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LOW’-ENEXZGY LINAC STItUC~{E FOR PIGMl”

By

Donald A. Swemon and James E. StovaU
Univenity 0! Gd.ifomia,Ike Alarno6 Scientific kit bomtoq

P. 0. Box I&Xl, Los Akrmoa, NM 87f@i
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“1’hr higher radio frequency (450 MHz) and lower injec-
tion energy (250 keV) of the PIGM1 (Pion Generatm for
hfcrlical Irradiations) linac design nenously compound the
problem of beam containment in the fmt few metcrm of
the structure. The conventional quodnrpole-focused,
drift-tube li.nac rcprmenta the best SOliltiOB for beam
energies above E MeV but because of the ❑mall Bps=
nvailab]e for quachpoles in the PIGM1 designs, cannot
provide the required fccusing at lower ●nergies. A aatiafac-
tory solution to this faming prokdem has been found
based on pure alternating pbane focusing for the fuat few
.McV, followed by a smwtb transition to a pure permanent
rn~gnct quadrupole-fwuned cit-ructure at u MeV. The
~tructure and its talcuhited performance are destibed,

Introduction

The N~tirmal Cmcer Institu@ is supporting a program
of accelerator dtwelopment at the la Alamrm Scientific
hhoratmy tiimed at the eztermion of proton linac
[rrhmrlogics to produce thr moat ouitable Picm Generator
for Medical kadintion~ 0J1t3MI), The pr~atn in
rurirntl~ in the !imt ycrir of a three-year program, and is
prngrcsmng well.’

An optimized desipr of H pion generatiw suitable for e
r~difltherapv proptim at Mmnjrrr medical center ha~ twin
rstrblis}lcd. It con9ir.L~ of n 250-lreV injector, followed by a
.tTr:ittrr. long drift -tuhl Iinnc that nccclerateR the proton
I,,:,i,l tf) 150 hlc\’, ~lnd H 93-mrtcr-]ong ruuplrd-rnvity
Iir)i.i thnt ucr-vlrrtltvs tiIc Lrrum to h final energy of
650 hlcV, whrrc thr nvrrtrgc hcnrn current of 100 micrr)-
~tmp{’rrs irnpill~:m on or,c or mr-rrctargets producin~ abun -
dilll[ rlll~lntitivs or x mrw.ws fur radiothmapcutir np.
l~licnliorls.

T’i,r ]l,,lj~,r irmovptimm in thi~ program include: hi~hrr-
fri,(~l]!llf’y Ktrurturwr (450 nnd 1350 hfHz), “higher ac-
crl[’rlltill~! ~~nriienth (5-8 hfV/.m), Iowur injectirm enrrk~
((t ~. Illlv(lrud kvV), w~lvr~ui{ir mnnifold rf distribution,
nltcrflnt in~ phnnr focrminu for the first few mrtem, fcd.
lnvrd })} prrnlnncnt. mn~nr{ qundrupole flmusing for the
rrn. .inr!vr of the lirmr, nnd nn improved crmpled-cnvity
Iinnt- d ruclurc f(m thr high -cne:~y portion c.f t hr facility.

‘llr m{wr to highrr fr~!quencirn rind highrr gradients
rrm; wunrfs drflrnu$icctly thu problem of prnrtirnl fabrica-
tion of the drifl-tuhc linnc ntructurc at lowrr mrrr~ie~
(I)PIow ~1McV). The hi~hcr frcqurncy reduces th~ volumr
of th(’ drift tuhcs wherr wc normally plnc~ the magn~~iir
qu~drupde lcnruw, the higher ~radimt inrrenrm tho rmcd
for radinl focusinn, and the lower enmgy furthrr rt’duren
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the space avai~b]e for ma~etic Iensea and the effect of
the fcruaing magnetic frcl& in comparison to the defrxus-
ing effect of the rf ●lectric fiel&. It was known from the
beginning of the project that some fundamental develop-
ment in accelerator-focusing schemes wcwld be required
in this low-energy region in order to take full advan~gc of
the higher frequencies and gmdienti in the higher-ene~
pvtions of the machine.

