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LASL HIGH-CIJRRENTPROTON STWAGE RING*)—-
George P. Lawrence, Richard K. Cooper, Dani~l Id. Hudgings, George Spalek, Andrew J. Jason,

Edward F. Higgins, and Robert E. Gillls

Los Alamos Scientific L~bora:ory, Los Aldmos, Nf4 67545, USA

ABSTRACT

The Proton Storage Ring at lAMPF is a high-current accumulator
designed to convert long 8oo-MeV linac pulses into very short
high-intensity pt’aton bunches ideally suited to driving a pulsed
polyenergetic neutron source, The Ring, authorized for construction
at S19 million, will operate in a short-bunch high-frequency mrrde
for fast neutron physics and a long-bunch low-frequency mode for
thermal neutron-scattering programs. llniquefeatures of the Lroject
include charge-changing injection with initial conversion from H-
to Ho, a high repetition rate fast-risetime extraction kicker, and
high-frequency dnd first-k,armonicbunchirg systems,

1. INTRODUCTION

The LASL Wedpons Neu:ron Research (HNR) fdcilltyl), which has been operational since

1977, is a Pulsal polyenergetlc neutron source driven by bursts of 800 MeV p?otons gener-

ated by the LAPIPF llnear decelerator. Each proton produces 15 neutrons by nUCl@dr fragme-

ntationwhen it passes throug’1 d thick tungsten tdrget. The primary spectrum ranges from

hundreds of MeV to 100 keV; with hydrogenous material surrounding the target the spectrum

can be extended into the thermal Jnd ●pithermal region (0.01-10 ●V), Fast neutrons are

used for nucledr physics nwasuremr~ts, whereas slow neutrons are used to study the dyndmics

and structure of materials. E:crert-nters at both ●nds of the spectrun use time-of-flight

nwthds LO distinguish neutron$ according to energy. To obtain good energy resolution

without sacrificing flux, the!neutrons must be generdtd in intense pulses whose lengths

are short cmnpared with char,icteristlcflight times. The Proton Storage Ring (PSR) nmets

this need tIy aCting a! a proton tccunulator, converting long (100-750 us) llrldC pulses

u~suitaLle for driving the reutron source into appropriately short very intense bursts

without Ioslng par*icles in ‘lheprocess. To acc~lish tnls, th~ Ring operates in two

cllsllnctaccbmsulationmales, edch independently optimized to provide the desired neutron

Wurce Pul<e StrHCture for nuc I@dr physics and materials resedrch progr&ns,

The PM has recently received authorization for construction dt 119 mllllon and is now

in the design Slage. It will be located In a burted tunnel adjacent to and below the

level of the enlst,ng b~am Ilne (D) that serves th? HNR facillt~. A plan view of the Ring

and tunnel, showing c~onent :ocations, is given in Fig. 1, Bemn entsvt the Ring :rom

line D, and after ●ccwnulat’on is returned to it dnd transported LO the HNR neutron

production target, Connections Ulth Ilne D ar~ maw by short sloped hem-transport

channels. Above the Ring tunnel and on top of a 4.9+thick earth shteld a 750417

building houses posmr lucrplle$dnd contro] systems. Also included In the project ts a

930-Ir?buildlng for ccmxpon~ti:develop~nt and assembly,

2. OPERATING M(KMS

DperatIondl characteristics of the tm PSR storage mde~ are sumarized in Idblp 1.

In the short-bunch high-frequency (SBHF) -, protons are aCCUIWlated fn sin equally

%OW p~rfo-d untir the autpIces of the US OePartImnt of EW9Y.
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Fig, 1, Plan v,ew of Storage Ring.

spaced I-ns bunches during

each LAMPF beam cycle (mac -

ropulse) , These are ‘ind-

ividually extrac~ed by a

fast kicker during the

8. 2-ins interval between

injection periods, Because

the linac macropulse fre-

quency is 120 Hz, this pro-

duces an extraction rate

of 720 f)pS. The last

108 US of each macropulse

is mdified by a chopper-

buncher system in the low-

energy linac transport to

form a sequence of micro-

pulses spaced at 60-ns

intervals. The Ring cir-

culation period is ~hosen

such that this injected pulse train is synchronized with the 6 bunches already stored: each

lncuning micropulse, containin9 3.33 x 108 protons, merges with a Ring bunch. Before

!xtraction begins, 300 m~cropulses are accumulated In each Ring bunch. The narrou bunch

width in this mde is maintained by a high-frequency buncher in the Ring.

