cmitlancc groulh lh~(sllgh lhC rest of lhC

funnel bcismlinc. Within cxpc-imcntal error, the data

(c. = 0.022 X cm-mr or CY= 0.0?0 n cm-mr) arc consistent
with simulis[ions and vji[h no trwrsvcrse cmittancc growth.
The short-term and day-to-dty wpruducibili[y of [hc dala is 2
to 3% and 8 10 10%., rcspccli.’cly. TIN error on lhc cmimsrtcc
nmrsurcmcnts is 5 [o S~O with buckgnsund subtraction being
ttw dominam cwnponcnt of the error.

The ahcmpt to pror.lucc a mcasurcablc cmittancc growth
w,i[h non-omimum opcrti[ion of Ihu rf bunchcrs (amplitudes
20$2 low) ~lso producc~a RUIIresult (consistcn[ with

simulations). Wi[h dlc four rf hunchcrs “uff”, cl incrcttscd by
-33qC, at (he M3.cxi[, ~d by J f:lctur of 3 M \hc M4-cxi[ (du~

10 beam dcbunching). Ltirgc cmi[twrcc growth (in &xand CL)
was SISOr)bscrvcd for im.p:opcr phusing t]f the dcflccwr (Figs.
3 and 4).

USIOI+tic DTL design cl- as input. simulations predict an

upper limi[ of -5% Cl, growth (!ir~ugh the funnel. The

observed growth was -15 10 2(1%. I“hc error on Cl. is a few
percwrt (-5%) and reflects :itc sc~t[cr in lhc mcissurcd viducs.
The rcsul[s for non-op~imum bur.chcr crpcrwion were basically
the szme. The mcissurcd Cl. of the l)TL oulput bmm was -4

timm smaller than the (lcsign VJIUC of El,, so even a 20%
en!ittancc growth through the funnel wus rust dctrimcntisl to
the funncl”s performance.

ca~ily dctcrmincd.

Transverse and longitudinitl cmit[ancc giowth r.hrough !hc
ATS single-bcttrn funnel were controlled. Wirhin cxperimcnlul
precision no mtnsvcrsc emit[ance growth was observed us
cxpcctcd. Non-optimum operation of the rf bunchc:s also
failed 10 produce any mcasurcablc lrartsversc cmi[tance growth.

Longi[udinid cmitmrsce growth through the ATS singlc-
Ecam funnel was controlled to a Ievcl which was not
detrimental to the funne}’s pcriormancc. .4 rneasurcmen[ of
longitudinal emiuancc growth in a drift (-35 cm) showed ksrgc
growth (60-809’0). T~ansvcrsc and longitudinal cmittance
control in [hc funnel bcamlinc (length -160 cm) has
climirmtcd this Iargc growth.
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TRANSVERSE COUPLING IMPEDANCE MEASUREMENT STUDIES OF LOW-Q CAVITIES*

Linda Walling, Paul Allison, and Alan Shnpiro
Los Alamos National Laboratory, Los Alamos, NM 87.545

Abstract
\\re reportstudies using wire and headpullme.wurc-

ment techniquesto :!eterminethe accuracyof transverse
coupling impedance measurements, particularly for
the case of tery low-Q cavities. The studies were
pcrfornled on simple pillbox cavities in preparation for
tht’ Inwsurement of Il~al-Asis Radiogra!)!iic llydrotest
Facilit}’ (DA R1lT) Iinac ca~”ities, which require extremely
law coupling impedances for Ihc deflecting modos of the
cas’it}.

Introduction
This repor!describestwo methodsof measuringthe

trans\!erseimpedanceofThl 1,,0 modes of pill box cavities.
\\’c measured pillhox ca~”ities to determine the accuracy
of the measllre~nent techniques before attempting to
tlieasure th~ actual DARHT cavities, which are low-Q
(Q < 5) ferrite-loaded catities that accelerate beam by
appl}.ing a dc-s”oltage across the cavity gap. In order
to avoid beam instabilities the trans~’erse impedance, Zc,
where Zfreprese:lts the LLNI, definition 1 of transverse
impedance, ~lla}”need to be measurably s~nal] (wZt/c <
400 ohms/nl).

Prw’ious coupling impedance meamrenmnts2 were
for bcaln pipe structures and cavities hat”icg Q’s on
the order of 100 or greater; howet’er, we had not
considered w}wther there might be difilcrilties inherent
in me~~ucing cavities with very low Q’s, nor did we have
much knowledge of the accuracies of the me=urements.
The p:esent work explored both wire and bead-pull
Ineasurement techniques on high-Q pillbox cavities (a
geometry in which the coupling impedances are readily
calculated by the 2-D code URhfEL-T and the analytical
model described in Ref. 1, hereafter called the Briggs
model. )

The Thfl,,o (or dipole) modes are deflecting modes
of cavities, and the transverse coupling impedance is a
measure of how eflicientl}. the beam interacts with these
modes. This paper will use two different definitions of
coupling impedance: the LLNL definition, ’ which has
been converted to the MKS system of units

z,— – C2[JBy A]2

Q- 244LJ ‘
(1)

and the SLAC-DESY definition

j J
l/2

‘L = G -,,2
(E+ v x B)?.dz , (2)

where ~ = 1!/c, 1 is the beam current, u k the beam
velocity, 1 is the length of the cavity, and A is the
transverse distance of the beam from the cavity axis, The
two definitions of have the following relationship:4’5

z~ = ~Re Z1 . (3)
u

=ork supporte~y the U.S. Department of Energy,
M’capons Activities, GBO1.

Ilcadpull and wire nma.surelncnts were performed oil
the following configurateiom: an Al pillbox cavity, tilt’
Al caI”ity with a mu-metal insert to lower the Q, the Al
cavity with large rllagnctically-coll ~)led, ternlicatmi ioops
to lower the Q, an(i a ste~>icavity with and without thv
tcrminate(i loops. These couplers were conducting rmis
inserted at al~out n~id-radius iil the piaue containing the
lnaximum electric field. ‘1’hecouplers were shorte(i to ollv
end of the cavity anci were tcrlninatmi by a resistor to tile
other en(i of the ca~”ity. Figure 1 shows the coupiers ami
the cicctric fiei(i patterns for the first three (iipoie modes
of the cavi:y. Each of the ca~’itics h,as a 12.7-cnl rmiius.
The Al cat’]t}eis 38 mm long: the steel cavity is 12.7111111
iong. ‘i’hc bea~n pipe radius is 17.5 mm.

UR.MEI.-T, a computer code that computes Thf and
TE modes in cylindrically symmetric structures. was
used to calculate the transverse impedance:

Z( 1 Ifro ~. ~zl?—=—
Q 2wor: [J

(4)

where ro is the radial distance from the axis. URhl I~L-’I’
calculates the integral of L’: at the beam tube radius;
thyn it caicuiatm an equivalent value for any specified
rn hy using tile known radial distribution (linear for
TM1,n,,, quadratic for TM2,n,l, and so forth).

Measurement Methods
Figure 2 shows a diagram of the cavity and test

environment for the wire measurements. The cavity is
transformed into a shielded, baianced coaxiai TEhf line
by adding a section of beam pipe on each end and placing
two center conductors Inside the pipe. Reference 2 gives
complete detail on the wire method.

+

1 elm,

L,

+

●✍✍✌

m
.

. L. ___11

rL
..,,.,,

Fig. 1. Position of coupiin rods with respect to electric
Jfieid patterns of first three ipolc lnodes ofpillbox cavity.

L n.,,=

u

Fig. 2. Wire measurement of transverse coupiing
impedance of pillhox cavity.
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A TSD calibration removes the effects of all
misn]atches and lengths of Iine from inside the network
analyzer up to the the test cavity with its bean) pipe
extensions is inserted. Two 180° hybrids are used
to excite th. b~srn pipe and cavity with transverse
currents. Because the cavities mcaured are short
compared to a wavelength, the cavity is modeled as a
Iunlpcd parallel resonant circuit imheddcd between two
sections of transmission line. The two equations that
result pernlit the impedance to he calculated froln the
Inagnitucic and phase of the l~leasurcrf transmission (after
the transmission phase has been corrected to remove the
effect of the length of the cavity):

‘“C’’’2=WH=WH
2Z0 sin O

inl[7’2Zt] = — —
~2 1~’1‘

(5)

(6)

where T is the transit time factor. In tll is paper. ail of
the fol!owing references to wducs for Zlor Zlarr rvfmring
t(>the real part onIy. The distance Iwtweml the two wires
i> .3. ISI is the magnitude, and O is the corrected phase
of SU1, the transmission through the cavity. Typical]y,
the calibration procedure can he performed with an
accuracy of better than * 170at 10070 transmission,
and invol~.es 1neasuring a through connection, appiying
the calibration, and tilen finding the magnitude of the
transmission to be 1 + 0.01 (calibration precision will
be .!iscusscd more fully in the discussion of re.suits).
Therefore, if the pipe radius is equai to 17.5 rnnl, tile
wire radius equai to 1.6 mm, witil the wires spaced
24 mm apart (Z. = 200 Q), imd the frequency of the
T\lllo mode approximately 1400 \lIiz, the n)inimum
nleasllrable impedance is 7’ZZ1 > 230 f2/m, or Zf~ 8
f2. Errors duc to frehi dl.stortions causc(i by the wjrcs
can be miilinlizcd by the ,]SCof thin wires (calculations

h)? ~iuckstcrn6 irr(iicatc that these ficid distortions
wouid result in errors of 20Y0or less). Although wc
had not prciiously done extensive testing to determine
the accuracy of these measurements, mcasurcmcrrts on
severai dc$?lces had }.ieIded results that were y“eryclos(:

to calculated impedances.
Measurement. of the coupiing impcdancc using the

beadpull method is based on the Slate? perturbation
theory8, which states that the frequency shift in a ca~”ity
dlle to perturbation by a small, conducting sphere is

6! (#po Hz - 3C0.C2) 4rra3—=
f 4U 7“

(7)

Alternat.ivc]y, for a smail, (iielcctric sphcre,”

(8)

\\’e calibrated our dielectric beads hy puliirrg tilem and
a metallic bead of known diamcter on axis for the

TMOIO mode, noting the rimximum frequency shift at
the center of the cavity, and calculating a constant for
the dielectric bead that represelltefi the egccts of its size
and permittivity.

The transverse impedance of the riipolc rnodcs can
be measured by beadpulls in two dlflercnt ways. ‘l”he
elect rir field of t,hcsc modes is Ilear]y Zero OIJ axis; for a

perfect piilbox, it is exac;:y zero, however the presence of
the beam pipes causes fringe Iiclds. ‘1’hcmagnetic fiel~i
is so strong on axis, however, that the frequency shift
caused by a IIICtid head pull is almost. entirely (iue to thv
ciisplacement of magnetic fichi. ‘1’hus,for a (iipole ino(ic,
onc may puli a nl(?till }J(!ild aiong the axis of the cdvity,
calculating the intcgr;tl of the magnetic fici(i. ltrrors ill
tl]is mcasurcmcnt woukl be due to fringe electric all(i
longitudinal magnetic fichis; however, ti)csc errors shou](i
he snlait. Comt)lning Eqs. 1 an(i 7,

(9)

Alt~rtliltivriY, the mt?asur~?tm!nt coul~i h(! IJl!rfOrlll(?([by
pulling a dlclcctric bead off-axis ami l~wasuring the
electric fit’hl. 1lt?CilllS(!

anti bucalm, for the dipoic mo(ics,

colllbining Eqs. I, 10, and 11,

( 10)

( 11i

(12)

R.cslllts
‘[’able 1 shows, for tl]c ‘I’M110mo~c, the Illmsurcllmnl

results for ti)c Ai pillbox cavity. ‘1’iIchca(i size w,as 1.5!)
rlml Imti) for ttm magnetic frchi rlwasurrrncnt (rnetul]ic
bead, on axis) and for the electric fit:ld Ilwa.surcirlcnt

1
dielectric bca(i, off-axis). ‘1’iw(iegcneral c (iipolc tlm(ic
orthogonal to tlic one hcing nwssurc{i) was lnove(i I)y

using shorting rods in tllc plane x=U. Also, Iwcausc
significrmt ficl(i vxtcn{irxi into the beam pipe’: on lmtl~
si(ics of the cavity, all rrmsurcmcnls wrm performwi
with at tacllcd }warn pipes long enough (the firsl. three
modes were I)clow cu tofi for the hcattl pipe) to i)rm’iflt~
attenuation at the crlds of the pipes.

TAB1.E 1. 1{ESUL’l”S010’Al CAVITY h! EASb’Rl:hl LNTS
R.= 1?,’7 cm, ~ = ;J.8 cnl, h = 1.75 cl)) and A = 2.4 cll~

z,/Q X(/Q .Z,/Q z,j(~
-Q- Brigqs u RN Err’r Dcakpull Wires
7040 -RF 37 36.C)a

3U.96
2450 48
360’ :{4.86
490 26.56
:$ood 25
275 2fl.2b
22= 22

aOfi’-axis electric ficl(i ilwasumllcnts. *orI-axis lnagnct ic
field nlc(asuremcnts. CM1l-tlwlal-liiiml cnl”it}-. ‘end ldrg~,

cOlil)lf,r. “1’wo larg(~rx)lll]l,,rs.
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The discrt=pancies between Ulihl EL-”1’and the wire
Ilwasuremcnt results are fairl} large (~ 30%) for L}1O
higher-Q measurement. I’his n]ay hc hccausc as the
cak”ity inlpc(ian cc wfs lk~r} large, ttw !llagnitudc of

tthe I rimsmission 1.$ I)rconws l)t’ry slnall. (hlihraf.ions
on network analyzers tend to >“icld large errors in I.”i’l
.%si.!!l becomes vcr}” s!nall. ‘1’hc errors in itl)pcdancc
i“ar}”as AZ~ /.Z1 = A l.$’1~’I.SI. l’igurv 3 sllmvs (Iata
talien froln sprcificat ions for three llcwictt Packard
network analyzers. All data arc for a full 12-term 2-port

..1:ca Ihrat ion us]ng plecision 7-nl[ll cal ibrat ioll hardware.
1hw particular Ilwuuicnwnt w“ithQ = 2450 corresponds
to ISl = –42 dB, which is possihly heyomf the small
c’rror region for t tlis experitnent. ‘1’hewire measurement
[echnique nlllst tjc used with cam when measuring
lllcdiurll-t~lligll-Q ca~’ities (beadl)ull methods require a
Iligh Q in order to have measurcahle frequency shifts).
AIlother source of error is that the cavit}” gap represents
ISV o!’ a wavclrngth at 1420 MIIz, so the lumped
approximation is not ~’ery gootf. The lneasurcd ~“alues
for Zt (both wire and beadpull) with the couplers in
place arc low because the coupling rods present a large
perturbation to the fields (see Fig. 1) for this mo& and
thus act uall]. lowers the ilnpcdance.

.- . . . . . . . .
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. -c!,.. ,,. , -.
. c?,!,,, ,., a,

: -u,.. -s: m.. . -,!,,. I .,. ua.
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m

.x

00
- .[...[/1..,..

‘. !. m m - w M m m
ISI(ml

Accuracy of frtinsmission n~rasllrcnmnts.

l’able 11 shows the resillts of the m(’asurenlents of
tile steel cavity. \Ve would expect that the bcadpull
measurements of this cavity nlay be less accurate than
the A1 cavity because the gap, being only 1.27 cm long,
is not a lot greater than the siz~”of a I]eacl needed to
prodtlce measurable signal with low Q’s. ‘l’he bead is no
long r a small perturbation to :he field, and the Slater
perturbation formulas do not describe the nleasurernent
as well as hefore. On the other hand, WI would expect
greater precision from the wire mcasur([nent because the
shorter cavity gap will fit the Iurr)ped impedance model
better than a longer one. The highei-Q measurements
(ones with no couplers) werf> performed both with the
wires close together (7.6 mm, 20 = 170 0) and with the
wires placed far apart for greater ser!sitivity (24 mm,
Z. = 200 flj. The bead I)uI1 waA pvrfljrrned using a
nletallic bead on axis and only for the lowest mode
because we do not have a synthesizer above 2 Gfjz that
can be ph~e-locked.

As expected, the wire measurements on the steel
cavity agree more closely with calculnt ions, prohably
because the cavity now has a lower Q and better
repres~nts a Iurnped impedance. lf”ith th~>couplers in
place, the impedances isgain are k]wer~d as with the Al
cavity.

r.41iI,Ic: II. H.I’xt!LTs or; snm.
(; AV1’f’YMEASIJHIIMI?IW’S

(R = 127 cnl, g = 1.27 CIII, r = 1.75 en])

z,/Q :z;/Q x,/Q z,/Q
Mode f Q flriggs IJRMEL-’1’ Ilca(ipull M’wes——.— —.

‘l’h!1I(J 141(J 180 163 16 11 ’21a
lt?

12’ l?
1“N1120 2560 280 12.4 14 IT”

136
65’ 166

‘I’M130 3730 4X’ 7.6 10 9“
7b

170’ 5b

“Clo..c-spaccd wires. bWidc-spacml wires. “Two large
couplers.

Conclusions
The pillbox measurements indicate that the wire

nwasuremeuts can be rrcrformed with a sufficiently
hizh demce of sensitivity; and accuracy to measure th~
D~RH’~ cavity models. - ‘1’hc DARH’i’ cavities have a
gap that is s’~ort compared LOthe wavelength of the first
two dipole modes, the wires will be small compared to
the dinlensions of the cavily, and the impedances will he
low but well abote the noise floor of the measurement.
These measurements have also shown that impedance
measurements of high-Q cavities may require beadpull
methods and that low-Q cavities (especially ones with
small gaps) require wire measurements.
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HIGH-CURRENT, LOWEHERGYRF ION ACCELERATOR

&P.llurin, U.tl.Pirozhenkor O.U.Plink
Iloscow Radiotechnical Institut. USSR tlcadmy of Sciences,

113S19 Mow)M,USSR

Abstract

Theoretical and applled aspects of a beao
current Increase In Ion l:nacs ulth superconduct~nq

quasi-statlonarv coridltlons, are the followlng

CO*6= [1+6-~exp(-t) l-’: Em/EmO= l+6(expF-1):

solenoid focuslna are considered.
nhere 6 = (rr/2-lpeOl) <<1, ? = (IE :/2W q - the

mo 00”

Introduction
particIt? charge, z - the longitudinal coordinate,
w - the synchronous particle energy. The varlable~

s
The ●ain restriction of a beaa current Ln

ion-energy RF Ion accelerators IS the couloab
particle repulslon. The slwltaneous achleveaent of
the accelerat~nq and focusing flelit.i hzah values IS
necessar~ :D Ko~pen5~te for the high-current bei8a
coulomb f~elds. That can be reallzed In the
=cLeleratinq- {oc,~slng 5ys.ten nlth the resonator
pl.iced lnrlde the focusing solenold [11. Accordlno
to estlrnatlons. the bean current llnlt by the
Cransuerse coulomb repuislon ●ay be Increased up to
;ever~l aaperes and hlqher by uslnq the
swerconductlna solenold u~th the InductIon of
?...8 T [11.

The accelerating 5ystea development u~th
rnlnlmua transverse diaenslons 1s necessary to
achieve 3 high value of a beam current. The RF
~cceleratlng channel has to provide high ~,alues of
the beam current Ilalts bv the longltud~nal coulomb
repulslon and the capture efficiency.It IS necessary
to reallw the required accelerating field
distribution along the accelerator axis under high
resonator beaa loading condlt~ons.

The strong ●agnetic fields use for the beam
focusing reoulres the solutlon of a number of
sDeclflc problems. First one needs to solve the beam
InJectlon problem Into the ~tronq ●agnetlc field.
The resonator el~ctrlcal insulation and the Ion
Lnjectur operation ire Influenced by the above
nentloned ●agnetlc field.

The ●aln results of the>e investigations are
Drletly described belou.

with indexes “o” and “c- orrespond to the bunch
heglnnlnq and eod aCCOrdLng~y. The large buncher
length is necessary to achieve a high value of toe
capture efficiency k~ In the adlabat~c buncher nlth

the bunch quasi-stationary condltlon~ correct
carrying out. So, the buncher lenqth IS equal to
1.15 ● for kc. 9S Z, when M = 100 keU, E ‘- 1 rtvlm.

00 mo

lp~, 1= 4s0. It IS necessary to refuse the bunch

quasi-stationary lnvar~an. s safe along the buncher
ax~s to shorten the buncher length. The bunch
quasi-stationary conditions approximate carrying out
i~ possible for the buncher w~th the llnear change
of the wave amplitude and synchronous phase. The
buncher length and the accelerating uave iwplltude
r~slng are calculated on the bas~s of the equallty
conditions of the small phase oscillations
frequencies and the sepdratrlxes geoaetrlc length
for the buncher :nput and output :

5.6W E
m(

/?=i
zb=~.—=

EqEmO ~. /3s051nlPel

where (3 - the reduced veloclty of a
0

synchronous

particle.in gener~l. the RF accelerating channel
contains the ad~abatlc buncher and the deceleration
sectlon~ uhere the aaplltude of the accelerating
wave and synchronous phase are constant. On the
supposition of the beam current lia~t defined by the
adlabatlc buncher end and the bunch phase length IS
equal to 21P~fl, we have that the beam current halt

by the Iongltudlnal coulomb repu1510n L5 equal to

Beam Dynaoics

[n the accelerating structure Ct this type
accelerator one should use the adlabatlc beam
bunching ulth carrying out of the bunch
quasi-statlcmary conditions durxng the bunch~ng. The uhere R - the beam radius, X - the operatlnq rcave
bunch quas~-statloniwy conditions allow to safe the b

length. u = 2rrcA, Cl -
space-charge density distribution in the bunch and

the cyclic frequency of the

to Sltlpllfy the bezs longltuf!lnal
●atching ulth the

oscillations. I - the characteristic
0

accelerating-+ocuslng syste~ beam current , c - the velocity of light.

It can be show that the expressions for the In the SIU-1 experimental proton accelerator
aaolltude E of the accal.zwat]ng uiive and the adiabatic beam bunching has been used in the.
S$nchrcmous phase m , prcwldlng the bunch

accelerating fj~ld ulth l:near rlslng and the bunch
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quasi-stationary Condltlons approxlsate carrying
out. The channel characteristics are follouln~ : the
10U Inject Ion energy ( 100 keU ), the high

●ccelerating rate ( 1.75 lteV/n ). The channel
general parameters are : E = 1 FtV/n. Emf=3.7 MV/m,

P =-90°, Pa,=-450, Rb=m;●n. For the abo.ie
90

●ent~oned parameters It is found that fi!b= 0.56 ●,
.

W,(= 0.7 fteU, I = ?.5 A for X =1.5 ●. The bunch

quasi-stationary conditions disturbance IS order
25 Z in the SIU-1 buncher. Nuaerlcal slsulat:ons of
a beam Longltudlnal dynaa~cs lndlcate that the beam
current halt 1s equal to 2.75 A. the capture
etflclency achieves 96 X for the beam current of
1 A.

Magnetic fields of 5...7 T are necessary to
focus the beam with the current density o+ about
1 A$ccz and the phase density of several fi/ca ●rad
for h = 1.5 ●. During the beaa lnJectlon into the
●agnet:c tteld the particles longitudinal energy IS
decreased. For compensation that It IS necessary to
Increase an lnJectlon energy up to 20 - 70 %.

Accelerating structure

The coablnatlon of the saall transverse qizes.
the 10M sens~tlvlty to the strong beam loading.
capability Gf the uniting the large number of
accelerat~ng 9aps and high value of an accelerating
f:eld cm be reached In the opposed vibrator
resonator ( OVR ) (see Fig.1.)

CRYOSTAT

\

coupllng coe++lclents. * 1s the capacitive load
coe+flclent.

In the lowest passbdnd the reson.nce :ondltlon
of the OUR, consisting of N sections. IS p=nalti,
● x 0,1,. ...N. Together ulth the large bandwlctth ,
the SO*11 nunber o+ the ●odes +or the resonator,

consisting G+ the Iarae number o+ the acceleratlna
cell% defLnes qGod modes separ3tlon in the WJR.
and, hence. the 10U sens~tlvlty to the strong beam
Ioadlng. By ●eans of the resonator section detunlng

the various acceleratl~g ui9ve a9011t111’2
~lstrlbutlons are possible in the OIJR, in

particular. the lncreas~ng lam. nhlcti 15 needed to

reallze adiabatic beam bunchlnq and to ach~we the
accelerating channel equal electr~c insulation.

The high value of the accelerating wave c~n u=
dchleved in the OUR. At the channel il::ls *he
accelerating wave aapl:tude IS coupled alth !Pe
●axlmco electrlc field at the drift tubes <ur49ce5

E by the relation [31 :
s

E k cos(,.kg/2~
E= ● 3

?m
Io[na/h + rr(l - kg)/2]

where h - the accelerating celi lenqth: k -the ado
9

coefficient; I - the ●odlfled BesseL +unctton.
0

Ho,,i Na RF POWER

EftECTO

‘=-——.———————\
TO VACUUMPUMTS BEAM DIAGNOSTICS

Fig.1.

The ●axInuo acceleratlna aradlent can be

The OUR can be considered as a system of the achieved t.lth k . ().6 ...O.7.The ‘accelerat~ng
9

wave

coupied llnes loaded by the luaped eleaents [2]. amplitude should Increase along the channel a:<ls +or
na/h > 0.5. E cm achieve the value of

One can
about

shorn that the structure d:sperslon
5eauatlon IS of the fora ...10 ltU/n ~ith E.= 20...30 MU/n. Thus. at the

SIU-1 accelerator resonator the accelerating wave
k,,, + ~,,, = rrl, + C4COSP - ~cos’f% amplitude of about 8 MU/n has been achieved.

The OUR has a high value of the shunt

uhere k - the wave number an the free space, P - the iapedance in the low-energy reg~on. The SIU-1

normal uave phase shift In the 1 length
accelerator resonator has the shunt iapedance of

structure
section. Here a and f? are the dastrlbuted and lumped about 50 MOhm/m.
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The prove of Principle Experiaettts

The RF Ion acceleration has been reallzed at
the SIU-i RF experlsental proton accelerator. The

accelerator 1s descr~bed in short at [41 and in
details at [21. The accelerator scheme 1s presented
at F\q.1. The Stu-1 accelerator design tind

lns.estlgatton were carried out as follous :
1. The autonomous tests of the Injector. the

acceieratlnq resonator ad the focusing solenold.
All the cdlculatlnq par meters have been obtained.
2. The test of the acce~eratlng resonator with
focusing so~eno~d. The test showed the resonator
electr~c insulation decreases at the presence of a
strong ●aqnetlc +leld.
7. .. The ~nJector tests w~th the +ocuslng solenold.
The tests indicated .he ●aqnet~c field lnflLIenCe on
plasma ~n the source. To decrease this Lnfluence the
coapensatlng colt his been Installed In the

discharge chamber section. The beaa current at tne
resonator knput has been risen up to 0.6 A.
4. The beam acceleration experlaents. The typical
foras of the >,ottaae on measurlna loop In the
resonator and the beam current +rcm the

Faraday-cyllnder are presented at the FIa.?a. It IS
obv~ous. that the stronq RF voltage decrease thkes

place up to about the half of its value. fi number of
exper~sents were carried out uslnq the autoaatlng

ampilt~de tuning system to caapeosate this decrease.
The beam current and the RF voItage pulses obtained
with the operating autoaatlc iaplltude tuning systea
Cre ftr?sented at the Fig.%. Experimental data are
pr~~entp~in iable [.

TABLE I
SIU-1 Experimental Accelerator

ttax~aua part~c;s energy ( fteU )
Injection enerav ( keU )

Performances

1.5
100...170

%;iaue ~ccele~~ted beau current ( A ) 0.4

n.........f...,‘$”“~’”‘“”’;-A. ...,.?. .,

l“”’” “:’”:’’:””’!. .,

t

m

..,,. . . . . . . . . . .

,.,.,,. , . . . . . . .

. . . . . . ,...,?. ,..,

...,..,, ..?.,.,,,. .
. .

(a)

v

196.8
70...70
1

‘ I

D
............................,.,................,..,.,,..,,.,,...,.

tm.........,.,...................,,..........,,,.,.,,.,.,.......,...,.............,,.
(b)

Development and Application

The lls~tlng calculated beam current
posslbll~tles of the Sru-t acceleritlng-focus lna
system has not bnen ~ch~eved. The m.aln reason of it
1s that the ●agnetic f;eid d~strtbutlon was not
opt~mal because of the solenotd design. At present
the 51(J-1 accelerator Is under development to
tncrease the accelerated beam current. In the SIU-.
accelerator ulth the tnject:on energy rtse ,.1P ~?
200 keU and the slaultaneous Occc.leratlnq wave
afiplltude decrease to about 1.5 HU{m It :S pl.fio~d
to aet the oroton beam nlth the enerav of Xoout
1.5’llev andr current up to 1.5 A.

This current value 1s not .+ l:mlt to this
of the .iccelerator. Physlcai s~mulatlons o. s
dynam~c us~ng an electron probe ~ndlr+te that
beam with the current up to 5 A aa;, 5P ~,:.:e!~-.

&t the frequency of about 200 MHz [51. The iur
beam current increase c~n be 41!ILP!.?,: <13.]

lower operation frequency. The f)edm d.jr,,,mlc

:iiculatlons Lndlcate that 31 ??* :Ger . : :!-lq
trequency of about 20 MHz the beiIm cur,”ent lma}’ :. :~s~

up to 15 A [41.

The accelerator with the superconduc: .,, :
solenold focusing can be used as the in:tlal par: .;?
the accelerator tor th~ burner-reactor 151. The beam
u~th the average current cf .+oout 0.3 A c~n oe
accelerated using the acceler+tlnq @ave +apl~tude to+
about 1.5 ...2 fiU/e in the accelerator uith ~pe

inJectlon energy of about 100 keV.
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and
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Abstract

A 500 kcV RFQ accelerator is being developed at
the Texas Accelerator Center. The ion source for this
machine is a magnetron type ion source with a single ex-
traction gap. The design current is 10 mA of H- with
an energy of 30 keV and Cn,go%= 0.2 x mm-rnrad. To
date, peak currents in excess of 28 mA have been ex-
tracted horn this ion source indicating that the carcent
density at the extraction aperture is 2.1 A/cm2. Pre-
liminary emittanccs have been obtained 10 cm from the
extraction aperture. The eztracted beam is transported
approxirnately 30 cm by a helical electrostatic quadruple
lens (HESQ). Initial low current tes% of the HESQ have
shown that 5570 of the focused beam lies within the RFQ
acceptance.

Int~oduetion

A 500 keV prototype RFQ accelerator is being devel-
cped at the Texas Accelerator Center. One of the promi-
nent features of this accelerator is the inclusion of a short
electrostatic low energy beam transport (LEBT) line be-
tween the ion source and the RFQ. Thi9 work is being
pcrforsned as a part of a larger project to con~truct a 2.5
McV RFQ hS18C.

The rcquirementa on the ion source are derived from
several sources: the current and puklength require-
ments of the SSC, and longer pulses for other applicet.ons.
such as isotope production. The length of the beam pulse
that is produced from the ion source and LEBT ranges
from 8 pa to 200 ps, with a risetirne of 100 ns. The dc-
aired current is 10 mA which is determined by the current
limit of the 500 keV RFQ prototype. The present work
describes the current state of the development of the ion
source and LEBT for this project.

Ion Source

The ion source is a BNLa type magnetron H- ion
source with diode extraction optics. The basic mechsm-
ical design follows the work done at BNL: a cathode
with a spherical dimple to provide geometrical focussing,
a re-entrant source mount, an external cesiurn supply,
and pcrrnanentmagnets to provide the source’s magnetic

field. There have been, however, several changes rna-le to
the extraction geometry to adapt the source to the

requiremcrs!a presented above. First, the inner molybde-
num anode cover plate and stainless steel extraction plate
used at BNL has been joined into one stainless steel an-
ode cover plate which provides both the gas seal for the
maguctron source volume and the extraction aperture.
This particular modification has been quite reliable and
has not yet shown significant wear. The second design
c~e has been to adjustthe extraction opiics to pro-
vide a 10 snA H- beuo whose normalised 9070 cmittaoce
is 0.2 x mm-m.rad. The initial anode aperture is 1.3 mm
in diasr-;er wit}.a 4.5 mm tap between the electrodes.
Figure 1 show’ the extraction geometry used in these
tests.

The test beams were extracted from the ion source
by applying a constant -30 kV potential to the ion source
and groundiug the conical extraction electrode. The in-
tensity of the extracted beam was measured by a 6.6 X
8.3 cm planar Famday cup k :ated 10 cm downstream
from the extraction gap. The discharge was operated in
100 ps long pulses with an arc voltage of 147 V and an
arc c&rcnt of 20 A. The extracted H- current measured
by this cup was 28 USA,which iodicated that the current
d&sity at_the extraction aperture was 2.1 A/cma.

Fig. 1. Extraction geometry(not to scale)for 28 mA
source. AU dimensions are given in millhneteis.

i
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Using thisdemsity the arm of the extraction aperture in
the unodc cover plate was scaled down to pronde a 10
rnA beam. This density is roughly cquivdcnt to the the
densities reported by BNL$.

The ion source emittance was measured with an elec-
trostatic cmittsmce scannes’ (EE~’ iocatcd 10 cm fkom
the extraction gap. The cun v+ incident upon the face of
the ICannem wsMmeasured to pronde puk-t~pulsc nor-
rnd;zation of the data.’ The current waveforms in each
of the EES Faraday cups, Iocatcd immcdiatdy after the
second andysing slit, and the face current were recorded
by a Hewlett-Packard Model 54501B digital oscilloscope.
Due to the fact that the neutralisation time of an H-
beam in hy&ogcn iJ roughly as long M the pulse Icngth,
the EES was used in two different modes to sec the be-
havior of the beam. The first mode placed the EES at a
fixed radid position and bad fixed deflection plate volt-
ages permitting us to view the behavior of the beam at a
fixed point in z–z’ or y–y’ space. Figmc 2 shows the ex-
tzactcd H- current measured on the scanner face and the
andyscd current when the scanner was located at –3 mm
and the dcflzction voltage set for – 18.7 mrad. Since the
shape of the an+ed current pulse is in good agrccmcnt
with the shape of the extracted pulse, it would appear
that the ellipse rotation duc to neutralization is not a
major problcm. The second EES mode was to usc it to
obtain cmittanccs in a manor described by AUison4. Pre-
liminary vducs for the measured normalized, 90% cmit-
hmccs are 0.29 x mzn-mrad for the horhontd axis, and
0.36 x mm-mrad for the vertical axis. It should be noted
that there was an angular offset of 25 mrad in the vcr-
ticd direction due to the presence of the magnetic field
required to operate the source.
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Fip. 2. Waveforms observed on the emittancc scanner
kc and andysed beam Faraday cup. The upper
trace is the scanner face current while the lower
trace is the andysed current pulse shape.

Fig. 3. End view of a HESQ cell. The radius of the elec-
trodes, r, is 1.0 cm. The radiw of tbc available
aperture, ~, is 1.3 cm.

Low Energy Beam lhanaport

The rotation of the cmittance ellipse due to the build
up of neutrdiaing particles during the beam pulse may
be countcrcd by imposing an cxtcrnd electric field on
the beam. Raparia6 has developed a hc~cd electrostatic
quadruple which is capable of focusing highly charged
beams into a RFQ. A HESQ prototype capable of trans-
porting currents up to 10 mA has been constmctcd at
TAC and initial testing is underway.

The firstHESQ prototype has been built using a
discretiaed approximation of the helical pole pieces. The
entire lens has been divided intofour independelit HESQ
segments for flexibility during operation. Each HESQ
segment has been built km a given number of idcnticd
unit cells, where each successive cell has been rotatcsl 18
degrees from the previous cell to form the hclicd struc-
ture. Each segment is clcctricdly isolated from the its
adjacent cells to provide flexibility during operation. The
&st three aegsnentahave been constructed using 10 cells,
and the find segment has been constructed using 8 cclh.
Figure 3 shows one unit cell. Each cell consists of four
stainless steel disks held in place by a single G-10 insula-
tor, A notch on the outside of the G-10 disk provides the
rotational alignment. The diameter of the open aperture

is 26 mm. The center ~f each of the cells in the structure
was digned to within AO.05 sum. G-10 end insulators are
used to pronde elcctncd isolation from support stmcture
at the cnd of the lens and to prondc enough compres-
sion to hold the cells firmly in place. The pole voltages
for each segment are supplied by eightseparate 10 kV,
0.4 mA power supplies. Onc positive and onc negative
supply are connected to the electrodes in each segment.
The electrical connection between cells is accomplished
by contact between the electrodes in adjacent cells. Each
HESQ segment was tested without beam up to 10 kV.

The initialhmingof the HESQ pole voltages was ac-
complished tIy inserting a tandem Farahj’ cup into the
beam 4.2 cm from the end of the HESQ, The front Fara-
day cup had a pair of 6 mm apertures to simulate the
entrance acceptance to i!ze RFQ: the first aperture was
‘~. :he back face of the Faraday cup and the second was
located 51 mm downstream from the first. Immediately
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after the second aperture was a second Faraday cup to
m~ the current that would pass into the RFQ. The
fraction of the beam within the R.FQacceptance, f, WSS$
obtainad from the ratio t = 1\~Ch/’(IjF0nt+ rback)) where
Iy,o.l in the -ent into the first fu~y CUP=d h..,k is
the current that successfully passes into the second fara-
day cup. Current striking the ssecondaperture is included
in ltro.,. The pole voltages were tuned to maximise both
f and the total current.

A low current H- b-= was obtained by detuning
the magnetron source and injecting the extracted beam
kto the HESQ. The current of the injected beam is not
immediately known due to the close coupling of the ion
source and HESQ. It was found that when a total trans-
mitted currd of 2.5 mA was trsmsmhtcd through the
HESQ, the fraction within the RFQ acceptance was 55%.
when the transmitted current was increased to 5 mA, ~
decreased to 42%. The fact that this ratio decreased was
due to the 10 kV limit to the pole voltages in the first
segment where the beam emerging fi ~m the ion source is
captured: we were unable to incrc~se the voltage in the
first segment far enough for the hi@ current beam to go
through a peak in the trsmsmissicn.

Conclusiorsa

The ion source produced 10 mA of H- yith prelimi-
nary norrrmhed, 90$’0emittances of 0.29 x mm-mrad in
the honsontd direction and 0.36 x smn-mrad in the verti-
cal direction, which are in good agrecment with computer
simulations. The initial trials of the HESQ with low cur-
rent, 2.5 mA beams have shown thatthe leru is fncusing
55% of the transmitted beam into the RFQ accep~.ncc,
but decreased as the injected current increased. It is

Ekcly that this fraction will he improved with further
improv=ents SUCh as adding elcctrostmtic or magnetic
steering to the system and upgrading the high voltage
power mpplics on the first segment. Thin work represents
an important first step towards making this Lenaa usable
matching section on future RFQ accelerators.
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PROPOSAL OF A PULSEH ECR-SOURCE FOfi SYNCHROT”RON
INJECTION

Summary

U. Ratzlnger, W. Bleuel, B. Wolf and N. Angert
CSI, 6100 Darmstadt, Fed, Rep, uf Germany

R. Celler
CENG, 38041 Grenoble, F~ance

The ECR-sciurce uses nagnetlc confinement o< the
plasma by a Minimum 9 configuration. The number of
confined lcng depends on the volume and oc r.he
density of the plasma.

if a large anaunt of stored ions cm:ld be e~tracted
during about 100 us the pulsed current would be
increased considerably-compared with crrr.t:nuous
oGeratlon. By installing a pulsed sclenoidai coil
inside an enlarged plasma chamber of a stanoard EC,,
source, the magnetic bottle can be opened and the
charged particles - ions and f?lectrons - are
accelerated towards th~ extraction hole by the
‘Fermi iorce”.

A t.esi setLp 1s under construction at GSI tc ckeck
that idea.

It is confirmed 5y some calculations, shat ‘high
particle current” and “high charge Staten is not
necessarily a contraction.

Dependence of current linlts on q/A

The formulas for transversal and longitudinal beam
c~?~en: limits of RFQ structures are derived in
.-ef. 1, [t is assumed that the particle pulses have
ellipsoidal ghape and a fiomcgenecus charge
4i3tr”!but10fl.

~p.:~ ~hapt~~ summarizes results from investigations
wnich are described in more detlll in ref. .2. The
main goal is t.ci demonstrate that high q/A-Yalues
otit CIf in icn source are also attractive to build
up high ~urrfnt accelerators.

!asunptisns about RFQ parafieters used in the
cu~.?ent iimit formulas:

- Limits of longitudinal and transversal phase
advacces without space charge’:

- Limits of longitudinal and transversal space
charge parameters’:

- ChoLce of the strdcture parameters in such a way,
that the sparklcg limit is approached; this gives
maximum beam ~urrent. The dependence of the
maximum Field s:rength oc the distance between
the electrodes’ is regarded in the Calculztlons.

- the current limit af an RFQ is defined at the
3unching section. where the synchronous phase Is
changed contifiuously from - 90° to the t’inal
value used in t,ke accelerating section,

For the calculation we use:

rt = 1.3, b~ - - 600, a/aA = 0.1 resp. 0.12.
m:- modulation parameter of the RFQvanes;
a:- aperture radius

- The KinetiC energy of the lor.s at the investi-
gated position depends on the cnarge state q, on
the sollrce potential V~ anf! on the effecti:e rf
voltqge gain Vrf of the ions:

w ● q ● (VS + Vrf)

In case of high q-values it is Favourab!e to use
a IUWvalue for becaose it is more complicated
to brlns that tyspe of ion sources up i.O high
potenti~l.
Inste_td of V~ the rf ioltage gain dllring the
bunching grocess can be much higher far hig~
q-values and high rf’ frequemy, bec~use the
bunch.!ng secticn can consist of much more unit
cells In that case as the length of the srructure
13 not a serious problem.

Results

Tabl$ 1 .3hOws the electrical CUt’~ent limits II ?rl~
It and ?fle resuJ:ing particle c~rnent limit, 1P ifi
dependence!? from q/A and rf frequenc:e,

Fig. 1 shows the dependence of the current limits
on the mass number of k,be particle bea~. The graphs
correspond to the paraf~eter sets in l!ne 1, 2, 6
and 7 of table 1. ‘!

~ al%i b.lOD a
wvz _ :;:’ O-’ ::: ::: :;, L j,

28 108 0,1 10 3 2,8 39 28 117 150 u,?

28 511 0,12 8,7 5,0 2,3 6b uu 2!2 218 7,6

20 5~ 3,1.? 7,4 4,9 2,5 50 U2 156 !73 7,8

10 54 0,1 5,2 2,9 2,8 59 3~ 76 67 6,7

10 27 (JOlz 5,2 6,95 2,2 76 U7 152 142 14,:

2 27 0,1 2,3 2,6 2,8 52 32 28 28 14

2 13,5 0,12 2,3 6,I 2,2 97 35 Sj 59 29,5

Table 1: Dependence of tt.? particle current limit
I on the charge state q of ““U and on
tRe r! ~req~lency v.

Interpretation:

- The current Limit 1s inverse proportional tO the
resonance frequency. At a given reaonance
frequency the current limit is independent from
thz q/A-value as long as ‘3,, 001 don’t approach
the stability limiL of 90°, -

- By using ion sources for high charge states one
can ~d~~gt the q/A-ratio for the whole mass
region to the optimum value - tn:3 means
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Pulsed extraction of the plasma ions

l?Ie ?orce act tng on charged particles in a magnet LC
=:rr~r XL:h ax ia L Syme:ry Srounc the z 3Xis can 5?

5)

..
n, : - Kice: ic energy of the chargei!.

perpendicular Cc ~.
part IcLe

ihe fcrffiu13 !s val ld ! f the transversal distances
:.?om tne z axis are not. too 5 ig.

If the distri3ut ion of trze c!agne~ic field strength
3 in the ECR-s?urce CO’J~db~ changed frocz curve 1
z; curve 2 of fig. 2 the plasna would be maved
tob. arts the extract Ion F,ole.

sstmctton
plw

L I *

z
Fig. 2: Ykgnet ic field strength Bz along the axis

of the ECR-source:
1 : - Distribution d~riflg heat lng and

cc.nf Inement of the plasm
2 : - Distrlbutlm during icn extraction

To get an idea about the longl tudinal energy which
is gained by the particles during the extraction
;rocess me :an use the fol lc.ding approx imat ions in
eq. 5):
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SuggesteC test array

-:QP Ceccmle & wised CCII

bigger extract ion holes W1th beam, compared to
the present exper lence WIth sextupole devices.

Another advantage is the smaller outer diameter ● of
a permanent decapole whlch aef lnes the inner
:iameter of the extractloc coil ( fig, ] ) .
The pulsed coil consists of two layers,
The end point ir, g towards the extraction is kept on
source potential. At the opposite end the pulsed
voi:ag+ is appl led symmt?tricallj. between the inner
and the outer coil layer. The permanent mgnetic
XULt i pole Ml11 be enclosed :n two nous i ngs,
isolated from each ether.
9y zhat nay, alosed patha for tne f’iOW Of eady
currents surrounding the plasma are suppressed.

The excitation of the pulsed coil nag r.o Oe

synchronized sith the interrupt of the rf heat!ng.

rfle magnetic pJlge length will be flexib!~, th.;
rise time is about IOG us.

1.

;:

J, .

