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.

Abstract.- The radio-frequency quadruple (PJQ) is a nek Iirlearacceleratimj structure being developed as
3_low-vZ?locitylinaco

.—
in this structure rf electric fields are used to simultaneously focus, bunch, and

accelerate ions. The slow introduction of th~ acceleratiw field result’,in th~ dc?iakaticbtinclinguf a
cicion bean with a large capture efficiemy. Realistic computer simulations have shown that this new
structure could also be ~sed as a Lumber in the axial in.iectionsvstem of a cyclotron. A descrictior cf
the RFQ geometry and its general properties is given. A preliminary design is presented for a variable
frequency RFQ to be used as a buncher in the axial injection system 0$ a variable energy cyclotron, The

operat+,lgpararnetehsfor this RFQ are discussed,

1, Ir,troduction.-Axial injection systems are pres-
entl~’~~k~~~~a~ cyclotrons because the space limi-
tation for internal ion sources prohibits the use of
large sources such as t.nosefor polarized ions. Wtth
external ion sources ?.hevacuum in tne cyclotron is
better becau~e there is no gas load from the ion
source, and l.heion sources have easy access during
operation and main’.endncebecause they can be placed
cutsiae the cycloiron vault. Hohcver, the use of
external ion sou,.%esand a~ial injection has disad-
vdnta~es: the ?ons must be transported at lok energy
for long Cistwlces and must be inflected into the
cyclotron corwctly for acceleretionj Also, an rf
bunching Systcr,must be used to enrtancecapture of
the injected uc betiminto the phase dLCeptaKe Of the
cyclotron accelerating system,

in addition to the bu~her, the transport system
for an axial injection Ludmlfne usually contains
several electrostatic or magnetic lenses and steering
elements. TIm transported ion beam is bent into the
mediarlplane of the cyclotron by a gridd~d electro-
static mirror or cn &l&ctrwstatic channel. The main
~t~~ittve of thhse elements fs to provide a good
m~tctlfrom the ion soune Into the cyclotron. The
mat~hiy constraints are that the beam optics should
provid~ ,oinimumdive~erxe of the b@am at the inflec-
tor wfth maxlrlumtransmission, the beam rnergy and
infl~ctiun should provide a c?ntcred first orbit, and
thv beum should be bur~hed into the phase ac~eptance
of tht cyclotron.

The optics of an axial inj~ct{on systmcan be
dosi~ned to provide the rw’c~ssarytrJnspurt mdtch~ng,
Th~ orbit-matching constraint can be sdtisflcd by
scallng the ion injrction energy with the cyc!utrmn
output unergy (which i$ proportiorhslto the frequcrcy
sqkared). Such scaling of th~ inj(ction energy and
matching into the c clotrun has been ‘vported for the

Yvoridble tnuryy cyc otrun at Lawnnce llcrkcleyLabo-

‘kork supported h~ the US Department,of Energy.

ratory.l) This scaling of the energy is Iimitcd
in practice by t+e variability of the ion extraction
energy and by the maximum inflector and d~celcra:ir)$
voltage, because the inflector voltage rwst be VT
times the injection cr,ergyto inflect the Ions irto
tht median plane and the dee voltage must be -5 tires
the injection energy for a centered first orbit.

Most axial injection systems pr-tsentlycrploy a
sine-wave rf buncher to provide the burKhing of the
dc beam extracted from the ion sou~e, This type of
buncher usually increases the beam accepted into the
cyclotron by a factor of 3 to 5 over an unbunched

beal,l,z)But this bunch{~ process can inirGdUL2 a

large energy spread in the bunched beam and requirrs
a large orift space.

Described in this paper is an alternate ax!al
injection buncher that employs the radio-fr~qurrry
quadruple (RJQ) accel~rating structure, a structun
prwsently being developed at the Los AlartosRaticnal
Laboratory and at other Laboratories as a higb-
transmission, low-velocity linear accelerator, in
this structure rf electric fields s{mult,lr’r(’uslj
focus, bunch, snd accelerate an {on h~ism, HCIKE, tbc
RFQ can rs+place the bunchcr and some of tt’coptics
elements in the axial fnjection systrm of a cyclo-
tron. Whf!noperated in the axial injectfon systw?
of a variable f~quency cyclotrmn, the RFQ ion output
energy scalps with the frcquurry so that the l~iccted
ions have a constant first-orbit radius, A d~scrip-
tion and the general properties rr the RFQ will b?
presented along with a dlscussir,nof this fipplication
of th? structure, Finally, tbe parameters for a pre-
liminary design of an RF(Jfo: the axial injection
system of thr variable ene~yy cyclotron at Tekas Ah}!
University ore presented, as an example, along with
the calculfitedperfonnzncc.

