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By menus of niulti-particle tracking, we explore space 
charge cffitcts in the Low Energy Booster (LEB) which 
has n st.roiig requirement for small transverse eniit~tance. 
Macro-part.icles are t,rscked in a self-consistent manner in 
six tlimensional phase space with transverse space charge 
kicks so that tlic emitt,ance evolution as well as the particle 
ilistrihut~ioll are simulated as it funct.ion of t,ime. AlllOllg 

recc>ut ilnprovements of the code, the longitutlinal motion, 
i.e. synclirot.ron oscillations as well as acceleration, makes 
it, possihlf to simu1at.e the capture process of linac nlicro- 
bunches. The code was calibrat,ed by comparing with the 
espPriment~a.l results at the Fermilab Booster. Preliminary 
re5ult,s of the LEB show slow emit,tance growth due t,o the 
space chal~ge. 

1. INTRODUCTION 

The Low Energy Booster (LEB) is the first synchrotron 
in the SSC: accelerator complex [I]. Although the beam 
intensit,y is rat,her low compared with esiding and pro- 
posed low energy (5 10GeV) synchrotrons like t.he Fermi- 
Iah Booster or t.lle TRIUMF Boost.er, the small transverse 
emitt.ance results in high beam density in the transverse 
phase space. In terms of the Laslett t,une shift, it becomes 
for the LEB about z 0.5 right aft.er inject,ion at the GO0 
Me\’ injt%ct,ion energy. Consequendy, space charge effects 
arc the major issue among beam dynamics considerations, 
ratllr,r than a.ny other collective effects which ;Ire usually 
scalrcl pro~~ortionally t.0 the intensity. 

Alt.lio~igli space charge effects are a common l)ot,tlP neck 
of Ion energy niacilines and are obst>rved in esist.ing facili- 
t,ics, the underst~antlin, v is limited. So far, the best we can 

cl0 ir; to calcnlate the 1,aslett tune shift., hllt the maximum 
allowable tune shift is not a well defined number. Esperi- 
mental results of the Fermilah Booster and the AGS intli- 
cate t,hat, a t,llne shift of even more t.han 0.5 is a.ccepta.ble. 
This implies a naive model that the emitt,ance growt,h OC- 

curs by linear resonances unavoidable wit,h a large t,une 

spread, is uot necessarily correct. Presumably, the ma- 
chine parameters, such as the st#rength of resonances, the 
superperiodicity, the operat,ing time as well as the tune of 

syiichrot.roil oscillations alter the effect,. 

‘Operatrd by tile Univerkitks KesearclI Association. Inc. fol 
the U.S. Deparrnlellt of Energy, under contract Kio. DE-.4C02- 
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‘The approach of simulating t.he effects by a niult.i- 
particle tracking code has recent,ly been nnclertalicn at 
several placc,s ant1 is providing reasonable rcsu1t.s [‘L]. At- 
though unclerstancling of the simula.tiou results iire, at 
present, inatle<lliate, they remain a.11 extremely uscf\ll with 
which to esplore the inachine parallletcr space, and tsliere- 
fore to provide both valuable guidnncr in iiiachin~~ design 
and understaudillg of esperimental result,s. The combina- 
t.ion of these bvill, hopefully, lead to niore complck ulkder- 
si.aniling of t.hc space cliargc phenoinena. 

II. ILKEKT CODE DEVELOPVENT 

Based on tfhe t,hin lens code ‘L’EAPOT, t,llr: sp”Ce charge 
force is introctucctl as kicks. Multi-particles, UsUatly about, 

2000 are t.racketl self-consistently with t,he spa.ce cha.rge 
force so t.ha.t the emittance evolution as well as the part*icle 
distribution are obtained as a function of time. Detail 

of the calculation of the spxe charge force is in another 
paper [3]. 

F’or the simulation of the LEB, the synchrotron oscil- 
lat,ion and acceleration have recently been implemenkd 

t,o nioclel t,liP capture and t,unching of the linac micro- 
bunches. ‘I’hc rf voltage curve and t,hiJ ercit,ation pattern 
of the bciitling felt1 are read as a t,able so that, realistic 
nlodeting of the lollgitutlinal dynamics becomes possit)le. 
This is esprcia.lly important in rapid cycling machines like 
the LEB, because the bunch shape, i.r. hunching fnct.or, 
and the ha113 energy change quite rapidly, and t,hcrefore, 
also die space cllarge force,. To clircl; the longitudinal tly- 
iianlics additions t,o t.lie code, synchrotrorl t,llnc as a fullc- 
tion of th(, wl~olc I,F;H cycle wa.s c;llculattYl by FF?’ and 
agrees nith t Ile atlalytical result,. 