5.
6.

7.

8.

~\I

ex!ruchon -kit=’= vocuum

T.P. riangler,
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ASYMPTOTIC ANALYSIS OF THE LONGITUDINAL INSTABILITY OF A HEAVY ION IINDUCTION LINAC*

EdwardP. l-cc and LloydSmith
Lavmnce BerkeleyLhoramry, Urtiversilyot’California,Berkeley,CA94720

~

An !rrductionLinac acccicmsinghigh ion cumnts a! sub-
relativistic energies is prdicted to exhibit unstable growth of
current flucnmions at low frequencies. llre instabilityis driven
by the interactionbetweenthe beamand complex impedanceof
the induction modules. In general, the detailed form of the
growingdisturbancedependson the initialperturbationandririo
of pulse lengthto accelemtorlength,as well as the specificform
of ?Aetilpedance. An asyrrtptoric analysis of the Wed regknes
of inlen=Q*is presented.

We RN ~ cluster of beamsdriftingat velocity v. with
line charge density k and current I = Av. It is assumed here
this:all the beamfets (N - 16) effectivelyact in concert so that
). and I art the total values and v is the common velocity.
The continuit;tequation, wrimvtin laboratoryframe quantities
(z,t) is:

al+ al - ~
at Z- “

(1)

.4 smoothed longitudinalfield E. induced by interaction of I
with the inductionm~ules, itc[s cm v:

13v ilv *
—+ V—=m E ,
at az (2)

In geneml E is relatedto I throughan impedance

E(cu)= -Z(O)I(u). (3)

Ho+ever in the present study the low frequency interaction is
modeledM that of a resistance R and capacity C in parallel.
We may use the circuit ~presentation:

L+%=.;
RC ~ (4;

Mostpreviousrelatedwortil) has neglectedthecapaci ,
Ybut included a direct space-charge force proportional to ~M z

The present mode; appears to be more representative at low
frequenciesfor the HeavyIonFusionapplication. In genemfthe
capacity reduces growth rates compared wi~dtthe case of pure
resisrartceby lowtxingthe impedanceas fiquency increases.

A pcrttrzbationanalysis is carriedout foi small variations
from constantequilibrium vahtes. For

v = Vo+ b ,
k = A(j+ 6A ,
I = 10+61 ,

E = 8E ,

the pemrbed equations ate:

N = A@ + V(+5A, (5)

● This wink was supported by theDirector,Ofticeof EnergyResearch,
Offaccof BasicEnezgySciences,AdvancedEnctgyProjectsDivision.
U.S.DeIx.of Energy,UdCZGxuraet No. DE-AtX)3-76SRKM3!2E.

(6)

(7)

(8)
I

The valuesof R and C arc related to beam parameters I
by considerations of system efficiency. For a good match of
source to beam load, R must not be loo diffsren[ from the
matched v~ue ~ = G/lo, where G is [he average itcc?lerming
gradient. For the iypical parametersG = I’J6volts/m and 10=
1000 amp, we have RO= 1000Q/m. In this case R could be
reduced to 300 Cl/m without serious loss of efficiency. The
characteristic time RC = a-l should be a small fractionof the
pulse length to avoid excessive energy flow in charging the
accelemtinggaps. For the typical value C = 3 x10”!0F-m, we
have RC = 90 ns, which is short compared with a {}pical500
ns pulse length.

In this simple model, time scales with RC = u-l, where
the “retarded time” variable ~ = t - Z/VO is used. A second
scalequantity

IIqeb
K= —

mv02C
appearsin the theoryand scales the variuble z. That is, at and
Kz appearin a dimensionlessformulationof Eqs. (5-8).

If we neglect the self-force from space charge,
proportional10ilh’dz, the coupled equationsfor Wrturbedfield
and cumentare conveniently written using z and the rmrded
rimeT= t - ?Jvoas independentvariables. We have

(9)

(lo)

Initialconditionson 61 are specifieda[ z =0 for T20; in this
model no disturbance is able to propagate backwards into the
zones, t c O or z < 0. If the initial perturbation is a time-
dependemvekcity error generatedat z = 0, the initialI mtditions
are

M(o,t) = 0,
5E(z,0) = 0,

The solution is now found with the aid of a Laplace
transformationin z:

~
(ir,k)= - dzexp(iflz) (61,6E). (12)

o
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(13)

(14)

(15)

The inversion contour runs above any singularities in the
complex (2 plane.

h is instructive to examine the case of an impulsive
perturbation f(r) resulting from a velocity step of amplitude
AvJ-I(T-LJ;fromEq. (11):

f(~)= A(G)&ii(T-to) .

Then Eq. (13) gives

*2X2 ‘Xp[-i%’-+ ‘“)
& . A&H(t-G)

The inve~ion maybe written

wherr we havedefined
1

g(fl,t,Z) :.:.iQz . m:T-K”). (18)
Q--K2

The functiot] [Eq. (!7)] has been evaluated itntdYtictAIIYfor
po:itive (T,z), and may be regarded m a Green’sfunction for
general f(tO). However, its complicated form does not givea
qlJiditativedescriptionof the patternof growth with z and %. The
saddlepoint analysis presentedhere, while inexacL dots provide
this picture in several regimes of (z,f). We set t. = o in the
following.

Note that there are poles in Eq. (17) on the real axis at
fl = i K. These points am inrrinsic singularitiessince the poles
also appear in g. These singularities are associated with
“mountain ranges” containing saddle points as displayed in
Figs. 1 and 2. An asymptotic evaluation of bE may be per-
fomnedby the smrtdardtradrof stecuestdescentmethodatmlied
aroundtie thesepoints.”

The stationary (saddle) points of g(fl)
solutions (Qs) of the quarticequation

. .

are the four

In general, two solutions lie in the lower half-platw and make
little contribution to N. The pair in the upper half-plane are
found to be pure imaginary for A a at/lCz > 8/(343) and
complex for A c 8,’(7”1) (see F]gs. 1anti 2).

.In’l

.—— L’=——
/

Fig 1.

““%

Topographyof the Q’plane (Q’= Q/K) for
at/Kz > 8/(3d3).

,mlm

I

UaM-.

I

Fig 2. Topographyof the f)’ plane for al/Kz < 8/(3~3).

Denoting S2s= K(V+i~), we have the paramcterizittion
in Wms of ~:

A > 8/(3d3), jJ > 1/43 ,

(20)

g,= @Cx- ~ at .
p,+ 1

Inversioncontouris horizontalthroughthe upper satidle.
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Sliwi2
A < 8/(3q3j, p < 1/43,

A = 4p2 ~ .

y,= &J+ ] - 2~@+7y’2 , (Ql)

Re(gs) = vKz-rzr +
AaT12p

(A/qJ+dpi “

Inversion contour is oblique thmugtseacii wide point.

The special case of A = 8/(3~3i has the upper half plane
saddlescoalesce at v = l/\13.

of 1 <c 1

Herethe saddles lie close to the singularities Q = *K.
Physically, z is large enough that resonant growthcitndominitte
at small t, The quartic for L?s is readily solved by i[eration
tkomthese valuesto obtain

K(
Q,. f 1~ y h)

gs = * iKz(l-~ + E - ~ at . (~~)

of A >>1

From Eq. (20) we have

u = (2A)*n,

g,- ~ (2A)1”KZ - ar (23)

Theexpectedresult that the RC decayshoulddominateat large %
appearsexplicitly.

kktximumGrowth with z

If z is fixed and the real part of g is maximum in %
we find a point of the class 2-[y-pe A = (at./F?z)c 8/(343):

p = $ = .3535,

v = k G = k .6124,

g = & ..5303,

Re (g,)= ~ = .3536 Kz . (24)

This solution represents the peak of a wave packet moving
backwcrdin the pulse (increasing @ and forward in z with
trajectory af/Kz = .5303. The same result is obtained by
pcrturbi..g the beam sinusoidrdlvat z = O for a long duration
(t), with frequency 00 = u/~3.

The maximum growh is calculated here at a medium
energy point in a fusion driver, with ion parameters (T = IWO
MeV, m = 200 amu, q = I). We also itdopt[hepreviouslygivPs
quantities (C = 3 x 10-)0F-m, R = MOf2/m.10= 103A, tp =
506 ns). Then we have (non-relativisticcalculation).

V. =. 1(YIc, & = 32.2 ‘lC/m.

a-l = 90.() ns , K = 7.33 x 10”3m-l ,

at = 5.56 thp , Kz = 7.33 Zkm,

A = Ctt/?tZ= .758 ~ .

From eqs. (24) we have the maximum growth poim fur a
perturbationinitiiltedat the pulse head:

~=~ = .699,z~

Re (g~) = .3536 Kz = 2.59 zk~ .

[t is clear that this asymptotic limit i~ available within the
500 ns pulse length for z out to -1.4 xrrt, and several e-fold
of growth can occur over this distance. The growth me is
small enough that it may be possible to control it with a feeu-
forward system. Note that this maximum growth rate, when
associated with a perturbation of constantfttquency at .: = O,
occurs at

● Vo= + = 1.02MHz ,
21d3

which is very low consideringthe 500 ns pulse lenglh. For.
the morereasonableV.= 10MHz we find the verylow growth
rate withdisranceof .636km-l.

1. EdwardP. Lee, Pm. 1981LinearAcceleratorConference.
Los Alamos Report LA-9234-C,263.
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TECHNIQUE OF MEASURING BUNCH LENGTH BY PHASING AN RF CAVITY*

W. Barry, P. Kloeppel, and R. Rommenith
Continuous Electron Beam Accelerator Facility

12000 Jefferson Avenlte, Newport News, VA 23t106

Introduction

The bunch length in the CEBAF electron beam, less
than 1“ in phase or 2 ps when flillyrelativistic, is too short
to be measured by direct timi:lg techniques. An indirect
measurement the has been Freposed is the weil-known
method of changing the phase ~,fan accelerating cavity and
observing the energy spread in the beam. The bunch usu-
ally rides at the crest of the rf wave in order to maximize
the acceleration and to minintize the energy spread. By
altering the phase of one or ieveraI ca”rities, the energy
spread can be increased by an amount that is proportional
to the bunch length. By measuring the energy spread for
se~?eralphases, the bunch Ieng :h cnn be determined.

The method has been aplJied in tests at the CEBAF
injector. The aims of the trial were to see the limitations of
the technique, and to understand how it could be improved
to the point that it could be used as a regular diagnostic
tool. Then the backphasing method can provide a rapid
and inexpensive, if rather imprecise, measurement of the
bunch length.

The cavities in the injector, shown in Figure 1, are
driven by two klystrons. The first cs.vity raises the beam
energy to about 2.7 MeV, which is nearly fully relativis-
tic (d = 0.98). The phase of the second cavity can then be
altered tu increase the enerry spread. Calculations have in-
siicatcd that the phase length of the bunch at the entrance
of the second cavity can be measured with IO~c precision;
this figure represents the limit of validity of the computa-
tion, and is further degraded by spectrometer errors.

Figure 1. Scisemntic layout of CEBAl? Injector

Energy Spread in the Beam

To a first approximation, the energy spread produced
in the beam by the second rf cavity because of phase spread
is given by

liE = 20 sin ~b~, (1)

● This work was supported by the U.S. Depaitmcnt of
Energy under contract DE-AC05-84ER.40150.

where l?Ois the energy an electron would gain iu traversing
the cavity at trpti.xnsmphase, ~ is the phase difference of the
bunch centroid from optimum, and 64 is the phase spread
in tkie bunch. The hmch length 1 is related to the phase
spread by

1 = A@34/(2rr), (2)

where .1 is the rf wavelength, and O( = v/c) is very nearly
equal to 1. A c!oser approximation for 6E can bc gained by
usiug the beam transport code PARMELA, which irr.;ludes
the eflects of phase drift that is present because ~ is not
quite equal to 1. A PARMELA subroutine has been pre-
pared LIyGeoffrey Krafft explicitly to model the CEBAF
cavity. 1

We can ~haracterize the beam by its energy spread 6E
and its phase spread JI$. Their values at the output of a
cavity can tse connected to their values at the input. Let the
subscript i denote input, and o denote output, For small
dispersions, we have the following linear relations:

‘E”=(%)’E’+(%+’,31

‘-(%)’3’+(%)”
The transfer coefficients OEO/6’Ei,ilEO/O@iare computed
by PARMELA. .

The energy spread is measured by the 5-MeV spec-
trometer, consisting of a rectangular magnet to bend the
beam 30”, 1.20 m of drift space, and a viewer. The dinme-
ter of the working region of the viewer is 2.2 cm. The line
after the cryomodule has no focusing magnets. The diame-
ter of the observed spot is equal to the sum of ~ and the
dispersion. Since only the dispersion is interesting, the ‘na-
tive’ spot size represents an offset that must be subtracted
away. We find 6E0 for several different phases of the second
rf cavity, holding everything upstream of the cavity fixed.
The spot diameter is measured for several phases of t!.c
second cavity relative to optimum. The angular divergence
6* of the beam is theu related to the momentum spread,

(4)

where @ = 30° is the bend angle, p is the momentum, and
C is a constssnt (equal to &;/L). We set 6p/p = hEji?
and cvmbine Equations 3 and 4 to give
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Results

The results for the measurements are givers in Table 1.
The constant C, the input energy spread JE,, and the input
phase spread 6P, cm be found by least squares, yielding as
the best fitthe following values:

6Ei = 0.0386 MeV,

6A = 0.247°, (6)
c = 3.34 x 10-3.

Summssry

In summary, we conclude that the method has proven
to he practical for a quick measurement of the bunch leugth,
suitable for preliminary beam setups. Further impro~”ernent
can be achieved by installing a profile monitor in place of or
in addition to the viewer, and by using more sophisticated
t)ptics in the spectrometer. With a profile mtmitor and with
spectrometer resolution of 103, we will he able not oniy to
tind the bunch length but also to observe its structure.

Bounds for the systematicerrorcm be establishedby as- Acknowledgements

surning extreme values for the constant C. It can be no hlany persons have helped in obtaining the results re-
Iess than 0, for an arbitrarily precise spectrometer, and it ported here. We wish to express particular thanks to George
can be no larger than the smnllest observed wdue of 6#, 7.5 !fei] and Charlie Sinclair for their operation of the injector.
mrad. W’ith these values for c, the corresponding values of and to Kelly Mahoney for running the rf controls.
6+ are O and 0.53°. Thus,

Reference

(.)

“+0.28°
6@i= 0.25° -0 ~50 . (7) 1. Geoff:ey Krafft, CEBAF-TN-0051.

TABLE 1
Results of Bunch Length Measurements

Phase Final Energy Diameter (OEO/’~E’,) (8E0/8~i)
(Eo) (from PARMELA)

0
Aki’ radians MeV/”

0.0 5.106 0.00796 1.0 0.0’
29.0 4.560 0.00749 1.0 0.0156
40.0 4.536 0.00870 1.0 0.0281
60.0 3.873 0.01022 1.0 0.0375
70.0 3.483 0.01088 1.0 0.0406

“ AEO is vf second order in A@i near optimum phase.

The diameter is shown M a function of phase in Figure
2. which also plots the function for the best-fit values of
Equation 6.

0011 — —.
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Figure 2. Spot size as a function of phase shift
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THE DELI”A-T I“UNEUP PROCEDURE FOR THE FItR1’blILAll LliVAC

Thomas L. Owens and Elliott S. hlcCr ry
Fermi Na[ionalAccelcra\or Ldora!ory-

P. O. Box S00. Lla[avia, IL 60510

Abstract

The delta-I procedure provides a means of monitoring and
sct[ing [rr design values the phase and amplitude of fields

w ittrin a Iincar accelerator. C)cviations from design values of

energy enmring an accc[cra[or mmiu]c can als J be determined.

Thc proccdurc will be used [o tune the upgraded Iimsc under
construction at Fcrmilab. ~ Results of prcli.minary tests of the
tcchniquc on the cxis[ing 200 McV Iinac show quali~ativc trends
in agrecmcrrt with analysis. Quantitative comparisons show
some differences.

in the energy change as phase is varied. The amplinsde arrd
phase loca~ion of [his peak for a given clcc[ric field can be
calculirtcd using beam dynamics simulations, then compased to
the mexsurcmcnts.

Once the electric fickf has been cstima[d and brought up 10
design ICVCIS,the phrm and input energy dispkicemcn[s from
design can kc cs[i.mated from mcasurcmcms of the dclla-t values
accord]ng to equation 1. Corrections m the module phase and
input energy clan then lx made. The electric field and dcl[a-t
measurements arc rcpea[cd and adjus[mcn[s m field, phase and
input energy arc continued in an i[crativc fashion until tie
module is [uncd to [hc desired accuracy.

Introduction
“restson the Fcrmilah Linac

The dcl~a-t procedure was developed at the Los Alamos
Xirtional Laboratory many years ago for ~he purpose of
arJJusting the phtiemrfamplitude of the fields in each of 44
mrxiulcs in I.hc LAhl PF [incar accelerator.2 RcccnUy, workers
in the USS$!, it the [nstilute of Nuclear Research, extcr,ded the
urtal}’sis and utili[y of [he proccdurc by ~cilting second order
cffccls tha[ hecomc increasingly important as the Icmgi[udinaf
cxwn; of the beam bunches incrcascs.3 Olhcr rcceni work has
examined usc of [he dcl[a-t procedure on the Iinisc of the
Ad”:anccd Hadron Fiscility.4

The proceifurc cruails measurements of the deviation from
Jcs; gn of changes in the times of fligh[ Ixttvccn points along
Ac accelerator as the module fields are altcmistcly turned on then
off. Following the arra[ysis prcscn[cd in rcfcrcnce 2, module

phase, AOAand module input energy. AWA. cm be rehcd ina
linear fashion to the dcvi~.ion from design of the difference in
tirnc of flight at i! point just beyond the module being tuned

(3tB) and at a poim further down the mcclcrator (At) auording

us the rcla[ion,

(1)

The 2x2 matrix, A. is derived from tic transformation
mairix through the module. It is a fu lction of the electic field
in the accelerator gaps and the ac,:clcrator geometry. The
electric fic!d M dcicrrnincd using a variely of techniques. tie
way involves mca.suring r.hc energy out of tlm module as input
phase is changed. The ratio of energy change to phase changs
is equal 10 the (2,1) clcmcnt of the Uarwformation matrix. The
known dcpcndcnce of this elcmcn[ upon electric ficl~ ~hen
determines the electric field value. Another tech.,ique to
estimate the electric field magnitude involves locating t. e peak

●OpcraIcd by the Universities Research Association un’er
., ,n[;act with the U.S. Dcpastmcnt I.i Energy.

Preliminary [CS[S of [hc ticl[a-[ procedure hirve been
performed on the 2(M) McV drift tube Iinac at Fcrmilab in
preparation for usc on the 400 McV accelerator upgrisde. Tests

have ftrcusscd on rncirsurcmcnw of AtB andAT as the phase is

taricd, as was done early on in the LANL tests, in order to
understand some of the basic fc~mrcs of the procedure. Curves
h~.~cbeen gcncrx!cd for many of the Iinac accclcralor modules
for a variety of eIcctrIc flclds and input cncrgics. An cxarrplc of
the type of curves that ase gcncratcd is given in figure 1 for tic
fifth accclcralor module out of a total of nine

.?.5 I ‘-T.:

I
~– I,23 !.3

AtB (nanoseconds)

Figure 1. F~perimental measurements of delta-t values for
module 5 as phase is varud. Efecwic field trrqniwde is varied
~fqo ~&u w~”Ml (ceruer cume).
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Figure 2. T~;retical &l/a-t curvesjor module5. For the tpper
curves, input beta= O.41331; for the center curves, input
beta= O.41414; and for the lower curves, inpsu bela=O.41497.
Electric fields are varied 25% about nominal wilhin each
cluster.

modules which make up OteFermilablinac.
Computer simulation of the same type of curves for the

conditions of module5 are given in figure 2 for :omparisott
with the experiment. We find good qualitative agreement.
Basically, at a given input energy, all curves are clustered
around and intersect with a single point in the delta-t plane.
Separate chssters of curves occur for each input energy. As the
electric field amplitude is varied, the slopes of the curves
change. For a perfectly tuned module, the inwrseAon point
would lie at the origin in [he delta-t plane and the curve
generated by varying the phase would have a specific slope
dictated by the design field sctling. For module 5, the
experimental curves in figure 1 indicate that the input energy
into module 5 is high by a few tenths of a percmtt and the
elutric field is low by a few percent.

We have been able to vary the input etwrgy intomodule 5
by adjustingthe phase of module 4. A series of curves similar to
the theoretical presentation in figze 2 is obtained. In figure 3,
we have plotted the location in the delta-t plane of all of the
points of intersection of these curves. Also plottd in figure 3
is the theoretical predic~ion. In agreement with theory, the
points of intersection all lie on a straight line, but the slope of
the line generated experiii.entstlIydiffers somewhat from theory,
anti it does not quite pass through the origin,

The source of the disagreement between theory and
experiment is not known at present. Linac geometery is dse
only parameter that greaLIyaffectsthe theoreticalline generated
in figure 3, acatrding m the theory developed by Crandall.2
The effect we are seeing is similar to what is predicted by the
higher order theory described in reference 3. A careful
comparisonwith the theoryof reference3 hasnot bsenmade.
Other possible masons for the differences are curremtly under

am-

04s -

g orO -

E

!- //
*CS

s I

i
I
I

-0s -

4- -

I I I I I 1 I
4A 44 4* 4 00 Oa 0.4 ma

Figure 3. Variation of tk intersection poinn of curve clusters
for module S as input energy u varied. Solid line . experiment,
daskd he - theOry.

investigation.
We have tested the technique, mentioned in the

introduction. for estimating the electric field using
measurements of the peak energy out of the module. in this
case, electric field is estimated by comparisons between
simulation and experiment. Figure 4 ~hows measurements of

Electrlcflelfl

,/---- ,

- 1.0s

Figure4. Esperimerttalmearuremenl ofparlicle energyLureare
in module 6 versus module 6 phase. Nominal phase setting is
1SS.7 degre,rs.
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the energy out of module 6 of the Fermilab Iinac as phase is
varied. The figure dcrmrnsrsatesthat the energy peak is highly
sensi:ivc to eleciric field magnitude, and should therefore

provide a very accurate means of setting field magnitude widtirr
the context of the delta-t procedure. Surprisingly. we found
subsmntiaJ differences between the cun es of figure 4 and
computer simulations. Detailed comparisons indicate thal the
differences arise bcausc drc hurl LSnot well centered in the rf
bucket for this module.

In principle, all of the inforrmuon necessaty for tuning a
gltcn modcic is prcscru in cxpcrimcntal plols lrlw figure 1.
However. wcchave found that rhc ctv.cs arc all nearly pasiillrl to
onc ano”Acr by the seventh or eighth module in the Fcrmilcb
linac. and results bccomc inaccurate. The procuhsre must &
modified for these kighcr-eilcrgy modules, as discussed in

rcfcrcncc 2 and in the next scc[ion.

Procedure for High-Energy Modules

Since inaccuracies in the higher-energy modu]cs are duc to
IACfact that the delta-r curves gcncralcd by varying the moddc
phase arc nearly parai!cl. we choose a procedure which seeks a
targc[ line that is perpendicular to hc vsriablc phase curves.
V’c have reproduced the thee.ry2 ncccssary to simulalc this
proccdurc in order to dcwrminc its effcctivcncss on our Iir-tac.
As discussed in rcfcrcnce 2, any proccdurc must be slablc. The
cri lerion for slabil:ty is that the pcrccntagc energy
displaccmcn[ al the (ruIpuI of t.hc module must be Icss than the
input pcrccntagc energy dispiaccmcrd. lf this stability cri[crimr
fails. the beam will tcnri [o walk OUIof the rf buckc[.

Figure 5 shous the dcgrcc to which our linac is slablc.
Plotted here is the ratio of the outpu[ percentage energy error to
input pcrccn[agc energy error (lhc stability ratio) for modules
3-9. Any \a!uc below onc in the Ilgurc is stable. Wc have found
that the prouxlurc is qui[c s[ahlc for modules 4-9, but is unstable
for earlier modules.

Figure 6 is a plot of the uncertainty in the ourput energy for
cm picosecond error in Ihc dcl[a-[ mcasurcmcms for modules
3.9 of the Fcrmilab linac. Wc have assumed that errors in the
mcasurcmcrrrs arc rarrdom. Lasgcr errors in ou[pu[ energy can be
produced if there are systematic errors in the time difference

6

MACUOOUI.E

3 4 5 b 7 8 0
WACMOOULE

Figure 6. uncertainty in owput energy for the high.errergy
slefra-1procedwe in th Ferrru”l&li~. onepu~.rrc~~ r~m
errors in delta-t mensuremerusare assumed.

measurcmcnrs. W’eanticipa~c \otal random errors tm the order of
13.8 picoscconds. From figure 6, trncertain[icsarc cxptxtaf to
be iess than approximately 0.02 % for each of modu!cs 5-9 of
the Fcrmilab Iinac, which should allow the beam to be WCII
ccntcrcd in the r( buckc[ using this procedure.

Summary

The delta-t procedure appears to
and stable technique for setting the

be a po[cntially accurate
phase and clcc[ric ficlrf

magnitude in the Fcrmilab linac. Some diffcrcnccs be[ween
theory and cxpmiment have been found, Resolution of these

differences wiruld improve the accuracy of the tcchniquc.
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SIMULATIC)NS OF’ HIGH DISRUPTION COLLIDING BEAMS *

J. R. Boyce, S. Heifcts: and G. A. Krafft
CEBAF, 12000 Jefferson Ave. , Newport News, VA 23flo6

Abstract

Recent B-factory proposals’-z that use a Iinac beam
colliding with the beam from a storage ring to achieve
high luminosities ( ~ > 1034 cm-2sec-* ) result in very
high disruption of the Iinac beam. The effects of such high
disruption have been studied using the relativistic. 3-D
code SWARM. We discuss the assumpticms, parameters,

and results of a series of rum !hat model such collisions.
Regimes of high beam loss and methods to avoid them
are also discussed.

Introduction

(’olliding beam experiments using a positron beam
stored in a storage ring require that the electrons do not
destabilize the positrons because of the collision. This re-
quirement is summarized in the constraint that the beam-
bcam tune shift of the stored positrons remains low. hfost
B-factory c!esigns require the beam-beam tune shift to re-
nlain under <0.06.

In this sturfy we investigated collisions where the
positron bunch and the electron bunch have parameters
typical of Iinac-storage ring B-factory designs. In the
first section we discuss the assumptions of the model, the
forces, and the luminosity calculations. In the second sec-
tion we confirm the pinching discussed in Ref. 3. In the
third section we discuss a matching procedu!e that re-
duces the pinching, and hence the beam-beam tune shift
of the circulating positrons. These results show that large
electron disruption may be consistent with small positron
tune shift, a necessary condition to achieve high luminos.
ity in “disruption assymetric” colliding berm] B-Factories,

Basic Assumptions

There are six main assumptions made in this model:

1. The beams are relativistic.4

2. The bunches can be characterized by thin trans.
verse slices randomly populated by groups of par-
ticles called macroparticles.

3. The force between twc macropartic]es is zero when
the distance between them is zero, linearly in-
creases to the “radius” of the macroparticle, and
decreases as I/r for distances greater than the
radius.

4. When the bunches overlap, the force on any macro-
particle in a given slice is the sum of forces from
the macropartic]es in the overlapping slice in the

‘i\.

6.

other bunch. That is, there are no interactions
between macroparticles In non.overinpping slices
because the beams are relativistic.

The total luminosity is the sum of the individual
luminosities due to the collision of the individual
macroparticles,

The charge distribution in the bunch is parabolic
lcmgitudi~rdly and gaussiau m both transverse di-
mensions.

Pig. 1 is a schematic of the model.

The impulse delivered between two relativistic point
charges goes inversely as the impact parameter. If two
relativistic distributions of charge interact, and they do
not overlap spatially, likewise the totaf impulse defivered
goes inversely with separation of the centers of the distri-
butions. If the macroparticles represent distributions az-
imuthally symmetrical about their centers, by s}”mmetry
the impuke delivered vanishes linearly with the separa-
tion between the centers. Therefore, a force law between
mncroparticles consistent with both these Iirniting betrav-

Iors is:

F = a’
( 1 + br2 )

(1)

where r is the distance between the centers of the macro
particles, b = l/a~f2, rhf characterizes the radius of the
macroparticle, and a is proportional to the macroparticle
charge. The macroparticle radius cr~f provides a short
distance cutoff, i. e., it reduces unphysical collisional dif-
fusion due to short wave noise in the model, much as finite
grids in more common PIC simulations smooth shortwave
fluctuatt~ns. It is important that the results of a crdcu-
lation be independent of rr~ for that calculation to bc
significant.

The total charge of the bunch is divided among the
macroparticles in the following fashion: the longitudinal
charge is parabolic about the center of the beam bunch
and Gaussian in both transverse directions.

The initial coordinates of the macroparticles are ran-
dom within each slice. At each step in the iteration, the
poaitiou of each macroparticle is changed due to the in-
tegrated forcea on that macroparticle,

* This work was supported by the [1. S. Department
of Energy under contract DE- AC!05-84ER40150.

t Now at the Stanford Linear Acceler:.tor Center.
Sta:liord l!nivcrsity, Stanford, CA 943o.5
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bunch
~ elecLrons

The bunches are divided into slices, each slice
has randomly distributed macropartic]es con-
taining the charged particles. The owmall be-
havior of the particles in the bunch is approxi-
mated by the behavior of the macroparticles.

The luminosity
overlap integral:

L=

is calculated by the evacuating the

Jf,2c nln~dzdyd:dt (2)

~c is the colfision frequency, c is the speed of light,nland
n2 are the particle densities in the two bunches, and the
integration is over the coUision region and over the time
of collision. If

n,(x) = ~ qlnm~~,o( X – X, ) (3)
J

where nm.C.O(x ) is the normalized macroparticle density
function, and q, is the number of particles per macropar-
ticle. Eqn. 2 is e~.aluated by performing the sum:

where
-2rob( 1 + .&j3p)

a=
(de+@p)

(5)

and r. m the classical electron radius, $C and flP are v/c
for the e.ectrons and positrons, respectively, and the sum
is over all macros in each overlapping slice and over aU
iteration steps as the bunches pass each other.

A relativistic collision code, SWARM, has been writ-
ten to p~rform these calculations. The code models
bunches in three dimensions, is vectorized, aUows for
large cfisyuption parameters for the beams, and takes into
account the finite length of the bunches. Particles in the
bunches Ire tracked through the coUision process. The
code also calculates rms bunch sizes before, during, and
after the roilision along with the resulting luminosity. Al-
though the code was written for asymmetric electron–
positron collic+ing beams, it is applicable to any two rel-
afivistic cdlirling beams. A similar model has been used
to discuss bunch dynamirs at high disrupt ion.5

~egbne~ of high beam loss

In nn enrlier 2-D models, individurd electrons were
tracked through a positron bunch. Here we report fuU
3-D calculations that track aU the macropswticles in an
electron bunch through the positron bunch.

These calculations confirm earlier results’ that un-
der certain conditixra, the electrou bunch pinches near

the front of the positron bunch. Fig. 2 illustrates the
effect. Posit rons caught at the pinch point, which is sta-
tionary in the positron bunch, have a tune shift greater
than 0,06. Therefore, if l~ncorrected, hnrd pinches would
quickly destroy the positron bunch.

10 n -. ”,,.,,, N

“-r~l

—-r----r---r-r---”-r-’” “
/’

,’
0 ,“ I

‘i

/,.
~fi

/

.
~

x
x
g4

[

/

/
y

2 /

L

/
.. ., . . .... . . .

0 .~L.
=15 -1 -05 I-1 0s I Is

IIS[III(racllons 01 0,, )

Fig. 2 The rms of the positions of aU the macros in
each slice is plotted relative to the center of tile
pcsitron bunch. The solid lines are for electrons
and the dotted lines are for the positrons (plott-
ed relative to the center of the electron bunch),
The narrow waist is the pinch discussed in the
text.

Matching procedure to stabilize the healn

The matching procedure is the 3-D extmlsicm of the
procedure used in Ref. 3. We assume that inside the
central region of the coUision process, electrons behavr as
if they are in a space charge lens. Thht is, the electrons
are transported in the positron bunch in an adiabatic
manner with a plrsama frequency k(s) = !/fl(s ). The
free parameter, z“in$ marks the boundary of this central
region. The matching requirement is that the bunch sizes
of the two beams be the same at this ~mim, i.e., that
Ue= = up=, Uev = Upy .

Each slice in the electron bunch is populated at z~,.
with macroparticles that are then transported to “pre-
colliaion” coordinates by free motion. k particular, the
initinl coordinates of each macroparticle are determin~d

by:
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(6)

and

where q aud ( are random numbers with a Cnussian
riistributioil, the subscripts “pz” and “p:” refer to the
positrou bunch coordinates x and z, :“,,” is the match-
ing point, and u = 2( :~, n,;uPZ)3, Dcz is the electron
disruption in the x direction. Similar equations hold for
Ihe y direction.

Initial coordinates are found by applying free motion
{rem the matching point to the starting point:

x.( – L) = r( – :m,n ) - (r~( -:m,n ) (8)

where we have defiued 1 = L - :m, n.

Slice rms( x ) around the 1P
“...0 ?,8,6-6 . m

10\“’”l’” ”’!” ’’”l’ “’l’””’

[ ‘“’7,,
n

.
“
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Fig. 3
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IR (!n Iractions O! o,,)

‘l”he collision case shown in Fig. 2 was recal-
culated after applying the matrhing procedure
discussed in the text. The nodes shown in Fig. 2
are smoothed out drarnaticaiiy.

Results and Discussion

Results of applying the matching procedure to Fig. 2
are shown in Fig. 3. The nodes that were so clearly de-
fined in Fig. 2 are smoothed out dramatically. The beam-
helnl tune shift on the positrons is reduced resulting in
greater stabiiity of the positron beam.

Figure 4 shows how the bunches appear just hefore
collision. Note that the matching has efle:ti~ely “ref-
ocused” the electron bunch, and that by so doing, the
rfissruptive pinch shown in Fig. 2, is reduced.

Pre -Ctilllslull (@t=0) Lflslrli)llllol)s
.?1). T,. T-?-.,7-1. ,--- f+-q .*.,* ~-!-.rT,.7

Fig. 4

-4U0 2(III 1) “:1)0 ‘iUo
ZlllIll66111

The position of the negative macros (left of zero)
and the positive macros (right of zero) just prior
to the collision of the two bunches. The 1P is at
O. Note the waist in the negative macro Lunch.
This “pre-focusing” is a result of the ulatchiug

procedure.

Conclusion

We have studied colliding beams with Ilig!l [ii:-up-
tinn usjl)g a “couimnb iaw” moriei. By nlat citing, nmies
iu Ihe disrupteci elect ro:] hunch can be SIUImti]e(i rmt if
the electron buuch i~ properly shaped prior to tile coi-
iision. Unfortunately, when matched, the enhancement
factor is not iargeo

Furtiler studies witil better statistics, fiat beams,
and more reaiistic bunch parameters can now be under-
taken.

are
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DISPERSION AND INTEREUNCII ENERGY VA.RIATIOIU 701t A!! e+~- LIMMR COLLIDER

“f.L. Houck
Lawrence Livermore Naticnal Laboratory, Lavermore,CA 9U650

.%bstract

Recent studies corlceming optixnization para-
metms for e+e- super linear colliciers use m~ltiple
Fm-ticle bunches for each rf pulse to Increase the
lumino~ity anti overall eflicleney. Requirtne~]ts for
final fGcusing of the beams severely restrict the
bunch to bunch energy variatior; dur!ng the rf
pulse. To accurately detmnirw the accelerating
fields and ener~v kariat~or., the dispersion related
transient behavior of the rf drive pulss must De
considered. A numerical study of dispersion effects
on several different accelerating ,sti.~l:tures is
presented.

Introduction

High-gradient accelerator [HGA) strtlctures
driven by i“elativistic kiystrons (RK) are part of a
collahmative experimental effm-t on high power
,microwave sources between the Lawrence
Livemlore National Laboratory (LLP~L).Lawrence
Berkeley Laboratory (LBL]. and Stanford Linear
Accelerator Center [SLAC).~02 As the duration of
the rf drive pulses is about one fill time of the
structure, the pr6pagaticn cf the rf Fulse is
dominated by transient effects re!ated to
ci~spersion. Several question, s concerning the
perfommnce of these structures driven ky the short
RI{generated pulses are posed:

1. Howcan ti-ansient fields be determined’?
2. Where are the regions of high CIeldstress?
3. What is the energy gain of the electrons?
4. Are there limits on.the shape of the r!”drive?
5. Howdoes the energy vary between bunches?

These q$jestioils are important in the design of
high energ}- e+e- iinear colliders. Steady state
conditions are not approached for se~.eralstructure
fdl times. However, to minimize power require-
mtints, high energy linacs are designed to operate
wi~h drive pulses approximately equal to one
structure fill time. Methods for minimizing energy
~’ariation over a bunch train use a partially filled
structure.3

Analysis of Dispersion

The structures used in the RKexperiments are
iris-loaded, cylindrical waveguides of constant
geometry design. These structures were modeled
as band pass filters and analyzed using Fourier
analysis.4 The axial field for the fundamental

~fiork ptxicrmcci under ihe auspices of the U.S.
Dcpnrt,melltOfEnergy by Lawrence Livermore National

IAltJCJr~(OP] under contract i%. W-7405 -ENG-48.

accelerating mode can be rxpres.sed as:

..-

Ez(z,t) =
J

E ((o)d@ -~1 du , (ij
.-

where
,.. “

J
E (o)= A E. (O,t)e-tuLdt. (2)

.-

The wave number, k = ~ + i u/2, is a function
of frequency determined by the dispersion rela-
tionship of the structure. The attenuation coef-
ficient, a, is due to wall losses and can be treated
as constant for the narrow frequeney pass bands
typical of high-gradient structures. For constant
gemnetry, the dispersion reltitionship is:4

(11[~)= onl - ; COS[~d) , [3)

where B is the bandwidth, Om is the rnjd-band
frequency. and d is the structure cell length.
Equation (3) assumes B/(I)m and the attenuation
are both <<1.

Selecting the operating frequency, group
velocity-, vg, operating mode. and structure effi-
ciency. determines the dispersion relationship.
GiV~i~ the rf drive pulse incident on the structure,
equations (i) and (2) can be used to calculate the
accelerating fields for any position along the US of
the structure at any later time,

This tinalysis WI]! also determine the energy
gain of m electron transiting the structure. The
total energy gain is:

\
U = e ‘1E.(z,t)l cos (0(7,t)) dz , (4)

o
where L is the structure length, and t = t. + Z/Ve
where t. IS the time the rf pulse was applied prior
to injection, and Ve is the electron’s velocity . IEz I

and O represent the magnitude and phase of tht
accelerating fie!d at the electron’s position.

Comparls~fl to Experiment

The accuracy of the band pass filter theozy
was verified by predicting the rf pulse at the exit of
the HGA structure in the RK experiments. The
magnitude and phase of the incident rf pulse W:I<
measured and digitally recorded. A discrete F:;l’
routine transformed the pulse, frequency compt,.
nents were adJusted for dispersion, and the
ad~usted pulse transformed back to the time
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domain. A comparison with the measured output
is shown in F&g.1.

o QO 40 60 80 100
time (ns)

Fig. 1. Comparison of predicted to measure output
pulse far the HGA in che RK experiments.

For [he case shoum in Fig. 1. the peak fields at
the irrpu?.were about 40 hI\’/m. and the peak fields
of the cutput pulse were about 35 MV/m. At the
moderate power level used, beam loading due to
dark cwrent \\’as negligible.

Computer Simulations

The computer simulations used a square
incident rf drive puke. Beam loading was assumed
negligible. SL- different structures were studied
(see Table 1). T.le operating mode was 2x/3 for all
structures escept number 2 which was x/2. The
operating frequency was 11.424 GHz for all cases.

Regicns of High Field Stress
An unanticipated finding of the simulations

concerned regions of high field stress. The struc-
tures studied were constant impedance and have
uniformly decreasing fields along the ask for
steady state. This is not true while the rf pulse is
initially fil!ing the structure. Fig. 2 shows the
accelerating field along the axis of stnlcture 1 for
two different propagation times. A vertical height
of 1.0 corresponds to the incident pulse strength.

TAELE I
Simulated Acceleration Structur?.~

[ SiIllCtUIt I Length I Fill Time I Stmcture 1
[cm) (11S) I Eillciency

1 26.25 27.57 0.74
~ 26.25 27.57 0.62
3 52.5 55.14 0.54
4 100 55.6 0.76
5 150 68.0 0.71
6 200 111.2 I 0.57

1.0

0.8 -

0.6 - Propagz.Uon

0.4 - 0 15 ns
● 34 ns

0.2 -

—.—
0 5 10 15 20 25

z (cm)

Fig.2. Acceleratingfieldalongaxisofa i-iGA.

The field cm have peak values larger than the
incident field. For times somewhat larger than one
fLlltime, the fields at the end of a 2K/3 operating
mode structure are comparable to incident field
strengths and are sustained for a significant
portion of a fill time [-20%). For the Ir/2 mode,
high field levels are experienced at the end of the
stmcture, but for a shorter duration.

This is an interesting result as darnagerela!ed
to electrical breakdown was found at the end of the
HCA used in the RKexperiments. Electrical arcing
at the end of an S-band. constant gradient
structure has been reported.5 As less rf condi-
tioning is accomplished towards the end d afi
accelerating structure, this region would be more
susceptible to breakdown.

Energy Gain Under Negligible Beam Loading
The energy gain of an electron for different

injection times was calculated using equation (5)
assuming an init]al drive field of 100 MV/m and
d~~ration30 ns. As can be seen in Fig. 3 for

~ Stmcture Filled ~ —1
24 I .

A

➤ ● Neglecting Dispemioql
/“H

E../ O With Dispersion
14

I t

- i75 225 275 325
time (rf periods] at injection

Energy@in as a functionofinjectiontime.
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structure 1, there is a noticeable dlffertmce for l“arious bunch Sl)aclnfls and
be[~~wn the gain u.hen dispersion is included !han factors [or a train of‘1Ob~”nches.

—

bunch e[flclcllcy
The values wm!

w-henit is ntjglected.
I’he increase gain for earlier injection times

u.ilh dispersion is due to the thster group l’elOCit~
of the Iow,er fiCqUCIIC}. co:nponcnts of the drive
pulse. Although fickl levels are lou.cr. the fichl
propagaws further . As the fill tinle is approached,
;he louom frequcw.c}.compn!lents are exiting the
s:ruct u re and Ilo longer com ribute to acceler-
a[ion/ener:gy gain. Ste:ld}. stiite is reached when
the slower, high frequmcy components mri~’e iit

the encl. Although the energy cltfferenw for lnJec-
[ion alter one fill time amounts to onl}’:1few per-
cent oi the tctal gain in the !Zz/3 operating mode
(and is negligible in the K/2 mode). the rate of
ctl(’rs}. gilin is different and impacts ~:lcrgy
~.ariatKIn o~”er ~ train 01”electron bunches.

Minim\.zing Energy Variation of& Train

For a train o( bunches. the acceleralinfi t_ieldis
a super-position of [he rf rhi~.eand beam loading. A
1:uitl~ri~alstud}. of energy variation was perfornwd
b}.subtracting tlie el”fectsoi beam loading from the
ener~’ gain calculated irom filter theory for a
square drit”cpulsu ot_100 hlV/m.

Beam Loading
For the fundarmmtal accelerating mode, the

u.ake field fo; -1short bLlnch with charge q after
propagating a distax;ce L is gi~-enby:

l%.,A.= .2 ~(, ~- d./2 , (5)

u.here u is “.le attenuation coefficient and k is the
loss pxame:tx. The loss parameter can be related
to the txlnch ctXcie:lc:;factor. q. b}’:

The energy loss of the second bunch due to
beam loading o\*erthe length, L, of the accelerating
structure can be c..pressed as:

J.,,.

u“here 3s’ is related to tile bunch spacing, As, by:
As” ( )=As 1 + -JJ--- .v~ - \’g (8)

For subsequent bunches, the energy loss is a
sllrn of integra!s similar to equation i71. and for the
Stll bunch can be expressed ;1s:

Results of the Num-erical Study
For the six different structures listed earlier,

equaticm @) \\’as used to calculate the energy loss

subtracted irorn the energy.gains corresponding to
different in.Jvctlng times into the partialljr fillm!
s*ructure. Minimum energy t.ariation parameters
fur the dilTerenlstructures a:.e listed !n Table 11.

Table H
Parameters for MMrnizlng Energy Variation

Struc q 1%)) spacing A\’/vavc v~\t~/v,l,
-turt? (Hlj (%) (%)

1 2.0 3 ~.~g~ 80.5
(2 1.6 3 0.054 I

f.3~.3 “
~ 2.2 4 0.078 86.2
3 1.7 6 0.084’ I 70.4
4 1.9 .6 I 0.072 3-r ,#.>.

4

I 7 I 0.096 I 77.4

I_& 4 ~:: 14 0.153 79.V I

Ti;e struc :1.ire number refers to the .Q~c(tii~S
l&te~ ill T:I~l~ 1, ~~ ~S ont~ haff of the energy r:lrlgc
mwr the train, Va,.e is the average energy of the
train, and VInis the maximum single bunch ener&
gain for a filled structure. For synciimneity,
spacing must be an integral number of wave-
lengths, k. Small changes in q or spacing will
cause a large increase in energy variation.