In the long-bunch low-frequency (LBLF) mode the Ring accumulates entire linac macro-

p~lses (5.2 x 1C112 proton;) in a single 270-ns bunch. Each stored bunch is extracted

lrmnediately after canpletion of the injection cycle, with a maximun delay @f 4 rns. Cyc Ie

repetition rate 1s 12/s. Peak current, assuming a parabolic longltudir,al charge distri-

bution, is 46.3 A; average circulating current If 100 MA. A slou-wave chopper In thp Iinac

Iow-eneryy transport carves ●ach macropu]se selected for the Ring into aIcontinuous se-

quence> of 270-n$ pulses separated by 90-ns intervals. The Ring period is such that enter-

ing pulses ire phase matched with those already stored, P first-harmonic buncher keeps the

90-ns interval clear of protons to facilitate low loss extraction, After accwnulat ion is

ccxnplete, the Ring Is emptied In a single turn by the fast-et raction kicker.

Table 1. PSR Operating Mode Characteristics—-

Short 8unch High Frequency Long Bunch Low Frequency

Utlllzatlon r,uclear physics materials scie.ce
N@ber of bunches in Ring 6 1
Bunch length in Ring 1 rls 270 ns

Bun:h ir,terval 111Ring 59.63 ns
Bu~cher fraguency 603,75 t4Hz i.795 WI?
Protons/bunch accumulated 1 x lo” 5.2 x 10”
Accw:.)latedturns 3m 21m
Injection rate 120 bursts/s 12 pps
Filling tlrrw 1C8us 750 us
Ex’.ractlol rate 720 Pps 12 pps
Peak clr~tilating current 24.0 A 46.3 A
Averag? current 12 UA lUI VA
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Orbit circumference
Focusing structure
Lattice type
No, of periods
~ree straight sectio~
Dipole length

Circulation period
Proton kinetic E
Proton ~, Y
Proton rigidity
Transition y
Tunes (QH, Qv, nom.)

3. RING DESIGN

Table 2. Structural Parameters

90.2 m Dipole field
DOFO Bend radius
separated function Dipole aperture
10 Quadruple gradients
4.7 m/cell Quadruple aperture
?,55 m Quadruple length

Table 3. Dynamical Parameters

357.7 ns Ap/p (injection/extract;.~)
797.0 bteV Emittance, injected beam
0.842. 1.849 Emlttance. extracted beam
4.869”Tm Phase adv;nce/cell
3.02 horizontal
3.25, 2.25 vertical

PSR structural parameters are listed in Table 2 and dynamical

The present design differs somewhat from an earner concept2) in

has been increased to 90.2 m, and the periods frmn 8 to 10.

dictated by a) the need for a first-hanwnlc bunch l’:ngth t,lat

1.20 T
4,06 m
10.5 cm x ,?8 cm
3,76, -2.29 T/m
11.4 cm
0.5 m

●o.ool/*o.oo3
0.05cm.mrad
?.0 cm.mrad

117”
81”

parameters in Table 3.

tha’. the circumference

The circumference is

is short compared with

thermal neutron generation times in the UNR target (1-10 IJS); and b) the need for a

lattice large enouyh to provide straight sections for injection. extraction, and

bunching, as well AS space for future upgrades. A separated-function lattice was chosen

to allow a wide tune range and for slmplic,ty of construction. The nominal horizontal

and vertical tunes of 3.25 and 2.25 WET-I?chosen to decouple vertical and horizontal

nmtlons, minimize radial beam size at extraction, and locate the transition energy well

above the particle ener~, The focusing structure is a perfectly systnetric lU-cell 00F@

sequence, which provides nlany nmderate- length straight sections, eliminates strut.’ure

resonance effects below 4th order, and produces reasonable-mpl ltude betatron functions.