111 t,hc currelIt version of the code, the longit utlinwl space 
charge force is not illcluclctl. I2ccortling to the sinlulat.ion 
results from ESME [4], t,hat. f orce increases t,he bunching 
factor (defiucd by t,he average intensit,?; ov<ar the peal; in- 
t,ensity) by about 30% and t,llcx ratio is almost constant 

for the first few millisrconcls. Wr have therefore, nppros- 
imat.ed the effect. by reducing t,he intensity such t,hat tile 
peak line density becomes equivalent to that of the longei- 
bunch produced in the case with t,he longitudinal space 
charge. 

The typical cpu tiine is one 3niiiutr for one’ t,urn on 
CRAY-2. 

III. C~AI,II~RI\TI~N OF THE (‘ODE 
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I:iglllr I: l:sI”,l.itllf‘llt;lI ati 5innrlaliu)n w5lllts vf vel-tical vnlitt;lll<:e 
\‘L\. li>l;rl illlf~ll~lly ill IlIP I~iTllrilnl, H<,osfr~i-. 

‘I‘llt> cods Iv;15 c;lli])rat.cxl l,\i conl])aring to experimental 
tlnt,;t, t.!l;rt is, tlrc‘ !)5’%, eillithncf: 21s ;I fliriction of t,lic in- 
I CIISI~~ 1;1k<‘11 ;I! t IIt‘ Fc~rlllilah Iho~t~~r [5]. The ])xre t,tlnes 
i\‘f%rv clko.5r~u at r/,.:,=(j.-iO/ii.S!) Siilcc, IV<: do not know the 
illngliitli~lr~ nf 111u1t ipol~ errors acctlrntt:ly, tllc, t,wo CUSPS of a 
l>(‘r.f~,c.t. l;ltl.lc(~ ailtl :I stroligl~ p(~rtiirl)etl lattice with the tar- 
for’ nf qu;ldrll~“‘11~ , wst~llpolc. alit1 oct~ul~ole cornponc~its in 
1 IIP rn;liil gr:\tlicTnt, nrngllcxt,s ivetx~ fsnniinctl separately. l‘lle 
“strtxilgt Iis“ 01’ Il~ultipolt~s are tlcfit~d in the Appendix. 

I~‘igurr~ I .S~IOWS t lie 95(X, r~rnitzt~;llkcc~ \vhicll wils tmnliw for 
t IlP ~illllllilflC~l1 1~6’-3lll19 as I)c,irig six t.illles tllr? rrns cr-rlitlnllcc. 

‘I Ill, hrtiiill’c‘ Illill~liS I\-lt,ll (‘rror I);lrs intlirnt.cx tlrc espvril11c~i1- 

t,al cl:3t;r of tlic, v(,rl.ical t~liiitt,rlllc.c [‘,I, 
‘1‘11~~ 6’11ill l.:iIl(~c~ cvollitio1t ;incl tlic tran<lllihsioll iis B fully- 

l.loIl of l,iilb: :>I‘(‘ slloW1i iri Figs.2 alitl ii. Pnrticle loss occ,lrs 
\vIlc>ti / ill,~~r t.llr t r;lilxvi’rw a.iii])lit,utlt~ t,i,conles lliore t,]l;nl 
.Gc~lll~ (i~c~l:1V~lI~~llll~ 5i)irllllll.llll.;r(I accc~p~allcc) or t.llC: lollgi- 
I lr(liti;,I ~)rbil ioii tl~v~;tlc~ ~I,OIII llit: sj-~~chrotlor~s phase 1;~ 
uiort‘ ILlliill fivi‘ rf iv:lvv I~>ilgl IIS. Iti t.iiilc sc;llr c~splorc~l, t.llc> 
,I-;> 11iph11 ii, t Il~ilt;lli~.~‘ \~;Is no1 ol)l;\iit~:~l for t]lc lhigll ill- 
It\lk5ilj- c;iw5. \\‘111‘11 Lli<tr.i> ilrl’ l;lrgcT In~~lt.il)olc crrow, r;lpit] 
grt.tlYt Ii Oft 111, f~lrlitt;lllCc? ;lfli>r il l~illl(:ll is i]laJ)p(I \v;1s llot,(:(]; 
tll;it ih ilot tlir cilw ivit,lIQIll ~.rrors. 