Conclusions

The qurstions asked in lhe Introduction arc
adcquaiely addressed with filter theoxy. Transient
fields can be accurately calculated as well as the
energy gain of accelerated electrons. ~{igh field
stresses are ex~ected at both entrances and edts of
structures i~s noted experimentally. The leading
edge “squareness” of a drive pulse wiUbe limited by
the t_requency band of the structure, For multi-
bunchcs , dispersion will lower the average energy
of a bunch train for a desired energy variation.
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DESIGN CONSTRAINTS FOR IZLEC’TRON-POS17’RON LINEAR COLLIDERS*

Alfred Mondelli

SATC, 1710 Goodridge

Abstract

A prescription for exiimining the design con-
~triiints in the e+-e-linear collider will be presented.
By specifying limits on certain key quantities, an
allowedregionof parameterspacecan be presented,
hopefull)~clarifyingsomeof thedesignoptions. The
model starts w’iththe p;triim~t~~s iiI the interaction
point (1P), where ;he expressionsfor the luminosity,
the disruption parameter, beamstrahlung, and
averagebeampow’erconstitutefour relationsarnmg
eleven 1Pparameters. By specifyingthe values of
fi~’eof these quantities, and using these relation-
ships, the unknownp,araineterspacecimbe reduced
to a t~’o-dimensionalspace. Curves of consr”aint
can be plotted in this space to define an allowed
operatingregion. An acceleratormodel,basedon a
modified,scaledSLACstructure,can thenbe used to
deril’e!he correspondingparametersp~ceincluding
tiicconstraintsderivedfrompowerconsumptionand
wake field effects. The results show that longer,
!Ow’ergradientaccelerators ,a.readvantageous.

Interaction Point

The interactionpointmaybe characterizedby
elevenparameters:the numberof particlesper bunch
(N), the particle erlergy(ymcs),the bunch size (ax,
~}, ~z), the bunch repetition frequency (v), the
luminosity (L), the disruption parameter (D), the
energy loss to beamstrahlung (6BS), the average
beiim power (?b), and the Yokoya parameter
(.4=CJJj3=).These parametershave been described
by several auihors.1*ZStill more parameters are
neededif the burtchcshave unequalintensitiesor if
the collisions are offset. Such complicationshave
beenneglectedhere.

The four relationships between the 1P
parametersare as follows:

vr@
L = -— HD(D,R,A)

4ZOY2R

2rcNcrz
D=

yuY2(l+R)

(1)

(2)

and David Chernin
Drive, McLean, VA 22102

.Pb= vNymc2 (4)

where RSCJx/csY,T is the quantum beamstrahlung
parameter,and rcis the classicalelectronradius. The
special functions H~, H~ and Hb are described iII
.4nlaldi’spaper.] The beam-beam simulations by
Yokoyas have been used to describe the pinch-en-
hancementfactor.

1urn, .- - . --- . . . . .. . . - . -- -, . . . . .. .,- -——
,
1“1I I

1 I I

,Jp-jg$=
.! 1’’>?..:...

Jlowcd “
. .....

q “ . . . . . - . ----

=

Fig.1 in!.cractionPointParmncterSpiIcc,“ora 1 TcV(CM)
ColliderwithL=2x1037m-2-s-1.

If y, R, L, Pb, and A are spe~ified iri
advance, then with Eq. (1) - (4) the unkt~own1P
piirameterspace is reduced to two parameters(e,g,
cry and OZ) which may be visualized as a two-
dimensional space. Curves of constraint may ‘]e
plottedon this plane,as shownin Figure 1, For this
figurethe collideris assumedto be 1TeV(CM),with
I.=zX1037 m-2.S-1, A=().2, R=1OO,and Pb=O.5
MW.

The constraint curves used in the figure
represent“softlimits”on 1Pquantities. The adowed
region on the fi ure correspondsto a parameterset

8where N<10] , D<lo, 5BS<003,v<~ kH~, and

730



)’<0.6. The limit on D arisesfrom the sensitivityof
the luminosity to offset collisions at large D, while
the need to limit coherent pair prodtwtionsets the
mnstr;iinton )’.4

Accelerator Model

The acvxleratmmodel utilizesii SLAC-type
Ri: litlii~ w’ith ;iII el]liirgediris, ii/A=().2,to reduce
\\Ae-t’ield effects. “l-hestructure is s~iiledIineiuly
jj’ith the IWwavelengthXin all dimensions. SLAC
\\’:Ikefields, scaled in both iris ilperture iind RF
t’requency,:ire used. The trimsvcrseWACfield is
det-atedb>’Upt~}it fii~tor4 from ih~ s~i\\ed-SLAC
\’illU~to [;&e account of [he effcc[ of procedures(0
de-Q the long-rilnge beam-breilkup (BBU)
instability. It is ;issumedthat the B13U[node hiis
beenreducedw Q=10-20,”so thiit multi-bunch wali~-

tiehi effects tan be ignored.

The t~tiil AC-to-RF conversion efficiency,
includingpulse compression,has been assutned to
he 29% Li[all I<F frequen~~es. The structure
efficiency, i.e. the riitio of incident RF energy per
pulse to the energy stored in the structure,hiisbeen
:issumed to be 60Y0. The s~ngle-bltnc}]beiim
cffickxy, i.e. the riitioof theenergyilcquiredby the
bewn to the stored RF energy, is q~=Nc Ea/wS,
w’hereEa is the average i~~cel~rit(i]~ggrildient,ilnd
ws=Eu2/4k1is the RF encrg)’storedpcr unit length,
E~is theelectricCieldN the peiikof theRF \\~i\veiind
kl is the longitudinalwake-fieldloss fii~torfor the
acceleratingmode. TheCOICU1uionspresentedbelow
assumethat thereare 10bunchesper RFpulse.

If tht;center n! tflebunch is itdviit~~~dfrom
[h~pt:ik of the RF \viive,thc longitudinal\\~idiefi~ld
t’ii[~ be used to offset theenergyspreadw’hichre>~its
from the finite bunch lcng[hon the RF witve. This
procedureIeiidsto iiminimumenergyspreitdat some
phase advance0~. With this procedurethe average
acce]eratir; gradientiindtheenergyspreadaregiven
by

where kL1s the total longitudinal loss fitctor illld
6zS2nCJJL The coefficients,I“r,ICiind Is iiilv~ i)een
dcfitied in anearlierpubliciifion.s

Single-bunch transverse wake-field effects,
including both energy spread and acceleration have
been studiedpreviously,Grindexpressionshavebeen
derivetifor theratioof the tmnsversedisplacementto
the initiiildisplacement,x/x~,itsfunctionsof distuncc
s iilong the accelerator, distance ~ measured
b:i~kwiirdfrom the bunch heild,heiid-to-tailenergy
spreiidC,itndiimriimeter

[1Ne2W~(QlizU= “–— -
y(ync2kj]02

(7)

m’hereW1(/A)is thedipolewakefieldat theendof the
bunch, i~ndYOis the beiimenergy i~tt!le Iocittiotl
where the betiitronwiwenumberis kpo. For liirges
there is iilliisynlptoticregime where the transverse
displiicementos~illiiteswithoutgrowthiis

x
[

— = 10(U)+
2E~

Xo 1y1l(u) ccs(r~s)
(l+E~)

{.

2a-— -
(

-’\sin(s)~ ~V2(2E)3/2 ‘1 (1+;;) 12,

a2r&
[

2E[ 1]-~ (1+E~)2IO(U)+~ I](u) sin(rcs) (8)
-“

s 2cx[&(1+E~)/Z&] ‘/2. The functionsIo(x),II(X)and
JI(x) itreBesselFunctions.

The acceleratormodelhitsbeenreducedto the
pariuneterplitne,(E~,k),whexecurvesof constrilint
are plotted. Figures 2 itnd ? show the results of
these (.id;uli~tionsfor the collider having its 1P
pitriimetersitsshownin Figure 1. The 1Pparameters
are specified at the largest (CJy,CJZ)in the allowed
region on Figure 1; ~y=2.2 nm and OZ=90 ytn;
N=1OIOiindD=1O.The itllowedregionin Figure2
cm-respondsto itn i~cceleratorhaving oE/Es0,570,
x/xO<l.2, averageAC power lessth:m55 MW/liniic,
Pciik RF power per feed ICSSthan 400 MW, and
iwcelerator:,engthless ihan 6 kn~inac. The x/xO
constritint corresponds to approximately a 25Y0
increitsein the normitlizedbeam emittanceduring
acceleration. The triinsverse wake field in these
citlct,littionsis one-quarterof thescaledSLACvidue,
correspondingto an assumed wake-fieldreduction
due to measures to control the multi-bunch 13BU
mode. Withoutthis assumptionthere is no allowed
region (without using BNS dampingy). These
resultsindicatethatBNSdampingmaynotbeneeded
in it structure which has been modified to reducethe
long-rangedipole modes.
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Figllre 2 shows that under these assumptions
there is an operating window for RF frequenciesin
the range 11.5GHz -20 GHz. For higher frequen-
cies thetransversewakefieklswillcausegreaterthan
2s70 emittance growth. For lower frequenciesthe
peak RF power will exceed 400 MW/feed for S6
krdlinac. Of course, the frequency range can be
expanded to lower frequenciesby allowing longer
linacs.
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Using twice az (180 pm) leads to basically
the sameallowedrangeof frequencies,exceptthat in
this case the high frequency cut-off is set by the
eriergy spread constraint (crfi<O.5%) rather than by
emittance growth.

It is interestingthat as Gzis decreased, the
average transverse wake field over the bunch gets
weakerwhiletheaveragelongitudinalwakefieldgets
stronger. But, transverse wake-field effects are
effectively damped by energy spread, and shorter
bunches have far lower energy spread than long
bunches. The net result, as seen in Figure3, is that
shorter bunchescan suffer larger emittancegrowth
due to transversewakefieldsthan longbunches.

Figure3 showstheresultobtainedusinghalf
erZ(45 pm), with all other parameters the same as
those used for Figure 2. In this case the constraint
curve for x/xo=l.2 shifts to longer wavelengths,
effectivelyshrinkingtheoperatingwindowin Figure
2 to a singlepoint.
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ABSTRACT
In thu CI. IC”scheme, the ri power at 30 CHZ LIsud for

.]ccclcratiun in the mJin Ii nx is gencratw.i b~ J d nw

bmm. This lwam contains i’~’ry shut-t ( 1 mm) h;g~-inttmsity

( II) i ~ U-) bunches with 10 mm spacing, The generation of
such a beam rcxquircs thu development of electron sources
,snd bunch compressors. For this work a test facility is under
construction. This paper describes nwrk on photocathodcs,
laser systems, the rf gun, beam analysis, and acceleration
to tJUMe\’. Prclim inarv results and the current status arc
reported.

I. Introduction

A study of J tw’o-bcJm Iitw.tr collider (CLIC) is in
prosrws in CER?J 11,21. In this schumc, J ‘~igh-in:en: ity
rciatl~’istic d nvc bc.im runn Ins along thu w’hole 1in,lc }lro-
duces the required 30 GHz rt power ior thc ma) n IinJc by
lnt~)ractlon ot th~: dri~w bc~m with T\\’ transtcr structures.
The ,iri\e txum is kpt relati~,istic by pmiocfic ~c,-elcratlc,n
in >u}~crcundu~~ing cavities opcr~ting at 0.35 CHZ.

?hc main objtxtivc ot the CLIC Test Facility (UF) is
[he stud y of thc generation ot the driI ~ Ewam. The best
method seems an injector combining ,:,, rt’ gun cqulppmi
i~lth J hscr-d ri~~cnphuto..”athvdc and a couple td magnetic
~~unch~(~mprcs~ors, propcrlv intcrlcz \wd with accelerating

:.cctions. Given thu 3 CH ~ L*quipmcn~,at hand, it W“aspro-
powd w stJrt with ;tn rt gun at this tre+ucncy[31. This gun
~)~~.rating at I () cm w’a~’rlength is not ablu to prod ULUtkc
CLIC driiw beam which wil consist oi 4 bunch train> h..~,’{ng
J sp~cing in the train ot’ 1 cm corresponding to 30 GHz.
However, it allows a study of the basic problcms associated
\i.ith the generation of high-intensity bunches having a
t:~pical length of the order of 10 ps. The second obj~ctivc is
to gcvwrate 30 GHz rf power for a variety of CLIC structure
tests. This is done by accelerating the 4.5 MeV elccron
bunches from the gun by a spare accelerating sucti,m of
the LEPInjector Linac (LIL) to more than 50 McV. A srmll
txcclcrating scctiun add irlg 4 McV and a bunch compres-
sor might twcntuallv prcccde the L] L s~wtion. This beam
then irrturJcts with a-26 cm long 7 W struc?urc oi (Ec CLIC
main lirwc used as a transfer strllcture wh Ich cont,crts the
energy ~~ti”act~d irom the beam i ,~to rt’ powt~r. For W nC in
the pulse we expect 24 hfW at the output. Coupling !his

po~’cr to a second, identical CLi C structure prod ucw th~>rc
the nominal gradient of 80 M\’ /m, which can be verified
wit h J probing bc.~m. The CUC main Iinac structf.tre is
tiscd M tra r:sfcr structure in this expcri mertt in order to
c~mpmrsate w?ith its hi~;h shunt impeditncc the relatively
IJw intensity of the cxpcrimcntal drive beam. However, this
: hort beam pulse will iilso serve for testing the real low.
impedance CLIC trdnsfcr structure and it can bu used for
tests of the position monitors and other instrumentation of
(:LIC.

In a first stage, the gun will be operatd with an Y or
C;l cnthode Iwcausc these matcnals can be cxpusccf to a;r
without ~dverse cffmts on thci: performance. A Nd:YAG
laser provldirrg J long ~u!cc (8 PS), rrot synchronized with

ti:e rf, will i]lumindte the ciithodc. The iirst part of tbc, bc,Jm
line with instrumentation after the gun tia; buwn designtd.
It acts M a spcctr(jmt,tcr to study and l~tcr to monit,>r tl-,c
beam p~riamutcrs, Thun thu beam line to the LIL accelcrJ(-
ing scwtion will be completwf probably iirst without bunch
immprcssor. I n the second stagti, a pmpar~ tion ~i:,lmbl?r
will be attached to the gun for ill-situ preparation ot Cs3Sb

and metallic cathodes. Thu lasur wil; be r(!P]JCL~ by art rf
synchronized one producing cithur single pulws or a tr~in
of pUISLS SpXL4 by J rnu]tiplu of the rt’ pericd (lo cm). AI
this stage, con: rolled 30 GHz r! genur~tion will bccoml.
fc~siblc. The iirst stage is plar. tw? h)i the etd of 199(1,the
second st~gu for the midd IC oi 1W 1. In the iollow”jng J

progress rcpnr: on the key issues IS giwn.

2. Photocathodr development

[n order to produce a few tens cr nC in the ri gun, ttw

cathodurrlust }KIW a quantum eificicncy ~ of 0.1 ‘k and a
goud I; fctimc. lnitml work [4! has conccntratud on Y,5m15!
itrd Cs3Sb[6] iiftw a start-off w’ith C’s[. ‘[”heelm. rrunweld IS

mcasurwd with the cathodes inserted in J dc gun pro~oiding
a grad icnt ktw’mm 5 and S MV/m. The cat hodcs tt,erc i!lu.
m inatmi iirst by J pulsed Nd :YA G (266 nm, 8 ns? !,]>cr; m:w
~n excimcr Iasm (308 nm, 15 ns, ~bout 0.1 mJ ttt c~!iwdc! I:,
used. The cathodus CJII be tran~fcrrtxi undur kacitum irclil

the prcpar~t ion chamber to the 5C gun by a transl~tor. “I_hu

beam instrurnctr t~tiun downstream o f t hc g u n
(Iurni nmccnt scrccn, currcnt and ckm:gc monitor) cum-
plctes the dc test stanJ[4 ]

!{cccntlv, Cs3Sb cathodes !risvu bum pruducl~d

under Im prov~xi v,]cuum conti it ions, continuous]v monit(:r-
ing the electron cm ission t iiggcrd by excimer laser I igh!
during the dcpositmn of the materials. Evaporating Sb and
then Cs onto the stainkss st~%’1substrJic in ~ vacuum in thu

nTorr range resulted in a c~thodcwith T = (1.5%, very similar
to the value previously obtaincd[~j. If the cathode is stol cd

uric,cr vacuum at 0.5 nTorr, rl siowly decrcascs, clroFping to
hair’ the initial k’aluc within Jbout 6 days. “1’hucathode

illu m irmtcd w]th low energy !ascr pulses ( 1d KJ) r~’malntxf

rcl ~tivcly stable; T dropped by 30% ovw 40 h. i{owevur, n
&2CJ)/S faster if the hsur mwrgy is higher, c.g, to 5(]7Cin ,. h

w’ith a laser pulse of 350 vJ. All tests were conducted ~t
z.5 f-fz repetition frequency. It ~ppcars thJt C’s3Sb is J

suitable cathode mittcrial to stJrt with. Tests with Ar glow-

d i$chJrgc cl~an~d Y and m~Jlti-~lca!in~ ~Jthod~\ arc th~

next steps un’.”isagcd.

3. The laser system
A number of thusc tests on the dc test stand will bc

repeated wtth shorter laser pulses produc~ti bv tail qumtch-
ing in a dyc which is pumped by the cxcimcr IJscr. A hr~

laser (337nm, 0.5 ns, 0.1 mj at cathode) is also in
preparation for the dc tests. For the rf gun, a so:oncf
Q-switchd, frequency-quadrupled Nd:YAG IJscr (266 nm.
8 ns, Is mJ) will bc used in the first stage. LJtr?ron, ;I ]asur
thJt can bc synchronized with the rf will become JvJ!ktb]c.
This systum produces cithrr single pukes or tht! C$nL’r~:.” oi
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optimistic cathode performance (rc = 7 mm, ] = 8A/ mm2)

is assured, a pulse charge up to 32 nC with 6.5 ps rms
I:ou]d bu cxpcctwi provided 15Y0 beam loss in the gun is
Jcccptcd. However, more realistic parameters rc = 5 mm,

j =~ A/mmz were adopt~ forthe nominalcase yielding
9.4 n:” with the standard initial distribution. The results are
summarized in the first line of table 1. In this CJSCno bl~am
loss occurs in the gun Jnd umittJnce JS well JS enurgy

spread arc much smaller. The phase v bet w~{~n the zwo-
crossing of the cathode field El (dE1 /dt > O) and the stwt of
the ]J5Cr pulse is very important and its choice is J

cam promise. Small or ncgat ivc O leads tc a wclconlc
bunching in the gun but is always associatd with particle

loss TJblc 1 is for O = 30° providing minimum momentum
~pr~Jd. The left pitrt of thc table gi~’cs the initiJ] conditions,
the right part the gun output p~rametcrs: avcrJgr
longitudinal momentum <p>, rms momentum spre~d

6p/p, rms bunch length bz Jnd the normalized cmittancc
in the trJns\wrse planu using the usual dcfinition[9J.
Variatjun oi the in ittai bcutm dimcnsiurts kct’ping the
charge consbsnt (TJb]e 1, 2nd and 3rd line) shows that spacu
charge does not play J m~]or r6k. Trad illg umittancu
against bunch b~~]gthscc~msto be possible. CasLIs with E .
51)~nd 25 M V / m were JISO run showing J dc”gradud purtor-
m3nce.

Table 1, [learn Simulation Results af Gun k;xit for
() = 9.4 nc itnd E = 100 \lV/m

D t-c I )

30 15
30 I .5//2

4

8

15 3v2
I

4

—.
<p>

Mcv/c
.—

4.6

4.6

4.5

alp/p

%

0.4

0,5

0.2

+

dz
%

mm rad. m

1.8 1.2X1U-1

1.9 ().8xlc~

0.9 13xlo~

The simulations indicate that it might be di(ficult
get the required 40 nC in J well-behaved bunch from the
gun. In this case, J trJin of bunches with J time structure
dcscribccl under point 3 will bo uscxl. It can be shown thJt
the power produced by such a hunch train gurwratcs
virtuallv the sJmc grad itmt in the wcond CLIC structl]rc M
a singic bunch, provided that the total charge in the train

pur filling time Jnd in the single bunch Jre the same; the
bunch length must JIS(J be eqwrl. The requirement on thu
gun can in this W“ay bc considcmbly rcduccd.

lni:ially, thv IJscr synchronize with the rf will not bc
JvJi\Jb}e. An 3 ns long pulse of J Nd:YAG )asw will bc used.
S;mulat Il)ns with T13C1-SF, assuming constant curre,lt
emission yiciding Jtthe cathode 3.2 rtC during 166 ps, with
E = IOU MV/m show 0.3 nC/bunch Jt the gun exit with 20 ps
at the base in the k ().5% momentum bite at peak wtcrgy,

consisting of particles having departed around 0 = 55°.
The simulations furtl-.cr sh~w that the particles cmittd with
an unfdvorablc phase arc at first acccicratcd but thun
return to the cathode, depositing there almost 0.5 mJ/rf
cycle, which is 2.5 times the laser power and which could
Icad to cathode damJgc.

I
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5. Other components of CTF

A blockhouse constructed alongsidt’ LIL contains
the beam Iinc. lt has inside d imcnsions I x w x h =
19.2 x 4.8x 3.2 m. iind thu concrete shlt?ldlng IS ltttura~’y 2.4
and 1.6 m at the top. The equipment room at tt.c top
(17.j ~ 8.0 ~ 3.6 ~) houses the ]a~cr, instrumentation, con.

trols and powor supplies.

1 he 3.5 M \V spare klystron of LI L provicfcs the
.{ GHz power for the rf gun, for the detl~~ting cavity fort?-

wcn for bunch length measurements, and ior the spare
LIL accelerating section. Power and phase for the first two
items can be controlled independently. The non-load
energy is LL MeV (rf gun * LIL section).

The layout oi the beam line bitscd on first-order
optics up to the IJL section iolk)ws the BNL/ ATF solution:

threu straight sections and tww 90° bends (Fig. 2). This
solution is attrtxtive bccausc i) the spectrometer can be
used permanently and :hc SIits provide the appropriate
cuts in longitudinal phase spcc producing the short
pulses during the running-in with the 8 ns Nd:YAG laser;

ii} the laserbeam is ccntwd on the gun axis. To cop? with

the large e- beam divergence attcr the gun, a solenoid w
positioned at the gun outlet iolbwcd by a qumlt-upolc
tripl:t. The momentum dc[inlng slit is in the horizoittal
b,~am waist a! Dxmax bctw”ccn the th’o dipoles. The tw”o

t?uadrupolcs in this straight section arc adjusted to sup-
t.~rcssthe dispersion after the Sciond dipole magnet. Fur-

ther triplets focus the beam into the LI L accclw:ating
section. Instrumental ion is forcsL~cn to mra su rc beam
chargc and position ti’ith magrwtic ,pick-ups. Beam size is
measured with a sccor,dary emission grid, transpilrcmt to
the laser, in the first st,-aight wet ion ?nd with screens in
the rest of the line. Bunch Icngtk is measured with a
3 GHz vertically ddlecting ca!.ity swweping the beam over
J h~rizontal slit placed between the two dipole!;, and by
obwr~’in~ the transition or Ccrcnkov radiation cmittcd by
a thin toil pi ]ced in the beam after the first dlpolc.

The C.7.Fbuilding including utilities is ready and the
rf rwttvork is partially installed. Installation of the rf gun,
the Nd:YAG kiser and the first ptrt of the beam line will be
completed by the end of the year.
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Fig. 1: Cross-section of 3 CHZ rf gun (derived from
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COMPUTER SIMULAT’IONS OF NEW DIELECTRIC ACCELERATOR DEVICES-
K. C. Do Chan

Los Alrimos h’atimial Laboratory, Los Ala]uos, NM 8754.5
P. Schoessuw

Argonne NatiormlLaboratory,Argonne, IL 60439

Abstract Recently, dielectric walmfield ac’celcrator str Jc-
tures have been successfully demonstrated at the Ar-
gonne Advanced AcceleratorTest Facility. This paper
d=cribes computersimulationsof these experiments, in-
cluding schemes for damping transverse deflecting forces
in these devices. These simulations were performed using
the MAFIArmdARRAKIScork. hlAFIA is a set of elec-
tromagnetic solvers in three dimensions widelj. used for
designing accelerator components. The ARRAKIS codes
are time-domain electromagnetic solvers which !]avc been
recently developed and implemented on massively parallel
computers such as the Connection Machine.

“1’ime-domain finitr-differcrrce (TJ)FD) codes have
been useful tools for calculating wakefieid eficcts, and have
been extensively validated for structures involving metal
and vacuum only [1]. Experiments performed recentl}” at
the Argonne Advanced Accelerator Test Facility (AATF)
[2] to measure longitudinal and transverse wakefields in-
duced by elccl.ron beams in ~i.4ectric structures otTer an
unique opportunity for validating these TPFP codes for
applications that include dielectric materials.

in this paper, we report computer simulations of
.4ATFexperimentsand related dielectricschemesusing
the M;\FIA cedes [3]xrd the ARRAKIS codes [4], The
IM.AFI.Acodes are a standard set of general purpose elec-
tromagnetic solvers in three dimensions widely used for
designing accelerator components. The TD}’D code in the
MAFIA group is called T3. Although the geometries in-
volved in the AATF experiments at this time have been
mostly axisymmetric, T3 v:il] al!ow us to extend our sim-
ulations to 3D dielectric device geometries in the future.

The ARRAKIScodes differ from the MAFIA pack-
age in having been designed specifically}’for problems in-
volving dielectric devices. Although prcscni.ly restricted
to 21)problems, thus requiring each azimuthal n~odc to be
computed individuall~”, these codes permit some flexibili-
ty in specifying dielectric properties and boundary ccmdi-
tions. Rapid computational turnaround with large meshes
ir achieved through the implerm.ntation of the ARRAKIS
codes on parallel computers, with the ARCHOh’ subaet
(used for the simulations reported in this paper) devel-
oped for the Connection IMachine. Recent work on AR-
RAKIS has emphasized studies of transverse wake riup-

“Work supportedby the US Department of Emwgy,Ofiicesof High
Energy and Nuclear Physics, including Contract W-31 -103-EN~- 38.
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Figure 1: AATF measurement (o) of the longitudinal
monopolc wake with .PI.411’IA(solid curve) and ARCIION
(daslml curve) calculations.

prcssion Incchanisms and noncollilmar drive-witrwss hcwtl
transformer geometries.

Dielectric Device Slmulath-ms

Longitudinal (monopole) and transverse (dipole)
wakes were computed for one of the AATF dielectric
wavcguide experiments [5]. The device geometry used here
consisted of a dielectric tuhc of inner radius 1.27 cm, outer
radius 2.22 cm, dielectric constant t = 2.6, and rms drive
hunch length o = 3.0 mm. The computed and measured
wakes are shown in figures 1 and 2. Note that the AR-
CIION and T3 longitudinal wakes have each hecn con-
~xdved with a Gaussian (a: == 3.0 mm) to reflect t}m
smearing of the incasured wake by the finite length wit -
ness beam. No attcmpt was rnadc to adjust the con]-
puted transverse wakes. The accuracy of the mca.surc-
ments is roughly &5 kV/m/nC for the monopolc wake and
*0.4 kV/m/nC/mm for the dipole wake.

The numerical and expcrimcr~tal results demonstrate
reasonably good agreement over a long distance (24 cm)
behind the drive bunch. The computed wakers reproduce
well the overall shape of the measurement, with some dis-
crepancies in detail on the amplitudes of the maxima and
minima, and in the wavelength of the dipole wake.
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Figure2: AATFmeasurement(o) of the trans~’erscdipole
wakewith MAFJA (solid curve) and ARCI1ON (dashed
curve) calculations.

Another set of simulations were performed for cficlec-
tric structures with the thickness of the dielectric small
compared to the radius of the structure. In this limit the
longitudinal and transverse wakes haw been shown ana-
Iyticall} [6] to reduce respectively to a cosi!~c and a sine
function with the same wat?clength. This asymptotic lm-

ha~ior has been reproduced in the MAFIA and A!tCIIOfi!
simulation~<. The amplitudes an(; wa~’elcngths of these si-
nusoidal fu:ictions calculated using the two codes are com-
pared with the analylic values in Table 1 for structures of
inner radius 12.7 Inm, [ = 2.25, UZ= 4 mm, and dielectric
thicknesses of 1.6 and 1.4 mm.

Por the most part, the codes arc in good agreement
with theory, with the largest discrepancies uccuring in the
transverse wake amplitudes. The origin of this disagree-
ment is not understood and is currently being investigate{!.

The suppression of deflecting wakes is of some impor-
ta:lce if dielectric wakdield structures are to be of use in
high energy accelerators. A technique for effecting this [2]
proceeds from the observation that while the accelerating
modes in dielectric devices are pure ?’Mon, the dcflect,ing
modes are all hybrids (lff3A4mn). Interrupting the az-
imuthal current ffow in the outer conducting jacket, either
by introducing cuts or replacing it altogether by a longitu-
dinal wire layer, should therefore not affect the monopole
components of the wake but should allow the Gipolc and
higher parasitic modes to leak through for damping by an
external layer of lossy material.

T3 simulations were performed to show that longitu-
dinal cuts at the outer metallic wall of a dielectric structure
will modify the dipole but not the monopolc wake. The

,.,., ., ,.,. ,. T.,.. ,-T-,-, -r~- -r- - !-,- l—1

I
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f’igurc 3: (’l)! (lparkn of longitudinal wakes in a &kC-

tric struct urc with (o) and without (line curvvs) longitu-

dinal cuts to illtcvrupt azimuthal c’?rrcnt flow i~ the outer

boundary. (’1’3 simulation)

geometry used was the same as for the calculation in fig-
ures 1-2, but with two longitudinal CIJts in the outer jacket,
taken in the plane norn]al to the plane of displacement of
the drive beam. Both cuts were 2mnl in height, and t,lle
beam length used was u, = 4 mm. Closure was provided
by assuming a second cylindrical conducting shell at a ra-
dius of 3 cm.

k’igures 3-4 show the colnputed wakes for this device
with and without the longitudinal cuts. Differences be-
tween the monopcde wakes arc negligible, while. the shape
of the transverse wake is greatly distorted in the cut ge-
ometry.

ARCHON was used i.o model an experiment per-
formed at the AATF which used a dielectric device in
which the outer jacket was replaced bj’ a longitudinal wire
layer. The inner and outer radii of the dielectric tube were
1.27 and 1.905 cm respectively, and t = 26. Beam param-
eters were a~ = 3.5 mm, charge/pulse= 4 nC, and offset=
6 mm. The device was enclosed in a solid conducting tube
2.54 cm in radius.

Tne longitudinal wire boundary was treated in AR-
CI1ON by assuming E. is continuous across it and neglect-
ing any effects of the finite wire dimensions. The simula-
tion (figure 5) is in qualitative agreement with the AATF
data.

Conclusions

‘1’heMAFIA and ARRAKIS codes were used to
model wakdicIds in dielectric 1(-)ii(f~rl accelerator struc-
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Figure 4: Trans\?ersc wakes for the swne devices as fig-
ure 3. Note !he distortion of the wake introduced by the
longitudir.alcuts.
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Figure 5: AATF data (o) and ARCHON simulation (solid
curve) of the dielectric structure with longitudinal wire
boundary described in the text. Witness beam transverse
deflectionis plotted aa a fllnction of relative driier-witneaa
delay.

tur,,s, With seine exceptions rcasol~ab!~ agreement with
lmm--urcmcntsat the Argouuc Adv:mccdAccelerator Test
I:acilit)’and with theory were ohtaincci. l’he simulations
also t!anonstrated that transverse wakes in dielectric de-
vicesmay be controlled by interrupting the azimuthal cur-
rc[~t in the outer wall, without affecting the monc,pole
wake.
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Table 1. Cosnparison of MAFIA, ARCHON, and
analytic results for the thin dielectric limit.

WI (1013eV/m/C) and Al (mm) are the amplitude and
wavelengthof the longitudinal wa$e; W~(1015eV/m2/C)
and J: (mm) are the amplitude and wavelength of the
transverse wake.

MAFIA ARC.IU)J analvtic
(1.6 mm dielectric)

WI
AJ
Wt
A,

(2,4 mm dielectric)
WI
A\
w,
/+

4,87 5.61 5.20
16.2 17.5 15.4
2.27 1.56 1.40
17.2 16.8 15.4

7.73 7.79 8.66
20.4 20.5 18.3
4.46 2.30 3,12
21.7 21.8 18.2
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..\bstract

On July 1.1, 1989 the BEAM cxpwimcnt Abowf Rocket
(BEAR) Iincti xcclcristw was successfully Iinsnclwdtind opcrisd
in spacI’. The fli,;ht dwnonstr~tcd dust is ncstral hydrogen bcism
couk! hc succc ssfully proptig~lcd in on cxoatmosphcric
cni. iron, ncn[. The accclcril[or, which WiISthe rcsuh of an
extcns iVt collabora[icrn bctwccn Los Altsmos National
Lubora[ory and industrial partners, was designed to produce a
10 mA (cquividcnt). 1 MeV neutral hydrogen beam in 50 KS
pIJlscs ~t 5 Hz. The major components were a 30 kcv H-injector
x 1McV radio frcqucrwy qutsdrupolc, two 425 Mhz RFamplifiers,
J gm CCI1ncuuislizcr,beam optics, vacuum systcm and corwrols.
The design WM strongly constrisincd by I!SCneed for a light-
wcig!rt rugged sysxcm that would survive d]c rigors of launch and
opcrutc aukmomously. Following dtc flighl ~hc accc]crtitur WU
rccuvcrul and upcrawcl again on the Iaburistory.

1ntroduct ion

A’cu[risipw[icle bcwn (NPR) :cchnology is considered 10 bc
mre of dlc mos[ promising concepts under dcvclopmcnt for the
(,Ini[c(lS::lICSS[ra[cgic f.)cfc:lsc hilia[ivc. ‘flc REAR projcc[ WiiS
the first test in spiscc of the critical low energy accelerator
tcchnolug)$ [hat will b,: built upon in future sys!cms. ?’hc
principal aims of the p:ojcct were to successfully operate is
p:uticlc accelerator in sp.~ce and to study the propagation of a

ncumsl hydrogen bcwn, and [Gcxwninc ticcffccls of spi!~~~r~ft
charging.

The three rmsin:wcliuns of dw spiuuraft m (Iigurc I): u) dw
Tclcnwtry isnd l%>sics section, cor ‘lining crrnmumiculiorrs
equipment imd is number of expcriu,. ntxl pxcktigcs to study
spacccralt charging and the rwirrby plissmti cnvirunment; b) IIIC
Accclcrtitor scc[imr, where [he }{- beam is gcncru[cd uccclcrulcd
and ncutrdizcd: c) ~hc Bcum Diagnostics scc[ion, which
contains beam sensors, and camcms for hcam [racking,

Accelertitur

A conccptmsl view of Ihc accclcramr in shown in figure 2. The
main components were w follows: an H- ion source Wi(h 30-kV
extraction, a low-energy beam iransport (LE13T) quudrupnlc
sysIcm; a radio frequency quufrupolc (RFQ) and RF system m
uccclcratc the beam to 1 Me\’, is high-energy hcum trtinsporl
(HEDT) systcm to collimttlc dl~ bctim; and o xenon gtis ccli
nculrulizcr The gcncrd rh-’signFtirtimclcrs trc given in Idrlc 1.

The accclcrulor conceptual ard physics design were cirrrwd 0111
by Los Alamos Nti~iontil Ltiboratory. The major industrial
parmcrs involved in lhc accclcrutor cngirwcring were:
McDonnell Dougkis (injcclor, HEBT ml Vficuum syslcm);
Grumman Acrospacc (RFQ); and Wcs[inghousc Elcclric (RF
amplifiers).

The Iwtch and flight cnvironrncnts required thist all
accclcralor componcn~s be both rugged and light wcigh[ to a

BEAR PAYLOADSYSTEM

SUPPDRTPAYLOAD—~

,+.. --- -.—-.—AcCELERATCJfl SECTION(172in.1------ .---—–– —
— - sEGMENT [112in.)

I Mtcllvllw i
‘$ v,w.wwn.

)!1AMl%ltlth t9d Y \ INJIC!I

.LliiFP

I’ig. 1. The BEAR payload irftcr brxrstcr scpariition
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dcgrcc unncccss:lry for ground based sys[cm. The f3ayhMf
cupuci[!. of Ihc Aries booskx limi~cd the xcclcramr wcigh[ 10
700 kg.

I“hc H“ ion source is it modified Penning-Dudnikov sourccl.
Ccsium is contained in a plenum inside the ssmrcc in the form of
Cs2Cr20j mixed with Ti powder. The ccsium i~ dclivcruf to the
plasma region by thcrmd dcctrmposition m-rhciating the anode
WIJ ciNhodc. The iurodc wrd cisthodc arc u self :Jigning coaxiaf
s[ruc[ure. The source housing is mtdc of aluminum. the cathode
SOIid nlul},bdcnum. irndthewrutk is stain )css steel w.,.:h rt
rrmlyhdcnum Insert. Hydrogen gas is pulsed into the pl:~smti
region try J piczock[ricvdlt,ctilin350 ps longpulsesat

5 Hz. The avcrugc flow ris[c is 0.04 mrr 1/s. Extraction of tic H-
3[ 30 kV ucross a single gap th_~oughiI4 x 1 mmz slit.

The LEflT. which focuses the H- beam from the source to the
RFQ, wmsisls of a quadmpcdc triplet made of I’UFCBpermanent
nmg]lct blocks. This was dcslgned [o bc a fixed focus sys[em
with nu on-lirw adjus[mcnt of quadrupolc strength or position.
The match in 10 drc RF() is adjusted by varying the extraction
~oltagc from the ion sotvcc and by controlling the plasma
ncu!rafization in the LEBT region through the addition of Xenr.n
gas 1. This has resulted in a Icss than ideal but stable and reliable
mutch in m drc RFQ.2*3

The vacuum sys[cm for rhc source/LEBT region consists of
~wnspccudly modified SORB -AC1m4gcucr pumps, which have
m cffcc[ ive pumping speed of 600 I/s for hydrogen and zero for
Xcnora. The trnly xcnorr pumping from [he LEBT is 0.6 1/s
through the RFQ orifice 10 a 2000 1/s helium cryo condensation
pump Iocatcd bc[wcen rhc HEBT and the ncutra!izcr. This
provides a means of allowing it higi-rpar[ial pressure of xenon
mrd a low partialpressure of hydrogen, which is desirable for
optimum opcristion. The beam passes .hrough [he
cryopump, which is a coaxial hcllow Dcwar containing super
critical hcli urn, wit}! onc of the vacuum wialls being the
uondcnsationsurface.AligasescxccptH2,f-icandNc arcpumped
by [hc cryopurnp.The cryopump is assisted by a gc[tcr pump
JI[iwhccl[II IJICHEBT housing. Li[tlc clcc[rical power is rcquirccf

by hc vacuum systcrn. For cxarvplc, I}ICgc[mr pumps require
less hrr 6 watts each to mainmin a pumping wmpcriuurc of I

80°C .
TIIC RFQ ctivily, $which weighs onl~ 55 kg, is iirt

clcctroformccf alum inure -cuppcr structure with no RF or
mechanical joints. The cavity walls arc copper pliltcd on
alutninum, wi:: I th.: vane tips bcirag b~ic isl~minwn. The
minimum apcr[urc diamc[cr is 2.4 mm. The rfcsign in[crvanc
vohagc is 44 kV (1.8 Kp). 1: is acsigncd IOaccclcra[c 25 mA uf
H’ wiih a copper oowcr rcquiremcrrt of 70 kW and 1 kW pm mA of
itccclcratcd beam. The low duly factor of 0.025%. ahrng widi
frequency control of dIc RF wnplificr, prcclurfcd the need for
couling.

The RF powcrb. 7 is provided by two solid-smc amplifiers,
caci: capisblc of producing fro kW pulses, 60 vs lung. tit 5 H~.
with a frequency nf 425 +/- ().5 MHz. The rcsomm[ frcqucrwy of
[bc RFQ is ur[wnalically Lrackccf 10 within 0.02 MHz, which
climirmtcs Ihc need for temperature sliabilization. The BEAR
iaccelcrator is the firsl to bc opcrirtcd exclusively with solid-siatc
amplifiers.

The HEBT is a quadrupolc ~iplct simiiar to the LEBT. II
collimates the beam from. the RFQ, giving a divcrgcncc of
1 mrad rms and a beam diameter of 11 mm rrns.

The neutralizerisdesignedto bcapproximately50%cfficicnl.
Xenon gas is the ncutrrdizing agent which is injcctcd inu) IIW
beamlinc by a piczo-electric valve. The efficiency of the
ncu[ralizer and [hc nc[ currcn[ produced Ciin bc vtiricd by
adjusting the amount of gas injcclcxf. For normal opcrutirm [hc
onc obtains ispproxirnmcly 50’%Ho, iirrd25% ctich of H“ and H’

Af[cr rfICncu[ru]izcr Lhcbcarn cxils the Spucccraf[ Viua g:llc
vidvc Beyond this is a stuidnw wire scanner which mcissorcs Ihc
beam profile and divcrgcncc.

Dctai!s of the performance of the accclcra[or during ground
8 ~d UC Sunlnliirjzcd intcs~ing hrwc been prcscntcd clscwhcrc,

table 1. The accclcra[crr is shown in figure 3 in its fligh[
configuration with tic payload skins rcmovcd.

Fig. 3. The accelerator in
is at the top of the picture.

its flight configuration. ?’hc injcc[or
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Fllght

‘k BEARaccslcra%rwas ksunchedintospaceon July ]3,
1989.Details of the pre-prcgramed accelerator arsd payload
activities arc given in usblc 2, and the nominal flight profile is
shown in figure 4. The accelerator systcms were maintained in a
fully opms[iorml sm[c un!il 155 seconds before launch. At this
lime the injector extraction high voltage and the RF power to
~he RFQ were swi[ched off. The H- ion source remained on
[hrough luurtch. By T+ 127 seconds all accclerislor syslerrrs were
opcr:ltimsai. ?_hctrcwnlinc cxi: valve opmcd at T-:-128s and the
!w:tm w“::s injcc[cd into space. The neutralizer had heen
Im)gr:uncd to pioducc iI slightly net ncgalivc ~umcn~ of
;Ii]proximatciy 1 mA with individual species currems of

Table 2. Bcur Fligh[ Timclinc

Time (seconds) Event
T=o Launch (Ion sou:ceon)
T +85 Booster separati~
~*91 — Extractor high voltage on
r ~ 105 RF system on Beam art of RFQ
T Y !2? NeuMizcr on
T .I. !~~ BcamIinc exit gale valve open

I ] 3cam injcc[cd into space (Nc! I

& ‘~vcmju~a*i,ccurrcru -0.8 mA) -
r @260- 27fJ wrd 322-3321 Ncuw~lzer off (NCI Wn~I .l(lA) ‘

(Net current + !,4 mA)
T + 3’40 Rcamiinc gatcvalvc closed

l—_— I Accclcra~or oif.— 1

WAR MISSION FLIGHTPROFILE

in

H+ n 2 mA, H“ = 5 mA and H- = 3 mA. During the two pcri~ds
whenthe neutralizerwas switchedtiff a netncgtitivccu]rcntof
--10mAof H-wascmitted.Late in the flight excess xenon was
hij~[cd into dte beam producing a net positive bcsm cumeni ~f +
1.4 mA. The three issues thal were audrcssed by the 13EAk [light
were answered as fnllows:

Accelerator perJormwsce: Figure 5 shows dic bcwn
divergence as the beam left the payload for various ground tests
and for tJrc ffigh[. The dive: gtxrcc of 1,05 mrad during fligh( was
comparable to tic best results obtained on the ground.

BEAR Beam Divergence
(Systern.leve: Ground Test and Fllgh: Dala)

TME . uc

I-.ig.4. Mission flight profile.
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Fig.5. Bmrndivcrgcncc hlstury of ti]c nculral hcw:l,

NPB propagation: Figure 6 SISOWSthe bcarn pr~piig:ttirrg
space as seen by onc of the onboarrlmrrrcros. l’!icrc wiIs

no evidence ~f any uncxpcclcd bciun bcha\ior suck iss

I@ 6. Ncutrisl bi:am (vcr[ictil ;inc) pr{~pi~[;atingtiwtij from
the spacccl aft as viewed from an rmhoard widc. w]glc camcrti
whtssc line {;f sight :s idmosi pwiriicl 10 the Iw:un. The t?cfim
exits IJSCaccclr.ra!or at the hottom of [he i]ictlir:.
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perfomwdflawlessly.Ttwcxccptiorr ua.. drc pier.ocltctric pulse
valve which fed hykogen gas to tic H” ion suurcc. .4(T+&?5s
when she booster separated from the paylm+d the t.alvc
experienced a shock of al lctsst 22 g. This caused she ● SIVCto
.mjectappr~ximately10’3cmoreh}dri~gcnpcr pulse iaw tic iun
source dmrs normal. The rcsul[ +“M an unztablc arc in IACion
source ~ad reduced OUTU[cumnt from the .s~”clcia:or.