The natural chromaticity of the lattice is negative (about -0.5) in both planes,

which should elimlnate the need for sextupole< to suppress the head-tail instability,

However, 4 nmlt ipole magnets are lnclud?d in he Ring design, so that scxtupole field

20--—~c~”~-—-l
0,1325 0)’225

z

g

~ ‘0 :“
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Fig. 2, Rtdlal (x) and vertical (y) betatron
functions and off~nt~ function
for a sin~le p?riod.

components cm be Introduced if r~quiled,

Figure 2 shows the rad!al and vertical

bet~tron functions and tpe off-momentum

function n for a slnglr period.

The ten 36’ rtlpoles have a lL,5-cm

vertical apertur~ 10 allow for a large

tmittance In tl?e lBLF mode, which permits

a h)gh space-charge limit. Ba;ed on the

Leslett expression, for the incoherent

space-charye Ilmit, assuming a mbxtmum

tune shift of 0.2, the acceptanc~ aperture

of the Ring would be filled by 4 x 10]4

protons (n k 270-ns par~boll: longltudi:.nl

charge dfttributio~l, The &slSn goal in

the LB!F Mode 1S 5.2 x 10]3 prutons tn

such II pUIS@.
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The dipoles will be made from 1.6 rnn-thick steel cne-piece laminations to insure

adequate magnet-to-magnet reproducibility and to minimize random multipole errors. The

pole face cortour IS designed to produce a field unif[~rmity of (<5 x 10-4 within a

10.5-cm-di?an circular section. Pole ends are parallel to sfnlplify lamination stacking.

4. INJECTION

Multiturr, injectiol into the Ring in both operating modes is by charge changing of an

intense H- beam3 ). ‘a provide the required H- beam inte,lsity and pulse sequences

to the PSR with minirwri perturbation of other L,.MPF experimental areas, some ccxnponents

of the accelerator ‘wJst be nmdlfied, Funds for this are provide(’ in the Ring construc-

tion budget. Significant changes include a) installation of a hilh-current surface-

ionization H- source; b) alteration of the H- low-energy tr]r,sport; c) independent

steering of H- and H+ beams in the linac; and d) reconstruct i(’n of the front end of

the swltchyard. These changes will be accunplished during schedu’,ed LAMPF shutdowns and

WII1 be Canpleted by March, 1985.

H- beam is carried to the PSR from line O by &n achromatic

Inmedlately before the bean enters the Ring it passes through a

magnetic field (1.8 T) that converts it with 100; efficier,cy t,)

magnet II. specially designed to minimize the angular dispersion

transport system.

strong transverse

Ho atom<). The

accompanying thi$

process. T+e neutral beam then pass~s unperturbed through a Ring ciipo’e and subsequently

through a thin (-2CHJ ug/cm2) carbon foil which converts it to H+ wit+ 98) efficiency.

At this point the incaning particles merge with previously stored protcns, A beam stop

downstream frcm the next Ring dipole collects the unstrapped Ho atoms.

The Injected H- beam eznlttance is 40 times smaller than that of the stored beam at

the end of the accumulation cycle, This permits the stored beam phase-spa:e distribution

to be arbitrarily adjusted during Injection by suitable prograrrrnil,gof the relatlve
3)coordinates of the incaning and circula:.ing beams . Control in the horiz~ntal plane

is impltwrnted by a tinw-dependent closed-orbit distortion near the foil stripper,

produced by a 4-element pulsed magnet (bumper) systcm. Vertical contrcl is ~ccornpl ished

concurrently by ~ulsed steering magnets in

Illustrates the in~ectlon scheme.