I\‘. I~::lfI”l’ANC’i: ~ROWTtl IN ‘i’EIE LEn 

‘I’llti goai i+ 11) C~i.li~~\k-~~ at. ill1 iikt.c~ilait~~ of’ IO’” put iclrs 
I:(‘I’ hul1(~11 I’~OIII I,IIP 1,1<:J3 ~111 c~st.r;lct,ml c:rllit,tallccT (I,II~S) 
2 o.~i~~rrllilll.llll~~~~l. \\‘ts ahsili~ic 1.11~ t?lilit~t~imcC froirl t II<, 
ljllx ib il.-l0alIlII1.rIlriI~l, inclucling effects of tlie iIijt>ctioll 
iiiistli;ltclling 211d sc;il t~~iiig ;it. t,hc ctlarp: rscl~ange foil, 

‘I Ill’ l.lS:]i lilt t i(‘f’ tl(Ggi~ IlilS Sliglltly Clliill~<‘(l hiilc(z tliih 
hl iltly i)k’,~iltl ;!llrl X~ilie pil~;llll(‘tt~l~~ tliffcr fro111 t]loPff in ill,- 
OlllC~l. I’i’l”‘i’ 111. i\ il~oii?: i~lrc~tii. t li(> cllaiigc of t.lic circunrfcr- 
,‘I,(‘,‘ j‘l.Olll TPlOlll 10 ‘,‘i!!lll lll(‘r~‘ils~Y l,llC ~lllport,allcc oi’ 1.llC 
s;i:trm’ ~.lIiIrq~~ i;)rc~ ilr t I](, siliii(’ Intio. ‘l‘lif follo\vitlg rmulls 
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Fig1uT :I: Emil t;ul~‘e marl trallilni4siorl as it frmciii)n of times witll 
(‘,‘,~or5. 

al’? l~asccl 011 t I1e slllilll<~I circuiiifeiwicc I;lt.tice wit,li (XX) 
McV injcct~ioli \I:<> illclrltlwl inultiplc~ wrors liskd ill thaw 
Appcildir. ‘I‘lli, i~c~!vc~st~ 1;lt.t ice, ivit II 570111 c.ir.cllltifprc~llre 
will I)(’ t.rkIclicYl ii1 Jut 111’~‘. 

Figure I sliow wf(~rc~lic~~ results of t,]lc, eiiiit.t,anct~ ;I5 

il fI111ct~iol1 of till-w. 111) t,o ;ihout IO niillis~contls, t,lir 
f’nis c~inithriw 11~ iiot. yc,t rc~acllc~~l ;LII nsynipt,ot,ic va111e 

atIt has ncb2rlF micllc~tl tilt, c~iiiitt.;lnw l)llilget value of 
O.fiO;itnttl.iili.;l(l. ‘l’li~ t~raibrllissiorr iti the, first, 10 iiiilliscc- 
orltls is 99%. ‘L‘lrc 1%’ lw;~iil 1055 occurs d~ie to pnrt.ic]w ilot 
c;tptriml iii lotiglt rltlilk;ll f~i~cl;c~ls in tlir, :~!linl);ilic ])lilictlilig 
prcm37 13c:lnl profile iti t,hr: I,ot.ll ])lanc~ rciiiaill garlssiall. 
‘I’hat~ is nlso swn 1iior(~ qlik3i>t it.;rt ivc,ly 1)s’ Iiwxllring c,iiiit,- 
taiicc> iii (Iiffm~nt. \v;I~s: t 11~ r‘liiitt.;lllce tl~~filicd t)v the sigin;i 
of’ ;L gnlissian fit to 111~ I~P;\I~I profil w ;i11d I>v t,llc b~aiii sim: 
in which 99% of the particles reside. Roth elnittance eval- 
uations yic,ltl 5illlil;lr rc:sk~lls. 

01113 of tlrt> i’(‘ilsoi1s t.h;il, it t.:ll;c,s Ioi~get tilrle i11 1.111, J.EI3 
t.li;ril iii t.lic: I~‘ri~inil;rl~ 13oos~(~r lo rt,;lcli as~ili]~t,otic enlit- 
hiice nlight. tw c~s]~l~~itlcd 1)~ tile SIOWCY 111i1chine cycle, 

IOIIz for the T,ICH, 1.511~ for t liv I+‘c:nnilab Boostkr, a~~tl 
t,lic higher ilijwt,ioli energy. CjOcIZI~~\: vs. ‘LUOhIcV, rrspec- 
t iwlv. IJc~rce t IIt, II~‘:IIII st ;I~S t”c,r IOII~CI, tilllc irl tile 1,15H 
uliclr~r tll(, coriilit iota of srgilific;ltlt <pact’ Cllilrgc. 