The ps}’load was rcccvcrcd and rctumcd to b Aiamos.
Despite the se~ere shock of haling. she bcardinc was slill under
vacuum when e~amincd tit fol[ou”ing da!. In Los Alamos tic

payload was reconrmcwd to its ground support equipment. Ttw
only repair necessa~ wus the rcctrnncution of a wire [0 drc
injector xenon vahe which h~d con-w loose. On lui> 26th d-w
acceleratorwas opcralm!sucoxsfullyat LhcSamepcrfcrrnwncc
levelsas Ixforelaunch.

TheBEAR~ig!~lhasdwrwns:ratcddsa[tsccckr~[or tcchnolog)
can be adapted w a sywc environmcm This first opcr.iticn of ar.
NPBarxele:storin space unoxercd no uncxpcc[d physics.

“;.1i
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Ab.stract

The degrnctationoi the radio-technicalparame-
ters of the cavitiesin the proton linearaccelera-
tor with RFQ focusingat a high levelRF power hati
been mvestiguted. The Faradaycup is used to show
that this is causedby the FE electronlondin~of
the casltlesatthoutdischargedevelopment.The de-
pendenciesobtttinedare in agreementwith the re-
sultson measurin~the i~tensityof the x-ray rndla-
tion at differentIeveisof the RF power,fed to the
Cavtty. “Chedata churacterisingcmLssioupropertie6
tfepeudingon the trea:mentof the electrodesurfo-
ces, are given.Fmsfi:bleways to suppresathe FE
electronloadingire discussed.

Xhen oper6tingthe injectorfor the proton
s.ynchrotronbooster [1]we have revealed:he depen-
dence of the tuningsystemwith RF feedbackon ref-
lect~onnlwive on the RF signnlvalue,steepening
of the pulse from the c.tvltyand shorto~eof the
generatorpower.The phenomenomentionedobovede-
terlorntethe beornparametersat the ticcelerator
output und requireto be studiedLUX eliminated.

A possiblereosonfor this moy he the Lncreasa
OL’the RF lossesin the nccolera?orcavltius. The
measurementscorriedout at a iow power levelahowed
~.oQ decre36e,thereforethe concluttionwaa made
thot the itforenentlonedeffectsure Charocteriatlc
to high RF POSCY levels.Figure : ahows the accele-
ratorsectionconnectedwith a powerfulRF generator
through a decoupling ferrite Y-circulator, which was
done s.iththe view to investigatethe dependenceof
the cnvityperfwnuinces versus power level. The

Fig.1. BIGckdiOgramoi mcosuremr:]lL sysLurn,

fielttlevel~ m tho covlty*as recordedwith the
aid of the coup1lng loop nnd u blockof pulse-height
detector.The value for thy power from the cavity
corrogponctedto the Ufo 1~ reedin&s from tftereflec-
tometer.Flgure 2 presentsthe exT&rimentolly ob-
toinwfdependenccsof the m LationalQ VLIltie(curve
1) and field 10VC1 in tho covity (curve2) versue
the root of the relutivepower vnlue in the covlty.
The experimentalresultsrevealedthe inatnbility
of tho Q focturund nonlineorchongunof the flcltf
leve1, it IS amrthmentlonin~thnt the deteriorati-
on rnto of the Q fuctorincreuaesmore thmn three
time wlthlnthe rnngoof curve 2 nonllncnrity.PE
electronloadingwithoutfurtherdevelopmentof thv
multipactorelectron100dingmoy be the reasonfor
what wos sold obove.By L?cupturingn fructlonaf

}
0.6

\

Fig.?.Oependenceeof tho relationalQ vclue (C-1)
und f!eld level in the cnvityversusthe
root relationalpower.

the electron beam with the Farorloycup we tries to
find confirmationof our assumptions.The const-
ructionof the cylinderinstnlledon the accelera-
tor !iectionot o minimaldietencefrom theaccele-
rotin~beum line electrodesis schemot!cnllyshoam
tn figs.3u,b.

F’i/(t!rc4 presentsthe PE electronIonhingde-
pendenceon the tleld in the occulorotor section
working without the beam, Curve 1 correspoutlc to
the occolerotorcommisaionlngo?tero IOng shut
down, when air leakagesoccurred.Curve 2 was ob-
tainodofter the llnac ccn[l;l,oninc,curve 3 - con]-
missloningthe mochlnesfter one week ehut down

743



I 1-k, ‘ ,.!3 I I

elect rolls

.-,) b)

Figs.3a,b). a) Faradaycup; b) Fnradaycup and H-en-
\.ity.

without air leakage.Curves 4 and 5 COrrCSpOndto
the measurementsafter 5 and -W days nftercontinu-
ous operationof the machine.The x-my intensity!$
describedwith curve6, The correspondencein the
formsof the FE electronloatilngdependenceand EJo-
entgcn radiationpointsto the existenceof the
electronfluxes.

2.6 &8 $0 5.2 3.4

Fig..l.Dependence of the ~C (curves1+5) and
x-ray intensity-6 on the field in the acce-
lerator8ection.

Frou the data quoted it followsthat in the
courseof the machineconditioningthe PS electron
loadingdecreases1.5-2times and baccxaeastable
at a constantfieldva:ue~. With the growthCf Un
the FZ electronloadingLncreuaesi.onlinearly,in
this case the nomlnill level of the RF field in the

covityUn.=(3.4-3.ti)V correspondsto n sharp Krowth
of the PE electronloadingcurrent.?he curren~
densityof the loadingla tipproxiwatelyequal to
tWpA/cm~. Since tho electric.zifielddiatrlbution
in the cavity is rathei-ialhomogenaousone CASI
carry ci,~tonly aversgedcalculations of the
currentgrowthover the aurfaccsof the cavity
units becau~?of”the loading.Untierconstantenercy
stored illthe cavitywe obtain thnt J~,/Jr, =.- --
- $-IT’ where J+i =(1 JZJ in the currentOVOI” the
surfaceof the i-thelementwith and withoutlen-
ding, respectively,

Fron the data oi fig,2wc have the current
rntioof 1.3, which causes largerlossesin the
elements,and consequently their thermal dc-
formntioninc-anses1,7 tunes,

To eliminatethosephenomennone shouldreduce
electronemission.Accordingto the data from L2]
the vnluesfor the pre-brenkdowmcwrcnts at a cot\-
stant voltagedependon the mnterialtindphysicnl-
mechenicslpropertiesof t!~ecle~:trodesurface.In
connectionwith this we studiedthe emissionpro-
pertiesnnd limltelectricalstrengthof the cLcct-
rode sampleamade of OFHC coppercfependm~on the
the>r surfacetreatment.This pnrticulnrmaterinl
was chosen for the testsLecausothe electrodesof
the injectorfor the boosterare made fromC!FHC
copper,The electrodeswork at the voltagesvery
close to the breakdow.]ones [5]. h our investiga-
tionswe used electrode-aamplcs6 15 mm of the Ro-
govskiprofile installedin the flat-parallelgap
of 0.3 mm. The electrodeswere treatedwithoutany
cooling lubricantand polishedwith tungstenwire
atil the surfaceclearancewas 0.2 Ra und then
electropollshodat the currentof IO A/cm~ at a
depth of 10, 50, IOOpm . The vacuum
in the facilitywae 10-7Tor. The techniqueapplied
nllowedone to take conatant current-voltagechn-
i“acteriaticsafter breakdown conditioning. Some
of the sampleswere fired rlg~ in the test Vtlcum
chamberat 600° C according:0 the well-know tecta-
nique.The fieldamplificationfactorand emission
area are calculated in agreement with t’.te
standardFE technique[2J. Pa it followsfrom the
resultsof Table vacuum firingdeteriorates prac-
tical voltagelimitsand leads to a considerable
growth of eioctrun currents.It seema that this
phenomenonany be explainedby the appearanceof a
solid oxide film producedduring e,p?),which hind-
ers the emiasion(whichmakes the emissiondif-
ficult).Under vacuumfiringthis layer in ueterio-
ratec!.It has been shown that the samples with
tho electropolishlngdepth of IO#m posaesbest cha-
racterlstice.It seems that a largedepth of poli-
shing smears the ~RttiCk3 Md iSOluteS the grains in
the structure,as itwas obeervedin [6] , which in
its turn increuaesthe numberof eciseionc%tters,

It ehouldbe noted that the resultsobtained
at n constantvoltageshouldbe confirmedin the
work with the R..power aupply. According to the
data from refs. [3,4],tbe suppressionof the elect-
ron multipactoringin the cavitymay achievedby
coveringthe aurfacewith a thin layer (~0-6m) of
dielectric(TiNor carbon).Under certain aamunp-
tlona about the influenceof 8uCh a layer on the
aecondaryemiaaioncoefficientag well as on the
,?missionpropertiedof electrcxtet~,one make a con-
<Iusionabout a necessityto study possiblysuppres-
sion of electronRF loadlngby usin~ differentlay-
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ors on the cavity surface.
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7MeV-PROTON LINAC

Y“,Iw&shiIa,M. Inouc,H. Ego,H. OfiamoM,S. Kakigi,
M. Saw,amura*,T. S}lirai,H. Fujita,K. Fukunaga

and H.Takckoshi
NuclearScicnccRcxcarchFacilily,Ins[ihstcforChcmicdRcxcarch,KyokrUnivcrsi[y

*JiIparIAlonucEnergyRmcilrchIns[i[utc

Abstract

The cons!”ucliwrof ii 7McV-433MHzpro[onIinJcWs
s[ancdM1986.Thexcclcra[orwasinsmlhxfin a newbuilding
UI the Uji campus of Kyoto L’nivcrsity”in 1988. The
itccclcr;i[or s}’stc:I:,the RF control sysxcmand [hc vacuum
S}SICMxc dcscribcd.

Introduction

A newaccclcra[orwascons[rucmdirlu ncwxcclcrwr
l~bor;u,q buildingof lnsti[uwforChcmitxlrc.,c:m?)~lCR)ill
Uji campus of K)XIIO Uriivcrsit}. 1[ consis[s of a 2 McV-tWQ
linact,2)ml u 7 htcV-.\lvarc?.DTL3).The mtiinspccitication
is shownin Tirblc1.The operatingfrequencyis 433.3 MHz
!hroughoutW s~stcm.The frequencyis about twice higher
U]iill con~cntimslDTLsid thc sizeis tibout iI halfO!thcrn4).
The higher frequencyillso pcrmi[s tiICusc Ot KI)SLKNS.A
hig!lcrcncrgj’accclera[ingmlk ispkmrrc(l[obcconmxxcdiiftcr
[hcDTLin rhc fumrc,The operatingfrequencyof lhchigh-13
strwturcshouldbe 1.3GHz, whichis I.hrcctimeshigherthan
W low energy part, and it allows the simulmncous
wxclcr;nionof bothposi[ivcimdnegativeions,

Theareaof ncwwxclcratorbuildingspaceis2650mzin
[~[iil, and [hcshieldedarea surroundedby 1mclcrthickness
ual] is 6(X)ro2. The compactsize of tic iscuclcrmorsiruc[urc

TABLE
Main specification of the Iirmc

Ionsource
mu]ticuspfield[ypc

Accclcra@ suucturc
fourvaneRFQ

vaneIcnglh
avity innerdiarncrcr
cfuuactcrislicradius
min.boreradius
inte~dncvohagc
mmsmissionefficiency

DTL(~ViKC2)
cavitylength
numberofdrift!ubw
focusingQ rnagneL

RFpowersource
frequcz’lcy
peakpower(foreachrubc)
rcpcf.hionrate
dutyfactor
Klystron

proton50kcV

50kcV-2 McV
2195mm
170mm
3 mm
2 mm
80kV
95%(al 30 MA)
2MCV-7MCV
1868mm
28
NrtBiron

pcrrnancntmagnet

433.3MHz
IMW
<180Hz
1%
LittonL-5773

Iwdws enough am for a future dcvclopmcn[as shown
Fig.i. Fig,2showsthc li)yt)ut of W acceleratorsystcm.

&
D %

9 M
—~

Fig. 1 Planviewof tileAccclcratorLaboratory( IF)
1 EntranceHall 2 Courl Yard
3 ControlRoom 4 ComputerRoom
5 IonSourceRoom 6 AccclcratorRoom
7 KlystronRoom 8 CoolingPumpRoom

!2 M El

Pama

in

Fig.2 Liryoulof tic accclerdlorsystcm.
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Accelerator System
Injector

A mtilticusp-fieldion sourceis used to produce50 kV
H+ion.‘llc arcvoltageof the ionsourceis switchedforpulsed
operationof up to 10Yodutycyclc.The designedpeak beam
cur?cntis 60 mA. There is an cirw.cl-lensand a pair of ri-y
steeringelectrodesaftera 50 kV acceleratorcolumn.For the
futuresimultaneousaccelerationof positiveandnegativeions,
the low energy beam transport ( LEET .)has 245 degree
mixingmagnet.After the mixingmagncl,a solcnoidalfocus
coil is used to .ma[ch[hebcarnphasespace~e,dlgurationsto
thCRFQ.( SWphoto 1)

.,.. . . .,, . . ... ,... —— BI

,,

Photo1 Viewof IonSource

RFQ

The 4-vane RFQ is operated at the frequency of
433.3MH2.(see photo 2) The ou[crwall and the vanes arc
made of CrCu(Cr 0.75, Zr 0.08) which has 807c electric
comtucuvnyof Cu a??d80V0Young’smodulusof s’uiinlcss
SICC1.The vane tips arc cut by 2 concave cultcr and have a
constamcurvaturealong the axial direction.( see photo3 )
Each vanehas a 20 mm diarnctcrcooling charm] in it. For
field di~r-ributiontuning,6-plug-tunersarc installedin each
qux!rm[. The dcsigrm]in[crvisncvoltageis 80 kV. ‘I%?RF
powerisgclwr;mdb, Ihi\\’-puk-powcrKlystronL-5773,ml
cuup!~ IhroughWR-21OOwavcguidc by a IOOpiruothe R[:Q
ciI\II! Jtcr J waveguidc-lo-coiixid Iinc ~rtti~.,iII( Ii1. IIIC
measured Q value is 5000, while .SUPERFJSHrcswlt is
Q=6600.

I%oto2 \’iewof the RFQrank

“i%oto3 Insideviewof theRFQtank.

Nearn Matching Section

Permanentquadrupolcmagnetsarc used to focus the
output beamsfrom RFQ.Fourof thcmarc installedbeforea
bunchcrand anolhcr four quadruple magnetsarc insIaI1ed
befc’c the DTL cavity.The bunchcris needed10match the
bcarn to the longitudinal acceptance of the DTL. Ream
monitors wil~be installedin this s~ti~j) M invcstigiilcthe
outputbcarnfromthe RFQ.

DTL

Thetankismadeof standardCu,and[hcdrif[tubesand
thestcmsarc madeof CrCu.Thedrifttubediarnctcris55 mm
and rhcboreradiusis 5 mm Pcrrnancntquadrupolcmagnets
arc installedir?thedriftmbcsto focusbeams.EachdriftIubcis
supported by a stcm from [he botlom pla~c which is
dcmomablc fromthe tank.( scc photo4 ) The 28 drifttubes
wasaligned on IhcpliiIcbeforeinstallationinto the tank.me
5 mncrsof 10cm diarnclcrarc instalkxtin [hc rank.Two of
thcmarc fixed,and lhrccarc tunable.The klystronL-5773is
ako usedas thepowersourceand thepoweris crwplcdby a 5
cm wid[hs101on the tank lop. ihc slot lcngLhis about15cm.
‘[hi’ ltllllJilljCd () IS /1})()[1[ ?80(X). Thc! ‘l\”(’riljj[’it!’t”r]f’r:lli!l~ Ilf !(!

h 3MV/n~.

v.
r

Photo4 Viewof t)i~ DTL*
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RF Control System

A schematicblockdiagramof controlsyshxnis shown
iu Fig. 3. The base RF is gcncratcdby a SSG HP865611and
the operatingfrequencyis phase locked to the RFQ cavity
rcsonamfrcqru.mc}’.The RFphaseof eachcavityis islsophase
locked [o t}:cbase SSG phase. For rcsommcccontrol. Ihc
tunersof the bunchcrand the DTL tank can bc adjusted by
phase differencesbetween the input RF and the RF in the
citvitics.The rcliltivcphasebctwccnthecavitiesis adjus[ablc.
Each kiystmrrneedsup to 300WRF inputto gcncrmcIM’N
RF,and the 300WRFpoweris generatedb~)a FET amplifier
respectively. To keep the RFvoltageconstam,theinputpower
[o the klystronis controlledbjt AGCcircuit.ECLD-flipflops
arcusedfor thephasedetectors,andthedctccringrangeis*180
degrees.

—
—

ALC
PLL1 low BUNCHER

1

PLL1

v
fzf

ALC 3COW

1?

Fig, 3 RF controlsystem

i ;1IIIIIII #J II1:;

r’iv J $11(1.!Q :!I’IIJ:’I l~ii:!;:;UTI III Ilw iiittliitt]s~stcm,A
5(Ju.lIIMis iurbomolecularpump [1MP) is usedf“or[he ion
source, and a !50-litter/s TMP is installed at the LEBT
w.tion. Bothturbopumpshavetheordinarybearingsystem.

Becau>eof L?e poor vacuum conductance througki the
RFQ wk. tie pumpsare i!stalled rttbothhe entranceandexit
side. To es”acuatethe RFQ [nk, a 270 liter;s turbomolecular
pump is inslalledal the e~ltranceside, and a 700-liter/scryu
pump (2100-iiter~sIor H20) is also installedai the RFQ-DTL
connectingsectionto evacu~tefromthe RF? exit side. At the
DTL tank, a 400-limh TMP is installed. Both turbo pumps
are oil free with magnetic floating rotars. A 160-li!er&Ion
PumpMrdso inmrllcd at eachRF feeder. One is at the bouom
of the waveguidr+coaxtransitionof the RFQ, and anotheris at
the couplingS1OCof Lhe DTL. Since the vacuumin each Lank
seemsnot good, these ion pumps are planned to be replaced
wiLh a 500 Iiter:s TMPand 700 iiterk r..o pumpres~ectively

—. ——.——

I
The rupl:tccd Ion pumps will be moved Lo Lhc!center ports ot’ I
lhuf?~(~hink,which is 6(Jmm diurneLer.It will improvethe
viicuunrsiluatiun.

9.HQ m 9s SW_

$jjp~yq“‘ l-l+%CRYO.U6

Gl -

$@ .
3IksrP200 -

(IMP]
Zloh

Fig. 4 Vacuumsystem
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Abstract

SS1 has extended !ts accelerator facility by a
neavy icn synchrotronsand an exper!ment3i Storagk?
ring; :ne U!iILAChas been upgraded to supply beams
for these neu sachines xhile alsc servlnz the low
CnPr4Y LWSICS expe~iments”

Introduction

:C ;-Y:,
:,:., . . !...

—
-

~>. ,.-.\, --

, .,.
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Table 1: Summary of major

Inject ion
Ion source
Gharge-to-mas.s ratLo
Sxtraction voltage
Snergy
Radial emLttance (r,orm.)
?adial em:ttance (unnorm.)
Mass resolution &n/m

RFQ accelerator
Structure type
Energy, input
Energy, final
2X: : frequency
Repetition frequency
Duty cycle
Xax. RF poxer (for Uzs’)
Max. Voltage
Length
Tank d!ameter
!iadialac?eptan~? ‘
hngitudir,.3!..!,!.! .

:nwr.. ,.!,.,.
Bunc~’didtn

l!i lcceler3:. or— ——.::.., . ,.... . .,. .
,,, : :!.,,3:
:’rsq~:ency

:~!itlon ?requency
;i~~ 2yCl~

?ax. i!~pcwer {f’or91’”)
Max. fieldstren.gtr,
Length
Tank ditimet.er
Shunt impedance

Radial acceptance (norm.)

injector parameter9

ECR-type, IU.5 GHZ
0.105 to 1
23.8 kV
2.5 kevh (9-0.0023)
Q.146m.mm.mracj
200 n.mm.nrad
3X1O-’

four rod
2.5 keVlu (3-0.0023)
300 keV/u (3=0.025)
;08 MHz
!30 Hz
50 5
125 kW
78 kV
? .,,

RaClai acceptance !unnorm.) 56 w..mm.mrad
Long:tullnal ficceptance 15C n*KeV/u.cieg

ECR-Sowce and Low Energy Besm Transport

rhe ECR source was devuloped and manufactured
by the ‘Centre C’Etudes nacl~airesv (CEN) In
CrenGble, It is an upgraded verslc.1of the IC GHz
Caprice sodrce. The excellect performance of ECR
:t-,,:~g+ GJ was fl?~ieked bv G?ller at tn? 19dh L:nac
Conference.“ Tne comnlisslonlogof tne 30UrCC f~r

the GSI injector took place at Grenoble, the source
wtll be delivered in September 1990. A photograph
of the source is shown in Fig, 3.

Fig. 3: Photograph of the ECR-lon bour~~, ca~erl
during the commissioning 3: Wenobl+.

~,1Table 2, the measurea Intensities 2( Yom
lon~ are listed. A uranium nharge state dlsttoIbu-

tion is shown in Fig. U.

Table 2: Measured lon currentz of the ECRSource

U29* : 5 eBA (max. 10 epA)
UZ5* : 15 euA
pkzb+ ; 5 euA (IG k~ Xxtr. Volt.)p~2s’: 6 euA (20 kV Extr. Volt.;
Au?.+ : 14 euA

26+Au : ~ evA
Xc”+ : 27 euA
/.jl’ : 15 .?~ll

.1 Xx”r . “i?:: . ;

; 24+
02: U*9+ u 2~AlDiv.

Fig.4: Charge state distribution for ura:liumfrom
the 14 Gtiz ECIIso;;r~e

I’hepower of the klystrofiWas varied in the
range 309 - 600 Watt, the maxim~m hexapolc fielq
was 5800 G~u9s. For better gcurce operatio~, the
gutput potf~f. of’ tfie : u I;AZ @Jystron #as stabilized,
The long-term staaility of the output. current :s
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RFQ Accelerator

The mechan 1ca 1 des lgn had to Lake Into account the

high duty CyC~C of’ 5Q %, ?.U. direCt COO1ing 9f the
rod electrodes. The tank itself cons !ats of two
ha1ves co fac111Cate 1nstal 1 d t ion and a 1 lgnment. A
photograph Gf tne 3 m tank 1s shown in Fig. 6. The
tank is made Of sta in less stee 1 and is be lng
,prepared for topper 0 i 3t i ng at SS1.

Il!-Accel.erator

Detai1s of the [H accelerator section are
given at the Lioac 59 and !n a car.tribution to tn!s
conference. 1S‘ D7 Charlcter ist LC par-am.?:,er: &re
1 iste~ in Table 1. The ?!CIClent.acceleration frcm
0.3 ?,o 1.4 wV/u is demonstrated by thes~ para-

meters. Ali uarts for the IH-structure ,Aere
ordered. Y’ne 3. ‘“ m long tarw made of mi!5 steel X2s
Uelivered, The :opper plating nas been startel.

9eam Transport at 1.4 MeV/u

A 1?00 ce.3mtranspcrt.system.‘wasdcsigned for
the injection cf the !.u !~e‘J/ubeam into the LSILAC
post:tr!.pper?ccelerator (see Fiz. 2). An 11c fzst
kicker magnet ben lna :W I H-tank di L 1 serve Local
ex?er ir,ents.For swi:chir,g tne heams from the new
and ,*G~~I* inJecto~, .3 ?00 xicker magnet wii 1 De

installed. 7i.,? quaarupoL? Lenses for p!l15ec

operat ion i n frmt. of the Al vzrez 1 ! cac WI 1L form
tile
the

f3r
man

two beams to m3tch che transverse acceptariccOF
?irst Aivarez tar,k.

Status. and Schedule

Ai1 components were ordered. But the delivery
scme components Pas been delayed. Togetner witn
power pro>l?ms at G.51 - the synchr~trm and

st orage ri:lg !la”Je been Inst311ed Wi th h :gh

pr lori ty .. the nea 1njector projecr. is behifu~the
scnedule. CooiiCg da t~r, el eC t,r ic~l slJpp: ! +s ,lnd

car)1lng and other ut 111 t les are r?oa bfiing
installed. The ,:nfnreseenrepa: rs on the tanks in
c“Jrcopper p la: ing ‘workshopand the exchange of she
~1~ctr~:ytLC bath ca!ls~da late b~gi nr, :ng Of uopper

plat lng of the IH- and PFQ-structure - it Hi11 be
F1nished in Oc:ober tRis ye3r. In the re”~isedtime
schedule, the first ~eam 1!3planned for the spring
1591.

1,

2.

3.

3.

5,

6.

7.
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TRANSVERSE BEAM DYNAMICS STUDIES

T. Gar”tey, S.
Lawrence

Abstract

OF A HEAVY ION INDUCTION LINAC

Eylon, TJ. Fes.wnden, K. Hahn, E. Henestroza and D. Keefe
Berkeley Laboratory, University of California, CA 94720

The multiple beam induction linac experiment
(MBE-4) was built to study the acceleratorphysicsof the
low energy, electrostaticallyfoeussedend of a driver for
heavy ion inertiafconfinementfusion.In thismachinefour
beams of Cs+ ions are accelerated through 24 common
inducuon gaps while being foeussed in separate AG
foeussingchannels.Each channelconsistsof a syncopated
F@DOlatticeof 30 periods.

We repcmresultsof the mostrecmt studiesof the
tmnsversebeam dymamicsof a single drifting (180 keV)
beam in this machine.The dependenceof theemittanceon
thezero-cumentphaseadvanceshowssystematicvariations
which may be understood in the light of previous
theoretical work on this topic. This rend:, unique to the
hewn parameters of a linac for heavy ion fusion,will be
discussed in the context of its implicationsfor a driver
desigl~.In additionwe will discussrecentmeasurementsof
the motion of the beam eentroid throughthe lirtac.These
measuremwus,coupled wit!!simulations,have proven to
be a puwerful tool in determining the presence of
misalignmenterrorsin the fatuceof the acu!eraror.

Introduction

MBE-4 is an experimental induction linac in
which foti k-arm of Cs+ propagatethrough24 common
induction gaps while being focussed by individual
electrostatic quadmpcdechannels, eacn consistingof 30
FODO periods 1S2. The linac is constructed from six
sections (denoted A through 10 F) each comprising 5
‘“latticeperiods (1.p.)”.Each l.p. is fcllowedby a gap the
fmt four of which are acceleratinggaps while the fifth is
reservedfor diagnosticaccess. The diagnosticportsallow
measurememsof the beam size, emittance,and position
and artgufaroffsetsof the beamcentroidwithrespectto the
Mac axis.TheseMGiSUIWTIenLSean be madein bothplanes
transverse to the direetion of propagation. This paper
deseribesrecen!studiesof the transverseemittanceof one
of these beamsas it drifts though the linacat its injection
energy of 180keV. This beam has a nominalcurrentof 5
.mAand enters the linacwith a normalizedr.m.semittance,
en, of 0.03 n mrn-mmdwhere the normalizedemittanceis
detinedas

En = qn (<XZ><X’2> - <XX’>2)1R

with ~ tx@ to the ratio of the ion speed to the speed of
lightand x and x’are theusualphasespacevariables.

Theory

For the parametersof MBE.4 one ean calculate
that the ratio of the space-chargedepressedtune,u, to the
zerti~nt tune, (SOis give by C/CJo= 0.1. Simulations
have shown that such strongly space charge depressed
beams propagating in electrostatic focussing systems
might exhibit oscillationsand growth in emittance3.As
part of this work it was found that a small dodecmole
componentin thequadruptk isbeneficial,and theMBE4
quadruples are so constructed.More recent simulations
pertinentto theMBE-4latticeconfigurationandquadruple
geometryhaveconfined thisbehaviorandhzveshownthe
evolutionof the emittaneeto be stronglydependenton the
amplitude of the coherent betatron oscillation of the
beam4. Emittartcevaciation~,are due to the excitationof
coherentbeam modesdrivenby externalnon-linearfields
and image forces, amplitude modulated by the beam’s
coherentoseillation4.

Experiments

Measurementsmade at the discretely available
diagnosticstationson MBE-4have indeedshownthat the
emiuarteeis not constantbutdecreasesand increaseswhile
the beamdrifts throughthe linac.As M!3E4 is anfigured
to allow diagnosticaeeessat the end of each sectiononly,
however, a method is required whereby one could
effemively measure the emittance at pointsboth up and
downstream of a given diagnostic station. The total
distance travelled by a beam drifting in a linac can be
expressed equaily well in terms of accumulatedbetatron
phasead~:ziice(for any givenphaseadvanceper unitcell).
The techniquethenwasto measuretheemittamxat a given
diagnostic station for varying values of the lattice
foeussing strength, i.e. varying Uo. This is achievedby
simply varyingthe voltage-son the quadruples. That this
method allows one to observe the oscillation over all
phasescartbe seenby inspectionof figurel(b). This figure
shows the variation of the beam centroid,cx>, with
changes in zero-currenttune measuredin the horizontal
planeat Lp.20 (endof sectionD). The finiteamplitudeof
this beuwron oscillation is due primarily to injection
offsets,Onecan see that‘mobtaina phaseexcursionof 2X
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:aro-current tune (deg.)

kun centroidpositionforkicked(a) and un-kicked
(b)beamvs.zero-cumm tune.

one requ”uesa changein G. of 180/cellfor ~he20 cells as
expected. Similar variations in the offset of the angle of
thebeamcentroid,<x’>,arc tdsoobservd.

Emittance measurements

Initialemiuance measurementswere made in the
horizontal plane at l.p. 25. As in the simulation, large
v~ations were observed, up to 50%, in the emittance
aboutthe matchedtunevalueof 60 = 70°, figure2(a).The
rangeof quadruple voltageemployedwas restrictedby the
requirementnot to lose beam due to radial expansion(low
~.o]~geend)or instability(highvoltageend). Althoughwe
did not re-ma[ch tie injector for each Iinac quadruple
setting wc do net believe mis-match errors to be
responsiblefor the large variations in emittance. Indeed
many measuredemittancesare beiow the value measured
for the matchedbeam.Similarvariationsin emittancewere
observed in the vertical plane at I.p. 25 and in the
horizontalplaneat l.p. 20, fig.3(a).

I__J
50 60 70 80 90

zero-currant phaso advance (deg./cell)

Fig.2. Emittarrcemeasuredat Lp.25 for coherent
amplitudesof (a) 4.5 mm and (b) 1.2mm.

so 60 ?0 80 90
xaro.current ptwso●dvanco (deg.lcoll)

Fig, 3. Emittancemeasurementsat l.p,20 forcoherent
amplitudesof(a) 4.5 mmand (b) 1.9mm.

The corresponding coherent amplitude in [he
horizontatplitnewas +/- 4.5mm(i.e. 9 mm peak to pak).
One should bear in mind that the beam envelope has a
maximumradiusof 10 mm (nom.)and travels througha
channelof 27 mm boreradius.Ahhoughthis amplimdcis
good for drivingtheemittancechangesit was KMlarge[o
be accountedfor in termsof injectionoffsets. In addition
the variaLionof observedbetatron phase was much less
than expected on the basis of tune excursion. It was
concluded that the horizontal motion of the beam was
subject m a dismrbance, perhaps due to a mechanical
misalignment in one of the lattice quadruples. This
subjectis discussedfurtherbelow.

To tes~ the hypG!hesis that the emittance
variationsare the resultof the largecoherentamplitudewe
removedtie offendingdisturlxmceto thebeamandrepeated
the measurementsat I.p. 20. This resulted in a coherent
amplitude of +/- 1,9 mm determined by injection
conditionsand residualalignmenterrors.The variationin
eniittancealso fell rather dramaticallyto 25~0.A greater
reductionin thecoherentamplitude(1.2 mm)wasachieved
by usinga steeringarrayto rtxiucethe initialoffsets in the
horizontal plane at the input to the linac. Sub-equenc
measurementsat Lp.25 show littlewuiauon of enn;tance
for tune values between 700/celland 850/cell, fig. 2(b).
This is in stark contrast to the variation found over !tc
same tune range for the 4.5 mm coherentamplitude,fig.
2(a). The theory predicts that emittance growth in one
plane may result from offsets in either p~a:e. Therefore,
some variationin the emittancemayb? accountedfor as a
result of offsets in the verticafplane which we have not
attemptedtocorrect.

Beam Centroid Measurements

As stated previously the amplimdes of the
coherent oscillationmeasuredat Lp. 20 and l.p. 25 were
too large to be explained by the initial offsets of the
positionand angleof the beamcentroid.Neverthelessthe
data for CX>and CX’>at l.p. 20, when mappedthrough5
lattice periods,were found to be in good agreementwith
the data at l.p. 25. To investigatethe possibilitythat the
beam was sufferinga kick in the Iinac we measured the
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variationof ~ for the beam as a functionof 60 at each
diagnosticstat-ion.The amplitudeobserved at l.p. 10, 1.4
mm, was consistent with the initial injection conditions
and the Twiss parametersapprcqxktteto the latticeoptics.
However at l.p. 15 it was found that the coherent
amplitude was no longer consistent with a welI aligned
linac. We concludethat the data taken at l.p. 20 is due to
the supposition of two oscillations,one due to the initial
offsetsand a seconddue to the kick in sectionC5. In fact
we were able m locatethe positionof the kickclose to I.p.
11 by fitting the measureddata to tran.sprt computations
in which the beam was given a single kick at differem
locationsin turn. In order to removethe disturbanceto the
beam (the cause of which is still unknown)we replaced
section C of the machine with section F, having already
established the integrity of section F by successfully
mappingdata from I.p. 25 onto data taken at I.p. 30.The
v~ation of <D with Co, measuredat l.p. 20, beforeand
after the exchangeof section C for section F is shownin
figures l(a) and l(b). The data clearly confirm that the
disturbancewas located in section C. The amplitudeand
period of the oscillationfor figure l(b) is consistcmwilh
injecLionoffsets.

I
Discussion and Conclusions

As the preservation of a!ignment itl:d beam
emittance are both crucial to the HIF driver conceptit is
clear thmemimnce growth in the low energyelectrostatic
focussd section of the Iinac is highly undesirable.The
experimentsdiscussedabovethereforemay impactchoices
in the designof ‘J.ispart of a driver. It is clear thaLif one
wishesto keep emittancegrowth [o a minimum,one must
srnve to keep the beamon axis. This may be achievedby
specifyingsufficientmachiningand alignmcn[tolerances
on the latticeelemen~and it is necessaryto determinehow
stringent the alignmenttolerancesmust be. Alternatively,
the detection and subsequentcorrection of errors in the
motion of the beam may be possible. Boti of [hcse
alternittives will have their respective financial
consequences.A thirdpossibility,that mightobviatestrict
alignmentor frequentcorrection,wouldbe to run the Iinac
with less tune depression. This however may requirea
more expensive focussing channel for a given beam
CtmCCL

1n conclusion wc have obtained experimental
svidencein supxxt of the simulationworkof references3
and 4, i.e. that the transverseemittanceof stronglyspttce-
charge dominatedion beams propagatingin eb.!ctrostatic
fcxussingstructures will be subject to oscillation if the
beam is off-axis as it travels through the structure, In
contrast, when the beam is on, or close to the axis, the
dcgmeof variationin theemittanceisconsiderablysmaller.
In addition our measurements of the coherent betatron
oscillation amplitude have revealed the presence of
alignmcmerrors in the Iinac.Our techniqueof measuring
the positionof tie beam centroidwhilechangingtic total
accumulatedphaseadvanceat ngivendiagnosticstationhas
since proven to be a valuable means of determining
whetheror not misalignmen~arc presentin the linac.
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INVESTIGATfCJN OF BEAM ABERRATIONS AND BEAM HAL(J f.JY
3-DIAMENSIONALE!’v1lTTANC:EIMEASUREMENTS’

G !?iehl, J. Pozimski, W. Barth
Institut fur Angev”and(t. Physik de) Johann Wolfgang Gcethe Universittit

Post fach 111932, D-600C Frankfurt am (’~fain,FRG

Abstract

\\k i n~.estigaled the beam aberrations and bc~rli ha-
lo c.~u scd by solenoids. G abor lenses and Rsdio Frequen-
cy Quaarupoles. Thrfore we used a m icroprc~;cssor cun -
I ro I icd m u I Ii fu ncl iona I profi te- and em i I Ian cc measu re -
men I s}’slem. On I ine prof iIe rneasu remvn IS, ?-dimens io.
nJ I si i I-10 -s1iI an d J Iso 3-d imensiona I point-16-s! it em iI -
t~nce lne~suremenls ha}c been made 12. Conslruc[ ion
I~f Ihe me~suremen I system ~nd espcrimenla I resulls
u II I be presen [cd.

Concept of tire Device

Fig. 1 sh,]ws a schem:lic di+mm of [he measuring
de! Ice. C“p IG 4 SIi t/prof i it harp combi na I ions may be
inSIJI Ied 10 b stcppi ng molor tlr ;vcn UHV feed I hroughs.
[hc profi ie cu rren[s uf one harp are switched by a
mu I I Iplexer 10 [he oO-chan nel current arnplificr. \lolor
.I nri amplifier CICCIron ics arc con Ir,>l led by Jn 8-bil
m icropruccssor ~}.sl~ni w i rh dig ila 1 1/0 boards. This m ic -
roprljCCssOr is c9n nccled 10 a LIYOOO-PCwhich hand ICS

in ler~c I I\”e riia lugs, oti!~ measu rem cnl. tirrd data cval ua-
tlon. ‘l”he indcperrden I movab!e slils and profile harps
prov tde ~n 1inc profile measurements. cn; i:tance ~~~$tii~-

rner!Is aad a Iso poinI -Io-sl i I em i Ila nce measu rem en IS
u iIh crossed S1iIS: The SIi IS fi I ter a beam parl i I ion of
Ihc ct>ordina Ies x.}. Tile prcfi Ie harps determine the
aIIg Ics x” and y‘ of this paTIi I ion. Iherefore obla in ing the
bc~ms charge distributions 1[x.>,x”) and t(xy.}”). Out of
[hese 3-dimensional distributions calcu Iation of all 2-
~nd I -rtimensiona I subspaces of [he beam distribution
is pow ible 3.4.

Emittance Measurements behind a Solenoidal Lens

!I”c used a plasma beam ion source 5 w i Ih a succes-
SI~“e ;olenoida I lens 6 and cxlracteri a 10 keV/3.6 r-.A
I [c” beam. The ion beam occupies aI Ieasl 75%of [he
lens ~perture. causing aberrations of lhe bear,~ phase
sp?.ce dislr ibU I ion. Fi&.~ shows [ne m easu red x-c,n i~lan-
CC. I hc 1(:,.I ) dis[ r Ihu I ion of Ih e beam. m easu rcd w ith
SIi; and prc.fi l? harp. The conl”ergent H? ● beam and a
di~’ergen[ n:titral beam can be clearly disl ingu i,.hed. The
d~rk SO%part ili in of [he He. beam shows an “!i”shaped
con IOu r. du e IO the effect c,!’ Ih c non I in ear soleno id.1I
~ield. In addition the pha% space dislribut ion has a
but[erfly shape. The Ial[er is caused b} Ihe radial sym,-

mel r}” of Ihe non I inear field. which IWisls dif fer?n I
beam partitions I(x.x ”.y) dependent on their position y.
Fig. 3 shows I he ?-dimensional beam profile, 1(x.yJ . We
dislingu ish J high inlense beam core. a homogeneous
m idrilc part and increasing in Iensil ies al [he edgu of [he
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beam. The dislrihution has a ‘sombrero’ like shape The
rim of Ih is distribution is :a used by strongly focused
beam part icles with shorl:r focal lengths lhan the in-
ner part of the beam. Bertind Ihc beam focus !hese par-
Iicles forms a wide h:. io. We measured Ihe beam distri-
bution I(x.x”.y) with !he poir?! 10 SIi I methud for the sa-
me beam parameters. Fig.4 sho~vs differenl parts I(x.x ”.yi )
of this measurement. w ilh Y-l+. -12. -10 ~nd O mm. .W
the edge (y ‘-1 .$mm) a small xx” distribution c311 be seen.
show ing less .iberrat ions. The 1(x.~“.}”,- 12nlm ) dislr ibu I ion
is charactl$; Ized bL an “S shaped con IOUr. which is ca u-
sed by [he non Ilnear field in ~dd i I ion w i[h the drift
space inside I he solenoid. The dislribu I ions next to Ih e
center of :he beam show the same con Iour. bu 1 the “8”
becomes wider. Therefore the “butterfly” shape of the
cm it tance and a Iso [he beam h~ 10 is composed OUI of
differen I “8” shaped I(x,x”,y) distributions. The m~rginal
em it[ance is increased by Lhe twisted 3-d imensiona I
phase space distribution by J f~clor of 1.7 (90%) and
2.5 (99%). The R\lS em iitanceisaIso affectedby [he
S-shaped fil~menlatirsn. we ca ICUla [e a n R\lS em iI-
(3nce grtiw Ih of 1.5 (90%) and 2.2 (99%). .Addi[iona I
nle~s uremen IS w i: h dif feren I beam and solenoid
PJr~meters- Jnd a Iso computer sim ula[ ions arc in good
~grecm en [

Emiltance Measurements behind a Gabor Plasma Lens

For a second measoremen~ se~ies \ve replaced the
soIeno id by a Gabor plasma Iens . The figures show
the phase space dis[ribu I ions of a 10 kc\’/ 125 p A Ar.
beam behind Ihe lens. Again ‘he beam occupied a large
I“raction of the aperture. Fig 5 shows I he xx”- emitlan -
ce of [he beam measured w iI h s1i I and profi Ie harp.
composed of a n extreme t?igh inIense convergen[
but[crfl!’”. a second low in[ense con~”ergen[ “bul[erfly ”

Jnd a dicergen t neu[ra 1 beam The 3-dimen siorm I dislri -
hutiuns 1(x.x“.}”)(Fig ,6 ) give an explanat ion of the struc-
Iure of the 2- tilmen siona I cm iI lance: Th 2 .%” beam is
divided by the lens in a t,igh inlense cenlral part and
a !nw” in Iense ouIer parl. both showing Ihe conlou r of
an inverse “S’. Compared with (he shape oblained from
solenoid measurements. [he focusing strength inside the
soIeno id increases w ith rad ius. Ihe Gabo.- lens shows a
decreasing w ilh radi us. .-N the beam cen Ier decreasing
charge intensities can
beam profile [n space
hol low beam. This may
fi I I ing of [he Icns by.
region near Ihe ax is.

be observed. The 2-dimensional
(~ ig. 7 ) shows. ih~t we gel a
be explained by [he incomplete
electrons occupy ing on l}” the

Emittance Measurements behind a Split-CoaxialRFQ

For a [h ird measurement series we connecl ion
source. solenoid and a spl i t-c oax?aI RFQ. T he figures

show itt~ phase space distributions of a 50 kc Y”/ 800 v A

He . beam behind the accelerator. The perspective view

10 the beam em ittance (Fig. 8 ) shows el I ipt ica I contours

w ithout any remarkable IW ist or fi Iamen [aI ion. The
3-dimensional distributions 1(~.x”.yi) (Fig.9) show a fila-
men Ialion of the ion beam and in aI I distribu I ions two
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beam centers can be ~learly distinguished. The ion
beam separates into two parts. l-h is leads to an em it-
tance growth of 1.4 (90%). The beam profile in space

(Fig.1’1) shows a rectangle. nearly homogeneous charge
dis[ribulicn.

concluskm

The diagnostic device is a powerful tool 10 investi-
gate l-. 2- and 3-d inlerlsiona I phase space distribu [ions
of ion beams. Th c ana Iys is of Ihe 3-d imensiona I dislri -
bulion Ifx.t’.y) and I(y.y’.x) gives important information
about I he genesis of beam ha Io. em itta nce aberrations
and em ittance gro-sth. All experimental resu Its show
filamen[alion of the phase space distribution of the
beam which increases Ihe beam em illance, Further de-
\e Iopmen I of Ihe dev ‘ce
the 4 -dimens iona I phase
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EMITTANCE DETERMINATION OF ELECTRON GUNS BY ANALYSIS OF BEAMPROFIL.E

MEASUREMENTS

B. Strorgin and A. Sdop
VariarIAssociatesInc.,611 HansenWay,

Palo Aim,CA94303

Abstract

A method of amdyzirrgbeam profile d3t3 is used to
detm-n:inethe ~sverse emiu.anccof elecwonguns used in
rnicrow’meetubes and mcdicd hnacs. The emiuance is
obtined b}’fiu.irrgrr,asurcd tmnsversebeam protilc data to
a Ctreoreticalmodel which includes contributionsfrom both
emittmce and space ~harge.The kam analyzer used for the
mcssurcmcntscorrsiwsof a Fiu-mhycup mountedon an XI’Z
tl_311S13tiOIlti stage, and dCIWS both VCrtiC~l and horizrmul
bwn profiles to be measwd as a functionof the disumcc
from the gun’s anode. The d.a~ are then fit [o a Pol)”ilomkl,

~LI v~fic~l ~~ horizorr~ emi[~nccs we c~cul~[ed.