Fig. 3. injection scherm, showing stripper
magnet, foil, and orbit bunp.

the injection transport line, Figure 3

5. CAPTUR[ AND BUNCHING.-— .—

Beam bunches enterinq the l’lng #re

synchronized in botn op~ratlnq m~de~ to

merge with bunches already accumulat~d.

In the StIHF mode, entering bunches w’,11 br

about 200 PS long and will hsvt? e mixirnum

energy varihtion of h0,6 MeV, i]unch

stru:fure is maintained by a cw buncling

system operating at a 603.75-MHz frequency,

The bunch?r cavity is a 2-m-long disk-anc-

washer structure. A modified TV transmit.

ter pac~age supplit?s the cavity with up ttl

100 kU of rf powtYr, Bunching rf mplitudr
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is 1.5MV. Effects of high beam loading and Step- ludd changes caused by individual

extraction of the six stored bunch~s are handled at extraction time by electronically

detuning the cavity and rapidly adjusting the low-level rf drive phase and amplitude .
5)

[n the LBLF moae the 270-ns-long injected beam bunches are captured by a first-

harrmnic, 2.795-MHz bunching system. Tc minimize energy spread during capture, the

cavity gap voltage is linearly ranped during the iajectim cycle to pace the accumulated

c+arge. Maximum rf amplitude and average drive power are 10 kV and 30 kW, respectively,

Power is coupled to the beam by a single-gap 2.m-long ferrite-loaded cavity. Because

beam loading effects would be severe for a conversional high-output impedance drive, the

cavity will be driven by a low-impedance (1OP) output st?ge configured as a power

follower. In the SBHF rode, the first-ha!monic cavity will be mechanically shorted.

6. EXTRACTION

Beam extraction is illthe horizontal plane and is acccxnpiished by two 4 m parallel-

plate transmission-line kickers located as shown ir, Fig. 1. These provide (sequentially)

6.6-mrad radially outward and 3.3-mrad inward deflections that sum because of the betatron

phase difference between them. The kicked beam enters the aperture of a 0.5-1 dc septum

~gnet that d:rl ects it into the extraction channel. Radial separation between stor+:

and kicked beans is 10 cm at the septun entrance. Figure 4 display~ the beam envelopes

of the kickti and unperturbed beams. Extracted beam is conducted to a reinsertion point

in Ilne D by a transport systsn designed for high currents.

The kicker pulse 1s propagated in a direction opposite to thtt of the beam to obtain

additive deflections frun the TEM wave electric and magnetir fields. Pulses are provided

by a thyratron-switch.?d ferrite-isolated Blumlein PFN6). Rise and fall times ,jre 3(I ns

in ‘he SBH~ mode, with d total base width of 115 ns. Thtse stringent requirements arp

set by the need to @xtract lndividoal bunches without disturbing those rerlaining in the

R,ng. Pu!se mnplitudes are ●5O kV, and peak power is 100 M, with an average power of

t

10 B Mm -T rMtaED m,~

cut WAWWCU?6
Kl,z Rlcms

_~\
\

\

~~:+--.- ~’; -:: \\(

1 ~:

SW MAM \

mPTm. ‘$

-10 \

. . ..A ,.. -.. —L.. . ..-..—.. 1 L—..

0 10

*ma

m

Fig, 4. Bv&m envelopes of kicked and
unperturbed brms 111extraction
region,

4.3 kH. Pul\e repetition rate !s 7?0

The unusually high rates, coupled w

the short transition tlm?s, stretch

state-of-th~-art {n switch tube technol

s.

th

he

Cgy. Long-bunch kickur requirement; ar~

not as demanding, because repetition rate~

are much lower and pulse fall tinw? Is not

crititol, However, a different energ,

store is required.