The prime contender to satisfy the acmlerating and
fcwusi.ng requirements in the region below 5 MeV is the
concept of alternating phase focusing (APF). An arfay of
such structure~ has been developed’ which shows promise
for acceleration of protons and heavy ions at higher fre-
quency and from lower energies than currently pcmaible
with magnetically focused drift. tube hnacs. In these
structures, the transverse, as well as the longitudinal,
focusing forces are produced by the rf fields. BY arranging
the drift-tube lengths, md hence gap positions, in an ap-
proprintc way, in n more or less conventional stunding
wave drift .tube ]inac, the particles can be made to ex-
perience acceleration and a succession of focusing and de.
fncusir.g forces which result in satisfactory containment of
the beam in the six-dimensions] phase space without
dependence on additional focusing field~.’

The PIGM1 Prototype

The majrrr piece of equipment to be de~igncd,
fslmictrtcd, nnd tested under thp PIGM1 progrnm is the
oprraiin~ prototype of the low-energy end of the proposed
rlcsign, complete with a proton bcum ~nd diagnostic gesr
u) wH]unt(’ its pcrf(wrr,nncc, Stvudy prqzrtss ifI bCitK
murk’ or: the drsi~n of thiu prmotypc. The PIGhll
p:ototy!w invtdvvs a 25 f).k\’ Cm-kcroft -\Ynltun prnvcr sup
ply. H proton ion source nnrl accclcrnting column, n bunct]-
cr cnvity nnd wlt’noiti lrns to prcpnrc thr bpnm for injec -
tilm inio the ]InHc, and s prototype of the hv-ennrgy prw-
tiun of the PI(; hll lin~lc structure,

‘1’hc linac pin-timr of tiw i’IGhlI I’rototyi}e ha~ recrmfly
hrwn drtlnwl, It cmmi~t~ of n Pingle tank, lrrrtrlcd with 4i4
drift tulms, \vJlich wrtlcrnt.c~ a proton beam frum
025 McV to H.$1MrV in n tutal lcnRth of 2,64 meters, ‘Ilr
tnnk is diviciml into four srct iuns as nhown in Fig. 1.

‘lIIu firsr rwclion hns WIqunrlrupole hmsm nmong iti ‘M
drift tulms, Hnd is cntirrly tluprnrlcnt rm thn APF principlr
fl,r }](,Hn~ r{,nfint,lllrnt. ‘1’hr /,]’F Ncqucncc rrnployed hcrr
is ~)f tlw .!.@ +# --@ -~ wqIILIncc, whrrc 4 heginn nt about
72” mId tH[lWs nt n rutoilf ().!UIdr~rmw per gnp througt,out
thr AI’F ttmi [)uml ltnml] rwc-tiorm,

~’hr Insl wet im in wuwnt inlly n mrld-dnwn version of a
ronvcr, tionul qundrul]lllr.f(lrusl’d llrift.Tulm Linnr
(!) ’! ’1,), and nccclerntm the hcnm from 7.1 trr8.9 MrV inn
rfiritanrr cf 34 cm for nn nvma~t? acccl~lntion rnte of hct W
thnrt 5 MrV/nlrtvr,

The middle two nvctions form n trnrmition brtwcwn thr
AI’F met ion mrd thr IYI’1, srclion. In the Qund Rnmp WC.
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tion, permanent-magnet quticirupdr Iensea are intro-
duced intu ●very other drift tu}w in e +0-0 cmnfigurntirm.
In the F+ase Ramp -Section, th{ IWIpphmwr MR rapidly
transfo, med from the AI’F .miquenm ufied in thi~
prototype to a constant ritxrhie r,h~w angle 01 -20”,
suitilb!c for th~ .DTL section.

In thr transition rcgirrn, thcrr i~ n mixture of hrrth APF
and qundrupnle focu~ing. 1( is iropru-U~ll! !h-: they be
mixrd in such a WIV thnt thr trunsvtrw ncrept~rlru in the
lmrizuntal and vcrtirAl plnmw urc roughly ~irrlil!lr. Onr
c~msc~[~).]rncc of this is I!lnt tiw nr~ fwril propt=rti: - U! thr
qutrdruludes ih the horirmrltHl plunc must k sirrtiliii !o[hc
nrt focal properties of thr qurtrfru]mlf’s in thu vcrtirnl
plnnr, II f~irly co,nmon ctmriition cm qundru]rn]ll, fttcuwd
tr~lr]slp.lrt byst~:ml,. Atl:~:h(.r c(mwq~ll’rlcl~, whit}) i ~ ‘ 1,,
curnmrm, is thnt thr 6JilltiIll riistrihulion of the A1’F nr)d
(;un(lrl]ldi, fwllsir]~ cl(, mf, nts mutt rmt.iHfy wn.. i,, .ic
$yrnrllt’tribs. Synrmtry flr}:umonts nupgt*6t ttl:il th[’
olludrlll~t)ic rlistrihutions rnllst hnv~ mld ~ymrnrtry nl)lmt
n Jmilit of cvrn RyIum[ lry in t}lv A1’F distribution.