Introduction

Knowledge of the gun emiwmce is important for
Optimizir.gaccelerator peti-ormanceas well as f“orrealistic
Simulatioficf ac~ekiators. Gun emittancc mcXurcmenLsarc
usuallyaccomp~shedby splitting the beam into many small
“bearnlcrs” wirh e.iLhcrpepper-pot t2rgcLs or slits. and
ar,alyzir!gthe angu;ardivcigcnceof the indib’idualbeamle*.s.
In this paper wc prcsem a different method for the gun

cmittance measurement-s based on analyzing beam
propagationin free space.

hlethod

Consideran e!ccrronbeam propagatingalong the z-axis
in a field-free drift region. The evolution of the beam
envelopeR as a functionof z is described by the following
differentialquationfl):

(1)

u“!mrethe dcri~’atii’eis wiLh respect to z, E is the ~~svcise

cmiuance,and K is the generalizedpemcance

~-l 2——
-10 p3# “

(’))

Here I is the beam current, 10is the critical currcn! (10= 17
kA for electrons), and P and y are the usual relativistic

jut .mclcrs.

.Mteronc intcgraLionover z Eq. 1becomes

wher~N = R(zO)and R’. = R“(zo)arc r.heinitialconditionsM
z = Zo.To simplify.Eq. 3 onc may choose z(j

locationof the beam waist in which ase R; = 0.

obtainsthe followingexpressionfor the emittarwc:

R(z)
(i?’(z))z- 2K ln—R.

s~(z) =
1 1.-—

R; R2(z)

A second intcgraLion yichts the f6110wing
relationshipbetweenR and z:

R

[

$)+ ~K 1n$]-lf2z -20= [(-Ry+El-$- -
0

1.0 h rhc

Then wrc

(4)

implicit

dR (5)

To obtain emimmcc values from Eq. 4 a polynomial
function was fit to the experimental values R(z). This
rdlowcdR’(z)and ~, and finallyE(z) to be determined.

In the second approach a least squares minimization
proccdurcwas used to find the emittance vahre which gave
thebest tl of the theorcticrdrelationof Eq. 5 to a polynomial
function representing the beam profile data R(z). In both
approaches the vertical and horizontal emittanccs were
determinedseparately.

The beam profile data used in this analysis were
providedto us by the VarianMicrowave Tube Division(2J.
The beam currcn! was memured by a beam analyzer
consisting of a Faraday cup mounted on an X-Y-Z
translationalstage. The cup diameter as well as positioning
accuracyof the stages was about 0.05 mm. The system was
evacuatedto ltYgTorr, and no magneticfieldwas present.

To derive the effective beam size from the current
profiledataJ(\z) we used the followingdefrnitiontl%

I
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Results

T!]: emlt~nccs o[ LJ,\Odiii_cwrL grns ‘.\”tXC&[cr,ninCJ

tisingL!IC~T.\”oapprc~chcsdcscribcd~ix)~”c:CGCis a diode sun
Icr mic:ow”3\t tubes. w! ‘Ac other is Q gitidcd sun ior
mcticdi 3CC~!CmLOrS.The [“,\”oguns w“crc [cstcci unicr
dil”fercntopcmtinc conditions: tnc lrro~c ~“olu~gc1“01”Lhc
dimic gun ~“as20-k\” witi !hc!cathode.cumn[ oi 12: m.+:
L’lc~“ol~ge of the @ddc>iigun was 6 kV, and dw cathode
current was g~ m.% h >oL? cases we found tht the Dco}”c
!Cng~ ~.q = ; E.j:<’:.’~~ ~ j 1,’ ~ << R*, ~d Lhc:cforc the

spc: C!KK:C ciieas arc imporun[. Figs. 1 A 2 show bcxrr
rxlii for the diode mid tic yiddcd gun respectiwly, polnrs

wih errors rtprcscnc chta. and the smomh lines rcprcscntthe
ii[ pol)momi~is.Fig. 3 and 4 show horizontal(unnorindizcd)
cmiwmccs for the diode and tic .tidded gun rcspccti~”clyas
f~r~licn~ci z, ~M~ emil~nces were calcukl[d using Eq. ~.
FL<.5 SI;L.NVSthe best fit of rhc tJrcore[icaJrc!otionof Eq. 5 [a
LicpcI!mollli31represcnt3tionof Lhchnm rxiius tiL3 for Lhc
diode gun and Lisrsthe ~alue of ~ corrcspo.dillg [o dlc best
fi[. The iwo other curves show the dc}”i~tionsof tk,ctheory
from Lhdpol}momialrcprcsenmlionfor an cmimmce value
2&7c t-,ighcrand 20% smalkr thn the best fit V31UC.Fig. 6 is
3 similxrpmscrrtationfor the griddcdgun. These figuresgive
wr inclic:ltionof the rcsolutiorrof the matchingtechnique.
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mm .wr]m: i.ew

Fig. I.
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polynomio!.
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Fig. 3. Emi[tmcc of tic diodegun a: a functionof z,

Imltt-1 1- mr.d) bZbIbZ6.&t
Bun rwnlm: ;.bw

Sf.lb

I

bitt> ● 216.3

,?91.3.3I
Z3.W , “.

. . ..”. . . . . . . .

165.64

2?.= -s.6s 40.6 46.4S

L- —..—
S .&? 39.69 43.7s 47.73

z (-3

~t’.m profiks for [hetiioic gun. poil]L$v.il!~
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kT
given by E&m = 2RC ~ . where R= is the cathode

o
radius, and T is the temperature.
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E,mittmce determination by a mm:! u!
Lheorctical]elwon (Eq. 5) to :i pol}’nomini
rcprcscnt~tionof bum r~:i;UScktu (ccmtinut.
curw) for the diodegun.

The> IiLSsuggestLIMLrk tmltmncc of d_Icdimic gun

1sclose to :hccrcticd Irx”cr limit, irldicnting a :. ![Ivc I}

snxdl {’:’ i (1 ,LC gro’~”Lhia the beam M iLrmvcrscslhe ..1:ii’1
:c2.i~’ ..- r the anode. In ccntrast me cmilumuc ef :hc

.1 gun appears to be about a f:ctor of six or sevc:]
-r than the thermalcmitmncc,whic1 may bc mribuLcdm

. fic.ldinhomogcnciticsant!SC3tLCrill;;cIfccts introducedb!’..
he grid.

Conclusions

The method prc:urmd here allow’srcI:lri’;c!yquick and e~sy
rmumrcmcnLs of electron !:un cl!IILKIIIccusing cxis[ing
conventional beam analyzrj wiLhou[ any Cddilimr:d
hw(!warc.
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PERFORMANCE OF THE !2MeV MICROWAVE GUN FOR THE SS&LL150 MeV LINAC.Y
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Abstract

.% described previously,l the
SSRL’S 3 Ge\’ syirchrotron is fed L
emittance Inicrowa*e gun. consisti ttg
ode mo~nt:!d in :he first cell of a

o VarianAssociates,

~: injectorIinacfor
“ \;?\’,1.5A, low-

.. f,ermionic cath-
, . :.ell s-band rav-; ? :

it?. In thi:: article, we report the stat “w.sful operation of
the gun. tlte longitudinally-bunching n-magnet, and the
three-micro mnch FET-pulsed beam-chopper. Simrrlat iors
predict a r ormalized rms emittauce a: the gun eit of
< 10 z m,t: ~:m; ch:omatic effects in transport optics in-
crea-.e ~.his Io $ 30 rr .m,c ~~m.The gun h.= a lmrgi tuI !inal
p~iase-space suited to rna~netic compression, as a resul: of
which we predict that peak currents > 300 A in a 1 ps b,lnch
ar[. feasible.

Gun Design Overview

The SSRL RF gun was designed in collaboration by
SSR [., AET .+ssociates. arid }“arian Associates. The gun
design had a number of goals, which wme chosen not only
wit h the needs of the SSRL lnje,. tor in mind, but afso
wit h the intention of producing a high-bright ncss electron
source. These goals were: [ I ) For a cathode current density
J s 100A,/cm2.each bunch injected into the linac should
contain 109uszble electrons; i.e., electrons with momenta
~ 80% of the peak momentum. (2) Peak momentum of ?

to 3 Me V/c for peak. on-axis electric fields in the second
cell < 1?0 MI:/n\. (3) Sear-1 inear. monotonic dependence of
moment urn P(t) on exit-!irne for 20-40 ps during a bunch,
in order to allow magnetic bunch compression. (4) Gentiy
cent.erging beam in the gun for a wide range of current
densities ( J < IOOA/cm21. (.5I Normalized rms eiiiittance,

2 I/2 for ! Ile lls~rtd beam [as de-
:1 = x (( X2)(P~) – (X. p,) )
finwl in goal ( 1)] of < 15rr m,c pm. (6) Manageable (i.e.,
< 5 1’..average at 10 pps for a 2 ps pulse) back-bombardment
IIower due to electrons returning to hit the cathode.

Figure 1 shows a cress-sectional \“iew of the gun, which
consis?.s of a demountablc, 6 mm diameter thermionic cath-
ode in the first cell of a 1-1/2-cell S-band cavity. In order
to thermally iso[a!e the cathode from the metal walis of the
cat.ity, the annula: focusing st:uct ure around the cat hodc is
also a thermal barrier made from metaUized ceramic. RF
electrical contact bf tween this structure and the cathode is
obtained using a toroidal tungsten-wire spring around the
cathode stem.

The assumptions of design goal ( 1j turned out 10 be
conservative in ~erms of the current density tteedcd. The
!imiting factor was the R F power av.dable i.o the gun. Ob-
taining beam momenta of the level desired irnpiies cavity
wall losses of about I MW’. It was ant.]cipate{! that about
4 \fl\r total RF power would be available. implying 3 M\t’
for the beam. For average kinetic ener~v 2 ‘,fe\’. this im-
pfies that 1.5 A (3.3 x 109 e- per bunch) could be acceler-
ated, requiring J x 30 A/cm2. In order to oi>ttin a nl.itch to
the i{F source under these conditions, the notmafizcd Ioari
impedance without beam W= chosen to tx: d = 4.

To satisfy goafs (2) and (3), it was necessary tu idter
the f:xcitation ratio of the two cells from the USUSJone-to-
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Fig. 1. Cross sectiou of the gun cat ity.

onc ratio. In particular. the excitation lewd of the scconrf is
s Q.9 tirne5 t hat of the ;Irst. This permits the gun to be OP -

erated over a wide range of gradients without obtaining the
sinusoidal p( t ) curve that appears when particles arrive iu
the second cell ahead of the crest. If one characterizes the ex-
citation level of the gun in terms of the peak, on-axis electric
tield at the RF crest in the .wconrf cell, k:p2, then operation

in the range SOM\:/m < F.~2< !)OklV/m (giving maximu !tt

momentum between 1.3 \f ~:,’/c and 3.3\fe\’/c)producesa
beam compatible with magnetic compression. High(.r rxci-
taticrn yi4ds more efficient extraction of beam, rcsultin~ in

higher currents for the same current density.
The shape of the focusing sttucture was arrivcrt at us-

ing MASK8 in order to satisfy design goals (-l) and (.;] I’hc
shape of the cavities themselves was not altered apprwi ably
from t hat used for Varian medical Iinacs Sin]ulation rletail,
are reported elsewhere. *

As for goal (6), it was fotlnrl that }Ja[:k-bonlbar(ll]lt.,1i
power would exceed 5 W average for J 2 50 A/cn~2 for t!w
nominal gradient of EV2 = 7S MV/m. Fortunately, it is not
necessary to use such “high CU,rent densities in our applica-
tion.

c~pr.latirlg experience wit}, the gun to date indicates
that the design goals h,ivc been largely met. Specifics of
the Irmgitudina] and transverse phase-space characterization
are presented below. )l~re we offer a few generai comments.
Scahle currents of up to 1.65 A have been obtained with
s 3.s ,MW power, though the current installation does not
provide sufficient RF power to exceed x 900 mA. While back-
bombardrnent is in evidence, it is a minor effect, permit-
ting effective con~.rol ~f current via ca.thodc filament power
‘l”be cathode currentlv in the mrn has been run for about
300 hours with no sign of degradatiotl

990.
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Gun-tu-Linac ‘3hnsport Line
The Gun-to- Linac transport line (“GTL !ine”) , shown

sctiematically in Fig. ? serves four main functions. The GTL
line provides bunching of the heam in order to match to
the longitudinal acceptance of the linear accelerator, and
allows filtering cut low-momentum particles. l’hesefunc-
tionsareachievedusingan a-magnet.10 Quadruples and
steeringdipoles control the beam size and trajectory. “The
qrradrupoles are required as part of the momentum filter (for
good resolution), and to match the be.=.mto the transverse
acceptance of theaccelerator,whifeprovidinga well-focused
beam for proper operatirm of the chopper. The FET-pulsed
beam-chopper permits the injection into the linac of only
three S-band bunches of the several thousand that emer~.e
from the gun duringtheRF pulse.

Magnetic BuncA Compression

The princ,ple of magnetic bunching is to uxe rt beam-
line with momentum-dependent path length, An additional
requirementis zero dispersionat. the end of the beandine,
to avoid increasing the beam-size due to energy spread. Fi-
nali}, momentum filtration requires nonzero dispcrsicm at a
location where an obstruction can be moved into the beam.
All of these requirements can be satisfied with a system con-
taining an a-magnet.l”

The beam from the gun haa a near-linear, mono-
tonic dependence of exit time on momectum: ‘exit(p) =
LO+ (dtetit/dp). (P - P. 1, where P = O?. To bunch the
beam, zdl particles of interest must arrive at the Iinac at the
same time. For reasonably small momentum spread, one can
expand to first order in momentum deviation, and obtain the
bunching condition:
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Fig. 3. Emittance versus charge per bunch.

W3a= P.Kg w. – 1/(2/30)]2—.—

{cpo(~texit/dp)+L.jrlrt[Po-(1/pc.)]}2‘

where the constant KO = 4.64210 (m,c/e)’J2 (hi KS), was
determined by numerical integration.”

Transverse Phase-Space
Figure 3 shows the predicted, normafimxt rms cmit.-

tance in each plaDe %1 the “useful” beam (;s defined abqte)
at the gun exit, as a function of charge in the beam ob-
t+.ir,ed through variation of the current density, frJm MASK
simulations with EP2 = ?5 MV/m. Note that the actual

I
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Fig. 4. Gun longitudinal ohase-spacr

em”I I ance at the cnd of the CITLIirw is predicted tcr be sig-
ni:lcantly greater because of quadruple chromatic aberra-
tions. and because we use + I []% momentum spread. In ad-
(lit ion, since the beam is fully coupled, one can obtain signif-
icantly smaller emit tance in one plane at t!re expense of the
ot her plane. Ilence. it is better to use the geometric mean.
7 = [f, (, )1’2of the emit tances in the two planes. ~Imu-
Iations predict that for En2 = 7.5 M\”/m, F at the end of

the GTL is <30 r m,c . pm for J ~ 40 A/cmz. with onl} a
weak deper, dence on current density, due in part to the over-
ricfing effect of chromatic abberations (compare Fig. 3).

‘:’he insertable screen before the beam-chopper can
be used in conjunction with the quadruple after the cz-
magnet to make me~surements of the beam size versus the
quadruple strength. This data can be us<ri to deduce the
ernittance. \lcasurements give horizontal emittmrces be-
tween .35 and 40 x . mec . pm. Future work will report on
the emit tances for both planes.

Longitudinal Phaa*Space
Figure 4 shows X’,ASK longitudinal phase-space re-

sults for EP2 = 75\l’*:/m and J = IOA/cm2. For a wide

range oi gr~dients, the longitudinal phase-space is character-
ized by a near-linear, lnrmotonic dependence of momentum
on exit-time. The momentum distribution is weil-ueaked.
near the maximum momentum and the particles are simi-
la~l~ bunched in time In general, about 50YGof tile particles
exltlng the gun are within 20Y~of the maximum momrm-
tum, and these same particles extend over about 25 ps. For
hizher currents at the same firadient, the momen”.um Deak is
br~ader, =S expected frmil tie mutu~ repulsion of el~ctrcns
in thebeam; rough Iy speaking, one mig!it find :ss much as a
factor of two broallening in going from J = 10 .040 A/cmz.

Spectrum rleasurements can be made Ising a move-
aole scraper in tlte o-magnet, together with toroids before
and after the cr-r,lagnet. Given s~ch measurements, one cwr
make various ccmparisons with simulations For example,
one call look at the dependence of the pos ,tion of the mo-
mrrrtum peak cn th~ gradient. There are r c field probes in
the gun, so LX=gradient must k rled uced fr ~m power conser-
vation. ‘1’he b,:am power can be i:lf:rred from. the spectrum
trreasurement with acconnt taker. of Iosws in the transport
line. FollowiF,gthis procedure, one can obtain an experimen-
tal relationsli]p bet,~een the position of the momentum peak
and the gra d:ent. For ‘low-current” (i.e., < 190 mA aver-
a~e ), we o}ttain reawjnable agreement with simulations.

0~“’

J I.“

, ., .. . .
. . ..

,, , . *... “ “
. . .$ . \.-

1 ., 1 I
o 1 2 3

,.. p (MeV,c) ... . ,

Fig. 5. Jlcasured arrd sirnulatuf moment ram specira.

High-current (i.e., > 100 mA) experimental data seem
to indicate that the a-tual power going into electrons is about
twice what can be accou nterl for Laserf on measurements of
beam power tran:;mitted through the o-magnet; possible ex-
planations urider 1nvestigation are secondary elrwtrons,] 1 dc-
Icctor diode calibration errors, stray magnetic Ilelds, and
transverse RF fields due to coupling slots.

One can also compare measurer! momentum dist rit2u-
tions to cafcrrlated mo,nentum Jis!ributions l)} matching the
peaks of the distributions. Because of the space-charge ef-
fect mentioned ju~t abot~, this is subject to the anlbiguiiy
of not knowing the currcn: density. }Iowcvcr, this does not
become irr,portant until J L: 30 A/cmz. A comparison be-
tween m~asurcd and simulattil spectra is shown in Fig. 5.

Simulations predict that it is possible to obtain
bunch lengths of I ps. For a gradient of 7S \lV/m and
J = 10 A/cm2, a peak-current of 125 A is predicted, with
6 x 1Os c- per bunch and ? = 22 x . m,c . ~m. If J is in-
creased to 40 A/cm2, this becomes 347 A, with 2.3 x 102 c-
per bunch and ? = 23 T . mec . ~m.

While this latter operating col,dition requires more RF
power than currently available, the former operating con-
dition has been achieved and exceeded, though the bunc}l
length (and hence the peak current) has not been measured.
Future experiments will measure the bunch length.
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AUTOMA-l’ioN” TOOLS Foi? ACCELERATOR CONTROL”
A NETWORK BASED SEQUENCER

Peter Clout,Mark Geib and Robert Westervelt

Vista Control Systems, Inc., 127 Eastgate Dr. #30800, Los Alarnos, NM 8-/544

Abstract

Inconj~rmionwithamajorclient,Visli\ControlSystemshas
tievelopeaa scquerrwrfor controls!”stcmswhichworks in
c-tnlunc[io~wi~ its re~time,distributedVsystemdatatnse.
\“s}”stcmisamt~volk-haseddataac uisitioo,monitoringand

%cmrt.d sys:emwfiichhas been app .ed successfullyto both
accelerator protects and projects outside this realm of
researctl.“RwM-Am-k-basedc;equencerallow’sa user to
simply define 8 thread of execution in ,an}”supported
CONl[JLL[erbnbe network.The\criptdcfiningasequcncehasa
simplesyntaxdesignedfornrm-programmers.with(acilities
for selcc[ivelyabbrm’iatingthe channel names for easy
reference.The semanticsof the scriptcontainsmost of the
familiar capabilities of ccmventicnal programming
languages,includingstandardstreaml/0 and the rrbilityto
slan otherprocesseswith parameterspassed.The script is
compiled to threaded code for executionefficiency.The
implementationwi!l be described in some detail ttwt
examples will be gil.en of appticatimrsfor which the
sequencerhasbeenirsed.

The Problem

Nfost control systems provide a cmr~’enticmalcomputer
programmingit:icrr’:t:< for the o}pera:orsanduserstoaidinthe
,?uromationof ?hes}xtemas the experience,undersmrrding
ai”utconfidence~ntheoperationofthemachineir.creases.Th?
acititionof‘Jreseprogramsto thecontrols}.stemisvitaltothe
contimrcddeveloprnentofunderstandingandperfomwce up
toandsometimespastthedesigngoals.Sev.mtattemptshave
beenmadein thepajl\1,2110makethisprocesseasierforthe
users ?md operators. These attempts have focussed on
developing interarlive languages with realtime and
multi-processorenhancements.Thishasresultedin facilities
[hat!lfivebeeneasytousefordebuggingprogramsbutwhere
thesourceprogramhasalmostalwaysbeeninterpretedbythe
computer,resultinginslowexecution,andinvolvingtheuser
indefiningthe1/0 to thehardwareandtakingaccounlot the
networkingberweencomputers.Thus, the user has hat! to
worryaboutmorethanthethebasicproblemat hand.

Ideatly,theusershouldbeableto expressthetrialsolutionto
theproblemin termsthatareconfinedto [helanguageof the
problemandwhichexcludeanyaspectsofthe1/0subsystem,
thecomputers,theiropera[’ngsystemsandthenetworlmgof
the compm that make up the whole control system.
TogetherJ i~naclient,weksvedevelopedanautomationtool
thatwebelieveadvancestheart in thisarea.

The Backgroundfor the LineSequencer

Thepredecessorto Vs~.stemwas develo d at Los Alamos
rNational Laboratory [3,4] and license to Vkta Control

Systems.We have de.~elopedand documentedthe control
system,Vsystem,so that it is now a usefulproduct in the
marketplace.The backbonefor Vsystem is the ;w:worked
realtimedatabase.‘i?dsdatabax is usedinitiaiiyto model the

1/0 connectionsto the controlsystem.The contentsof the
databaseare definedby a regularASCI1tile whichcan be
generateddirec!lywitheditorsor witha traditionaldataba$e.
Databasechannelnamescanbe freelychosento begener:dly
meaningful.Code then has to be developed to rmakethe
connectionbetweenthedatabaseandthe1/0st~bsystem.This
codecouldwellcome with thepackage,but the user is also
giventhedocumentationandhelptowritecustomcodesothat
almos!anyI/Osystemcanbesuppotied.Gerkmdly,ihis code
isjusta fewLinesforeachtypeof1/0module.Thes~;stem‘also
supportsanyuserwrittendataconversionioutine[hatcan be
expressedin a computerprogramminglanguageandhowto
writemd includetheseroutinesis documented.

The data in the database is accessed throu@ n library of
subroutines,Vaccess.The actualdatabasein a sys[cmc,anbe
distributedamon~ the computerscf the system and each
ccmputercanhavemanyindividualdatabasesinst.atled.Each
indi}iriuatpieceof thedatitbtseis held in mainmemoryas a
globalsection to give good perfomvmce.Vaccessrou!ines
makethe databaseappearto the user as onedatab%setaking
careof thecomputernetworkaccess.‘Jhcconceptis thatthe
userinteractsdirectlywiththedatabascmodelofthemachine.
Thecodemtigkiwccntile databot;eandthel/Osubsyslem
ensures that the database reflects the state of the actutal
mactriireand that requestedchangesare written to the i/O
subsystem.

The securi~componentof Vsysiem is the opelatorinterface
tool,Vdraw’.This 100]allow’sforthe rapiddevelopmentof a
graphicalinterfriccbetweent!wuser and the dimdme. It is
basedonthecomputingCOnU+LSdeveloped a~XeroxParein
he ’70sandfirstpopularizedbyAppleComputers.Thismol
allows tbc user to LIrtiwoperator windows with n draw
package and atso put objects on the screen which are
comectcdto thedataind’edatabase.7%isallowstheoperator
m @ckly see thestateof the machineandmakechangesto
settrngs.By clickingwith [he mousein a definedarea, the
operatorc,nnalso execute other programsor starl another
operationin thecomputer.VdrawrunsunderXwindowsand
withthistool,complexbut intuitivewindowscanbedefined
in hours.

Vaccessand Vd.rawtogetherprot”idcthe toolsnecessaryIO
build a supewisorycontrol system.They alscrprovidethe
basisfortheextensionof tkesystemintoautomruion.

The Me Sequencer

Tk,erequirementfor the Line Sequencerwas to providea
facility whereby scientistsnot familiar with conventional
computerprogramminglanguagescandetinetheautomation
of !kir experiments, including the analysis of the data,
without the need to learn FORTRAN.This languagewas
developed together with a client experienced with this
requirement.

TheSequenmrprovidestransparentnetworlcmanagementof
sequencesofaction,ApowerfulfeatureofthcLineSequencer
liesin the factthatsincenospecialprogrammingknowledge
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is necess.rtry.the.woplemostcomected withtheprocess,the
engineers,operatorsand users, c,anwrirehe script used to
executeaction.Thiselimirntesthedifficultconlmunications/
specificationsstepbetweenthe userandtheprogrammer.

The threeprimarycomponentsof theLineSequencer,arethe
compiler,thecommandinterface,andtheengine.Comm,ards
are entered into the Line Sequencrr with a simple
English-Likelanguage.me compiler must mnslate this
~n~is~~e scriptinto,urintemlediateliUlgUagC for Itlc
scquerweengine. The command interface controls and
monitorsallsequencesol”actionsandcommunica[esbackiuti
forthwitiltheenginesduringusercommandexecution.The
enginesexecutesourcecodeger!eratcdbythe compiler.

The Line Sequencercreates mrerwironmcntwhich allows
multipleservers to run multipleengines. txtch}~rform%g
differentsequenwsof ~cti~r.$. Sequencescanbcrepetiti~”eOi

conditional in nature. Each sequcncc runs ill a sep,ame
engine. This allows one scm”crto mn multiple engines
simultanemrsly,thuspemlittingseveralsequencesof actions
toexecuteat thesame;ime.Figui~1is adiagramof the Line
Sequencerenvironment.

Compiler

Thecompiler i?designedforem}euse in w“rhing\’sequcncc
scriptby someonew“ithlittle or no programming experience.
VsequcnceScriptisbasedonasimplekeyword/valuesymax,
withallextratextignored. Becauseyoucan include text ;\ntt
ke}”wwrdssimultarrcousl}f,Vsequence script is even rcadahie
to someone unfamiliar wilh it. Vsequence script hm some of
[he flexibilityandgeneralityofpseudo-codei[lthatthereare
many ways to expressthe same action.Also, the sequence
compiler generates helpful emor messages and will flag
conditionsorstatementsthiif it tindsiunbiguotrs.Thisallows
the user several wzys of expressingfunctimritlitywith the
crmtidcncethat the compiteris interpretingthe instructions
Col-n?ctl)”.

VsequenceScript

English-like constructscan be used in the Vseq\lenccscript
vi!h keywordsusedtc grneratetheVsequencesourcecode.
Forexample,linesof scnpi suchas

Turn J’ALVI112ONto start the flowofwater

or

Initialize by setting VALVE12ON

me both acceptable.This will set the databme channel
VALVEI2 to theONstate.Theextratextallowsthescriptto
beself~ocumenting.

~m; ~~•: .“”“,.”.,:.”., ::“:;;““:,.;.

Figure 1: Line Sequencer Environment

tlc userentersEngfish-likescript.whichis convcrwd10
SOIHCC by thecompiler.Thissourceis thenexecutedbythe
e,lginc.‘il:cVsequ”cnuescrvermonitorsandcontrolsh-ese-
quenc<oi ,{ctionshcingexecutedby theengine.

The Vsequenccscri t Ianguagchas a completeset of flow
rcontrol constructs or looping and condrtimrtesting. In

addition,it ha- a WAITUNTIL controlconwructwhich is
usefulfnrholdingexecutionuntilsomeconditionis reached
ill [hc system under control. The WAIT UNTIL control
functic,lalso hilsa TIMEOUTcapabilitybuilt-in so that it
willnothangwhilewaitingforsomeconditionthatmaynever
occur.Allofthefi.mctimmlityofatrucprognunminglanguage
hm beenprovided.TheLineSequencer’sEnglish-likescript
is a free form, context sensilive,programminglanguage
aimedatlaboratoryautomation.11istightlycoupledtotherest
of Ihe Vsystefil,whichwillgreatlysimplifiesthe command
inlcrfacc.
The Line Sequence Compiler h-asa rich set of logical
operators (expressible in many different forms),
mathcmiitic.d functions, and tiie 1/0 capabilities.
Additiocidly,the com iler understandsthe structureof the

EVaccessdatabaseand imdlessettingvaluesin thedatabase
tmnspitrently.

Commandinterface/VsequenceServer
The cummand interface which controls the actions of
sequencesis basedon a client/sen”ermodel.Theclierrrk the
user inter-faceprogramwhich acceptscommandsfrom the
user ,andsendsthem forexecutionto the appropriateserver.
Theserverprovidesandcontrolstheresourcesnecessnryfor
sequenceexecution,i.e. thesequenceengines,Thisapproach
aflowstheusertonrnsequenceswithouthavingdirectaccess
to the computeron whichthe sequenceis executing,while
providinga clean mechanismfor disuibutingthe workload
overthenetwork.
Eachsequenceservercansupportupto32enginesmnnio~ on
a nodeat one time.The actualnumberof sequenceengines
executing mity be less because of the VMS system
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configuration.}Wh these 3? engines, the server cm also
suppcm U- to 32 linksto usersat thesametime.Each user’s
cmnmand.sare executed in the order in which they are
remivedby theserver.

The sewer alsoprovidessecurityprotectiot~sforsequences.
T&e axerwolevelsofsecutiq-foreach~-uen:eengme. The
enginesarerununderVMSuserac.countsandusersmusthave
networkproxytoaccessthe3spwifiet!zccount.Thismeans
that only certain usem can rcn sequencesunder a given
account.Also,wdy these userscan issuecommandsto the
sequenceengine.The AlTAG! commandfunher restricts
accessto anengiie to oneuseral a time.Thus,two different
use= cannotissueconflictingcommandsto an engineat the
sametime.

The commandinterfaceallows com lete control over the
creationsndexecutionofsequences.I%erearecommandsto
create,set theparameters,and show the statusof sequence
execution.Thereareah %cilitiesprovidedforrudimentary
debuggingof thesequence.me DEBW modedisplaysthe
currently executing ‘Jse$uenm source instructionon the
user’sterminal,whilea suigleSTEP modeexecutessingle
instmctionsat a time.

Engine

The sequence engine providesan environmentw+ichwill
executeVsequencesource.The instructionsare intet&d to
provideatlthe functionalitym uitedtowrneprogramswhich

3willeasilyaccessVsystemm timedatabssechannels.

The instructionsprovide for conditionalbmnching, time
bawd operations,limited control of VMS processes, and
transparentaccesstoVsystemdatabasechannels.Theengine
provideslimitedaidfordebuggingVsequencesourcethrough
a(iebugmodeandsinglesteppingthroughVsequencesource.
C-style l/O is provided and suppons any standiud VMS
streamdevice.In addition,supportis providedfor opening
DECtermwindowson workstationsrunningDECkindows.
The engine is stack based; thus, most Line Sequencer
imstmctionstakeoperandsoff thestack andleaveresultson
the stack. Conditionhandlingis providedby establishing
condition handling branches which are taken when a
conditionoccursat run time.

The executionof Vsequenceswirce is very efficient.The
instructionsare compiled,and a ;ector table of instruction
entrypointsprovidesexecutionof instructionsat mn time.

Theengineprovidesa numberofutilitycommandsto aidthe
user.Forexanq$e,durin gtheIoadingofVsequencesourcethe
actualsourcehne.sforeachinstructionarestoredandcanbe
examinedwiththeDUMPcommand,Thestatusoftheengine
can& cx”aminedwiththeSHOV’command,whichprovides
thecurrentprogxamctmnterandstatusbits.

Example

Figure2 shows an exampleLine Sequencerscript. In this
example,an oven is bein ram d up to a givenvaluesand&n ~,owed ,0 coo, .& ,,,~chwacter is he comment
delimiter and tk “load” command cattm the sequence
engineto searchthe databasedefinedand load the channel
namesthatfittlwsearchstring.Inthiscase,allchannelnames
wiIimatch.Thechannelscannowbe referencedin thescript

usingonly the remainderof the name. in the third line, the
words“make”and‘“degrees”areignord andinthenexttoki
line there ruefourwordsthat tue ignored.

!load all the datiabase ”ebaitnel itattm
#load IWBZ:
make aet~oink 20.0 dbgmea

! zmp the furnaae to 1600
until (aet~oint > 1000} then

set~oint = aet~oint + 50.0
wait 5.0 seconda

end

!wait for sample to xeach .IOO(J. O clegreea I

wait until ( tamp > 1000.0 ) I

!hold at 1000.0 tor 1 min.
wait 60.0 atioonda
!go back ko room tamp
return the aet~oint to 20.0 degreea
Wait until ( temp C 50.0 )

Figure2: An ExampleLineSequencerScript

ThesourcewiUbe loadedtotheenginefornmning.Notethat
the parsed scri t forms the initial commentsand that the

[engineis a stac +rientect device,

Conclusion

The Line Sequenceris currentlyin productionuse and has
atreadyctemonstmteditspewer inseveraldemonstrationsand
a productionenvironment.As thesourceinterfaceis defined
% the documentation,users can developtheir own custom
interkes should they wish. We will be developingthe
capabilityof theLineSequencerandalsousingtheengineas
thebasisfor futureautomationtools.
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INCREASINGOUTP117POWEROF A 850 MHZTETFfO!lEWfTH

A FLOATING-DECKWiOSULATOR’

DanielReesandCarl Fnedrichs
LosAlarnx NationalLaboratory,LosAlamcs,NM87545

Infroductfon

Designers of high-power amplifiers general!y regard Ihe
region above 300 MHz as a domain dommated by velocily
modulated (klystron/TM/T) devices. Hcwever, as the power
requirementsdiminish, there are attractivealternatives. Thehigh.
power 850-MHz requirements of the ground test accelerator
(GTA) programcan be filled by 1-MWklysuons, but i! would be
more efficient to use a lower-power device for 2 50-k’$J
reo~iremcnt. To meet Ihe 050-MHzmedium-powerrequirements,
LOSAlamosNationalLabor?.foryis developingan 850-MHztefrode
amplifier. These amplifiers will ptcwide RF power to the
momentumcompactorand bunchrotatorcavitiesof the GTA.

Available lubes proiide only a limited safely margm for a
Iowrisk design at the power levels and duly fixlor required for
GTA cavities. At 850 MHz, the output power capability of
available lubes is reduced because qf transit time effects and
limited anode voltage holdoff. Pulsing Ihe anode ol the output
tetrode amplifier will ailow higher oulpu: ~wer with minimum
desigr, risk. A floating-deck modulator acls as a high
vollage/high-currentswitch, so voltage is applied 10the anodeof
the cjriddedtub+?only during lhe rf pulse, The anode vcdlage
hoidoff capability of the lube is substantially enhanced by
operatingin thi: mode. This paper will describe the design of
the floating deck modulator and its impact on fhe design risk of
the 850-MHz tetrode amplifier.

GriddedTube Llmhations at 85GMHz

Gridoed lubes af high frequencies are !imited irl power
ou:put for a number of specific reasons. For high-frequerlcy
operation,it is essential !Ominimize the ouiPUl spacing (grid-to-
plate spacing for a lriode or screen-to-plate spacing for a
telrode) and the circumference. The circumference must be
minimizedtc preventthe introductionof radialmodesin the axially
symmetricoutput cavi!y of the tube, ?Ild the ouifxd spacingmust
be decreased to minimize frat%it time effects. These factors
result in a tube design that decreases fn size with increasing
frequencyof operation. The decrease in size leads to a smaller
emittingsurface(reduc~dcurrent capability)and a smalleranode
(reduced dissipation capability). Also, the decrease in Output

spacinglimits the anodevoltag~holdoffcapability.

85&MHz Grldded-Tube Design

The Ielrode amplifier currently under development al Los
Alamosis being designed10satisfy a 50-KW requirementfor the
GTA. The design is for a 65-kW, S50-MHZ, pulsed telrode
amplifier with a maximumpulsewidthof 2 ms and pulserepetilon
frequencyof 10Hz. Thedesignpowerlevel is higherthan

————
“Work supported by the US Department of Energy, Office of
HighEnergyand NuclearPhysics.

requiredto provide for transportlosses and control margin for
the cavity phase and ampIil&fe closed ioop ccm[rolsystem. The
afipiifier consistsof fow stagesand will be operatedclass B.

The firs! Inree stages will consist of a solid-stale driver and two
tetroae amplifiers. The last stage uses a Bulle 4632 Ietrode
amp!i:ier. The oulput power from a aridded lube ISthe produc[
of the fundamentalcomoonenf(850 MHz) of anode current and
the anodevoltageswing. The anodevoltageswing is Ihe product
of the fundamentalanodecurrentand the d resistancepresented
to the anode by [he output resonantavity. The mldpoin!of the
swing is the bias vcl!age of the anocfe. As the electrons lraverse
from the screen to plate, they see a time-varying accelerating
gradient (transit lime effect). Al lower frequer ;ies the effect is
negligible: however, at 850 MHz the Iransi[ :imc becomes L
significant portion of a wavelength. The resulting time-varying
acceleratinggradient !ends to debunchthe electronsand resulls
in decreased fundamental current, increased harmonic current
content,l and reducedoutput Sower. To minimizethis eff~ctand
boost the power capability of the gridded !ube al 85J MHz, j
flualingdeck moduiatorhas been designed. The modulatorwill
pulse the voltage to the mde of the final stage of amplific?lcm
for 2 ms, thereby increasingthe w]ode voltage holdoff cap?,]ilily
by 50% over tne dc value. The increasedvoltage holdoff :dlows
for a larger anode voltags swing aild accelerating gradient
resulting in increased output power and minimal tralsit lime
effecis.

Burle 4632Tclrcdf? Amplifier

The 4632 tetrode will be used for the iinal stage of
arnolilica!ion. The 4632has a continuousanodevoltage ratingof
10 kV whicl( would limit the output power 1045 kW. In order 10
provide for a 65-kW design, a floating-deckmorfulatorwill pulse
the anodevoltage to 15 kV. The proposed operatingconditions
are iisted in Table1.

The currents, power, and rf resistances listed in the table
are calculated f;om a Fourier anaiysis of the lube
characteristics.2 Thecircuit efficiency represents Ihe resisfive
losses in the tube and cavity structure. The transit time
efficiency is calculated by a one-dimensional simulation of
electrons crossing the oulput gap of the 4632 tetrode under the
bias conditionsir, the table in Ihe presenceof Me lime-varyingrf
voitage.l The modulatorwill pfovide a pulsed anodevoltagefo
the 4632of 15kV at a minimumof 13.5A anodecurrent.

?fbdufatorDesign

Flguro 1 con) ins a block diagram of the floating-deck
modulator. Themajorcomponentsare a 20-kVpowersupply,two
EiMAC8964 switch tubes in parallel, hetfe! cal!lode modulators,
a 20-kVisoiaticn transformer,a grid suppiy,a screensupply,an
ocrtica! interface, a fault detection interface, a hign-voltage
insulafcdderX anda high-voltageenclosure.
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Tablel
4632 Tetrode Operating Conditions

Cathode Dilve

Parameter Des’krn
DCPlate Voltage 15000 volts
DCScreen Voltage 1500 volts
DC Cathode Bias 50 volts
DC Plate Current 13.5A
DCScreen Current 000 A
DCGridCurrent 2.5 A
(IC Cathode Current 16.0 A
Fund.PK.PLT.Current 20.1 A
2NDHAR.PK.PLT.Current 6.6 A
3RD HAR.PK.PLT.Current 1.3A
FundPK.CATH.Current 25.9 A
Peak Plato Swing 8000 volts
Clircuit Efficiency 95.0/0
Transit Time Efficiency 86.%
Output Power 65. Kw
RF Plate Load 399. Ohms
Peak Cathode Swing 170.0 Votk
DrivePower 2.1 Kw
RF Cath.input Resistance 6.9 Ohms
Plate Dissipation (peak) 108KW
Plate Dissipatiorl (avg) 2.2 Kw

Fig, !. Floalingdeck modulatorblockdiagram.

Ietrodes. The curves have opposite slopes and the operating
point is the intersection of the two curves. The curve for the
8960 tetrode is read !rom Ihe EIMAC data sheet. The curve for
the 4632 tetrode is calculated by varying dc anode voltage, with
d drive and screen voltage remaining constant. The horizontal
axis in the figure represents the plate voltage drop across the
EIMAC8960. The voltagedrop across the 4632 Ietrode is 19 kV
minusthedrop across the8960,
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The EIMAC 896C is a glass-envelope, air-cooled, power
tetrode designed for pulse modulator or switch-tube service,
opera:ingat voltagesto 50 kVdcor anodecurrentas high as 12A.
The rube has a thoriated-tungstenfilament, ano the maximum
average anode dissipation rating is 1200 W. Cooling is
accomplishedby radiation from the an~de and by circulation of
forcedair throughthe baseandaroundthe envelope. Thecurrent
required by the 4632 is in excess of the capability of a single
8960, so two 8960’sare connectedin parallel . The modulator
operatingpoint is calculatedin Figure2 basedon a 270-Vdcgrief
bias. Figure 2 displays load lines for !he 4632 and 896(J

Fig. 2. Ffoatingdeck modulatoroperatingpaint.

A 20-kVdc, 540-mA SCR controlled power supply will
provide dc voltage to the anode of the 8960’s. This supply
providesa peakcurrentof 27 A from an internalcapacitorbank?t
the rated voltage and duty factor. me screen voltage for the
8960’s is provided by a 2-kV, 150-mA high-voltage power
supply, and the grid voitage is provided by a 450-Vdc
unregulated power supply. An optical interface will rerxive a
gatingsignal from the tetrodecontrollerand pass back the stalus
of the equipment. The gating signal will drive the hexfets
connectedbetweenthe cathodesof the 8960’sand the deck. This
will caw? the tube 10wnduct and r)rovidea pulsedvoltageto the
4632 anode. From Figure 2 it can be seen that a 3-kV voltage
dropwill occur across the switch tube. Hencea supplyvoltageof
18 kV is !weded to provide the 15-kV pulse to the anooe of the
4632. A fault detection interface will monitor filament current,
power supply voltages, and the calhode hexfet modulatorsfor
equipment fauns. All equipment is contained within a metal
enclosure called the floating dsck. The potential of the floating
deck is identical to the potentialof the 4632 arwde and will pulse
from O Vdc to 15-kVdc with the rf pulse. The floating deck is
containedwithina high-volbge enclosureat aroundootential. The
floatingdeckand high.vokag~enclosureare~esi!med 10minimize ~
sharp corners or ridg?s that could lead to vo~age breakdown.
The 20-kV transformer ,provides ac prmwrto the equipment I



wilhin the floating deck. The secondary of the transformer is
referencedto lhe deck potential Figure3 containsa mechanical
drawing of the floating deck, power supplies, and high.vollage
enclosure.

Status

A floating-deck modulator has been designed and tested.
Tests were conductedusing a resistive load to simulateIhe load
line of the 4632 Iclrode. The floating-deckmodulatw performed
as designedand provideda pulsedvoltageof 15 k’) anda pulsed
current of 13.5.410 the resislive load. The peak value of the
pulsed voltage is variable by adjuslir]g the operatingparameters
of the switch tube. When the developmentis complete for the
4632 tetrode cavity, Ihe modulafor will be integrated with the
final stage of amph[icalionfor rf testing.
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LASER INTERFEROMETERFOR THE PRECISE ALIGNMENT OF A LINEAR ACCELERA’IOR
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Abstmct

Since the beam spot size reaches nanometers
at a final focusing region in f“ut.ure linear collid-
ers, vibration displacement must bc suppressed to
the order of nanometers, which we call dynamic
alignment hereafier. A technique involving laser
interferometers allows such precise measurements
of the displacements of accelerator components. lti
the alignment of linear accelerators, the most im-
portant quantity to be measured is transverse to the
laser direction, which defi~es a reference line. In
order to realize it, the possibility of using phase-
conjugate mirrors w-ith a laser interferometer was
investigated.

1ntm&mtion

Recent research and development concern-
ing future linear colliders suggest that the beam
spot size at the collision point should be reduced to
the order of nanometers in order to increase lumi-
nosity. To realize this, the dynamic alignment ac-
curacies of such accelerator compcments as the
quadruple magnets at the final focusing region
must be of the order of nanometers, or less. This
requires technological innovations “in both mea-
suring and controlling the dynamic alignment
precision. Although so-called nanometer-technol-
ogy has been progressing in industries, there had
been no need to obtain the same accuracy over sl.ch
a very long distance as that fcund in linear accel-
erators. In the following, we introduce the technol-
ogy of an ultra-precise laser interferometer de-
veloped in gravitational-wave experiments, and
examine its sensitivity. The possibility of trans-
verse alignment peculiar to the alignment of a lin-
ear accelerator was also investigated using phase-
conjugate mirrors.

Laser Interferometer

Principle

The laser interferometer is a MicheIson-
type, comprising a stable coherent light source
(laser), a beam-splitter, and high-reflectivity mir-

rors at the end of each arm. One of the light beams
separated by the beam-splitter enters the longer
arm; there it is reflected by the end-mirror and re-
turns to the beam-splitter. The other beam goes to
the reference arm awl is reflected by a mirror back
to the same beamsplitter. By observing the inter-
ference pattern of both t~z,ns, a vibrational dis-
placement. separated by u long distance can be pre-
cisely measured relative to the length of the refer-
ence arm. The precision is usually determined by
the order of the light wavelength, which is not suffi-
cient in our case. We introduced a dark-fringe
locking method which had been developed in
gravitational-wave experiments, which assured
the desired precision.