7. INSTABILITIES ANO CONTROL

Growth times and thresholds

ent in$tablllties in the PSR

prev!ou>ly invpstigatcd by

for coher-

hav~ been

Nell and

Cooper7), and also by Courant, Smith,

and Ne!18), Because of e~ceptlonalIY

hiqli c.lrculatillgcurr?nts, low energy

spread, and rv?lativelylow @nergy, PSR
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operation might appear to be threatened by many

times are short, a few milliseconds at most, only

order are impcrtant. This radically improves the

instabilities. However, since storage

Instabilities with growth times of that

situation. Further advantages inherent

in the PSR design are a) operation well below transition, which eliminates the negative

rass Instability, b) a large aperture, and C) good vacuum (-3 x 10‘9 torr).

The transverse ~’~sistiveWJ1l instability has submillisecond growth tiws for the LBLF

operating nmde. A high-power wideband octive damping system Is therefore incorporated

into the Ring to suppress it. Bandwidth is sufficient for control of growth modes up to

n = 20. The system is similar in design to those in use at Fermilabg). If necessary

the fcur Ring multipole magnets can be energized as ~ctupoles to raise the threshold for

onset of this instability.

The longitudinal resistive wall instability has an n ■ 1 growth tim (LBLF mode) of

-1 s, and would therefore seem to present no problm. However, the local Keil-Schnell

(.riter,uilapplied at the ends of the bunCh indicates the possibility of fast-growing in-

stability in these regions. To study thr details of longitudinal motion to be expected

in the Ring dur!ng injection and capture, as well as thereafter, a computer code was

written that numerically integrates the Vlasov equation for the appropriate distribution

function, The calculation inClude5 longitudinal forces thtt are due to wall currents and

space charge, finite wall resistance, and allows for rf cavities. Details have been pres-

ented previouslylO), Figures 5a, b, and c st’owthe calculated PSR long-bunch distribu-

tion function: a) as injected each turn; b) halfway through the injection cycle; and c)

at completion uf injection, after 21(M turns. No evidence of instability appears. The

injection process was initiated with the 2.795 MHz rf cavity yap voltage at 2.5 kV; rf

mpl~tuae was then linearly rmnped to a 10.5-kV final tialue.

The seriousness of ccupled-bunch longitudinal oscillations (S8H} mode) is not known

at this tire; Drovision has been made to install a synchrotron-frequency-splittin9 Cavity

in the Ring to ●liminate this problem shoul” it oc~~r. The Ring is also being constructed

to minimize both transverse and longitudinal coupling ihlpedances.

In the 5BHF moti the high bunching voltage (!.5 W) demands a high shunt impedance to

keep rf pwer requiremnls reasonable. The relatively high beam current (1 = 0.53 A at

h = 216) thus induces a substantial cdvlty volta~e, and the Robintm instability must be

,005

-n Phhse n -n Phase n -n Phase w

Fig, 5a, b, ;, Calculated long-bunch distribution function.
a) injucted sach turn, b) at 375 PS, 105O turn~. c) at 750 us, 2100turns.
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considered. The effects of this instability have

rf system is being designed accordingly.

Two vacuum-related instabilities have also been

‘2), and b) the beam-inducedelectron multipactoring

been calculated]l) and the 603.75-MHz

considered. These are a) beam-+nduced

ion-wall instability, initially ob-

served in the CERN 15R. The first involves acceleration of electrons into the vacuwn wall

by the time-dependent radial electric field of the circulating bunched beam. For pulse

frequencies and intensities eypected in the PSR, calculations suggested that the process

could rapidly escalate, leading to pressure rise, diagnostics blinding, and beam loss,

Howver, a simulation experimnt indicated that if baked stainless steel surfaces are used

in the vacuum system, there should be no rultipactoring near PSR bunch frequencies.

The second, the ion-wall instability, is CtmSed by gas evolution frcnnthe vacuum walls

produced by energetic ions accelerated in the radial electric field of the stored beam.

This can also be a rapidly escalating process, leading to pressure rise and beam loss.

Detailed calculations for PSR operating modes showed that, because of short storage times,

PSR peak currents are at least an order of magnitude below the critical currents for onset

of this effect.
● ● ●
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