\l~lll.ipol~~ error ~IP~~~~I~~I~~~Ic.~~ 0I’ t 11~’ t~iiiittmct: ;1rc plot- 
tc,tl for t.llc first lb\~ Il~illiwcol~tls i11 IYig.pj. Quatlrtlpolr, 
wst.u]‘ol(~, :111d 0c.t ll[)Olc’ (‘i’l’oi’s-;, I~otli s>.5tciriatic ;ilicl razll- 
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l.‘igul.c, :5. I<:rnit taricc cvoluti~>rl for ilifff~rent st.rrngth of errors. 

cioln. itt i,lii‘ c~u;~di.upol~~ and dipole nlngnek are increased 
by factor 10. .+\ lt,I~ougl~ all ~asrs do not rcmch the asymp- 
t.ot.ic vnl~ic:, ik larg<~r i;lol)~‘ of t.Ilc~ (7ntit,t.;rttce with larger field 
errors 1s tlot,ic~r~;tl~l~~. 

All iho ri511lt,s oti I.l~e I.ICli arc’ prc,lintitiary and we will 
cotltitlutz t,o rclii~ti> 1 Iif\ cotlr ;ttrtl c\valuat,r various parmnet,er 
tlCp~‘ll’I~‘ll(.w. 

v. Srl~r~r<\l~v 

Syiirlil~o1 ~C)II iii[.illkit,ic)tt5 ;11t(1 iIccc~l?rat~iotl hnvP beeti ittt- 
~)It‘lll(~llt~‘~,~ ill I lli: hl)il(‘C (.lli11., ()I) 411111ilat jolt wales. This ntakes 
it ~)OSSit)l~’ to ~itttlll;11(~ Sl)ilt'f‘ rlral~gr c~ft;~b wil.ll tl1r3 capt,ttr- 
iiig itlirl I~tin~~l~itig [~l’oct+ \vIIiclt III(‘I~~SC~ t,lte litit~ tlctisit>, 
;~ntl wit Ii tltcl f,itllc‘ ~If-I~~~ti~l~~ttt kitic~itrntic. filct.ors: 8, y, which 
itlllLtc,ttc,c, f Iii% s[)ac(’ cll;rt~gc~ li1r~,fL Sytlcltrutrott o~cillat,ioti it- 
self is cspectml lo iiiorlify l,Iie r~~soni~tici~ stmructrtre in t,ttne 
Sp;,““. 

‘l’llf’ COtl(’ IV;lh (.llt‘l.I<(‘<l ilg;lllISl ~~sl”‘l’llll(‘l~t~il1 tlataa of tile 
[‘;~l.llliiill, HOiIztl’~. ‘l’llC\ l’~~~~‘l~illl~‘llt~lI (ltlt~?l COIlIt I)? rPI?YO- 

clllwtl lu’t~l\.rCtl l.llP I \so c,.\t 1’(‘111~‘ ccliw, the perfect lat,ticc 
;tttd tltc st r011gly Ix~rtttrlml latticc; t,hi, iittcnsity t~htxll- 
oltls i\i~OVC wltich 5igttific;tnt (‘ltlit tance gl.oWtll OCCUt3 FitY 

siitlilai~. I II t lit’ jjf’t’l ~irl)t>4l Iat lict,. Int,gc, I1i>ani loss as well 
ai; i>ttiit(attcr gru\vtIt ISi\‘: ob>~‘rv<‘(l. boill it~crmsing with 
intctisity. 

‘1%~ I)W~III~II~;I~>~ tmtllt s of (,lIf‘ I,F:I3 Sllow slow t~niit~taticc~ 
grci\vllt ttI> to Ii) tltillii~:cot~ds. ‘1‘hF gtY~~\.t~tl rat.<: lm~!,llws 

errors Fcrtt~ilab I<oost(,t 1,1’:13 

APx( 1) 1 .tk-2 1 .‘lC-3 

4 (1) s .2c-3 I .‘Le--3 
Ae,(2) 5.50-4 I .:ic-4 
Ae, (2) (j.ic 1 I 14 
&r(3) 5.8F.5 4 4th 6 
Aey(3) 2 yr-5 ‘).2(:-T 

TaLle 1: LVitlth of rwo~~i~r~~~f’s cli~finccl Ii! tlli. ccjll;iOcbti ill~ovv. 

higher with t,hc increase 01’ itirtlt.ipol(~ orror5 

VI. .+Il’l’t:.Ul)I~ 

To estimate t,he tlqnit utlc of’ tnult~ipole ~rrorh. w cal- 
culak t,he following value. 

ne,,y(n) = ,fy;;,), J n’~~‘;i~.‘~,+‘)il’c‘s,‘[i(r,+l)~,(s)]d.sl, 

where E,,?, is four t.irms t.lic rnls i~tnit.taticc, <I(S).,,,, is the 
phase of betatmn oscillat.iotts, and tt= 1 for qttadrupole, 
11~2 for sest.upole, ant1 ii=:3 for oc.(tij)olt~. For 111~‘ Fmiii- 
lab Booster atlcl the LEB sitnulatiotl, w IIW t It(l 1at.t ice in 
which the errors are list,ctl iti ‘I’ablt> I. 
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