?. D~scriptlcnof t~,eIIFQ,-In the RFQ, the elcctrlc
ffelds are gttii”r~tedbj l’ourpo}Ps ~rran~~d syrl+lctri-
cdlly around the brainaxis, as st$cnin Fig. 1. In
this $tructun, first pmpo$ed by Kapchiflsklfarid
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Fis. 1: Drawi~ of the four pole RFQ.

Teplyakov,3) tlese poles are excited with rf power
so that, at an) gi~en time, adjacent poles Flaveequal
volta9es of oppcsite sign. lf tle pule tips are at
a constant racius frm the beam axis (designated the
Z-akfs) tten onl) a transverse electric field (mostly
ql.+drupole)is pr%sent. TP,iselectric field is fo-
cusim in each plane c~rin~ one-half of the rf period
and atfocusing Curing the other half, giving this
str~cture tt,eproperties of an altcrr,atirig-gradient
focusins syster with isst~ngth ind~pend~nt of the
Farticle velocity. To generatea lon;ftudinal accel-
erating fielti,the pale-tip radii are pericldically
variea, as seen in Fig, 1, with the pole tips in one
plane at amit,imum radius when the pole tips in the
orthogonal plane are at a ma~imutrradius. Figure 2
is a cut ttiro~ghone plane of the poles and shows the
mirrur symrlctryof the opposite poles. The radius
parameter a, the raGIUSMC)dUldtiOn parameter m, Jnd
tl: Unit cell 6A/2 (where B = v/c and L is the wave-
Ieng,thof the rf excitation) are defired. The longi-
tudinal electric ffeld Is generated within this cell
oetwten the polu-tip minima in the two orthogonal

L_x a I— ~z
o

. .,.-4
!!9:.2: WQ pols2-tfp geometry,

plarles,SG the unit CC1l ccrr~~;crds t~ ar accelera-
tion gap. At an) given time, ad~acent unit cells
have oppositely directed axial fitlus; tl[rcfcrt,
only every other cell contains a particle Luncr.. It
is the gradual introduction of this axial electric
field that allows adiabatic bunching 01 the dc ior
beam with a very high capture effici~nc~.

3. Beam.9 namics Desi n Procedures for RFIJSysters,-
The-or genera%@_%WKRT systec to .MI spe-

cific objectives has been descrihtd previously.4)
The electric field distribution for the RFQ is ob-

tained from the lowest order potcr,tialfurction,3)
These electric fields are used t6 construct transfor-
mations for the beam-dynamics simulation prog-ar,

PARKTEQ.4) This program, which ircludes space-
charge effects, analyzes specific RFQ designs to ob-
tain the transmission efficierty, radial erittance
growtk, ar,dradial and longitudinal characteristics
of the output beam.

The shlapeof the hyperbola-like pclc tips is ot-
tained from the potential function as an equipcten-
tidl sbrface in the electrostatic soiutior,for the
structure. This isopotential surface gives the ra-
dial variation of the pcIlctips and the variatior,of
the raclfusof curvature in the transverse plan[ both
as a function of Z. The pole tips are then cor-
structed by generating a data file on paper tape t~,at
is used as input to a computer-controlled vertical
milling machine.

An essential step In the development of the RFQ
was the design, construction, and testin$ of a full-
scale experimental accclcratoro A test of e 425-t~,tiz

RFG for accelerating protons from,100 keV tc 6CC k~V
was completed in 1980 at Los Alamos; t~,eex~cririer,tcl

results have been descrfhec and con,parec!5)witt,the
earlier beam-dynamics design and calculated perfom-

ame,d) The success of this test has led to &

varfety of RFQ applications in Los Alamos6) anc in
7 8)other Laboratories. D

4, ~Dlicatlon of the RFf)as an Axial Injpctfor
-$vst.elFi.~””TliZ_llFOcsrnsimuy[~n~.v accelj:ratc,fo-

— _ .— ._. -—

c~snnd bunch an Ion beam with a very higt transmis-
sion efficiency; therefore, suctIa structure can DOS-
sfbly replace most of a convcnttcnal aafal in.iect{cr
bcarnllnefor a cyclotron, Also, because the F) prQ-
f{le within the RFQ is fl?ed for a given d?sign, the
output energy of the RFQ is proportional to tt+ere:cl-
flantfreque~y squarwd, In acfdltfon,becaust the
focusfng fo~e Is also constant for a given closlgr,
the sc~lfng laws for operating n fixeciRF@ struct~rc
with different frequcrtciesand ton specfcs arc given
by:

9! .kl,
Kf

and
m fz ;2 ● k2 ‘ [1)

where Uf Is the f!na) energy from the RFQ, f Is the

frequency, q and m are the charge c,,Jmass of the ac-

celerated fens, !’;s the intervane voltage, and k]

andkz are fia~d by the design, However, due to

the adiabatic naturw of tb? phase bunching used In
the RFlj,a la~e energy gafn fs required for hfgh
capture and good bunching, B?caust of th~ the upper
limlt to the t~ectfon energy in a cyclotron created
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by Inflection and first-orbft constraints, very low,
variable energy injection into the RFO is nsquind.
The difficulty this creates In terms of the ion
source extraction-voltage requirements can be over-
come by tne use of an accel-decel extraction system.

To better convey the advantages of such an axial
Injection RFQ, a prelimina~ desfgn wes calculated

for use~ith the axial Injection system of the Tcxtss
A&}, variable erwrgy cyclotron polarlzed-ion facil-

ity.9) This fdcillty presently consists of a com-
mercially available atomic-beam polarized-ion soume

for~+ and ~+ tons and an optically pumped source for

polarized ;e~ ions. The present axial injection sys-

teIIIuses electrostatic Ouddrupole triplets and
st@rers fur transporting the Ion bran ~): a gridded-
gap sine-have buncher for bunching on beam. The
b~am is inflected into the cyclotr median plane
~ith an electrostatic mirror, and ~ movable puller
electruoe is used in connection with the dee voltage
for centering the first orbit. The transport dis-
tarce frmm the ion source to th? injector is >5m.

The RFG parbreterscalculated for this applica-
tion are gfken in Table 1. Th,eperfcrr, a~e of this

KFL has opti~ized for injecting 100 UA of b+ iGns
into the cyclotron at 11 t!Hz. A length was chosen

t~,atwou!d occupy r,lostof the distarre kctbeen the

Table I.-—

Pa ar ters of tt,e bial Injection EF(/Ea~mple

Ions

Fr?qtic~ies (INz)

CLtpLt Eneryies (kieV/amu)

lntervane Voltage (kV)

Final Radius, af (en)

Avtir~geRzidius, ru [cm)

Vane Length (m)

)!0.of Cells

Final S~nchrur:uusangle, d~ (deg)

EnerSy Gain, Wf/ki

H+, D+, and He;

5,5 - 16.0

2.7 - 22.7

1.9 - 7.6

0.75

1,5

3,32

163

-18

25

ion sounr:s ard the cyclotron mcdlan plane, and the
t!ansr,iisloneflicieny within a 30’ phase width was
optimized while keeping the energy spread to a mini-
mum, The scaltng constants for the final d~slgn were
rhosen so that the structure would yield a 30-keV
D+ {on beamat 13 MHz, becaus~ of the dsieand in-
fl~ctor voltage lltnitations in this system. The
energy gain c)iosenfor this design was 25; therefore,
the iflput energy is 4% of th~ output energy. fhe
dxidl pole-tip profile for thit RF~ in one plane is
shown in Fig 3. NOtQ that th? transverse SCale has
b~en expantiedrelative to the longitudinal scale.
This cumputer-tiener~ttdplot fs labeled to show the

fumti onal \ections4~ in this RFtl.

Fur this design the bc~mdynamfcs of 100 UA of
0+ ions accolcrated at :1.00 14iz wit calculated
witilPAkMIEO; Ffg. 4 shows-the beam characteristics

~i$ 3: Axial injectio~ RFQ pole-tip shape.—

plotted versus cell number. At the top of the fig.
ure, the radial position in the x-z plane of 260 par-
ticles {S plotted at the point in each cell where the
bean is ci~ular. The upper and lober dotted lines
give the bore dimensions. The middle plot sh~ws the
bu~hirg of 360 pafiicles, initi~lly distributed Lini-
formly in phase (unbunched), with the phase of each
particle relative to the synchronous phase being
plotted. In the lober plot, the energy of each par-
ticle is plotted relative to the energy of the syn-
chronous particle. In the pt,asednd energy plots,

I 001 .
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fig. 4; Axial injection RFQ team c!yfiilmtcs.

the dotted lines give the location of the z@ro s~Jco-
char~e scparatrlx. At this optimized frcquurKy, tIIis
design has a total beam transroisslonof 90:. AS scrn
in Fig. $, when the final beam properties are given,
the Fh’HMenergy spread of the 21.5.keV strutcronbeam
iS 0.5 keV, which gives Aw/w ● 0.023. ‘IheFKHM phase
$pread of thi, beam is only 20”, and R6Z of the
input bealfiiswithin :15* of the synchronous phase,