‘1’hr nearest that one cnn rmmc to a point of cvrn tivm-
metry in thtl APF ~cqurncc ndnpted frtr PIGMI in ‘hr mid-
prrint hctween the +#’n m the midpoint hrt wccn thr --6’H.
‘rhl~r points cormwponrf to the mirtrrointrnof tnc nicdium -
IPngth drift tukm If the qundrupdr rfi~trihutirm iN to Iw
odd mbou~ thmc pointn, and if we cxcludo !he prrwihiliry nf
multiple quadrrqroleo in a minglr drift tube. the nil diurn.

length drift tuben must be void of quncfruptdra This i~ un-
fortunate becaune the me,dium-len~h drift tubm rrp
resent appro~imately one-half of the avnilnble apace for
the introduction of quadmpole focuning ~lcmcnts.

The only npncen left for qundrupolen arc in the long drift
tulwn between Ihe -~ and +@ ~rrpn, nnd in the rnhorfdrift
tubw tretw~n the +# nnd -~ Haps. If the qund dint nbu-
timr in to be odd about the quadhs, mwlium-lm@h drift

tul.rch, thr qua& in t!le mhcrrtdrift tul-u, r,iust LN cf OIM
nign (+, for examp!e), a~d the quad- Ir) the long drift
tulms mu~t be of the other sign [–). lf the qundrupdw in
the Iong tirift tubes make -e of the avnila”ttle rpacc, thr
gradient of three qunde must be leas than thnt in the ~hrrrt
drift tubes so that the foal ●ff~ of the two can be
sir.lilar.

The len@h, gradient, and bations of the quadnrple~
in the PI(2NH prototype are shown by the hmtched rec-
Mngles in Fig. 1. Thr quads are ramped on in the Qund
kunp section h a maximum gradient of 6 kG/cm in the
ohort quads, and approximately half of that in the long
quads which are approxim&te!y twim AS long. The
gradients of the hort quads are held at 6 kG/cm in the
Phase Ramp -tions, as the APF efkts are ramped off,
bringing the ebon and kmg quadri to the same length and
gradient by the end of the section. In the DTL sections,
tho quads have a arnvcntional +0-0 configuration.

It is important to insure that citing the transition from

the APF h DTL structure the fd prn~rtiea do not ap
preach an unsmble situation and that the acceptance is
not unduly restricted. The tran~formatioc matix for each
period of the transition region, consisting of two ac-
celerating gaps, tv”o focusing gtips, md one long and one
tihori quadruple lens having alternate gmwlient.s, has
been evaluated for ❑ range uf magnet gradienta. Eva]ue-
tion of the transfer matrms yields not only the litnita of
stabiiity but rdsc, the rmcillation ~rnplitude associated
with each period.

Each period warr ev~luated for the nominal velocity fl
associated with the pried neglecting acceleration. The
remdts of th~ period analysis are ~howrr graphically in
Fig. 7, nnd although these curves were ~rncruted for a par-
ticular linnc, they are nimilar in intcrprrt~t.irrn to the mnre
gcrteral Btahi]ity curve6 of Smith nnd (31uckfitcrns
concerning pcrirxlic qundrupol~ fncu.iin~.

If wc let r represent the radiu of the trcam envelope
hnving a norrnnllzed emittmce q, wc con cxprem the hcam
size in ternm of the parameter L7C(Ma G-rurant’l

(1)

WI.crr 17~ i~ tlw normalized momentum. VRlues o! /3C,~,
thr[l c[mt’spnrld trrthe point in the pcriml whrrc the rHdiul
uxcllr~i(ln of t}lc lwam in a maximum, For crmvcrliuncc, W(I
mnkv b, ulli[lrw hy dividing by /YA,the fundnmcntal unit
of Irngth in lir]nc Htructurm. The contoum in Fi~, 2 of cnrl -
Rtnr}t flc,APA therufnre correspond to ccrnstunt vnlucN of
nlnxill)um t]l’nlll ki7,r r“,, for n Civvn normnllr,~ d rmitt!lnrv,
,, For II glvcll horc rudim It = r-, to pnw n Iwnm 0! emit -
t~i~r’p q, ttm foltnwing inequality ,,,unt holrf:

In thrcllr]y pnrt of the I’IGM1 protntypr we wt’ thnt cM-
Fvntinlly m) unl~mnt of qunrtr-upolc focu~ing tiffml.s tlw Mc-
crpturrre. ‘Ilw inflection mint in tmch curve (cnnnvctcd hy
n rlottd :ine) inrlicrtten the point at which trlc nrnximum
hrnm nixe nhifw from the center of a focuninR gnp to thr
rentrr rrfn frmsing quadruple, 13eyond this point, the ac-
ceptirtce in a ntrwlg function of the magnetic gradient.

The qunclruprdr Inw chosen for the PIGMI prototyp in
inrticntccl by a dnnhed line auperimpwed on thr ntihility
rtin~nm. The ncrrmnlizcrl nccuptnnce In thr AI’F #rrtlc -r



log. 2,
StaLriiity region for t;w 1’IGMI protdypr.

corrrspunding to the 5.0 contour would fK 0.413 cm mrad
for 8 hure rudiuri off mm. If the bore racliub remained con-
stunt, a Lottlcneck would occur at S = 0.65. However, the
innc is tent.ative]y ~Jrqrrnmmed ah a ]inear function of ~
such thnt a minimum nrccptmcr of q = 0.37 cm mrnd oc-
rvIn. nrijl]nd B = ().0!) nt n tlcjrr rHrlius rrf5 mm, In nridition,
WI, r.cw that thr ftjru:+ing lrJw lit’s wt,ll insirh !hv ptnb]~
rryirm.

‘1’i)r lwrf~,rrnrrllcr of tlw protr]typr df”~i~n wnr. further
(OVIIIIIIJlrd Ilsini! i’Al{\lll iA l)ro~r~lnl, n multi pnrliclr linrcc
d.vntrmics codo. ‘1’hr tr~rlr.v(,r~r nrrrptance of the
IJr(,!otyl)t,]IIISIwvn rn!ru]ntdu.in;fH mu]tipmtic]e tech-

II IqIIr= nml ftulnd t41 II(I 11111.v1(~’A slll~llll’r thrill cxpect~d

from thrStul)ility dlH~ruIl), tr rvnhimntrlc rii~crcpnncy con.
hidcrifly tlIr nl)[lr!)xi!ll[lli[ll]!: fl+sumrrl in ~rncrntirrg the
~lnl~i]it,v curvm. 11 is intrrusling to nnlc thritthe accep-
t#lnc~ is idonticnl in both trnnsvrmr plnmw indicating thnt
thr transition ru[:ion does rr(lt rontnin nn rcnsymetricnl bet.
tlmrrck.

Addit i[mnl mult i]mr[irlr rurw htivr twn prrfurmed to
ntudy tl)( {’f[rrt~ of cmll)litlg mId ~IIum’ rhnrgc. In thin
rtrrw, ct~l]linlli,us n](morn{’r~rtic hrnm~ httvirr~ a nor-
mn]i?ml t runsv[”lw rmittnnrr of 0.10 cm mrnri hnve been
trnnsf(mmrd fr~’m the huncher ut tlw rxit of th~ or.
crlcrnting ct~lllmn, throuxh n rwlrrtnid Irnn ta the Iinac,
nnd thrn nccrlrrntod to 8,9 MeV. I?vcn at ,peak beam cur-
renh of .30 mA lhc capture cfflcicncy i~ cmlrulated ta be
hrttm thrrn ~1~%.

The grrmlrtricnt and dynnmical pnrnmrt.ern of ench of
th~ 64 CCIIMor !hn prototype are given in Table I, where
1]1{1 in the phrcrwof the rf whcm the dmign pnrticlc tmrivm

m{
I
I
#
s

;
I
●

TABLE 1

F’IGMI PROTOTYPE CELL PAIUIMJW::f?S

-J B.CC
-#m#<D
-#e. Oc

L!BT

. .
v{,lwity rrf thr drsigll pnrticlc nftrr crossing thti gtlpp ‘1’is
t)lc !rl~llslt tiluc fctctor, (/S is the qunrlru]wlt mll(l][rlt in
kG/err,, nnrl QL nnd Cl. arc tht’u~lndru}wt< nnd wII
Icrr@hs rrsprctivcly.
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