Sensitivity

The fundamental sensitivity limit is de-
termined by an uncertainty relation based upon a
quantum fluctuation of the mirror motion. This is
realized when the photon-counting error and the
radiation pressure to the mirror are balanced.
Since the laser power for such a condition is ex-
tremely large, the sensitivity limit is given in
terms of the photon-counting error (for instance,
about 10-15 m/Hzl/2 with a laser power of 10
mW(He-Ne). ). This value is sufhciently small
for our purpose, and is neglected here. The noise
source for practical sensitivity is classified into the
following items:

[11Laser noise
[2] Seismic Noise
[31Thermal Noise
[41Residual Gas, etc.

[1] Laser noise There are two types ofnoiae
sources in a laser: frequency fluctuation and in-
tensity noise. In the cas~ o? frequency fluctuation,
the interferometer sensitivity is Determined by the
product of the frequency stabil. -;@f/f)tmd the ab-
solute difference of the light path. A commercially
available He-Ne laser, for instance, has a fre-
quency stability of the order of 1O-1O.Since the ab-
solute difference of the iight path may be long in the
interferometer for the alignmez ~f a linear accel-
erator, possibly reaching 100-1000 m, the sensitiv-
ity becomes more than 10 nm. To resolve this, one
cou!d stabilize the frequency by locking it to an ex-
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temal Fabry-Perot cavity, or decrease the path dif-
ference by using a multipath method for the refer-
ence arm. The product of the intensity fluctuation
and the residual deviation from a dark fringe
when locking limits tb e sensitivity. For dark-
fringe ~.)cking, one needs a relatively high modu-
lation frequency, since the intensity fluctuates,
especially in u low’-frequenc~, region. In the ex-
ample of the He-Ne laser, the stability of the inten-
sity is about 10-4, which is negligibly small.

[2: Seismic Noise Since the dynamic
alignment precision must be hig!l in the low-fre-
que: y region, the effects of seismic noise must be
considc :ed. Th c typical spectruln of seismic noise
is known to be roughly 10-7 / ~ 2 rn/Hzl/2, indicat-
ing t}, n~cessit>”of an effective ~’ibration-isolation
system for the accelerator components. There are
tt~o types of \’ibrntion- isolation methods: n passive
method using a coil spring or a pneumntic spring,
and an acti~!e method using feeclback contrul.

[3] Thermal Noise All comj ncnts of the
system, such as accelerator components, mirrors
and optical elements, have their own mechanical
resonant modes, wit~ which thermal noise is tlsso-
ciated. It is also important to note that the vihra -
tion-isolation system for seismic noise accompa-
nies thermal noise. In order to decrease thermnl
noise, one needs a low temperature for the mode, a
large effective mass of vibration, :in appropriate
selection of the Ieson ant frequency and a high me-
chanical quality fac ior. Thermal motion is gen-
erally very small when the temperature of the mode
is 300 K, or the ci:nponent is in thermal equilib-
rium. with the environ mental temperature. It is,
however, taken account of in relation to the feed-
back system of vibration isolation.

[4] Residual Gas Fluctuation of the refrac-
tive index of residual gas causes a variation of the
effective path length, and 1imits the sensitivity. A
vacuum system is also necessary for suppressing
acoustic coupling with environmental nuise.

I%Aiminary EXksriments

Preliminary experiments were carried out
on a long-arm interferometer in air. Fig. 1 shows
the experimental configuration. The arm length is
about 80 m and the light source a frequency-stabi-
lized 0.7 mW He-Ne laser. The beam size can be
set to about 15 mm$ by using a beam expander. A
retroreflector reflects the beam parallel to the in-
coming beam, in such a way that the reflected benm
into the laser does not disturb its stabilization sys-

tem. We observed the interference pattern on a
screen. The results showed b~th large coupling
ivith the environmental acoustic noise and the ef-
fect of residual gas, suggesting thfit the vacuum
system is essential in the current. stage of experi-
ment. We are ncw preparing a suitable vacuum
system and the introduction of a dark-fringe lock-
ing method. Each type noise mentioned above will
be identified using this system.

Transverse Alignment

The most necessary qunntity to measure re-
garding linear-accelerator alignment, is the
transverse one with respect to the Iasel direction,
which defines o reference line. In order to realize
this, one of the possibilities to use phasr conjugate
mirrors with a lnser interferometer was investi-
gated. A phase-conjugate mirror has a novel prop-
erty in that reflected light always comes back in the
direction of injection. Using this property, one
could expect to achieve transverse measurements
with an interferometer technique. Fig. 2 shows one
possible example under experimental study. The
light beam of a 15 mW Ar+ laser enters the phase-
conjugate mirror at an injection angle of 45 de-
;:rees with the crystnl surface. The phase-conju-
gated light is retlected in the same direction as that
of the incoming light. The incoming light is also
reflected directly to the flat mirror. The ordinary
light reflected at the flat mirror returns together
with the phnse conjugated 1ight and interferes.
From a variation of the interference pattern, one
can determine any transverse displacement,
which is decoupled with the longitudinal one in this
scheme. The experiment with phase-conjugate
mirror is, however, very delicate and strongly de-
pends on the power and stability of the laser.
Although we have not obtained any definitive ex-
perimental results so fnr, we note our belief that the
principle should be reconsidered.

Authors wish to thank the Japan Linear
Collider study group for their warm encourage-
ment and valuable discussions.
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ESPERIMIZNTALInvestigations OF
MULTI-13UNCH INSTABILITY BY ATRANSVERSE W“AKEFIEIJ)
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~ National tibrato~ for High Energy Physia
Tmlcthq Ibm&i 305, Japan

Abstmct

A multi-bunch instability due to a transverse
wake field relevant to future linear colliders was
investigated at the primarw electron section of the
KEK positron generator linac. A transverse shifi
of the last bunch was obser~’edby changing a trans-
verse offset of the beam positicm at the entrance of
the first accelerating cavity.

Intmciuction

Future linear colliders wi~l require multi-
bunch operation for the attainment of large lumi-
nosity. Under multi-bunch operation, it is essen-
tial tc owwcorne any bean instability induced by a
transverse wake field, since it may result ill both
~mittance growth and blow-up of the spot size at the
collision poir, t.2 The problems related to the
tran.w’erse wake field and ii.s effects on a high-in-
tensity, single-bunch electron beam have been al-
ready :esolved both theoretically and experimen-
tally by several researchers.3 The multi-bunch
instability, however, has so far been treated only
theoretically;4 results suggest several possible
methods to reduce this instability. Only a few ex-
perimental studies5 have taken place concerning
high-intensity, multi-bunch electron beams; espe-
cially, no experiments have been repo~ted on the
multi-bunch instability caused by a transverse
wake field (except for BB06 or pulse-shortening ef-
fects for a very long train of bunches, where only
the beam loss was observed). We first observed a
multi-bunch instability for a few bunches at the
primary electron section of the KEK positron gen-
erator linac.

Experimental

The layout of the KEK positron generator
linac7 is shown in Fig. 1. It involves a 250-MeV
primary electron section, starting from a 150-keV,
high-intensity electron gun with a peak emission
current of 10 A and a pulse width of 4.2 ns. The
electron beam is longitudinally compressed to a 2-
ns pulse with a peak current of about 15 A by a Sub-

harmonic Buricher(SHB) with n modulation fre-
quency of 119 MHz and a subsequent drifl space of
about 3 m. It is then split into several bunches in a
bunching section operating at 2856 MHz, and ac-
celerated to 250 MeV in a regular accelerating sec-
t.ior,at the same frequency. Fig. 1 also shows parts
of the focusing system related to the experiment: the
steer~ng coils and quadruple magnets that are ar-
ranged so as to produce a betatron wavelength of
about 40 m. Am energy-analyzing station8 in front
of the positron conversion target comprises
collimators, an energy-analyzing magnet, beam-
profile monitors, a current monitor, a slit, and a
bunch monitor of the strip-line type.g The mea-
sured energy spectrum of the berm ii~dicatec sev-
eral peaks, which have been identified as being
bunches using a bunch monitor. The electric
charge on each bunch amounted to several nano-
Coulomb; the total energy spread was about 9 %.

In order to observe at PRM-A how the trans-
verse position of the beam moves, we changed the
transverse (vertical) offset of the beam position at
the entrance of the first accelerating cavity by flow-
ing a current in a steering coil, ST-l(see Fig. 1) .
A photograph of a typical case is shown in Fig. 2;
the bunch structure appears and the last bunch
(right-most side) moves very sensitively to the
vertical offset at the entrance of the accelerating
cavity. In Fig. 3, the transverse displacement of
the last bunch is plotted as a function of the offset at
the first accelerating cavity, which was measured
at the profile monitor, PRM-1, immediately after
steering coil, ST-1. It shows an almost linear de-
pendence, which is reasonable from a theoretical
point of view.

Several tests and analyses were performed to
confirm that the observed effect is due to a trans-
verse wake field. First, the beam trajecto~ for two
typical cases in which the effect seems to appear,
was checked. The result showed normal behavior
of betatron oscillations (Fig. 4). The transverse
beam positions at PRM-A with SHB both ON and
OFF was then compared. No effects were observed
when SHB was OFF (Fig. 5a). Since SHB being
ON and OFF corresponded to five- and twelve-
bunch operations with almost the sanie total charge,
the same average energy, and the same total en-
ergy spread, we could verify in this way that the ob-
served effects depend on the electric charge per
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bunch, and thnt the effects are not cowed b). differ-

ent possible orbits due to mome .itutnl d. Terences. A
semi-lo[:g beam with &peak currl’nt of 2 ‘1A and .1
nuke width of 40 ns was accelerated in ordl’r to de-
Lermine whether the ffects appear when the ,}lectric
ch~rge per bunch IS smaller (the total electric
charge was almost twice that of the 2-11sbeam). AIO
trans~erse blow-up was observed (Fig. 5b), \’erify-
ing that the electric charge per bunch is essential
for the eRects. Finally, the z-dependence (here, z is
agajn the length of tfie accelerator) of the effects
was investigated . By changing the beam offset, at
the second accelerating section (see Fig. 1), not at
the first, ~educed z by maintaining allliost the
sa me offset, we !“Iun d Ihat the effeL’LS became
smaller (Fig. 5c). l“he reduction ratio oi’ the t.rans-
\.erse offset was about 3.5, oht:~ined l,:.”appiying n
i;i rge initial o’1’set, so as tc produce the same trans -
\“erse effect.

Discussion

The results are summarized as fo!lows:
(1) The obser~wd shift of the h! :lm position at the
output of the accelerator is prop~r: i(~nalto the offset
at the entrance of the acceleratil:.g :ality ~Fig 3).
(.2) T},e obser~’ed effects deprn(l on the el(~.tric
charge per bunch, not on t: c t~tal electric charge
(Fig. 5a,b).
(3) The dependence of the effects on the length of
the accelerator is sufllciently strong (Fig. 5.).

In order to quantitati~ely explain the results,
we tried to make a very rough estimat {mby app!>-
ing, for instance, a two-particl, model bj ~f’ilson to
our case. Jt’i]son’s formula3 is

.~’f e.V@Vdz
~: ~ ~R:lo 3

where Xf and Xi are the offs(.ts at t’ne el. j:~nce and
output of the accelerating ca~ity, respectively’;,\’ :~~e
number of particles; P the hetatron wavelength; \\ “d
the dipole wake field at the separation between the
model particles; z the length of accelerating sec-
tions; and VO the a~’erage energy. If we take eN= 10
nC, @49 m, Wd=lols VKVm2,z=24 m, and eVo= 120
bfeV,

Xf
-3,~z

which is roughly consisten~ with the experimerltal
value of about 1 (Fig. 3). Here, the value obtained
at SLAC2 for a dipole wake field was assumed.
The difference may be attributed, for ir,st,ance, to
the fact that it is of the cavity type; KEK’s is a quasi-
constant gradient type, while SLAC’Sis a constant-
impedance type. As a result, the above (1) and (2)
were verified semi-quantitatively. The z-depen -
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dence (above (3)) was also checked by using the
s:{nle fornlulaj w“hereit is linear in z. In our exper-
iment, the ~“atioofz ill the two cases is about 22 111/16
m z 1.4. Taking into accoullt the ener~y dep #n-
dcnce, this facto)”is rt’~lucedto a} ‘ut 1.7, ..hich ~L III

seems to be too small to explain the experimental
value (about 3.5).

l’he discrepancy may !~( expl :~ined by the
multi-particle model by Suzuki. 10 .\ccording to
his theory, the t] ansverse shif’ in a n]~lIti-bun(l~
scheme is proportional to z’i-:, where n is the bunch
number. In our case, it gives about (1.4)5-1= 3.8,
after taking into account the energy dependence
again, the ratio of the tra 1~sverse sh ift beco1‘1es
about 4.6. This valuc .l~rrees roughly with the uo
servatioll of about 3.5. in this connection, we will
contin w to an:. !yze the observed data based on
s~~,zuki’smodel as well as numerical simulations.

The a ?~ors wish to thank the members of
Electron Linac Group at KEK for their help in op-

erating the high-intensity electron linac in vari-
ous ways. They have also greatly benefited from
discussions with T. Suzuki and K. Oic]e.
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particle Veloc!tics CL~mpatt RF structures wifn
solcnoidal tkusi ng and RFQ structures wtisiy rhis
condition. Solcnoidai fucusirsg practically withdraw
timitatmns on beam curren{ cauwd by tran~vesml
Coulomb rcpulsiorr because the frequency of trans$’er>al
oscillistionscar hc Infinitely increased.The magnetic !ICId
should hc bcq high that is why only supcrcond Lc[ing
so[enoiJs can bc used. .Atgiven apcrture [he curretl [ iimit
is increasing by a iac:t~rof !Oat field smcngth of 5 T ~nci
by a factor of W a[ 10 T ct,mparedwith al[crnating-sigts
iocusing (the asscsmcnr was mad: no[ !aktng intl~
considera [Ion possiblc insrahiIity ,.ti heirm envcl,~peI. In
case III so!cn,~idaI focusing rhc 1,mira[ions Jr< J~::II(1:1tcd

mainlywith longitudin~l C~lulcmbrcpulsi~~n.The clfe~t ~~(
longitudinal repulsion can ?Icmi[iga[cd Ii [he cquIlibnum
phissc ISra[hcr high. ![ makes the usc ot’superconducting
QI cnolds in low encrgy high ~urren r acce Iera com vc~’
a [criccl\c. .-V con(’crns [he usc oi s,>lersoidal fo~”using In
rhc ini[lisl :mrr of largc hlgh ;Urrcn r ~ccclcra tor, in our
,>PIni,10 if I> nor jus[IticIJ bccausc [hc suiwtarstial
Jlffercntc bcrv+een[he transvcr:;tl OSCIIIiiuon>Ircquenctcs
In [he Inltlal and suhscquent p:]rts ~f rhe Iinac m~kcs the
matching vc~”o~mpliccstcdor c~cn practically implwsihlc.
C“riogcrncidcili[>nccdcJ for jupcrcuntlucting solcnoit! oi
rhc inirlal part rcduccs the rcliabllity of large Iill.sc as a
whole .tnd makes the opera [Ion t cq’ complica[cd.

The tmplcmcn[~rioll oi Rh”Qs[ructurc in rhc ini[ial
part allows touscra[hcr low voltage elccmostarit injcc[ur
~nti prowdcs practically full capture of jsarliclcs
prdutcd by rhc ion source Into acceleration. TIXSCtwo
icarurcs arc the mos[ impor[ant for lU09’oduty factorhigh
;urrc n[ JCCCIcrnror. The mcrhods1>(hcam mat~hingin
ta >Clli RF f,~cu~ing arc wc11dcvclopcd tinJ protcd at rhc
opcr%[trig i~tIIIIIC>.]n order ro minlmizc beam IIMSCSrhe
acccpcancc ot IIN% duty iacror high currcnr ;,ucclcra[~~r
>h,.,uldh~vc ~uiticicnr margin. This task can hc sIllvcd in
b“icw of rcccn t Jcvclopmcnu. The funnclIng xhcmc
pruposcd in L’S.AJIIL>WS[,>>um [he beams wlt,~,<~[the
Incrcasc ,~t phase VI>Iumcs and peak currents”>” . [n

parrlcular the lnirlal part can hisvc two accelcra[ing
( hanncls, etich 0[ them being corsnccted to iw own ion
il)ur.:c. The numhcr oi acuc[crat~ng channels cisn bc

I ncrcascd Ii rtcccssary. Such a srrucrurc is called
“tree-like’. Thus, in our opinion the ,.,ptimum

block-scheme II( 1U(% duty fac[or high ~urrcn[ linear
awclcr~ [or should comprise RFQ iss the Initial part.
Alvarez tank with rare-earth magr,ct quadrupolcs as the
mlddlc part and rhc Andrccv’s srructurc (DAW) as the
mnln parL The main Pat”amctcrs of such 1.5 GcV Iinac
~rc prcxntcd in Jnu[hcr report submi[tcd to this
C0tsfcrcncc:4.

Indirect cwtfirmation of the validity of such a scheme
is illustrated hy the fact that many scientific centers (in
USSfZUSAIF,~Ciand Japan) arc.widely use it as a whole
or by paru “

The choice of radio frequency for cac!I part is
dctcrmincd hy three condlrmrss: provision 01’ cnc>ugh
acccphncc margin for gIvco cmittancc and hcarn currcn t;
provision of beam hsnncling; provislc,ri of bc~ni
ovcrtxspture withuu[ partit Ic Iosscs A(heirm [r~ n.,fcr fr,.,m
onc part m another.
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HIGH CURRENT 10N LIN.%CSFOR TRANSMUTATION OF LONG-UVED WASTES
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~lg. 1.Blcck-dlagra.morLhe 1A deuLron 1Imc
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.4nother way to raise neutron flux intensity is co
increase‘Jeutriw cncr~’. Ionization path is proportional to
the square of deuttwn energy: spallation path in the first
aproximatioridepends on!y on nucieus and deurrt]n radii.
ThUS the probability of neutron production in lithium
target is growing as [he square t~ideutron ener~, “Ilc
data on cmission ,>i neutrons oi rncan energy En vs
deutron energy are given in Table 1. The size oi iitlsium
rarget area ~:as chosen in the result of heat engineering
calculations’. ptwviding rhc heat IIIad ,~n [he unit area ~~f
the target is the same.

“rA131.EI
Neutrcm yields cstimittes

/ Deutron Deutron I Neutron I

[ beam energy Ienergy I ~ZLmOn‘:%’:!jcurrent ~ E“ I , Li target
.— I 1 !

1
‘— ——

I 0.1 35
i 1.0 50

1.0 100
1.0 150

- +------
1s 1(ti.kqf))lo!> \ 10x1O
20 / (1.~.1~)1~” ! 40X40

40 (5.4-7.3)1017[ Ssxss
70 , (1.2-1.6)10141 ~5x65.—. ——.—

Such parameters as rhe linac length, RF power and

the total pow’er consumed by dcutron Iinac for three
energy Icvcls (50,100, and 1SO.NIcV)arc given in Table
11.Resonators cfflcicncy (clectrmsic) is about 8590. RF
generator etlicicncv can bc assumed to be 70% Thus the
total Iinac efficiency would bc about 60%.

TABLE 11
Some pammetcss0[ ,ieutzon Iinac

\ energy ~Icngt!s I power ]consumption i

T.-\F3LE Ill
.Win design parameters 0[ Jcutron Iinac

——
‘Paramekm ----–ilx7–
! l~ni[s p.,1’t
I-——.— . .-— ,

fkrron cner.g
input

,Ul[pu[
Sccri,m Icngrh
.4cceptant-e
Emittancc (calc )
Currcnl pcr chaoncl
Limit beam current

i RF lossesin CU I MW’ [ 3.h
‘— -.-—L———

4
!

McV / 0.1
WV Ih

m ; 10
CM mm~ I l,,)

cm mraJ i 11.4-(J,tI.!
m.A I 2.$0

A I 1,.?s

Chcice I-#proron finuc parunwws.

Optimum output parameters of the lirsac ,an be
chosen on the tasc of trade off decisions and siter (he
assessment of tcchnoll>gicalsystems capacities ( ion source.
RF povicrsupply,cooling and so on) and possibic hcam
IOXeS.For [his purpose let us assume the output energy
of 10tjC%duty factcsr Ilrs3cto be 1.S Gek”, beam current

-300 mA. These figur~: arc very close to chose that were
chosen in 5&70th for rlectrotsuclear hreeders. However.
it’ to base on modern nnd advanced dcvclopmcnts the
linac block-scheme, technical pcriormancc of main
systcms and hence the facility lay-out and the assessments
of construction and operating costs would substantially
differ from previously made. The hlock-schcmc oi the
Iinac (target design is net discussed) is ivcn in Fig.2 The

;.details are discussed in another report submitted to this
conference It is proposed to usc two parailcl 75 MHz
R~Q’s w+crc c~ch 150 m.~ beam is accclerared from I-I.1

t~ 3.5 Me}’.Bunched beams are funneled and injectd
into 150 Mc.V,150 MHz .41varcz tank and then ~ircr
additional bunching (to dccrcasc phase length) tt:c
accclcratcd up to the energy of 1.5 GeV in !~~)MHz
Amhwev”s(or disk and washer - DAW) stmcrure.

Injeclo:
H “a $EI.

Buncher

w‘n, =tW keV ,CIIl+EH
DAW t

InJacLm J+ m @

k0“,,,, (*V) 3,9 150 15co

I 50 ! 40

IL

60 ~ 10U
f ICO ~ 6$ 115 190 ,
~ 1yl I ~, 17n : 2f45 I

I—. .—.---- —— —:

Main designed parameters of accelerator scction~
ate. given in Table 111.

~]$ingof [iquid Iitblum target enables to regenerate
pwer and makes the neutron gencmtor rather
economic.

Ile choice of deutron energy will depemf upon the
assessments of transmutationefficiencyand also on IIle
results of feasibility studies.
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The pm-arnctersof proton linac are given in Table
IV. The calculated data are presented in Tables V and VI
cormpondently.
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“lSTRA-1(7LINEAR PROTONACCELERATOR!START-UP

V.AAndmcv,V.S.Artcmov,i.T*’.Chuvilo.1.M.Kapchinskiy,AhLKozodacv,AA. Kolomiets,V.S.Kosja~ Ju.N.Kuzmin,
RP.Kujbida,V.V.Kumkita.N.V.Lamrev, i.M.Lipkin.A.M.Raskopin.N.l.Rybakov,V.S.Skachkov,Ju.B.Stasevich,

N,V.Shachraj,R,tM,Vengrov,A.M.Vishnevskij

Institute for Theoretical and Experimental Physics, 117259, IMIWCOW,USSR

ISTRA-10line~rpromttacceleratorwas!aunchedat
ITEP.h consiws of the initial part with RFQ sructu~ (SCC
Fi~l) and the main part which is .-Mvarez tank with
permanent magnet quadnspoles(PMQs) The .41vare7
tank is excitedat the frequency(297;MHz)double higher
than the RFQ.Benveenthe initialpart and the mainpart
the matching channel is mounted comprising the
buncher ad the drift part.

ISTRA-10 Iinac is the first part o/~STRA-56 Iinac
(56 Me\’, 1X)-XXI m~ pulse current) - which will bc
used as the injector of ITEP proton synchrotronsand also
will semc as a pulse prototype of high current accelerators
needed for radiopharmachemica!s production, material
irradiation tests and for solvingof some nuclear power
tasks. Main design parameters of ISTRA-56 Iinac are
given in the Table. f3ird’s-evc view on the 1STWA-10
Iinac is presented in Fig.2

ISTRA-.W DF-SIGN PARAMETERS

In the RFQ launcheda few years agoS the beam is
accclcratcd from 88 kcV to 3 McV at the maximum
current of ?..50m.% In the output beam the share of
particlesacceleratedto the energyof J McV was 95L~.
in the cutmnt range of O- 100mA the hcam Iosscsw“crc
negligible,The operating expcricncc showed that the
mechanical rigidity of the RF”Qsnscturewas not :nough.
For ISTRA-56 Iinac the new RFQ section was
manufactured. This RFQ is being under test:,

ISTW-10 Iinac comprises the old RF(2. the
matching channel with the bunchcr and 10 ,Mcl’ .Wvarcz
tank. The focusing channc[ of the Iinac has FODO
structure and is formed by rare-earth ma~net quadnspolc
lenses. Each Iense consists of two layers N’ SmCos rod
magnet.s6 fixed in dura!urnin cylinders (SCCFig.3). TIIc
Icnsc docsn’t contain materials which could Jctcrioratc
vacuum quality. This fact allowed to open the interior of
the drift tubes, where the Icnscs arc tnountcd, to high
vacuum of the tank chamber. The interior of the drift
tubes is pumped through special holes drilled in the drift
tube body. Thus it is possible to avoid vacuum-tight
welding of the drift tube, because tke prcsencc of strong
magnetic field in the welding area makes the task very
complicated,

Eacts of 33 drift tubes contains 50 mm long Icnsc.
At the inpur of channel the gradient is maximum anti is
equal to 60 T/m, The rms deviation of the gradient values

T.Ak31.E

—
,Main part

Pmamctr.r Unit Initial
part Tank I Tank 2 Tank ;

Input encr~ Mcv 0.099 3 10 _tfl

Outputcncr~ MA’ 3.0 10 jb M
RF field wwc length m LIZ? I.nl 1.01 I nt
Wave Iype HZII E(,ln EOII) Enln

F,wusing RFQ rort. cwth qwkhpdc PIIqnet

Tank length m 4.s7 3.56 11.64 !1.1s
Taokdiamew cm 44.9 6s.0 63.0 j~,l)

Wfc rubediamerer (m 1(1.0 8,s U.j
Numbcrof drift tube: I 2 + 3! - I 2 I 2- 51+ I .2 1Q. :0- l/:
Gap lengthfacfor II IW1.(1.:$1 l).17WI.YW n ~.w.IJ,~w

.Modulationfactor 1.00-I.7.I
Apwrurc diameter cm M.11.1.54 1.2 1.0 :4
@mdm@c Iccc$eIengrh cm 5.0 Ilkls !$
Field @dienr in quadmpole kGlcm 6BS.6 3.23:2s6 236
Synchronous pkmac (abanlucc value) dcglw !X1-35 5W37 37.30 w
~mc-nf-fligbt factOr M.39 11812-O.8S4 0.W2-O.840

.Momentum spread

0.A7W).830

To 232 *urpuc 4.0U1A6 1.%0.s4 IJ.f54-O.6S
Acctprance cm mrad 1.2S o.63-o.&3 1.4n!.’f3 .l.qd,l~)

Maximum pulse currcru
at phaac denaisy of I Akm mrad 200 2s0 S20 Iwo

Ratedpulac RF powr IrMscs in copper f% 0,44 0.43 1.11 1.07
PUIX RF power ncedcd
arbeam current 1S0 MA Mw 0.44 I.@ 3,!W J.m
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Pigm2 General view of the

Istra-10 Linac

----

Fig.3 Open into vacuum the drift tube
with PMQ(before assembling)

frornthe rated ones (overa]] lcnscs) is 0.6%, nonlinearity
. 0.S%. Mean displacement between the geomcrnc and
magnetic axes over ali lenses is 0,03 mm,

Increasing of frequency in the Alvarez tank allowed
to decrease its dimensions that along with the decreasing
of the drift tubes diameter permitted to t-educeRF IOSSCS
but didn”t lead to beam current limitation. The Alvarez

tank is fabricated of trimctal and at the same time k a
vacuum chamber, The drift tubes were aligned with the
rtns displacement of 0,08 mm in transversal planes. The
longitudinal alignment error is 0.05 mm. Quality factor of
resonator is 33tlXl l%c difference bctwccn the operating
mode and the nearest one is 1.8 MHz Unflatness of the
mean field level on the axis (the designed value E= 30
kV/cm) is up to 51%0.The cavity is excited by two loops~
the loops being isolated from the vacuum chamber by
quartz windows which have antimultipactor grooves. The
training was carried out both at direct excitation and
autocxcitation,As a result the field level achicvcd cxcccds
the designed value by 16%0,

The one gap buncher is made as copper torus-like
resonator, gap length is Z? mm and the aperture -18 mm.
Two rare-earth magnet quadruples mounted in irs
halftubes provide the gmlicnt of 58.4 T/m. Inrensivc
multipactor effects were obsctvcd during first excitation
tests. Reliable operation of the tusnchcr was achicvcd cn!y
after special antimultipactor measures were taken such as
improving of contacts, cleaning of surfaces and so on. The
gap voltage of 290 kV was achieved that exeedcd rhe
design value by Xl%.

At the drift part of the matching channel (421 mm
long) six electromagnetic quadrupolcs arc mounted. but
by the moment of linac start-up this part O( the channel
wasn’t optimized fcwmaximum beam transmission.

The total volume of the Iitmcvacuum ch~mbcr is 3.5
m’, the operation pressure was 10”6- 6. 10”0Torr.

RF power of 1.3 MWat the frequencyof 148.5MHz
is supplied to RFQ by two-cascade generator based on
GI.Z7AM triode. The Alvarez tank is excited by
three-cascade generator (two cascades on GI-27 and the
third on G1-50A triode) providing 1.7 MW at the
frequency of 297 MHz The modulatorsconncctcdto RF
generators include step-up cable transformers.thyristor
rectifiefi. optical control lines, etc. .Automatic control
systcmssustain resonant frcqucncicsof the cavitieswith
the iwcuracv of ~200 Hz and the phase difference
between them with the aciiiracy of 1.5 phase degree,

The assescmcnt ef the inffucncc of the hunchcr on
the accelerated by the RFQ particles movcmcnt (heforc
the Alvarez tank was mounted) showed that in the case
of proper established RF field level and phase in the
bunchcr the momentum spread grew by a factor of two
and r5e phase length at the output of the drift part (at
the first gap of Alvarez structure) decreased up ro 80
phase degree (for frequency 297 MHz) that corresponded
the designed value.

During the start-up of ISTRA-10 linac the proton
energy at the output was measured by the magnetic
analyscr. The calibration of RF fields in the cavities was
carried out by determining their threshold levels, Enough
acceptance of the focusingchannel in the Alvarez tank
ptwvidedtransportationof 3 McV beam fromthe RFQ to
the measuringchannel through the Alvarez tank in the
absenceofRFfieldin the tank

h September 1989 10.3 MeV proton beam was
registered at the output of the Alvarez tank, output
current being 15 LI~ puke iength - 5 PS,repetition rate
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Fig.4. Spectrum af the ?utput be- at
the buncher off (A) and on (B)

- 1 I-k Such a heam had no signiiwant influenceon the
RF ficldlevcllwt providedcnougbintcnsity for reliable
tneasuremenw.

Beam spectrum.measured at the designed levelof
RF field in the RFQ and the .Mvarez mnk at tie Wtimum
phase difference between them (the buncher was switched
out), is presented in Fig,4a.Capture factor,definedas the
mtio of accelerated to the designed energy protons

current to the total output currcn~ in this case was 6870,
Protons of the designed energywere consideredas those
w’hichmomentumdiffers from the rated not more than
bv value of halfspanof the separatrix in the Alvarezrank

In the case of switched on bunchcr it provided
almost full ovcrcapturc of particles at their transfer from

the RFQ to the Alvarez tank Momentumspectrum for
[hiscase is prssented in Fig.4b,capture factorbeing close
[0 1.

Now the efforts arc aimed at the increase nf beam
current.
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BEAM DYNAMICS IN LINEAR COLLIDERS*
Ronald D. Ruth

SLmlforrl IJinear AccelcratOr Center (SI,A(:)

I Stanford ~Tr.i\eersity,.~tanford, California 9-1309

Introduction

In this ~a~er. we discuss some basic beam dv-. . . .
uamics issues related to obt,aiiling and preser~’ing the
luminosity of a next generation linear collider. In l’ig-
ure 1 you see a diagram illustrating the main subsys-
tems of one-half of the collider. The !jeams are ex-
tracted from a damping ring and compressed in length
by the first bunch compressor. “They are then accel-
erated in a preaccelerator linac up to an energy ap-
propri~te for injection into a high gradient llnac. Jn
many designs this pre-acceleration is followed h}’an-
other bunch compression to reach a short bunch. Af-
ter acceleration in the linac, the bunches are iinally
focused trans\’ersel)- to a small spot.

Detector

- .a,.e-Jl!23Z~
.2- Compressor #2

\
F#nal FOCLVS

~L’oa’E122
e- Compressor #l LinaC

W%?

Fig. 1. Schematic of a Next Linear Collider

Before discussing each subsystem. i: is useful to
discuss the o~”erallphilosophy and parameters of this
paper! ‘ The ener~v range presentlj’ considered in
\“arious r!csigns through~u t the w’oA(IL-Uries from 1/2
TeJ: to 2 TeV in the center of mass while the de-
sired 1urninosity tar ies from. 1Gt?3— i 03<~m- 2w- 1.
The ene~gy will be achie~’ed by RF acceleration at
acceierat.ron gradient &Zfor a ccrtai]l length L. The
accrieration g[adients curreliLl~’under consideration
are in the 100MIJ/m range w.h:le the RF frequencies
range from 1G30 GI{z. In this paper w’conly discuss
the RF in so far as it affects the IUininosi tj’. .A1though
obtaining the en~.r~v of a Iirwar coil ider may be very
expensive and require tech ni cal de~?elopmcnt, it is, In
a sense, tlie easy part of the problem. The hard part
is to obtain the luminosi~y.

The increase in lum]nosit~’ o~”erthl~ $LC is olj-
ttined primarily in two ways. First, the spot cross-
sectional area is decreased. Second, the energy ex-
tractiorl is illlproved bv the use c)f multiple bunches
per RF fill which effec~ivelv increases the repetition
rate of the collider. Bo; h of these techniques lead to
many beam dynamics questions.

The proposed vertical beam sizes at the interac-
tion, point are the order of a few nanometers while the
horizontal sizes are about a factor of 100 larger. This

cross-sectional area is abou ! a factor of 10“’smallvr
than the SLC. IIowever, the main question is: what
are the tolerances to achieve such a small size, and
how do the~, compare to present techniques for align-
ment al]d stability?

These tolerances arc very desigz:dependent. Align
mcnt tolerances in the linac can vary from 1 pn] to
100/lm depending upon the basic approach. It is the
pren]ise of this paper tliat in order to achietw a next
linear collider in this century, we must make desigrl
and correction choices which move most align ment
tolerances into the 100 ~fm range. WC hcgin the dis-
cussion w’ith the damping rings.

Damping Rings

The SLC! damping ring has achieved normalized
cmittanrws of ~(l. = 3 x 10-5 and -~cv= 5 x 10-7.A
next generation linear collider will ucwd a horizontal
ernittance a.t least an order of tnagni!udc smaller. III
addition, most designs use c=/tY = 100. l’his type of
ernittancc ratio is naturally produced in an electrrm
storage riN: provided that the ~’erticai dispersion and
coupli ug are controlled. This sets tolerances for vcr-
tica! alignment in the 50- IOOpm range which might
be loosened by the addition of skew (iuadrupoles for
compensation.

The ring designs t}’pically include wigglers to dc.
crease the radiation damping time. As mentioned ear-
lier, most plans include tho use of multiple bunches
per RF fill. In order to efiicicntly use the circun]-
ference it is possible to damp several “batches” of
hunches at once, each batch having the order of 10
burtrhes each. The batches must be separated by a
distance w}~icha.l!ows a kicker rise and fall time so
that onc batch can he extracted w’hile allowing the
remaining batches to continue damping.

Due to the small dispwsion of the rirlg, the broad
band impedance must he quite low (Z/rL % 0.5Q) in
order to a~mid hunch lengthening. The long-range
wakefield must also be ccmtrollcd to avoid c.oupled-
hunch instabilities. Because of tile very close spacing
of the bunches within a hatch (N 3(I cm), inter-hatch
feedback would be quite difficult.

Example designs for a damping ring are gitwn
in Ref. 3. Aside from higher energy (W 1.8 (;eV )
and larger circu[nfcrcnco ( 15.5 nl ), this design uses
combined function bends to enhance the horizontal
darnpix,g at the experlse of the lorigitudirlal. Simi-
lar designs have hccn developed also at KEK, C!lRN
and INP; therefore, it seems that damping rings which
produce ffat beams of the desired crnittancc are rela-
tively straightforward.

* \Vor-k su pprsrtcd I)j’ the Depart rncnt O( Erlcrgy, corltract 1110;f\ (.~03-76S1°’00.51~~.
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Bunch Compression & Preacceleration

In order to prepare the bunches for injection into
a h.igh-gradi~nt structure, it is necessary to reduce
thmr length by bunch compression. Actually. there
are two primary masons for bunch compression. First,
the bunch length must be less chan the ,@-at the in-
teraction point. Since in man!’ designs O* * IOOpnl,
we must ha’:e o: S 10Opn~. II: addition, w’eshould
reduce the bunch Irngt h to reduce t.ransl’erse waiw-
fields.

If t he bunch length and the rclati~wenerg~”sprwd
in the damping ring are 5 mm and 10–3 respecti~”el~.,
‘.‘.ltm tw”o bunch com pr~ssions are nccdcd to reach
30 )1m bunch length. Each compression rcduccs the
bunch length b}”a factor c-J10, and the~’are separated
bjea preaccelcrat;on section which reduces the initial
rclati J*Ccnerg}’spread at the second compression back
to about 10-3.

The encr~~- spread is kept to - 1% during Pach
conlprmsion in order to at.oid wni t tancc dilut~on due
to chromatic and dispcrsit.e (~ffcctsin the conlprossors.
.-\ftw conlprcssion the bllnch must be matched into
the linac Iat tice. St udics of bunch conlpressors have
been completed and tolerances are prosentl}” under
St11+”:

Linac5

Iniection Errors—

A> tile beam enters the linac, it is necessary to
match the lattice functions to t hose of the llnac. in
particular the dispersion must I+anish. For t}’pical flat
beanl paranleters, the bearrl size is about 2 x 20p111
\\”hich !“ields a tolerance on (DispersionD gi\’cn 1~}’

Du <0.2 mm

f)= <2 Illm ,
(1)

l“tljS is an additi~”e effect. There are alSO ;n,Jj -
tiplicatl Ire effects (IUC to the misIilatch of the lal t]cc
functions. If the beanl were monocnergetic, these lnis-
matchcs w’ouldnot filament; however, since this is not
the case. there w’illbe sonle filamcntation. Al!owinz
for com:)letc filarneilta?ion,
gi\.en by6

the emittance dilution i;

1 + (,:) – 2crcro1, (2)
w’here czOand /30are the matched ~’~ues, arid (l ~lld
~?are the mismatched values. For ~ G ~0 arl~ @ E

30 + Ai?, ~his reduces to

(3)

For incomplete flamentation, the emittance dilution
wlil be somewhat less.

W’aiwficldsare a key problcm not only for lin~ar
colliders, but for ,ail accelerators and storage rings.
The standard solution to this problem is to first re-
du r-c the w.akefie]d forces until they arc small con]-
parcd to the applied external fields. Then compensa-
tion can bc usmi in the form of feedback, or we can
simpl~. liJw within the limits by iwpi ng the number
of particles in tlit’ I)unch suflicicntly small,

For linear colliders the transversc wakefield withi]l
the bunch can be rcducwi first by imping the M’ fre-
quency sufficiently snmil or by increasing the iris size.
SccondlJ’, the ~-function in the linac must be kept suf-
ficiently small, Then compensation can he applied by
using IINS damping-the use of a correlated energy
sl)read to cancel wakeficlri effects. The BNS corre-.
la[cd encrg~”spread is given by’

where N is the number of particles, 117L(cr2) is the
transverse waliefield evaluated at cr,, and POis the ~-
function at energy EO. For this paper I define a small
w“akcfieldby the condition

(5)

where \/:totis the total phase advance in the Iinac.
If the wakcfield is large, then one can still satisfy

Eq. (4) with a ~“ariationof focusing strength along the
bunch rather than energy variation. In this case, how-
ever, coherent oscillations filament rapidly. To avoid
cmittance dilution with strong wakes, the alignment
and trajectory tolerances are less than the beam size.
This leads to 1 j~m alignment tolerances~’e As we
shall see in the next sections, these tiny tolerances
can be avoideci by keeping the wakeftelds weak.

in the weak wakefield regime, BNS damping has
been tcste(i at the SLC linac!” In this case the tail
growth due to a coherent oscillation was reduced by
an or(ier of magnitude. BNS damping has since been
adopted as the normal running configuration for SLC.

Chromatic Effects

Upon injection into the Iinac, the compressed
hunch has about a 1% uncorrelated energy spread. As
the beam is accelerated, this relative spread decreases
inversely with energy. At the same time a correlation
between energy and bunch position is introduced due
to the longitudinal wake and the curvature of the RF.
Thus, the distribution in phase space becomes a wavy
line which, when projected on the energy axis, yields
an effective energy spread. At any iocation along the
accelerator, the overall energy spread is a combina-
tion of the damping injected energy spread and the
variation of energy along the bunch. After the bunch
emitta~ce is sufficiently damped, the relative energy
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spread remains constant unless dcliberatel~’ increased
b)’ phase changes. For this reason it is useful to colI-
sider two models; one with constant energy sprwifl
and one with damping energy spread.

The first chromatic effect to consider is that of
a coherent betatron oscillation. If the variation of
the phase advance w’ith momentum (chromatic phase
adi”ance) is much greater than unity, the oscillation
filaments. In this case ti,e ucillation amplitude must
be less than the beam size to avoid emit tarrce dilution.
If the chromatic phase adtance is small (/ir/)tOt< 1).
then the tolerance on a coherent oscillation of size jO
is

(6)
< 2aJ (ILC)

w’here fiO= 2 x 10–3 is the constant relati~”emonwn-
turn, ~IC,uand &L are the phase ad~”anrwper ccl] and
total phase adi’ance respect i~el~”,and ;\’Qis the num-
ber of quadrul)oles. III afI cases i\’c gi~”e not Gn]j’ the
formula but also ttlc Ia.luc for all example design of al]
Interlnediate Linear Collider ( ILC) of enera” 0.5 (le\:

“2 For the case of a damping cn-in the (enter of mass.
erq}. spread w“ith initial \“alue 4, = 0.01, the tolerance
is

03 2 -j!
()

—— — —
‘0 < {, fJ!cell IV~ . ~’i

< .50/3 .
(7)

For the case of a corrected trajector~. let us con-
sider the model of a sequence of random bumps. In
this case thr tolerance on the t,rajector} or alignment
is

(8)

< 30/ln] ,

for a constant energ~. spread 6.. k’oran initiaf damped
energy spread di, we hate

(A.)rlm.<&(+)l’2(;)’” ,,,

11.iSdzinpiug only cures the growth aIId filamen-
tation of coherent oscillations iII the Iinac; it is an av-
erage compensation rather than a Ioca! rjne. In an ac-
tual Iinac, the ~“akeficldkicks are not canccllcd locally
b}’iidjiict?ntqlladruprdw This 1(.itdsto M illcohrrcnt
growth f~fw“iikf!fif:ld tai1s due [(J a ran (if)m SW!llrIicc
(Jf MiSd i~11~lf$rl t S I)f)t W’Pfl Il t }1f’ r f_AjoC I f)rt’ ;I II f] ! h f, ;lC.

m’l~~raturst rllct ure. If we parametrize the strength
of the wakcfleld kick by fi~~s as defined in Eq. (4),
tllc tolerance on ralldo[tl accrlorator misalignments is
gii?cn b~

(\3
l/2

(Az,,m,,,,,m)n,L. <
Cl/’j

‘~Ns’J”ll w
( lo)

< 2.-)//111

fol”(Jljss ‘=-..‘}~ x ][)‘:: 1’I.OIJI[1(/s.(X)ii 11(1 ( 1 () ) ~t)ol’($.

\\”($S(.[$ 1 II ;I t I Ii(! >1 1“II(“1II1“1’1(]I! : :! II(’(lS ii 11(1 (1II i:(l ru [)01(
~~”~ILIIIII(III[ t( I1(JI.llII(.,,h ;11’(, (’f J1II j)il 1’;1I11(1 l)ro~’idwl t IIa1

(’IJXs, . [’L. t II:11is. IIr[)~”i(l(vl[IIilt t 11($ (’IlcrgJ cor-

rel ;L[ It )1: II(III(lf O(l f’~)1 11S .S (1ii I11\ )iII~ is cqual t(J t tlv
111i:1i[11;1III (’ll(>rg}’s[)r(’;id i11III(’IiIlil(’.

Conll)ensation of (~llrf~[]lati(/\f’akOfieldllffects

‘1’h,e afignlncnt tolerances shown iiboi~e assun~(l
t Iliit ttl($ t rajcctor}, is ii riirl(](JIIl s(jqucnr-uof ~illrnps.
“[’h~r~ is 110parti(”~l]iir rf-aSOI) thaf It hds to IJe raIldC)H1.

Let IISfor the I]lonlcrit n(~glectw’akofic]ds.l“]ien it is
possi I)lo 10 Illeasure tllv trajector es for particles of
differ~nt.energ?’ a[l(! CIIOIWa t rajwf ory whi{:hyields
a Snld] diff_WWC(?.~lldl ~ (Ii ff’(!NVIC(! traj(XtCJI_j’ (“MI

be generated b})scafillg id] Ihe Inilglletir fiel(ls in t.hc
linac by a s[nall anlollnt so !Ilat ttle entire Lcam has
an effective energy whicl] is cllangeri. [!y choosing the
corrector scqumlcc to nliniIllizc th:s difference trajec-
tory}’ (as well as the at tud t12LJCCt(Jr~’ ). the dispersion

generated bj’ nlisidignlli(’nts is canccllcd lfJcall~”.