The scaling parameters for operating this RFQ
axial In]ection system arc given in Fig. 6, and the
performance parameters calculated wfth PARMTEOat
several opurati

T
points along this curve are tven

!tn Table 11 for nput currents of 10 and 100 u . The
transmf%sion of the input beam into a 30’ phase width
at the output energy is listed as T(+15D), Calcu-

.-
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ScRling parzmters for the axial {~ectton
~#?%~~I,Iplc(D+ acceleration is c~!y up to 13 NMz
atlJMt~ acculcratlon is only up to 8 MHz.)

latlons with 10 MA of fnpJt currant Qlways gavr more
than f5% total transmission with a phase wfdth of
<30” FW. However, as Been in Fig, 7, th~ total
tran$nlssion at h{~her currents Is mducea at a given
frcque~y tt onc approaches the current limit of the
structure. Also, the tranmitsion it a giver current
dtcnases #g tha fmquefuy is lowcrtd b~caus~ t!w
curn,nt linit decreases,
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?: Calculated tralsnfss{on for the axiol
Tn e~ion RFQ uxample,

5, @~erctional ProJurtlcb.- A 5iagram of hok.th~s RFC
WUUTO TiT”7hTo-llielo’i-i~A6N Cyclotron Institute’s
axial injection systcm Is given lnFfg. B. The RFC
electrodes would be mounted Inside a vacuum housing
In the place of thr present burKher and electrostatic
opti~s SyStem. An dcccl-dec~!lextraction system on
the Ion sourcesanu an einzel lens in front of the
RF(Iwould allo}~matching of the beams from the ion
sout%es into the RF~ at the required energies. The
RFQ would then bunch, focus, and accelerate the ions
thrmugh most cf the distarce from the ion sou~es to

the Cyblotmn. The bunched b~am from the RFO would
than bematct,=d by an electrostatic quidrupole into
tne cyclotron. The distance from the RFO exit to tlw
Inflector should be minimized because of the debumh-
Ing of the beam Iila drift space. At the 10-uA cur-
rent level this debumhl~ IS about 0.4 toO.6 deg/cfi
for the Ions and output enefyier fn this ●xaf!fple;
but becaijsethis debunching combines in quadrature
with the final phase spread from the RFQ, th? phase
width would grow typically from 20’ FWl{hlto about 35’
FUHM for a60-cm drift distatxe, If al~~er drfft
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distane is oecessary, a single-gap sfnc-wa~ Lu~h@r
could maintain the ptiasewidth from the RFO to the
Inflector. No additional energy sbread in the ion
kedm would be produced bIiCdUSe the buncher could
okmrate in a linear region of the voltage wave form.

AS inuicated In Fig. 8, the RFO would be driven
as a cdpacitfve load it its midpoint fmm an ex-
ternally tunable rvswndntctnuit with a trld)(fd~

flwd-thwugh. The intervanc capdc~tdfKe fOr this
structu~ would be -.100pF/meter, dnd because the
structure I\mth is much less than the wavelength,
the voltage varfatfon along the pole tips would be

minimal. The electroo~ volt~gr witl’respecttc
ground is <4 kV and the rf Current on the electrodes

is not high; therefore, the pGles possibly cchld he
constructed of dluminum.

Calculations of d tunable COaXfdl nsonator to
drive this structure have shown thdt <1 kW of rf
power dissipation in the coaxldl line would be W-
wired to resondte this Capacitive load dt the design
excitation level. For a Coaxidl reson,:tor with a
Characteristic impedance of SOL . the length would
be -2 m, at 13 13iz.* HeKe, the rf source to pcwEr

this RFO should pose no difficult technical prcble~s
and could be constructed easily.

6. Conclusions.- Tke RFQ structure, because of its
ability to focus, burch, and accelerate a lob-velocity
dc ion beam, is a possfble candidate for use as a
varia~le frequency burcher and accelerator ~n a cyclG-
tron axial injection system. The RFO could not only
replace the b~rcher, but most of the bea~-cptics elt-
rnents. Because the output energy scales wit~ the
operati~ frequetKy, the RFO Cdn be desis,redfor a
constant first-orbit rdc!iusin the cyclotrcn, as seen
in the desisn exmple pres~nted. In additior, the
construction of an RFO for this application appars ta
be simple and the op~ration eppcars practical. 71e
performance of SUC$,a device, as given ty the d~sign
example, sho~ld i!iprOVethe perfO~d~e Of th~ dljdl

injection system by increasing the beam current ifltfi
the cyclotron as ccnpared witF,a conventional axial
injection system.
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