This tcchniqu(i is caflw] (Iispersiorl i’rcv corrm
tion, Provided that the hcarn position nlonitors have
precision the order of 1pm, it is I)ossihlc to essentially
dccou ple the quaclrupo]c !Ilisidignmcnts from the dis-

1his incrcascs the tolerances gi~,eninpcrsive effects! 1 r ‘

Ilqs. (8) an(i (9) t)y an ord(’r of mitgn~tude.

\Vhen we include wakcfrc]ds, the coherent Inr)tif!:l
is IINS-dam ped and thc incohere]]t nl[)tion gi~w riM
to a random tail grow”th w’hicb can be controlled t)~’
tight tolerances, All that really matters for this W
feet is the value of the offset of the bunctLw“ithin the
structure. The offsets can he caused by :AIOoffccts:
miSa]i&lnlCntS of Str UCtUrCS and trajCCt !Jry OffS(’tS i 11

structl] rcs, The trajcctor}’ is under OU]control; thcrc-
forc, it is possib]c to usc a trajectory w“hichcancels the
wakcfic] d effects ]ocaf]y. Recently, T. Rauben hei Il)(!r
at SLAC h,a.sshown that by modiiying the dispcrsioil -
free trajcwtion technique, he c,.n obtain a trajectory
which cancels both tile wakefield effects and the en-
ergy variation of the trajcctory!2

Finally, we are ieft with the misalignr[le:~tsfjf ac-
cclerati ng structures. q’hc most straightforward tech-
nique is to simply align the structure to the beam
by using a B!)JJ which is geometrically linked to the
structure center. Such a BPld could consist of simply
measuring the transverse wakefie]ds induced by the
b~iilll~’ onc can use this information to either r]lov[
t hr structure or nlove the traj(?ctor~’ to mini rnizc t II(!
w’akofi I*]d rfrccts. A .~rn ati vely”, for wreakv:ak{$s,it !s
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possible to deliberately move tile beam or the strllc.-
ture co add a w’aiiefiel~,w’hichcancels thr dfect of tht
rest of the accelerate.

Beam Tilt

If there are RF kicks due to construction errors in
the accelerator sections, the tail of the beam rweives
a different kick than the head. This can gi~”ea tilt
to the beam. If we assume a random uncorrelated
sequence of R F kicks, and compensate the center of
the bunch with dipole correctors. the tilt tolerance is
giien by

where @m~ is the rms RF kick angle for a beam &ith
energ~”~., .4’is the number of accelerator sections anti
crZis the bunch length. For the ILC we have

@m. < 2prad . ( 12)

If such a kick is caused entirely by the systematic
tilting of irises in a section (the bookshelf effect), then
the tilt angle of the iris must be restricted by

@iri~<0.3 mrad . (13)

Jitter and Vibration: Motion Pulse to Pulse

Feedback is essential to handle the “slow’”drift
of z, z’, y, y’, E. In practical cases it is possible to
feedback at f s ~. This sets the scale for what we
consid~r S!OW. T;me \’ariation has many sources in
linear colhders, for examp~e: damping ring kicker jit-
ter, power suppl}’ variati.>ns and ground motion. The
jitter of the kicker in the damping ring must be kept
small compared to the natural divergence of the beam
at the kicker. Tolerances in power supply van ations
are also set in man). cases by the beam divergence.
The effects of ground motion depend upon the de-
sign and assumptions for the motion. If the wakes
are weak and chromatic effects are kept small, there
is no filamentation, and the beam moves coherently
from pulse to pulse. If wakes are strong, and there
is a large spread of betatron wa~’enumber, there is
flamentation so that the beam size varies from pulse
to pulse with a smaller centroid motion.

If we assume coherent motion, then for random
magnet-to-magnet jitter the tolerance is

(14)

< (0.04)ao (ILC) ,

where T is the focal ]engt}l of a lens. If, on the other
hand, there is magnet-to.magnet correlat, 1 motion,
then the dominant effect occurs xhen the wavelmgth

is equal to the bctatron wavelength. IIow’ever, since
the bctatron wavelength
nance is only temporary.
the tolerance is given by

2
Ax~ < UO——

(@ccll)”2
(:)’’2(;)”2(,,,

< (.1 to A)(7O (ILC) ,

where 7 is the energy at which 2T/3 = A.

!Ylultibunch Effects

In order to efhcientlJ’ extract energy from the RF,
it is possibie to accelerate many bunches per RF fill.
“[’hiscan increase the luminosity by an order of mag-
nitude. To achieve the largest luminosity, we should
put the maximum charge in a singfe bunch subject to
rest rictions on single bunch effects and beam-beam ef-
fects, then we should increase the number of bunches
to extract as much energy from the RF as possible.
This is not tri~”ialin that the use of multiple bunches
impacts every system ?s

The n’ost difficult problem, however is the main
linac, where the primary problems are bunch-to-bunch
energy spread and transverse beam ~reakup. The ba-
sic tolerance for bunch-to-bunch energy spread is that
it be less than the single bunch energy spread. This
assures that the bunch-to-bunch chromatic effects will
be no worse than single bunch ones,

Transverse beam breakup in the linac is a very
difficult effect to control. For a normal traveling wave
structure at 11.4 GH~, the IOth bunch blows up by
many orders of magrutude by the cnd of the linac.
Fortunately, there are solutions to this problem. The
most useful approach seems to be the damping of the
transverse modes in the structure to Q’s * 10-40 us-
ing external waveguides!e For the larger Q‘s, damping
alone is not completely sufficient; however, if the fre-
quency of the fir~t higher mode is also adjusted with a
tolerance b 0,5%, the 2nd bunch can be placed near
the zero crossing of the wake and the blowup vani-
shes!’ This technique of damping high modes has
also been shown to be useful for controlling coupled-
bunch instabilities in the damping ring!” Recently,
Q’s as low as 8 have been measured in damped struc-
tures at SLAC.lg’20

It is also possible to reduce the net wakefield by
detuning the higher order modes in each cell of the
structure. Provided that. there is a large enough fre-
quency spread, the net wakefield averages to zero by
the time the second bunch arnves?” This technique
might be mucn easier to implement if it proves to be
successful.

Final Focus

Much progress has been made on the design of
final focus systems? l’22’a3As mentioned earlier, the
final spot size desired is in the range 2-5 nm x 100-
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300 nm. The limiting effect seems to Iw thr radiation
of the particles in the final quadrupolrs w’llirh }“iclds a

24
minimum \-ertical spot size iu the nano[ncl er range.

Once the design is specifitd, c~ticis Id to [II(I
question of the sensiti~”it~”of the dcsigll to diffcrc[l[
t}-pes of errors. The most scricms vihrat ilm toleraucr
is in the fi n,al doublet, hut t hcrr seem to hr solutions

to prcmide the required isolation?” .-\lignnlcmt tolm-
ances in the absence of any correction iir(’quite tight;
how”e~”er,it has recent]}”been shown that onc can re-
cot”er from misalign lllent.s in tllc range 10-30 /tmV
“l’here is much mom work to be douc h~re, but the
in!ti~ re~ll]ts indicate t ]Iat t 1)ning w“ilI1)(~~Jf)ssib]e i11
the prew ~!cc of errors.

,1 Final Focus Test Beam is presentl}” being con-
structed at SL.\C LJ”a collahoratii)ll fronl S1.:IC, INP,
K121i.(.)rsa}”,and DES}’.’: The pur~mse <Ifthis test
is to st ud~ a flat beam fin,d focus ..~’stcm whic}l ~.iiII
(iemagnify the spot hv :Lfit(;or o] about 300 in tII(I
\“ertical directioil. Thjs is preciscl}. the delltagnifica-
tion necessar: for the Xext Linear Collid(~r. For t his
experiment, tiw “‘~ tho larger cnl!t tiiIl(Q of t II(’S14(’
beam, the goal is Iu produce a spl,! with di:lltwsions
72 x t-r== 0.06 pm x l.Opm.

Outlook

Before completing a realistic design of it J)ext-
gencration linear collider, W*Cnlust fir.>t Itwrn thOltls-
sons taught b}”the first generation, the SLC. ‘ ii~wn
t Iiat, w’emust make designs fault tol(’rii[lt b!’ im 1udi[lg
correction and com pcnsation in t he basic design. \f’c
must also tr~” to eliminate these falllts 1~~’inli)r~,$”(Id
~igll[llent ~lld stabilit}. f,f componeli[s. \Vilen t ~i~’st’
~w”oefl’orts cross, w“c hate a realistic clesigll. 1 t)c-
Iie\-e this w“illnot occhr in the’ 1 ~tm aligl]nl(~lltriing~.
Itowm.er. from the results pr~wmteci here, 1do bclic~’~.
that, with compensation, designs exist w’hichmo~’eus
iIito the 100 p [11range and closer to il rcalisti( 11(’~i~il.
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Design Study

Abstract

for a 500 GeV Linear Collider
Pr,;sented b}” T. Weiland*.

TLe feiuiib:lit.v ot’AW (;e\”,. ,n Iicredr collider has been stud-
ied, which is b’ascc [mOSL e!ltirely” MI conventional rf- tcchno-
!o~}. The !nsic con~ponents are S-band tra~”elhngwave,
constant-gradient acceler~~imjstructures aud 130XI}Vkly-
strons. 3 G~:\ damping rin:s are used to produce extremely
smail en]~tLances in b,~th pianes ~ihich are in the sarr.e range
chart three of thenext gencrALioll s}”nchrotrun light sources.
In both cases. che en~isageci Inethods .:oncerning sLabi!ity
and feedback gi~e rise to the assumption, that the proposed
‘..aluescan be rt=achec toda}’. .A]sovery strong focussing and
a dcdi L’ated chrotna::r ~“orrf>rtlunscheme near the intcrac-
ti.~n :.-vyJII IS ne(wss~r}” 1,; Ieach spot sizes that have not
beert produced }CAt.\\’e pre.wmt a >Ia: us report of the inves-
t]gatiom that ha.~c recently been started. Already at this
eitrl}” stage J our studies ;L seems that such a collider is
technical!}” feasible and cGuld indeed be Luilt in this decade.

Introduction
Licear e+ -e- colliders wil! open up an eue,gy rmge for parti-
cle ph>”sics.which circular machines cannot reach for reasons
of size and econom>”. The ‘.wy first step iu this new energy
regime which only will be acrrssibie to linear e+ -e- colliders
is general!> considered to be between center of mms energies
of 20b Ge\” and 500 Get:. This is the m~s-range w“here the
missing fi’hquark. the top quark, is exp~’cted to be produced
and where p-p - rolliders ha~”edifficulties to search for the
Higgs particle

LineAr ccl!iders are il: a urliquel}. difficult position in so
:3:. r.!rat the i“er:; tirst tnachine of t}iis new kind must already
be of enornlous size to b,: u!’ :nterest ior particle physics.

There is no slow cidutior] possible.
[lie r!s~5 it, tjll;,d]ng a new ~roject in the b:lholl do!~~

range using new and uut c~ed technologies are great. .VCW.

irks :!~ i~ke twmbearn accelerators. *.ake field acce~era-
rWS. i’erj high gradient and ~“cryhigh freqllen~}’ ac~e~erators
might eventually mature to the po]nt where the construc-
tion of a Iargc collider becomes feasibie, but the required
time f,,; ,.he necessar}’ h - D-work may be much longer th?-n

often opt irrii~f.‘call}” =wunl~’~i .!’hc question is therefore of

interest. what a Iiricar cuilider bawd on present-day tech-
~:o]og}.,mlght \(jok ;ike and hc,w ii compares w,ith the more

daring sttidic~ presently ullJer ~~a}el~cwhere TOavoid mi9-
conceptiom ;‘. must be poiutcd out that any linear collider

with er,e:gies and IULrrlntSSILleSof interest for high energy
ph}”sil:s require~ extensions of krmwr~ .echoologies beyond
w?~atis a’:ailable toda}.: Dampi~Ig rings must produce beams
with srnal!er ernittances t,han ever before, the rcquiremcnu
or, e,, \ttance control during acceleration have to be much
tighter than in the pas? and the finai focus with linear beam
size demagnificat~ons or three orders of rnagr.itude ah

“ This Study is a sumn~of the work of groups from
Deutschfi Eiektronen9ynchrotron DESY and Techni-
sche Hochschule Darrnstadt THD.

requires extensive studies. W’hile these ~-e formidable prob-
lems, ~.heir solutions do not sewn to he out of reach. Dc-
velopm:nt work on existing facilities sil~h as the OIWby t)le
international (mllaboraLion on tiw SLA(’ fsna! focus test fa-
cility FF’I’F’might produre the rcqutrcd solutions in time.

In our study WCassurnu basically a linear cr-dlidcr US.
ing present S1..+C technology: Two Sband Iinacs, each of
which 5 times as long as the SL.4(”~-lir]iic,direct tbeir beams
against each othti. Each Iinac uses an accelerating gradient
of !7 MeV/m, which ma)” not be too far from the gradient
of a cm t opimized machine in which costs of total rf-power
and accelerator length arc Lalanccd. In order to improve
power c+ficicnc!” we will usc 2 psec ]ong current pulses with
many bun(dies \ 172 ). ‘r}w number of particles in each hunch
is lirnitcd to 7109, such that the total energy spread pru
duced b!’ tht= fundamental and higher order mode losses ,)f
A E/ E = z 0.7% is still within thv acceptance of Iht. :i
nal focus. This bun(”h charge Logelher wit!) Lhe numl,(>r
of bunches within the rf pulse rt-present an avaragc pulsI’
current of 100 m.~, not unlikt: the currents already achieved
in the SL.AC:-linac. The individual bunch charge is con
siderably smaller than that which is stably accelerated In
the SL.AC-linac, but multilmnch insta!)ilities will have to
be carefully examined.

The R + D-work which we ,assurlw to be going (J’I be.
fore such a study reaches the proposal stage may result in
S-band klystrons of 130 MW and 3 psec pulse dilratiou. a
modest impl”ovement on the 13(I.MW“, [ psec-klystrc]rls II1
ready available today. ot he, H -t [) work shl>iild ,“lmcerl.
trate on economizing linac tcchnslugy. Klystron :jlvdula-
tors, the largest single cost item, might be built with hard
tube pulsers, thereby avoiding the expenses for ttw costly
p’Ase transformers and the low inductance pulse capacitors.
.+ special study of a hopefully cheaper hard tube pulser is
on the way.

A parameter list of the main parameters is given in ta-
ble 1.

Damping Rings
The magnetic lattice for a 650 m circumference damping ring

at an energy of 3.15 CeV has been designed [2].
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Figure 1: Unit ceil of the damping ring arc structure.

792



~General Parameters

1“ Gev ~50 + Q50
, ~~r%%sity (incl. crossing angle,

~repetitionrate *Z

I ~~tfl~~e;~;~nt from disruption) (cnlx see)-

number of particles per bunch
, Particle Production arid Damping Ring!
[ rlampizl~ring errrqj” — (.:,.\J ‘—
, cfanlpin< tluw , ::~s~(.

I ] . -rh!“ur:ert! pu x {r:e
:itlmbf.r .If !)unches per puisc
!JurLch:0 bunch distance
Lurlc!l Ieng’.i, , rr:)s i
Final Focus and Interacti~n-_— ——
2- f’Jnctirsn at if-’ j“. . .

!
1

I

,

beam Jlrrrensmn at 12 7;’j””
aspect ratio
.“rossirrg angle
disrupt ion parameter [)1, [),
luminosity enhancement
maximum cirsrupt:on angle
rli!uticm parameter

4[.cri~ica[ energ of beams tr?..
Ine.m nllmber of bcitri]strahl.

>.:
pwc
[.;t,\”
>,I\\’

\f \\’
:n.+
pst!c

111
frnn———

a sufficient injection acceptance ( about 4. !0-6 rn including
the wiggler nonlinearities ) and the desired small cmittance
coupling ratio (cy / Cr-= 1‘Yo)can be achievd with a toler-
ance limit of O.1mm (rrns) for trans~wse magnet positiorl

errors. An investigation of cnhcrcnt ( espccirdly multihunch-

) irritability problems is on the WAY.

High Voltage Pulser
The high voltage pulsers arc t!Ie most expwrsive item of the
S-band linear collider. ‘[’hus sorrw invrstigar.iorls have hwm
started to develop a hard tubr pulser as an aiternativu to
!he commonly used systems employing a high ~cdt,agc, short
pulse transformer.

In collaboration with S[..+( t it is pi; lncd to ,;et 1,: a
hard tube pulser next year as a first :,tep. ..\itllot:gi. thes(:
klystron pulsers seem tG bc the “least intwcst.ing” portior, of
a iinear cnllidcr, rmrch attention rnmt bc paid to th(,sc an[l
they will certainly be one of Ihc kcy issues of f{& D work ir]

the next year.

Accelerating Structures
Thedesign of the structure is hased on the wcli knowrl
features of crsllstim: grdient traveling wave tubes with tl
phase ad~”ancc of 2 r/3 per CCII[3]. As a preliminary choice
an i~ttenl]ation of 0.57 neper is chosen. ‘1’hemaximum struc-
ture-length is = 1? m imd given h}’ the peak power limit of
one kl}stmn. 1[1order to ha~wa nlodcratc variation in group
velocity ( I. 1 to 1.3 YO of c ] and shunt irnpcdzmcc, the Icrsgth
of one disk ItJaded structure is ch,mm tG he 6 m. in this
case the rcquirc(f peak power per tube is 56 AMWto reach
a loaded gradient of 17 ,MeV per rnetw. L’slrq S-band frc-
querrcy, conservative assumptions for Lhc ~-value [13 000)
and for the shunt impcdancc (53.6 Mf)/ m ) are tnarle for I.IW
calculations.

Two possibilities are investigated: I’hc 130Mkf’ Kly-
strons will feed two of the forwi;rd-tvat?e structures. - The

I—.- second possibility requ i:cs two 6 m structrrres of diffcrrmt
rrtrn I 3.0.3

i l(j~,.;..1s
:10.3

* 0.s
0.53. 16.4

1.s
U.77, 0.20

0.38
is

:.1
o,yl)~

0.06
0.021
+ t).s——

Table t: ‘[’able of general paralneters

.-!normalized errjil,tancc of -~t , = 4 1.10-; m and a transverse
damping time of, (x, = 3.S rnsec are achieved. The layout is
hased (jtl a rnodlficatmn of a t’.’h~rnarcreenen lattice afid
includes v;iggler stictions with A total active length of 84 rn
assumi~g a peak field of 2 “f_Ill : !,e w’igg!crmagnets (Fig. 1).
The lattice is optimized for a Iucal compensation of tbc non-
linear distortions caused b,, :Ilc scxtupolcs required for chio-
maticity correction. As parclcle tracking results show, this
leads to a lower ssmsitl’;ity ,,f the d~’narr:ic ~perturc Loerrors
than w)th ,,tii~r dtiugns i e.g. a F’ODO -lattice). Both

type one forward-wave a- d cmc backwimi-wave structure
with one coupler in th.: rnidrllc of the tube. This ichm rlmy
have sorrw adlantagw, for example, concerning trar:sversc,
rnulti-btrnch ins!. ki~:ties driven by dipole modes, which WIII
have comp! ~cij tiifl”ercrtt frequencies in the two tubes. “f%:
transvcrs.c kicks in the coupling CA due to phase and
arnplittsde-a.sy mrnetries are ~voirlcd by feeding the crsuph:r
cell from both sides.

Transient Beam Loading
The current pulse !cngth ( 2 psec ) in this type of collider is
much !ongcr L\i&ll orle filling time ( ‘r( = 0.825 psec ) of the
assurrwd 6 rrl long rf-,. tructurr:. Starting with beam injection
exactly after one {il!ing ‘.irne ‘[’1causes a buuch to hunch
rmerg:{ variation during the fullr)wing smond filling time due
to the transient beam IGarlirsg. The vdtagy as a functiorl of
time for one tube is Aowrr iri i;ig. 2. For a constant gradient
structure the full energy spread is givrm by ( 1) :

~v=-R’.iL ,- 2Te-2’
2 [ 1

[ – ~-zr ‘ (1 j

R’, = shunt-impedance per meter
i= the average current in one pulse
L = structure length
r = attenuation parameter ,

I
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Figure 2: Voltage = a function of time for onc 6 m long
travellirtg wavetube.

and approxima?.el>6.7 Yc in this case. which is far beyond
the acceptance oi the iinal focus and the:efore must be comp-
ensated.

Two possible schemes ha~.e been irtvestigaced. First, in-
jecting the bunch train after the loaded ~“oitageV. h= been
achieved and before the structure is completely filled, which
is also the proposed method for the other linear coliider
schemes, reduces ~he energy spread to 5.270 . With the sec-
ond scheme, the bunches being accelerated during the sec-
ond filling time, will have different phsses with respect to
the crest of the wave. This method enables an almost exact
compensation of the e],ergy spread due to phase variation
from bunch to bunch. Let V- be the unloaded voltage,
the phase angle of the first bunch is given simpl}? by :

t’.
\’-

= Cos(00)! (~)

with : 6 = O be the crest of the wave
.)10be the Phae angle of bunch # 1and d. = .

Starting with the unloaded \’oltage V- (at t’= O and
t’= Tf+t) ), the energy gain of the following bunches is given
with :

v(t) = v-~ Cos(ail+ Ad(t’))

&iL-—
[

1 – : e-z’ . t’ - e-wlQ””
2 Q 1(3)

with : dO + Ad(t’) = O for t’ = Tf

To provide the phise variation as a function of time, a con-
ventional bunch compressor is useri as a ‘bunch to bunch’-
compressor, in order to trrmsform a given energy spread into
a distance variation accordjng to :

Aqi(t’) & 1 constcO~~Ap(t’)—=—=—. .—
~~ AA (4)

Po

with a typical compressor parameter of const~c,~P= 4.7/(~)

[mm/%] as for example presented in [4].
The required ‘buncb to bunch’ energy spread is in the

rangeof 1.2 Yoat 3.15 GeV, the darnping ring energy. The
energy variation before the ‘bunch to bunch’ -compre=.sor
can be produced by short Iow-Q cavities to make the de-
sired fast voltage control possible, analogous to the transient
beam loading AV(t) as a function of time. First calculations
show, that the energy spread in the main linac cars be re-
duced to leas than 0.3%. ‘The possibility of making the first

stage bunch compression and the ‘bunch to bunch’ conlpres-
sion for energy cornpen.sstion in cne single compressor is sti!l
inv=tigated.

Single–Bunch Instabilities
Each of the 172 bunches in one pulse has to traverse a
large number of acceleration gaps before they reach Lheir
final energy of 250 GeV. An energy spread along the bul!ch
is induced by longitudinal wake Ilcld effects. Additicnall}
transverse wake fields will be excited if the bu!,ch moves off’
axis through an acceleration structure due to wtriou~ iorms
of jitter. In the 5LC the beam develrspes a corkscrew-like
tail. This process of single bunch beam breakup is extensively
studied analytically and uurnericdly m i5~ Transverse wake

fields scale roughly with the square root of the r.ms-bunch
!ength, Since our bunch length ( a = ~.2 mnl )‘s ‘iVc ‘i[11(5

snxdler than wed in the SLC and since our bunch popu-
lation is only 7 x 109 electruas (or positrons) per bunch,
transverse wake fields effects will be small by design for the
2 x 250 GeV linear collider.

So far only estimations of this effect have been per
formed. The single bunch beam hreakup can he estimated
in the Sm,ooth focussing approximation using a two partich!
model. The equations of motion are fci the head particle :

d/d[)z yx=’ +yk2l’, = o (5)

and for the tail particle

z:, Z2 are the transverse position of the head and the tail
particle, v the normalized energy, & = 2rr/k the Iocaf wave
length of the betatron oscillations, q = e 7 x 109the total
charge in the bunch and WI the transverse wake potential
at the tail.

These equations can be sol}ed assuming that the accel-
eration is adiabatic. We ohtain for the relativ: deviation of
the tail :

For a gradient g of 17 MeV/m, an initial energy EO = 3.15
Gev, and A. = 100 m we have

22 - ZII— =91%
Z1

(8)

after s = 15 km. The dipol wake potential WL = 0.79 x

1016 V/{m2C) was scaled from TBCI - results [6] for a
a = 3 mm long bunch. Numerical calculations will provide
more accurate results for the 0.2 mm long bunches. So far
no BNS-damping was invo!ced, which certainly can reduce
tbis effect significantly.

The total (peak to peak) energy spread within one bunch
due to longitudinal wake fields ww found to be

(9)

Due to the fact that the bunch length is very short compared
to the rf wave length this energy spread cannot (and needs
not to) be compensated by positioning the bunch on the rf
wave scope as proposed for the SLC,
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Theseestimates for the transverse and lorrgitudinaf sin-
gle bunch beam dynamics rlemonst~ate that the beam breakup
effects seem to be controiable. Further studies with discrete
focussing elements with the progr~m LTRAC!{ [5, 7j will
give more detailed results and am under way.

Multibunch-Instabilit ies
Loug current pulses with 172!hunches per pulse and a pop-
ulation oi’7.103 particles per bunch can excite strong trans-
verse electromagnetic fields in the structure and may limi~
the current due to beam breakup . This instability is driven
by the dipole modes of the structure, which arc resonantly
excited by an off axis beam. Regenerati\”e heam breukup will
be significantly reduced by the constant-gradient structure,
in which the dipole m.>de frequencies differe from cell to cell
due to the tapering of the iris. Curr,ulati\”e beam breakup is
probably the most severe problem which is currently inves-
tigated by particle tracking.

In order avoid the use of expensil’e damped structures iS]
where the dipole modes are coupled out by slotted irises,
more simple structures are irwestigated. One obvious method
is, to randomly distribute the dipole mode frequencies in dif-
ferent sections of the Iinac oter the entire length of 15km.
This can be achieved by using slightly different geometries
for the cavities. that ha\e [o !Ie tuned for the accelerating
2 T~3 mode onlj’. The use of a combined forward- and back-
ward wa\,e structure- may be anot her possibility which is still
investigated. This ieads to two rather different passha;ids

of the HEkl-modes and can further improve the situation.
At present the strengtb of the cumulative heam breaiup is
being invwtigated wlti, i,~~king programs and the effects of
various pctentiaf remedies are anal>zcd

Ground Motion - Orbit Distortions
In order to minimize the influmce of transverse wake fiehls,
strcng quadruple focussing is required. li”e resume that the
focussing strength may be decreased wiih increasing energy
thus avoiding extraordinarily}’ long quadruple magnets in
the high energy end of the Iinac. \Vith Lhe average beta ~
scaling rmghly as ~ = 0.09 m. X we obtain a magnet filling
factor of less than 0.05 everywhere and a total of Ns 1000
quadrupcde magnets. It can be shown that for any scaling
law ~ * 7( with O < t < 1 the rms orbit distortion a, due
LOrms quadruple motion aq,, is estimated at [9) :

a, = 2 u.,, fi, t = X,y . (lo)

As seen from long r.erm rneasurement.s of ground motion
in the HERA tunnel [10] we have to expect Utq.Y}~ 0.1 pm
during working hours (see Figure 3) resulting in CYx 6 pm.
This would be more than twice the vert]cal beam size. If
compared with measurements taken at numerous different
places in Germany [11], this amount of vertical ground mo-
tion is not particularly high, but quite typical for ground
noise close to big human settlements. Since the dominant
frequency component is around 5 Hz, the 50 Hz repetition
rate does r,ot allow effective beam stabilization by means of
beam position measurement and feedback. To achieve the
desired vertical quadruple stability of <20 nm for frequen-
cies ~ 1 Hz, we propose continuous measurement of quadru-
ple motion hy geophones and local compensation 01 each
orbit kick by the dipole correction magnet attached to each

;LI,..)
0:
1
1 (

I
1

01

.. - — .. — — — - . — — - - - -
!) .—— —.

o 8: ,.. :h.

F, S. so \!” 01 u, >0 Fr

Figure 3: Long term tneasuremcnt of rms-ground motion ill
the HERA tunnel during 1 wexk. The cut off frequency of
the ground lnotion detector is 1 Hz. ‘l’he a\eragiug time for
the tins-values was one minute. Tfle broken line represents
our tolerance of uncorrelated rms vertical quadrupok rno.
tion. For the final focus quadrupolcs considerably tighter
tolerances will be specified.

quadruple magnet. ~lternati~.ely, passive damping of qua-
druple supports IS considered.

Final Focus Lattice
Investigations of a final ft~cus sjstcm with 3; = 3 rnm
and ~~ = 0,3 mm at t!)e i:l~maction point have been per-
formed. The layout is bad on the CLIC lattice design
by Napoly and Zotter {12~(set: b’ig. 4). First results show
that for 250 (jeV particle energy the momentum bat

t. ——-———. —.—.———.—. ..
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Figure 4: Lattice layout of the final focus system.

of the system can be increased to at least A p/p = *0.8 YO
(originally +0.4] %) by introducing additional sextuples
for chrornaticity correction (see !~.g.3).

The emittance growth caused by synchrotrons radiation
and sextupole nonlinearities is negligible for the ideal lattice.
Studies of tolerance limits a well = practical correctiml
algorithms have not been performed yet.

Beam–Beam effects

Due to our large aspect ratio, the disruption parameters are
much cfiffwmt in both transverse planes [13]:

DX= 0.53, Dy = 16.4.

In order to allow the beam to freely pass the final focus
quadrrspules of the opposite beanl, we have chosen a finite
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Figure .5: Relatiie t“hange 0[ the 3-functimts at the in-
te~action pwn{ with nwi~~entun~ ~ieviatiorr hefore (a) and
after {~ \ Ij[ly.[nliz,ltion with ad,iit; onai seXtUpO!S?S( SO\i(f
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!arger [ hdn Lhr maximum (Ii$rupt iw :Ln@s iis twKitnattx!
frcm ~1-1~:

0, = 0.77 mrad . d).= 0.20 mrad

Howeker. [hi> t!stimation does not consider the efkct of the
finite crossing angie and t!~e rare beamstrahlung evenLs with
photon energies much larger than the critical energy u, Of

beamstrahlung The latter has been treated in [15] to show
that, with our parai[leters. less than one electron per in-
teraction will experie.,ce a kick z 2 OX. Theor}” predicts
a luminosity pinch enhancement HD due to nmtual focus-
ing of the beams diiring interaction. Llsing the formula of
C}len and }’oko}a ,J; we expect HD = ~. !iowe~’er, to be

conscrvat i~’e. we do not ir,ciude chis effect in our luminos-
ity}’estimation nor do w!emake usc of it to relax orbi~ jitter
ioierdrsces.

The critical radiation parameter is:

with :

.~.1~ ~ = Compton wa~e;ength of Lhe electron
r, = CLissical electron radius
\ = Number of particles per bunch

The critical beamstrahiunq ISformed within a distance /, cx
l~m which is much smaller than Liw t,unc!l Ieugth. Thus i:
should be insensil iw to c!ctails of the par~.icle distribution
function. TF,e mean relative energy loss is estimated to he

1 r,u, T2
< e >. —

3A ( Ac/2 i=r)z~
z 0.06 (12)

This foimu!a holds for T < 1 and no pinch effect. While
the first cond; tirm is satisflsd quite well, we do expect some
pinch. first since it will occur in the wrticaJ plane m~inly
(D, = 0..53) and because of 1, < c,, its influence on Y and
< c > is expected to be small ( CY<< ax in equation ( 11) ).

Summary
The aim of our study is, to use where ever possihle conveu.
tional te.chuology in order to reduce the immanent ;isks of

the first linear co!lidm. [t seems from our recently started
investigations that mauy components may In fact be taken
“off the shelf’ and thtd such a collider of 500 GeV center
of mass energy could indeed be built before the end of this
century.
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DIAGNOSTICSFORHIGH-BRIGHTNESSBEAMS*

R. E. Shafer
Los Alarnoshiond Labtmitory,Los Mtmos, NM 87545

ABSTRACT

Specialtechniquesare requiredforbeamdiagnosticson
high-brightnessparticlebeams.Examplesof nigh-bnghmess
beamsincludelow-emittanceproton linacs(eitherpulsedor
CW), electron linacs suitable for free-electron-laser
applications,and futurelinearcolliders.Non-interceptiveand
minimally-interceptive techniques for measuring beam
current, position, profile, and transverse and longitudinal
emittancewill be reviewed.Includedwill be stripline,wire
scanner, laser neutralization, beam-beam scattering,
interceptivemicrogratings, spontaneousemission, optical
transitionradiation.andotherttxhniques.

INTRODUCTION

Beam diagnostics for high-brightness beams is
hccoming an increasingly important topic 3s accelerator
physiciss improve the designs of low-emiuance particle
accelerators, The diagnostics must be able to measure the
characteristics of low-ernittancc beams to confirm the
acceleratordesign. Pcrrmmentfy-installeddiagnosticsmust
be able to characterize the beam without intercepting the
bcarnor causingcmi[timccdilution.

First, we need to define the characteristicsof a high-
brightmssbeam. High-brightnesshere mcarrsa highdensity
of particles per uniL 6-D phase. space, 4 transverse and 2
longitudinal. Becausehigh-brightnessapplies to individual
bunches, it is not synon;’rnouswith high-average-current
beams,althoughachievingsimuharwus highbrightnessand
high average current is oftendesirable.A goodexampleof a
high bnghtncss rc.quircmcnt without high avenge beam
currentis thehigh-energylinearcollider,in whichindividual
chxtron and positron bunchesarc collidedin a finalfocus.

There are three requirements for achieving high
brightness beams; op[imized acccle.rater operating
parameters,designof acceleratorand bcamlinecomponents
thatminimizeemittancedegradation,and minimalvariations
in bunch-to-bunchcharacteristics.

Bran diagnostics mcasurcmcntscan be dividedinto the
followingthreecategories:

Ccntroid curmmtandcharge
.measurcmcnt positionandangle

synchronousphase
energy

Profile energy
measurcmcm bunchwidth

bunchIcngth
bunchdivergence

Emittancc transverse
measurement longitudinal

h addition.bunch-to-bunchjitter in any of the above
ccntroidscan Icadto dilutionof thesingle-bunchemit~cc,

* Work supportedby the US Departrncntof Energy,
Officeof HighEnergyand NuclearPhysics.

unless the jitter can be eliminatedor corrected. Although
beam-curmntjitter may not qqxar to be correlatedto any of
the 6-D emittance parameters, it can couple into them via
beamloadingin acceleratorRF cavitiesas wellas viaspacc-
chargeeffects.

This paper reviews beam diagnostics techniques for
high-brightness beams, with examples given for three
representative high-brightness accelerator applications:
proton and H- Iinear accelerators, high-energy linear
cmtlidas,and free-electron-lawIinearaccelcrators.

Good generaf review papers on the subject of beam
diagnostics can be found elsewhere in the literature.*-7
Becausethere is not enoughspace in thispaper to presenta
completereview,the reader is referred to thesepapers, and
onlya fcw selecttopicswillbe discussedhere.

CENTROID MEASUREMENTS

BEAMCURRENT ANDCHARGE
Beam-currentmeasurementsarc straight forward,and

havebeenrevicwuielsewherc.gPulsed(i.e., low dutycycle)
hnacbarns are easilymeasuredwithstandardtape-woundor
fcrntc toroids,with the beam current representinga single-
wm primary. Active feedback to the toroid secondary
winding is often employed to increase the L/R time
constant, and special Iami,lating techniques arc used to
increasethehigh-frequencybandwidth.ForCW applications,
thenon-lintwpropertiesof flux-gatmhavebeenemployedto
achieve a DC current-measurement capability, with
acmracim of a fcw microarnps.For singlebunches,ballistic
integrationof the toroid signaf(e.g. by shuntingthe toroid
with a capacitor) yields a signal whose amplitude is
independentof the bunchshapeand propordonafto the totaf
charge. This method has been used to measure the total
charge in individualsub-nanosecond-longbunchesat LEP,
for example.

BEAMPOSITION
Generally,the largest quantity of beam diagnosticsin

an acceleratorfacility1sused for beampositionmonitoring.
Non-interceptivebeampickupelectrodeWJUcturwincludc9

Capacitive(alsocalledelectrostatic)pickups
Magnetic(windowfmme)pickups
Linearresponse(spceiafformof capacitive)pickups
Buttmrpickups(oftenusedin electronmachine@
Stripline(directionalcoupler)pickups
Slot-coupled(Bethe-hole-coupM)pickups
Resonant-cavitypickups

The best broad-band pickup frequency response is
availablein the impedance-matchedstriplineandsbt-coupkd
designs,and for this reason thesedesignshavebeen used in
anti-proton stochastic-cooling applications. The best
linearity (output amplitude vs. beam displacement from
center)is availablein thediagonaUy-cut4aXrodedesignthat
has a linear difference-over-sumresponseto displacement.
Impedance-matcheddesignsprovidethebeatcontrolof beam
couplingimpedances,and the.mfomarepreferredwherea low
“Z/n”is desired.
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The choice of beam-position-processingelectronics
plays an importantrole in the overatl system rfonnance.

rThe “standard”provxsing techniqueis the dif erence-over-
sum method,whichcan be implementedeither by digitizing
eachelectrodesignalseparately,or by using armlogor RF
techniquesto formRF or video(analog)differenceand sum
signals.These signalscan then be digitized,or the ratio can
be obtainedusinganalog techniques. Thesecircuitshave a
limiteddynamic range and real-timebandwidth,althoughthe
acquisitionbandwidthcan be veryhigh.

A second method that has been used recently on the
Fermflabauelemtors, and also on the LEP ring at CERN,
is phase-quadratureprocessing (also known as amplitudc-
modulation-to-phase-modulationor AM/PMprocessing).In
this method, amplitude disparities are converted to phase
.hparities in a passive circuit, and the phase disparity is
measured using mono-pulse radar techniques. This approach,
v~hich is a frequency-domain rather than a time-domain
Lcchniquc,has a large dynamic range (up to 60 dB), as well
M a real-Limebandwidth of about 10% of the processing
@ucncy. It is relativelycostly,andi~uir~ phase matching
of thesignalmbles. Becausethecircuitmeasuresthe signal-
ampliludcratio fromthe two opposingelectrodes,the output
is normahzcdto beamcurrent.This techniquehasbeen used
cm single beam bunches by using narrow-band bandpass
fi]~crs~a[ “ring”whencxcitcdby the bipolardoublctsignal
from a singlebunch.~”

A third signal-processing method rcccnuy being
int’cs[igatedis log-ratio processing, which appears to be
morelinear in displacementthaneitherdiffcrcnu-over-sum
or AM/PMwhen used with striplineelectrodesin a circular
geometry.Like AM/PM, it is a frequency-domainmethod,
and is more applicable to multi-bunchrather than single-
bunch beams. Also, like the AM/PM method, log-ratio
processing provides a real-time beam-current-normalized
analogsignalthat is free of digitizingerrors, and capableof
high resolution.

In general,the resolutionlimit 8Xis determinedby the
signal-to-noiseratio,and maybe writtenas

()
/jx .* ~ i

where Px and PS are the noise and signal powers
respectively, and “r” M the pickup aperture radius. For
AMfPMand log-ratio, Px is typically about 15 dB above
Lhcrmal(kTB) noise because of the presence of electronic
noise, when EMI and RFI are properly shielded out. For
example,a 1 MHz real-timebandwidthpositionsignalwith
l-pm resolutioncan be obtained for a 50 rnA beam in a
“quarter-wavelength”striplineelectrodepickupwith a l-cm
aperture radius. Beam sizes in future linear colliders are
expected to be in the 1 to 2 Vmrangell, and the pukeAo-
pulscbeampositionjitter mustbe controlhxlto a fractionof
this. It appears that with proper design of beam position
electrodes and electronics, the necessary resolution is
obtainable.

Accuracy of non-intercepting beam position
measurements is generaHy limited to about 1% of the
apertureradiusby sucheffectsas mechanicaltolerancesand
alignment,cableattcrtuationdisparity,and electronicsoffsets
and drifts.Directinjectionof calibrationsignalsintopickups
mayreducethecableand electroniccontributionsby a fiwtor
of 10.

SYNCHRONOUSPHASE
lltc beam-synchronous-phaseangle (the relativephase

of the beam-bunch RF structure and the accelerator RF
cavity fields) is an importantmeasurementfor optimizing
the Perfolmancc of linca- accelerators. The synchronous-
phase angle can be measuredwith an accuracyof about 50
ps, and with a resolutionof about 5 ps (e.g., about 8° d
0.80 ~wtivcly at 425 MHz), usingeitherStriplincpickups
or low-QRF cavities.

BEAMENERGY
Bcarn energy is usually obtained by measuringbeam

rigidityin magneticfieldr At low energies,however,where
j3is substantiallyless than 1, time-of-flighttechniquescan
be used. An exampleof this is using two striplincs(or low-
Q RF cavities) with 50-ps time-measurementaccuracy to
measurethe phasedchtyof the RF modulationbetweentwo
pickups.Forexample,with 50-psmcasurcmcntaccuracyand
a flightpath of 3.5 meters, the energy of a 1O-MCVproton
beamcan be measuredto about* 10keV.

In free-electron-laserIinitcs,It is also possible to usc
the measurementof the spontaneouscmissionwavelengthin
wigglers to measure the energy of an electron beam, The
spontaneous emission wavelength is approximately the
wigglerperioddividedby 2y2.t2 The emissionwavelength
can be measuredusingopticalspectroscopytechniques.The
naturallinewidthis approximatelythe cmissionwavelength
divided by the number of wiggler periods, and can be ICSS
than I% for a wigglerwith over 100periods.For example,
with a 5-cm wiggler period and y = 200, the spontaneous
emissionwavelengthis about600 nm. With severalhundred
wigglerpe~iods,energy-measurementacairacics in the range
ofti.170 arc possible.

PROFILE MEASUREMENTS

TRANSVERSEBEAMPROFILES
The wire scanner is the most widely used device for

obtainingtransversebeam profiles.In this method,a single
10-to-10P-~-diiu,~cterwire is movedthroughthe beamin a
conuollcdmanner,and ei~hx the currentinducedin the wire
or the radiation caused by the beam hitting the wire is
mcasurtd. The major shortcomingof wire scanners is that
the wire may not survive in high intensitybeams.For low-
duty-cycleaccelerators,thewire is steppedthroughthebeam
in small increments, thus obtaining a profile over many
beam pulses. Low-Z wires (e.g., carbon) are often used
becausethe multiplescatteringis low and tic heat capacity
and melting point are high, If a large radiation yield is
prcferrd, high-Zmaterials(e.g., tungsten)are used.Position
and profile resolution of a fcw ~m is possible. For CW
beam applicationsin which the steppd wire wouldmelt,or
the multiple scattering could cause excessive emittance
blowup, the wire is moved through the beam at a high
velocity,often exceeding 10 m/s. In this case the temporal
profile of either the induced wire current or the radiation
produced as a result of nuclear scattering is a good
representationof the beam profile. Stepping wire scanners
are now beingused in the SLAC Iinacto checkbeamprofile
and ~gnmtXtL

Wire scannerscan alsobe usedat the intersecting~int
of two col!iding beams, such as at SLC. Because the
brems.stratdungradiationis highlycollimated,the temporal
overlap of the two radiation patterns is a measure of the
re!ativealignmentof the two collidingbeams.Unlikebeam-
beam scattering (see below), the temporal profile
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measurements of the two beams are not convoluted, so
independent measurements of the two beam sizes are
possible.The resolution of wire scanner measurementsis
presentlylimitedto perhaps 10 ~ or more,due to the wire

Becausethe beam size is so small at the collisionpoint
in linearcolliders,specialmethodsmustbe used to measure
profiles.At SLC, the deflectionof one beam by the other at
the final focusas the beamsare scannedacrossone another
~:ovidesa good measureof both the beam overlap and the
convolutedbeamprofde.Resolutionof severalpm has been
achieved.This method does not depend on any dimension
other than the beam sizes themselves,and can thereforebc
extendedto suh-~ beams,

At SLAC,the transversewakcticldcffeclcreatesa head-
[ailretativedisplacementof the km centroid.By placinga
dcflwor magnets and ftuoicsccrit scrccns at the proper
locations in the magneticlattice, the x, x’, y,and x’ profiles
of individual bunches can be observed on fluorescent
Screens.ls

Beam prcfile measurementsin future linear colliders
pose a particularlydifficultproblembecause the beams are
cxpectcdm have rms widthsof 1 to 2 pm in the Iinac,and
10 or 20 nm at the final focus.tl Ruon14 has proposed
observingthe yieldand velocitiesof electronsand ionsin the
ionizedresidualgas,becausedw.separameterstlcpendon the
&am size and the electricfieldssurmmding the beam.This
method does not seem to be cxtrapolatablc to very sma

bbeams, however, because electric fields in cxccss of 10
V/cm will produce field-emission ionization. Another
proposalis to use a target composedof many very narrow
ptmd]]c] stripes of high-Z materialon a thin low-Z backing
(e.g., gratings of gold on pol}’mcr).High-energy beam
bunches will destroy the stripe, so the grating is moved
continuouslythrough the beam. The brcmsstrahlungyield
willdependon what pcrccntagcof the beam hits the high Z
stripes.If the beam si?. is of the orderof or smallerthan the
stiipcspacing,there will be largepulse-to-pulsefluctuations
in the bremsstrahlung yield. These fluctuations can be
correlatedto thebeamsize. Featuresizesof theorderof 0.06
pm havebeen achievtxlin semiconductorlithographyusing
synchrotronslight sources, so gratings of this size arc
possible.

Laser beams have been used to neutralizesegmentsof
H beams, becausetie thresholdfor pho[o-dissociationof H-
is about 0.75 cV, and the maximumcross section is about
40 megabamsat 1.5 eV. A 100 ns-long, 10 mJ laser pulse
focused to a narrow waist is sufficient to neutralize a
longitudinalslice of the beam complctcly,A Nd:YAGIascr
at 1.06 pm has been used for this purpose.ls After
neutralization,the charged beam is separated magnetically
from the neutralbeam, and the yield of neutralhydrogenis
measured. For transverse profile measurcmcnts, the
obtainableresolutionof this“masslessslit” is of theorderof
50pm becauseof theconfocalparameterof the laserbeam.

Other bunch profile measurement tuhniqucs include
residual gas ionization and fluorescence. The ionization
measurement usually involves collecting the ions or
clcctruns on a multi-channel pla!e. The residual gas
fluorescencemethodtypicallyusesvideocamerasandCCDS,
sometimes with image intensifiers. These measurements
suffer from sensitivityto beam halos, lack of resolution,and
sensitivityto theelectricfieldof high-currentbeams.

For highlyrelativisticelectronbeams such as are uscxi
in free electron lasers,both spontaneous(wiggler)erxission
andopticaltransitionradiation(OTR)havebeen succcssfuJly

used to measure hdh km size and beam divergence
profiles When the beam passes throu h a thin metallicfoil,
opticd-wavelengthradiationis emiJ frombothsurfacesof
the foil.16The radiation is emitted in narrow cones whose
openinghalf-anglesare about lly. If the foil is lilted at 45°
relativeto the beam, the backwardradiationcone is cmitted
at right angles to the beam, while the forwardcone is at (P.
The vidw image obtained by focusing at the point of
emissionyieldsa two-dimensionalpmfilc of the beam size.
Focusing at infinity, however, yields a two-dimensional
hollowcirclerepresentingthe openingangleof the radiation
cone. ~C width of the line is related 10 both the beam
energy%vad (dy/y) and theangulardivergenceObservation
of polarizedcoherent interferencepatternsin two-foilOTR
interfcrogramsyields direct informationon the transverse
bm divergence.In thiscase, the interferenceis betweenthe
radiationemittedfromthe frcnt surfaceof the upstreamfoil,
and the back surfaceof the downstrwm foil, both of which
arc tilled at 45° with respect to the beam. Measurementis
made by observing the OTR at right angles to the beam
fromthebacksurfaceof thedownstreamfoil.

BUNCHLENGTHMEASUREMENTS
Non-interceptivebunch-length mcasurcmcntscan be

madeby couplingto the electromagneticfieldof the beamin
either the time or frequencydomain. For highly relativistic
“beams,the measurement is limited only by tt?c pickup
response. In the time domain, either real-tim.cor sampling
oscilloscopescan be used,In the frequencydomain,spectrum
anzlysiscan be usedto measurethe Fourierharmonicsof the
beambunchingfrequency,

Will-currentmonitorsthatmonitorthe temporalprotilc
of the beam-imagecurrents in the beam-pipewall flowing
throu h a resistivepath have achicvcd bandwidthsup to 6
GHz.fi The pickup is made up of 10 or more parallel
resistorsacrossa ccrarnicgap, and has a totalresistanceof a
few ohms.This measurementmethodis generallylimitedto
the frequencies below the beam-pipe wavcguidc-cutoff
frqmcy (TX,, and~l modes).

For low-velocitybeams, the EM field of the beam is
no longerLorcntz-contractedto a ‘EM wave,buthas a finite
longitudinalextent at the beam-pipewall, thus limitingthe
frequencyresponseto (3 dB cutoffpoint)lg

()
~ M <Q

PYC
wherePy is the relativisticfactor,c is the speed of ligh~r is
the half.aperture of the pickup device, and 10(arg)is the
modifiedBessel functionof order zero. As an example,the
cutofffrequency(arg = 1.22)for a 10McVprotonbeam in a
l-cm-radiusapertureis about850 MHz.

Toovercomethe “BCSSCIfactor”limitationfor tic low-
vclocity beams mentioned above, it is possible to obtain
good time resolutionby measuring the temporalprofile of
secondary-emissionelectrons from the ions strikinga thin
wire. Resolutionof about 1° in phase at 200 MHz (15 psj
was recently obtained at the Moscow Meson Factory on a
20-MeVprotonbeam.19In this case, the wire was biasedat
+ kV,and a 600 MHzRF deflectorwas phase-lockedto the
acceleratorRF to deflect the Secondary-cmissimelectrons
acrossa narrowslit. A similars stem is being built for usc
on the FwrnilabLinacupgrade.2(?

Totally-interceptivebunch-lengthmeasurementscan be
made using Faraday cups either in a coaxial transmission-
Iinegeometry,or a striplincgeometryin which the beam (a
low-energy ion beam in this case) strikes tlic striplinc
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transversely.21
A laser can also be used to measure the longitudinal

bunch profile of a H- beam. In this case, very short laser
pulsessynchronizedto the beam RF structurearc required.
Again,magneticseparationof the chargedham is required,
and the yieldof neutralhydrogenis measured.A plotof the
yieldof neutralsvs. the RF phaseof the laserpulseprovides
[hebunch-length-profileinformation.

Streak cameras, with temporal resolutionunder 2 ps,
have been successfully used to observe the very short
bunches in electron accelerators such as SLAC and frcc-
elcarcm-laserIinacs.The signalsourcefor streakcamerasis
typically spontaneous emission, synchrot.ron light, or
Cemkov light.

ENERGYPROFILES
Energyprofilemcasurcmcntsgenerallyr~uirc usinga

dcvicc that has momentumdispersion. An example is the
encrg}”spread measurement at SLAC, which utilizes a
wigglerin a dispersivesection of the magnCtiC&lt.iCe.‘he
wigglerx-rays tmm singlebunchesof electronsor positrons
impinge on a fluorescent screen, and arc viewed by TV
Camclas.13

VeryfastNd:YAGlaserpulses(c20 ps) havebeenused
to neutratizcslicesof individualbunchesof H- bcams.15 At
low energies, the energy profile of these slices can be
measuredby letting the neutral hydrogendrift to a coaxial
Faraday cup manymetersaway.The temporalprofileof the
Faradaycup signal is directly related to the velocityprofile,
and hence the energy profile, of the neutralizedbeam. At
higherenergies, the neutralsmust be stripped to protonsat
theentranceto a magneticspectrometerafterbeingseparated
fromtheH- beam,and themomentumprofiiemwwud.

EMITTANCE MEASUREMENTS

TRANSVERSE EM1’ITANCE
Slit-and-collectorand slit-slitsystemsare the traditional

methods for measuring transverse emittance of high
brightnession beams, but this method is limited to beams
with a low averagebeam powerbecauseof the slit heating.
However, a slit-slit s stem is presently being used on the
CW RFQ at CRNL.2??Wire shadows(“negativeslits”)on
fluorescent screens are similarly limited. For this ~i~c)rt,
othermethodshavebeznused.

Tomographictechniqueshavealsobeenusedto measure
trartsverseemittance. In this method,the transver* profile
of the beamis measuredat severalpointsin a drift spaceor a
matched strong-focusinglattice near a waist in the beam.
The evolutionof the transvcrxephase space ellipse as tie
beam passes through the waist can then be esLirnatcd,
yielding the emittance. If the beam is space-charge
dominated,then the emiuance may not be pmscrvcdas the
beampassesthrougha narrowwaisLhowever.In this case a
better measurement is obtained by measuring the beam
envelope at several points in a matched strong-focusing
lattice.Wirescannerscan be usedfor thispurpose.

A variationof the waistmeasurementmentionedabove
is to vary the focusing strength of the magnetic lattice in
order to move the beam waist through a single profile
measurementdevice. This methodalso is limited to beams
in ~hich the emittance is preserved in passing through a
“uaisL

It is possible to reconstruct the transverse beam
emittanceif the second momentof the beam profilecan be

measured at several points. In principal, this can be done
using non-interceptive electromagnetic ~ickups whose
response is very well understood, In parucular, Mille#
proposedsuch a techniqueusingstriplinepickupelectrodes,
but no measurement using this technique has yet been
reportedin the literature.

For the special case of H“ beams, the ktser-
ncutralization technique mentioned above has been used
successfully in combination with a standard slit and
collector.24 In this case a 100-nsecsegment of the entire
beam is neutralized immediately in front of a bending
magnet. A narrow slit is placed in the neutral beam
immediately downstream of the magnet, and a collector,
whichmay be a multiwircharp,a segmentedFaradaycup,or
a fluorescent screen, is placed at a suitable distance
downstream.This approach limits the beam power on the
slits. 11is important in this case to minimize the distance
between the neutralizationpoint and the slits, because the
emittance ellipse is shearing in the x and y cmrdinates
betweenthe two points,and can becomequite elongatedby
the time it rutches the slit. Unlike the conventionalslit-type
transverse-emittance-measuring systems, this laser
neutralization approach can be a permanently-installed
diagnostic,becauseit hasa minimaleffecton the IT beam.

LONGf’lUDtNALEMITTANCE
The most difficult measurement to make on particle

beams is longitudinal emittance, which requires
simultaneouscorrelated measurementson both the bunch
longitudinalprofileand theenergy-.

For H- beams, it is possible to combine bunch length
and energy profile measurementsmentionedabove using a
mode-lockedNtYAG laser at 1.06 pm. For low energies,
the-energyspectrumcan be obtainedusinga pulsedlaserand
time of flight.15 At higher energies, the obtainable
resolutionfromtimeof flightis inadequate,and a CW mod
lockedlaserand a momentumspectrometermustbe usexL2r

Other methodsincludethe use of RF deflection,either
of the beam itself or in a streak camera. RF deflectionof a
beam in a dispersive region onto a fluorescent screen
provideslongitudinalemittanceinformation.In this melhod,
the phase resolutionis limited by the transverseemittance,
Streak cameras can be used with a wigglexin a dispersive
beanline, can also yieldlongitudinalemittanceinformation.

BEAM JITTER

Although beam jiuer is not a basic characteristic of
beambunches,like beamcurren~ener~j, or position, beam
jitterdeservesspecialattentionbecauseItcan adverselyaffect
fheperformanceof theaccelerator

Sources of jitter may & vibration or ground motion
(microtmrnors),RF amplitudeor phasenoise,fluctuationsin
magnetc~]it, etc. Jittcxin one beam parametercm cuuple
into other.%Beam current bunch-~bunch fluctuationscart
cause RF-cavity-amplitudefluctuations via beam loading,
and therefore couple into energy jitte~ Energy jitter can
couple into beam position jitter in km optics that have
residual (non-zero)dispersion, For high-brightnessbeams,
beam profiles and emittance ellipses often depend on the
spm34argedensity, and therefotebeamcurremt.

For thesereasons,it is very importantto untkmand the
possiblesourcesof jitter, and designthe beam diagnostic to
be able to observe it if it is present. Vibrationandground
motionare generallybelow 100Hz, but plasmaoscillations
in H sow are often in the 10to 20 MHz range.For free
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electron-laserlinacs, thebeam-bunchseparationis typically
10 to 50 ns, but bunch-to-bunch phase jitter must be
controlledto of the orderof 1ps.
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Abstriwt

The search for new methods to accelerate particle beams to
high cmerg}”using high gradients IIZMresulted in a nulnber
of cmdirfate scherries. One of these, wakcfrel(f acceleration,
has Lee=.the subject of considerable R.k f) in recent jecars,
This eff(.rt hzs resulted in successful proof of principle ex-
pcrimcrrts al]d in increased understanding of man)’ of the
prac[ ical mpects of the technique. Sortie waf.ieficldbasics
plus the status of exi:;ting and prollos.d experimental work
is discussed, along with spcculatiuus on the future of N.aiie
field acceleration,

Introdur.t ion

.Acceteration tt;chniqu~s n,;Ly ~~nt.rally be cla5sificd as
pl=ma baml, near field, c,r far ivld. Plaslfla tJased schcIn(:5
USIIAI}”rcl}”upon acceleration t,> fwlds U*!Iich rmlil t when
the charges in a plasma are rcdistribur.wi, either b! exci-
Lat ion of plasma v.”a~”esby lasers as in plasma treat w.a}v:
acce]~:ra~ion or b}” direct beam-p Iasrna illr.cractiorr as in
pl=ma w.akefkld acceleration. The nlost : ctractit”c fca-
~UP?S Ofp;ZISMaM“a\’eh;L$d aCCt!!l:ra[OrSarc IInnlUrliryfrCJIn
electrical break rJown ar]d the potent id for cxtren)ely Iarg?:
accelerating gradients. This grad ierrr,is usually defined b}”
the waw+breaking limit at x JW(cl~-3) e\’/crr, W},ere~,
is the piasma ckctmn density. Grad icnts of a few G(,V/rll
are in principle obtainable: for rrmlest plasma dcnsitl~s.

\’ear field schemes use fields wtIosc properties are rJctcr-
mine,J hy local \Joundary ~ond itions. c~onventiorla] Iinac
structures, grating structu rcs, switched power tf~:vices,arlrJ
non-pl=ma baed wakcfi~id structures arc exarrlplcs of nvar
field cftvices. Excitation of cIIesc fieltfs can be cithvr fro~n
external rf power sources or, in a wakefiejd (\\’ E-) device,
from direct interaction with an energetic Ijeiirrl.

“Lt’orksuppor~edby U.S. Department r,f bt~:rg},, l>i.isi,,rlof }ligh
Energy Physic~.~r,n~rac.tW“. 1.I(J,).1;>”(;.‘,.

Far field acceleration uses free rwiilf.ion fields, Exarnp],.s
of this include irrt.ersc free c!cctron i,~sers(I1!’};1,)and mcth.
ods bzwxl on t.hc inverse (-Hlcreniioveffi:ct. 11’EL acceler-
ation has been demonstrtitcd iit low level [:j], iin(f efforts
are proceeding to expcrimentidly stlItlj’ invvrsr ~~llvrenk{)v
acceleration [4].

\Vaiicficlci acceleration strmtis out as a tech ni(lllc which has
attracted ccfnsificrahie interest in recent J’Carsand is the
focus of several experirnetlt;il progranls. P,,ssibij, becaus~:
tile t,2chI]i(~uercprcscnts in man}’ wa~’san cxtrapo]ation of
\\cll UrI{ieiSLOOrJ princip]cs, ii hiLsalso undergone relatively
ciose exaIn inat ion. ILs pot.critials and pi[fails arc t)ettcr
understood than those of ~he more exotic schcrnes,

Wakeficdrl 1SS11(!S

If waiicticld acceleration is to bccorrrc a },inhlecandidat? for
future acceicrators, seter;ii iIltcrreiatcd iwy is.suvsmust b,:

atidressed.

w“hatarc attainahlv gra(i ients with “real” drive beams”?

:trc t hI$f{rik’ebeanl dj’nalllics tcual; ice!

can accelerated hcarll quality be prcscr~uf to pro~id~:
IIssfui iunl illosity for a linear coili(lcr’?

can it IJCacceptabi}. f:fficient?

A v::tL,;iieid accelerator is L}’definition a “two step” rkice.
A lrlore ~,r iess conventicrnai iinac is used to acce]cratc drive
!J?tu~ {,LIUChCWI. ‘rhcst: in t,url~ are u5ed t. Cxcltc E~l frc]ds

in w“ake!ie]dstruct ures which accelerate “witness”’ bunches
LO high vuergy. In light of the fact the waii plug efTrciencJ,
of a ccmvcnti,)nal linac is oniy rnargina]]j’ acccptahlc for
a 1’(:Vcoiiider, drslgniug a wakefield based TcV machine
\\’it}l Cfi[rlj,drat)]c CffiCiW,:j’ k rro~ ~ik$~.

One frequently di+-ussecf parameter of \VF accci?rators is
the “transforrnc: ratio”, R, defined as the ratio of the peak
of the accci(:rating tt”tik::ficid to the average decelerating
field fel~ by th,. t.iriv,:bunch. It would seem that f?.is there-
fore a handie ~.,1the eflirierlcy, and that with some sort of
transformer sct,crllc it sllouid bc possibie to obtain high gra-
dicr)ts rfiicirm~lj, 1,’llfortunatc]y, R, the dri~?ebunch charge
>, and the accelerating gr~,-flcnt G arc rc]atcd:

Efforts to sul,~t;tntia]]:; increase R

sonablc .\’ if ~ gr.. ‘i~:nt in cxccss of
usuaiiy rcquirl: unrca-
1f)[J~.fcv/m is sought.
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Beam dynamics problems differ between plasma wakefield
and other wakefieldschemes. In plasma, a tw~stream type
instability within the drive bunch can cause serious dete
rioration of the bunct.. The wake, ewn for the c,ase of
perfect azimut$=l symmetry, has strong (de)focussing ~f-
fects on the accelerated beam depending upon the phase
of the wake. While these fcmw can, in piillcipk’, provide
all the &sired focussirg of the accelerated bcmn, they also
place stringent requirenumts on the relat.i~’caliglllllcnt of
the driver and accelerated bunches. Any nonl~ncar comp~
nents of the plasma wave, not unexpectr~i if high gradients
are present, will further complicate beam control.

Structure or dielectric wake devices introduce potentially
serious single bunch beal II hreak up (B~ U) instabilities to
the dri~’c beam. Incre*ing the aperture of the drwicc re-
duces BBU effects, but also reduces Lhegradient for a given
dri~”ebunch charge. The same wakes which produce BBU
in the driwr also result in dfcct.ivc e[nittance increase in
the accelerated beam. Fortunately, mode damping car. be
designed into the devices to de(ouple the accelerated bunch
from the deflecting modes generated by the drive beam.

The following section describes se~-crzl wakeficld accelera-
tion research programs, attempting to highlight the specific
ways that the abo~”ementioned concerns arc addressed.

Walmfield Experirncnts

The DESY/Darnwtadt \Vakc Field Transformer- The first
sciious wakefield accelerator experiment was started at
DES1’ in the early 1980s [5]. It had = one of its goals
the demonstration of a waketleld transforr-tcr, schemati-
cally shown in figure 1. The underlying p;-inciple is -hat
the energy deposited by a ring shaped drii’e bunch at the
outer radius of the dc~’ice is compressed as the wake pulse
travels inward to the center. Transformer ratias of about
ten are typical in the experiments to date. This experi-
ment required the development of a hollow driving beam,
pulse compression and acceleration systems, novel diagno=
tic devices, and the transformer itself . . .each by itself a
noteworthy accomplishment.

The transformer concept has been successfully demon-
strated at modest ieve!s. As an outgrowth of this work,
efforts are now directed toward developing the resonant
wake field transformer (RWT) as a basis for a linear col-
lider. The RWT schen.e uses a serim of equally spaced hol-
low ring pulses to resonantly excite and “build up” fields
in a wake field transformer. It is much easi-r to supply the
requisite charge in several burches than ;.1 a single bunch.
Initial experiments with five bunches c~nfirm the “build
up” and produced a gradient. of = 1.5 MeV/m at a gun
current of only 5-10 A. (The gun has delivered up to 80
A). The eKect of azimuthal asymmetry in the drive beam
charge dei~sityhas been observed, and the experimenters
acknowledge that strong transverse fields must somehow be
dealt with.

Side view Front view

Figure 1: The wdw fkid transformer.

f)csign parameters of a RWT based high energy Iinac suit-
able for high energy physics usc have rtxxntly been outl-
ined [6]. Superconducting cavities would provide the drive
beam acceleration, with energy recover of drive beam en-
ergy employed to increase the overall efficiency (Figure 2).
It is claimed that a TeV RWT based based collider would
require only 4 km of driver cavity length.

The KEK Dlasrna wakefield cxcwrimcnt.- A P\VFA extwri-.
ment was performed at KEK [7] using a trail! of five 250
MeV bunc~les from a Iinac norl~~lly us~d by the KIZ1ipho-
ton factory. The actual bunch separation was about 350
psec, the plasma wat’e period. Th~ bunch train passed
through a 1 m long plasma cell, after which the energy of
each bunch in the train was measured using an innovative
combination of a magnetic analyzer and a streak camera
to observe Cherenkov radiation in air from the beatn.

Because the interbunch spacing was fixed, resonance N,as
“.s.tahlished by tuning the plasma density. A 4 LIcV energy
shift of the fifth b~]nch, consistent with theory, was mea-
sured in this experiment. More experiments are possible
using this appaLatus such as the use of a positron witness
bunch. Some of the experimental results are shown iu Fig-
ure 3.

The Argonne Wakefield Program- Argonne has supported.—
an active research progrz.~ m wakefield and related effects
[8]. A special facilit:~-witb which wakefields could be di-
rectly measured (AATF) has permitted detailed me~urc-
ments cf wakcfields in plasma (linear and nonlinear), in
pillbox cavity arrays, and in dielectric loaded wave guides.
Some of thess results are shown in Figure 4.

During the past year the Argonne group has placed ex-
tensive effort cmthe study ot’dielectric loaded waveguides
as wakefield devices. The attractiveness of this particular
w. k, field scheme lies in its simplicity and potential perfor-
mance characteristics. Moreover, several extensions to this
technique appear to overcome some of the potentially seri-
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Figure 2: A R\VT based cell of a high energy !inac.

ous transverse wake effects. Cne of these is schematically
shown in Figure 5. This configuration rapidly damps a!] but
m = O modes. The longitudinal wire boundary does not
affect the Tkfo accelerating mode but permits the higher
order hybrid modes to leak out into the absorbing material
[9]. A bunch to be accelerated need only be placed a few
c~”clesbehind the drive bunch to be “insulated” from emit-
tance incre~ing deflection modes produced by the driver.

Another use of dielectric wakefield structures is in the (infe-
licitously named) coupled wake tube accelerator (CWTA)
configuration (see Figure 6). Here the drive bunch and ac-
celerated bunch travel along separ~te but parallel paths. rf
ene:gy produced in the dominant 7’MOOmode in the rela-
tively large aperture drive section is coupled into a smaller
cross section acceleration tube. Both tubes are designed
to have the same lurninal (vPh = c) TIWOOfrequency. The
HEM mode damping described previously can be used to
suppress deflecting modes if desired.

The gradient step up ratio and length through which the
bunch is accelerated (group velocity dependent) can be var-
ied in this arrangement to adjust the transformer ratio and
energy transfer efficiency, One of the more important ad-
vantages of a CWTA is that BBU in the driver can be
reduced to tolerable levels while maintaining large acceler-
ating gradients. The fact that dielectric loaded guideshave
an additional parameter, dielectric constant, makes them
attractive for CWTA use.

Powerefficiency in Argonne’s wakefield accelerator concept
is increased by extracting as much energy as possible frGm
the drive linac by accelerating several pulses from a single

AE (h{eV)

J__l_-_.L,~~4thlb”nchi1
2 3 4 5 8

4
I Io I

i

J-

0 0 \“++’-+
\/

-4k w
t -1

I I ..8A
5th bunch

-6
2 3 4 5 6

n? (101’ cm-3)

Figure 3: Observed energy shifts of the 4th and 5th bunches
as functions of pl~ma density in the KEK PWFA experi-
ment.
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rf fill. Re-acceleration of drive pulses is not presently being
considered in this design.

A new facility is being constructed at Argonue to extend
wakefield and related technologies to significantly higher
levelsof performance than arc currently possible. The new
Argonne WakeficldAccclcrator (AW’A)facility will use a
new photocathode based: intense ( 100 ~C, 10 psec fw )
electron s .,urce and a specially designed L-band linac to
produce drive pulses. Research on devices with gradients
in the 100-1000 MeV/m range will be possible at the AWA
in about two years.

Comments and Conclusions

Waliefie]d acceleration research is being carried out in a
growing number of Lmations. Besides the programs out-
lined above there are also proposals to study wakefield ac-
celeration in the USSR at Novosibirsk and Yerewm.

Because wakefield acceleration is in some ways better un-
derstood than some of the more exotic advanced schemes,
it is held to mme stringent standards at this time. While
accelerators based on this technique appear feasible, more
research is clearly required before a credible high energy
linac design can be made.

It is also interesting to note that except for plasma based
devices, wakefield accelerator concepts are tending to adopt
the look of the so called two beam accelerator (TBA), per-
haps best represented by CERN’S developing CLIC [10]
scheme. It may be hoped that this research will soon de-
fine the role (if any) of wake field techniques in future high
energy accelerator technology.
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THE BNL ACCELERATOR TEST FACILITY I

Kenneth Batchelor
Brookhaven National Laboratory, upto~. New York 11973

Abstrsct
The design of the Brookhaven National Laboratory

Accelerator Test Facility is presented inciuding the
d.?sign goals andcqtational results. The heartof the
sys:em is a radiofrequency electron gun utilizing a
photo-excited metal cathode folloued by a conventional
electron (inac. The Nd:YAG laser usd to drive the
cathode with 6 ps long pulses can be swhronized to a
high peak power C02 Laser in order to study laser
acceleration of elect-ens. Current operational status of
the project uill be presented along with ear[y beam
tests.

IntrOrktion
The,Brookhawen Nationai Laboratory Accelerator Test

Facility” is a 50 to 100 HeV electron linear accelerator
utili;ing a high brightn s,

$?
photoexcited cathode,

rad,ofrequenq electron gun followed by tuo traveling
wave accelerator sections operating in the 2m/3 mode.
The facility is designad to provide otlt~t beams suitable
foracceL;~~i;~,40f mu methods of high gradient

or of stat? of the art fr e electron
iasers &and nonlinear Coirpton scattering radiation
sources. Initially the electron gun and accelerating
sections will be pcwered from a singie klystron a~lifier
giving a maxinun output energy of 50 HeV (see Fig. 1).

I s-—-. ~
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Fig. 1. Block Ciagrsm of the Accelerator
Test Faci Lity

Desi@tconsiderati~
The electron bmch length is determined by the laser
pu[se width uhich may be sma[l compared to the radio
frequency uavel~th thus eliminating she need for a
Ixmcher and permitting small energy spreads.
The electron Ixmch is synchronized uith :he laser
pulse to picosecond accuracy.
Very low emittance beams can be produced by suitably
shaping the laser pulse.
The rf cavity can sqport gradients at the cathode of
the order of 100 IW/m thus minimizing emittance
grouth due to space charge forces.
A rrulticavity gtm can deliver a beam of several MeV.
The gtm can operate at the same fr aquency as the

Optirrun design of the gun cavity can minimize the
amittance grouth due to nonlinear components of the
transverse electric and magnetic fietds.

Electron GUI D=ign
The beam brightness is maximized by plar. ing7the

cathode in the mxinun electric accelerating field by
utilizing a half cell of a conventional disc-loaded
structure followed by a suitably phrised full ceii isee
Fig. 2). By operating in a resonant z-mode
configuration and utilizing thick discs with a
relatively Lar<s profile radius we are able to obtain a
good approximation to the ‘idealU Linear depenchnce of
the transverse fieidsuith beam radius. Byoperuting in
s-mode and crossil)g the boundary betueen the two cells
when the e(ectric fields vanish the deflection of the
beam as the txmch nears this boundary is car,celled by
the opposite fields encountered as it enters the next
cell. This condition determines the time at uhich the
laser pulse should strike the cathode relative to the rf
wave for mininun amittance at the gun output. Since
there is no compensation for the transverse deflection
at the exit of the gun essentially all of the rf induced
emittance growth occurs there. The rf power is coupled
to the two cells at the outer cylinder wall so that only
the z-mode IS coupted. The rf gun design parameters are
given in Table 1.

s I!AND

WAVE CJUXOC

CA

Ac

Po mP.AM xxrT

Fig. 2. Oiagram of the Electron Gun

Table I. RF Gun Desiqn Parameter
Structure type Resonant (T-mode)
Structure inner diameter, rmn 83.08
Structure length, m 78.75
Nurber of cells 1+1/2
Operating frequency, GMz 2.856
Beam energy, MeV 4.65
Beam aperture, IMI 20
Shwtt impedance, MWm 57
Cavity Q 11,900
Max. surface electric field, t4V/m 119
Average accelerating gradient,MV/m 6.66
Electric field on’cathode, MV/m 100
Cavity stored energy, J 4.0
Cavity peak power, MU 6.1

linac.
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Phowcatfi Deai~
The photocathode requirements are as follous:
It shouid have fractional picosecond response time in
order to precisely follou the laser pulse form.
It should have good quantun efficiency for operaticm
with the laser well belou damage thresholds.
The cathode material shculd be robust, have good
mechanical and chemical stabi(ity, and long lifetime.
The uork fl-~ction should be close to and less than
the phot-a energy of the laser.

Ue have chosen either a copper or yttriun metal
cathode for our initial tests. Using cm yttriuncothode
~ith a work fmction of about 3.1 eV as ccmpared to 4.65
eV Light fr~o a frequency quadrupo(ed Nd:YAG laser, the
photwlectrons can merge with up to 1.5 eV energy. If
the e(ectrons are e.nitted uith an isotropic angu(ar
distrfbutionat thecathcde this nould lead to an initial
invariant enrittance of 3.5x rmz mrac!; whereas a copper
cathode with a ~ork function of 4.3 eV uould contribute
a lower initial enzittance but would offer a lower quantun
efficiency.

Siwlations of Tim Perfo~e
The ernittance of the barn from the gun has been

calculated ~ith a version of PAf?MELA, modified to include
ejec:ion of IOU energy electr>ns frcan a @otocathode by
a laser pu[se. For electrons emittea randorniy With an
energy spreaa of a fracticn of an eV, Mittr isotropic
directions and uith a beam profile that is gaussian in
both radius in :irne, as for a typical laser pulse the
results are sunnarized in Table 11 for the optimized
case. Ue use the invariant emittancc, c , definedat the
bottcsn of this tab(e. For these calt?u(ations the rf
fields were taken from a SIJPERFISH calculation and the
effect of Coulonb interactions (space charge or self
fields) is calculated with a point-by-point code. The
effect of image charges in the cathode plane is included.
The transverse and [ongitudina( phase space p(ots are
given in Figures 3 and 4. It can be seen that the beam
is both large in diameter and highly divergent at the gun
exit.

Table Il. Emittance Parame~ers
Laser spot \adius (o in rrrn) — 3
Laser pulse uidth (u in ,nzu) 0.6
Charge in bunch (n CoutontJ)
txt at cathode (tnn mrad) ;.5
A~x due to self fields 6.2
Acx due to rr fields 1.4
tx at exit 7.3
Beam energy spread (u in keV) 17
Exit bunch length (o in mn) 0.6
Exit btmch radius (u in nzzz) 4.2
Exit beam angular divergence (u inmrad) 28

, :C{X3(V3-(V>2=JX9(Y2P3-CYPJ2e=—

.——.——.——
I tLL.LLaJ.

I >.-
L.-——.—.———.———

Fig.3. The transverse phase space at the gun exit for the
parameters given in tabie II.
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Seim Tr+rt to the LIkkAC
In order to OIIOU easy access to the cathode for

the photon beam it is desirable to Mtd the electron
beam after it emerges frca the electron gun. Also the
longitudinal profile is such that it is possibte to

transport systttn.wression ‘ith a ‘Uitab’y ‘es~gnti
ut i 1 i ze bunch c

The system chosen IS shown In Figure
5. I t conprlses two quadruple triplets and a 180”
achromatic double bend. A mntun select ion SI i t is
provided at the rnaximun horizontal dispersion point mid-
way between the two 90° bending magnets. Provision for
a vert i ca 1 rad i of requency cief lect i on device a,nd beam
prof I Ie and ctirrent measurement is also part of this
arrangement.
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rig. 5. Layout of the Injection System

The rnode( !ng hss been done uith a version of
1RANSPORT ui th 1inear space charge addeti to study the
ef feet of this on the beam prof i I es. Emittance growth
in the transport ~ ine is mainly due to the fol I owing:

mismatch caused by 1inear space chzzrge forces and
nonl i near space charge effects
chromst ic effects
nonl i near magnetic fields
spherica( aberrat ions

The mismatch due to 1i near space charge can be
ccapensated by operating the f i rst triplet in a
nonsynznetr ic DFOJ mode. The other effects are minimized
by ut i ( i zing [arge aperture quadrupo(es ui th good fie[d
quality. The edges of the beam are scraped off by the
beam pipe at the centers of the two quadruple triplets
Ot which points the pipe radius is equal to
approx imste 1y 2C ho.r i zonta 1 beam s i ze. The momentuzr
S1 i t can also be set to cut off electrons Hi [h rnomentun
deviations dotm to O. 1%. For the beam parameters given
i n 1ab~e I I ard the above conditions the geometric
hor i zon?a( emi ttance (u) growths from 0.8 mn mrac! to
about 2.2 nzn mrad and tho ver t i cat emi t t ance is

I
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preserved in pissing through the transport
7S% Of electrons ui th nrcinentun cleviat icms
survive.

LINAC SYSTEHS
The linac ccsrurises two 2s/3 mode.

linemdabout
less then 0.4%

disc Loaded,
trave(iing uave sections each 3.05 meters Long, excited
l,y & single XK5 klystron delivering about 25 W of peak
p~wr at a freqtiency of 2856 HHZ and with a plse
duratlen of 3.5 Us. The rf system is designed to run nt
repetition rates up to 6 HZ so average power and heating
is miiiimal. A phase locked oscillator operi.ting at the
35th harmonic of 81.6 WZ is USIA CO drive a series of
solid state and tricde onptifier stages to obtain the up
to 1 KU of drive power for the klystron and a[so to drive
and synchronize+ the Nd:YAG laser. A vo[tage controlled
attenuator arn phase shifter in the low leoel drive
sY~t~. may be used tc vary the arrpiitude and phase of the
radiofrequency pouer frcm the ~Lystron durin~ the 3.5 @
pu[se. The measured bandwidth through the 1 kU stage is
a’but 10 Mtlz. A~\itude stab!iity Jf better than t 0.5%
ad phase stability of better than 1“ during a 3 #s pulse
has been obtained ~ith a preprogrmned cq.xmsation
signal fed to an arbitrary futiction generator (see Fig.
6). U[timatety the anp~it~e correction signal may IM
obtained frcxn a measurement of the momentun spread of the
?!ectron ham at so MeV a,ti corrections applied to the
subsequent pulse thus correcting for beam loading or
other s~stematic variations during the beam macrofwlse.
Aphasc- correction siynat froma phase coqxirator looking
a: the Laser outwt mcl the klystron wtput may a[so be
used for phase correction 66 a subsequent pulse.

!j‘:a-----k..1... –J—--- .
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rig. 6. Corrected A~litude and Phase Signals at the
KLystron Output

Power is fed from the klystron through a temperature
controlled vacuun uaveguide system using high ~~er
hybrid junctions as splitters, and phase shifters to set
the correct rf @ase and a~(itude for acceleration.
Po~er measurements aremade uith directimat coup(ers and
vacuun wing is achietied via ion -S connectoq to
naveguide vacuurr ports. The water cooling for the
electron gun and accelerating sections is
t~rature controlled to 45 2 0.02” C. Power to the
electron gun is fed through a high power attenuator and
phase shifter so that the pwer ievel and phase can be
varied frcnr a few KU up to a maxirrun of 12.5 MU.

Calculations using a modified version of the program
LINAC sho~ that for a properly matched transverse beamno
increase in transverse emittance occbrs in the
acceleration process thrwgh the linac.

For operation in mu[tibunch mode with 100
microbunches each separated by 12.5 ns there are a nwber
of factors which can influence ye outWt energy ati
#rase spread of the e!ectron beam as fo(tows:

a. microscopic effects uithin a single bunch such as:
rf field and p!rase changes during the bwcb
(ongitudlnal Make fields
spacn charge effecIs

b. macroscopic effacts during a 100 bunch train of
pulses such Gs:

rf fielci mcf phase changes during the
mscropu[se due to the modulator etc.
input beam microbunch to microbanch energy and
phase variations
anplitude and @rase variations due to different
filling times of the gun and accelerating
sections
beam loading effects

c. macropulse to macro~lse effecrs t!ue to:
mcdulatcr ~lse jitter in a~litude and time
t~rature effects
laser a~litucfe and #rase jitter

The mjcr contribution to microscopic beam energy
sp-ead is the longitudinal wake fie(d which for a single
6 ~S bunch of lnC charge will produce an energy charge
during the pulseof about 0.4%. oroper Iocationof the
bunch centroid can reduce this wake field effect by
utilizing the energy spread resulting from the rf field
gradient occuring during the beam ~lse.

Uithout correction the macroscopic effects given
above, in particular beam loading effects, urzuld produce
an energy variation of about 8% during the 100 bunch
macropu(se. Injection phase and bunch width variations
uould contri~te t 0.04% energy spread in the outpdt
oeam, In order to minimize anp(itude and phase
variations of the injected beam from the gun amptitude
and p’rase control of the laser pulses is necessary. The
final energy increases linearly with the injection
energy. Changing the iaput phase appropriately could
ccapensate this effect. The output energy changes
near[y linearly uith the square root of the input pouer
to the accelerating sections. It is clear that the
ripple during the modulator pulse nust be minimized tc
reduce this effect. For mltibunch operation with a
si~gle klystron the pulse to pulse ccnrpensativ? scheme
proposed earlier may not be sufficient to obtain an
energy spread during the ICO microbunch macroputse which
is optinnsn for operation of a free electroa laser. A
second modulator and klystron a~louing for separatixtof
the e(ectron gun and the accelerating sections is
proposed for future operation of the Accelerator Teot
Facility.

1.sscrSf4te9
The laser system used for exciting the gut

photocathode is a SpectraPhysics CkJ kld:YAG laser
oscillator, mode locked to the 81.6 MHz rf ?eference
source, ~ith a feedback system to reduce the ,pulse
jitter to less than 1 pa. This is folioued by fiber
chirping, compression and amplification staqes to
produce a chain of up to 200 micrcW~ches, 5 ps lor~,
separated by 12.25 ns. A packels cell suitching ard a
laser atrplification system can be used W prod.we &
single microbunch of 12 mJ ehergy, and of the order of
?0 PS \ong at the ias~r ost,iilator waveier.gth cf “1064
ml. This output is frequency doubled and then
transported ahout 3C m to the g~ hutch uhere a second
doubling takes piace. At this point there is 100 AJ of
energy in a 6 ps pulse at the operat{ng wavelength of
266 m. This is sufficient to prtduce 1 nC O? electrom
charge from the photocsthode. It is also possible to
produce a chain of ~ to 200 microbunches suitebly
anplifiad for free electron laser operation. Oneof the

~;:b~~~r’ in this syst~ is a series 1000 timim
pmchased frafl Lightuave Electronics which

is a pllase-lock-[oop feecbeck syatem tcr reducing Pd.ae
to pulse timing jitter, or phase noise, cf the tcser.
The block diagram for thia atabili<er is sho”an in Ffguw
7. A
laser

fast pho?sdicde
output. sending

monitors a small portion of-tha
this sigwzl at the [aser ~Jlse
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rate to a level decector ad dispiay and then to a
pracisim phase detector. The ~,ase of the laser is
compared to the 81.6 MHz rf reference signs( (at the same
frevauency). The phase detector is insensitive to (&scr
a~[itude noise, so fluctuations in its ~litude da not
cause tmwanted time j i*. ter. lhe error signsi from the
phase detector is enp(ified and filtered before being
used to drive a phase shifter that controls the timing of
the mode locker drive signal. The model ocicer signal is
derived from a divide-by-tuo frcvn the reference signal.
this phase correctd signal then goes to the mode locker
driver for the laser. The system has been used t.> reduce
a timing jitter of 20 ps to less than 0.3 ps rms.

,+l_-. - —=;,——-!
-<J— j 1rz.au. w L.—”!—+==c=c-=-

1 n{”,.1.z ‘ D...31:.CO————. ——

Fig.7. Phase-Lock Loop for Laser Timing Stabilization

Part of the outpx frcm the Nd:YAG at 1064 MI Hill
be used to switch a short, synchroniz~ C02 laser pulse
of 6 ps.ec duration out of a 60 ns Fulse frcm a C02
oscillator by using &mnaniun plates ~hich change frcvn
being transmitted to reflectors uhen hit by 1064 m
light. A broadband CO artplifier uill then kost the

Gpulse up frctn 10xJ to 5 0 mJ energy so that this may be
used for laser acceleration or Ccnpton scattering
experiments.

Se= Di~tics
ATF beam diagnostics ii,corparates nondestructive,

strip line beam position monitors, uith faraday cups for
beam current measurements. Rsoately insertable
destructive beam profile men”
screen and CCL) camera system~~”;;y;~ ;~tg~;~~~
measurement. They also give beam posit ion inform?* ion.

Mmnentun ana[ysis at txth 4.5 NeV and 50 !lev ui 11 be
aone by measuring the beam prof i le at the nmxinxm
dispersive points, after bending rmgnets. Beam prof i le
measL”rement in the time domain ui 11 be dme by
incorporate ing an rf deflection cavity i n the 4.5 MeV
transport line and at 50 MeV by means of a fast magnetic
septun pulser system and using the phosphor screen ard
CCD camera technique for sensing the &am.

Controls
The control system is based around a PlicroVax I I GPX

workstat i on. The data acquisi t ion and control funct ions
use CAPIACelectronics in a seria 1 h i ghway conf i $wrat ion.
The control system for the ATF is Wilt arourd a
gra~ica! interface and database provided by Los Alamas
National Laboratory and a CAMAC driver frcm Kinetic
Systems Corpm-ation. All of the linac and laser systems
c6rv be dri~en from this system.

Him Enr~/ BeaI Transport System
This system is designed to provide the desi red beam

parameters and beam waists at apfxopriate points in the
three experimental beam [ ines and to el 10U for mamentun

anslysis and transverse emi ttance measurements on the 50
MeV beam. The designs w.e been c~(eted utilizinga

versim of TRANSPORT.

@eratiml Status
AI( of the electrm gun and 1inac systems have been

installed ano operated at w to or c(ose to design
levels. Typica( forward and reverse power waveforms for
the electrm gun are shoun in Fig. 8 and a measured
IIdark currentll p(ot for the electron gm is sho~ in
Fig. 9. A 20 nsec pu(se length excimer laser operating
at a uave[ength of 246 trsn has been used to excite an
yttriw metal cathode and the results for this made of
o~*ratim are given in Table 111. The emittance
measured at 3.6 HeV was less than 10 T mn mrad for a
peak current of 0.6 A.

ml x *./*v ~ :#Wl:
cm m xv/dlw m
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Fig.8 Forward and Reverse Po~er for the E(ectron Gun
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Fig.9. Measured Dark current

Tab(e I I I
Brookhaven Accelerator Test Fac i I i ty RF Gun Resul tg
●

✎

●

●

✌

✎

✎

✎

5.6 MU in~t RF power
600 IIJ (aser pauer at 248 m
Photo-ejected electrms accelerated to 4.2 HeV
Measured shunt inpetiance = 50 M1l/m
dD/D = * 0.5%.-,
I = 8 MA~S

1
avg

= 0.6 AnPS

Ii?flllal qutintun efi iciency is 1.4 x 10-4

Al 1 of the gun to 1 insc transport elements ~ith tbe
except ion of the vertical radiofrequency Iwem def (ector
and strip Line monitors are in place anti are operational
frmn the central cmtrol ccmputer. The magnetic
conpanen?s and pouer supplies for the high energy beam
transport system are either in-house or on order. A
program fm measuring the magnetic field quality of al 1
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of the transport quadruples is in progress. Cancrete
s~rt plinths and support stands for the quadruple
magnets are already instalted and the beam pipe and
vacwn systems have been fabricated.

The Nd:YAG system has operatedat the desired output
leve( on the optical table in the experimental hall and
the transport system and gun hutch optics are instblld
and operational. The C02 Laser oscillator and arrplifier
systems have been ~livered from Los Alamos and are being
testd.

Beamstudies uith the electron gun and its transport
systrm will ccmrnence as soon as operational approval has
been obtained.

ExperimentaiArea
The experimental area houses both the laser systems

and the experimental beam tines. Initially tuo of the
three beam lines shown wi(l be implemented; namely the
FEL Line anci the laser (inac line. The first operatiuna[
experiment uil[ be the free e(ec:ron Laser uhich should
give a @oton source tunab[e over a wavelength of 500 to
1000 Ml.

Future l~ovewmts
A key eiemsnt in providing a high brightness beam

for the ATF experimental program is the e[ect:on gun and
the transport system between it ancc the linac
accelerating sections. Most of the emittance grouth
occurs at iou electron energy, essentially in the first
part of the first accelerating cell, and is due largely
to space charge effects. A second important contribution
to emittance growth is frcm the transpert tine to the
linac. This grouth occws largely because of the high[y
divergent beam emerging frcm the gun giving rise to large
beam radii in parts of this system. A nurber of
corrective measures or i~rovments are under study as
follous:

the effect of different laser pulse longitudinal and
transverse distributions on the emittance growth near
the cathode.
the effect of solenoidal focussing on the output beam
divergence and emittance
the effect of nulticell gun cavities on the emittance
and beam divergence
the effect of cathcde shaping
the effect of different cathde materials on the
emittance frcm the gun
connecti~ the electron gun directly to the linac and
exciting the photocathode at an angle

—
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In atiition to the gun region, for rrdtibunch
operation it will be necessary to separately control the
rf Srqzlittie an.i phase : I the electron gun and the
accelerating secticms. There are plans to install a
second mork:ator and k(ystron for the electron gun only
and to provide for the appropriate feed forward
correction schems as provided for the accelerating
sections.
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