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Effects and Tolerances of Injection Jitter 
in the SLC and Future Linear Colliders* 

T. LIhlLiCtK:, J.T. SLMAN ANI) 1V.L. SI’I-:N(‘I: 

Stanford I.znt:nr Acrelrrntor (‘enter, Stanford, C’al~forniu 94.319, IT.i’,I 

1 Introduction 
TIIP t)u~~rh i11~1~lr4 into \lrct miiill linac of it liw.3: cc~ltidc~r ina> 
have 0ffsc~i.s irl transverw angle arid posit ion, niny havcb a phasc~ 
C~TI’OI’ jl~rigil udilla! Imcilion dfkd,) iu~l, !“UI th-r:mr, iimy 1.x 
optically mismate-had Each of t,hmP injtdion wmrs rc*lUWs thr 
l~li~li~~~is~t,j. anri tllusl hv tlc,ld within i.r~lc;rdr:i~ts 
‘t’r;irlsvcrw arlgtr or positiw ofrssrt :: incrtsaw ttic mlit.t~aI~cr~ 
thwughou! t hc 1irm.c due to fitarnwtatiuu c.auscd hy tramvt:rw 
wakdield and dmmatic effects. Sinlutation4”” haw twm used 
tr, ~,r.lci~lal~~ ?t:r- rn;rxim?lln injecti~m jii.!rr til kwp tht> imit.tanct 
1~1owr.1p at the c,rid of ttw linac. hetow an acceptable trvd, say, IO 
10 X,j%. III Sc%ct.ion 2 to!c~ranws arc calculatcvf using t.his lni~xib 
rrilrnl jitter for field stat)itit,J- and transvcrsr vil)rations for mag 
ncls of the Darnpirrg ftirtg n114t thp Ring-‘l’o-l,inac (ITI‘L) trims 
port line. No components upstcram of the damping ring have 
to 116, corisi&r4d, hcc-aus* aftrr srvpral darripirrg t.imes urtrit and 
t)earri did rihu-,ions reach an equilil,rium cvt,ir?ly deterrrrined by 
the ctarnpillg ring cornpont~u~.s lhemst~tvcs. Two rnampks show 
that. ttic fidd stdbility tcilarancc. which cldcrmirlcs the stabit- 
it y of th rllagrlc~t po\V<'r Sll\~pl~, may drp'wl strongly on ttw 

intcrcorlrle~tiorl of the nlagwts. 
‘The &WA of opt.ica.1 mismat.c-hf3 ori the c~rnittancc at the crlti of 
ttrrx tirlar is calculated analytically. The tightest tolcraucrs or1 
magndir drm~nts stemming from thrsc rffcct,s are listed. 
‘I’hr phav totcranrr is detwminttd by t,hp energy arrrptaucr of 
thr final focus system. It imposes totrranre~ to t,he integratrd 
firtti strength sf t.hr darnpirlg ring arrd RTT, handing rnagnet,s 
and the t)l.lnch cornprcss~r rf-pllas~. 

III Section 3, mcasrirer~rf’nts of irljcrtii,rr jittczr and ttle eifcct, 
of Mai.ron oscitlat ion5 cn~:srvl by changes of l.hr angle or )wsi- 
t,iorl of the incmling twain are drscritwd. ‘I’hrsr rr~(~a..srrr~ments 
wmr takrn wit11 BNS damping wili~~h re~laxw <,elt,tirl !~IW;IIIC~.S 
lb>’ an order of niagnit.~itte. 

in Src.tion 1 injcctiorr jitter tolvrarrc.es for ii lirrai, vf tlrv nest 
grncr;tt ion arc givtxn. AS ;trr d?xami>lc, paranrctt’rs for thrs Nip~t 
T.inrar ~‘otlidr~r” (XI,(C) bring dt5igned at SI,A(: arc uscti. 

2 SLC Injection Tolerances 
7hl1~uncr Jof. d~polt &kc Jbld chunyr~.r For it hunt-h popuiaticc~ - -~ ..-. ---.._-A 

of .i IC)” partictrs the rcquirrmrrit that ?rrlil~tarrcc growth not 
ex~ad ‘L,?% lirriits thr amplitude ((s(( of jil.t.er in t.hc i!ljcac,tcd 
Iwarn positwi 5 4.x angle 2, riormalizrcl by thr hcam 43~ 0 ._- 
J;TT. to ’ 

b!J _ = [x2 + (13x’ + d] i < D,Olfi - (2.1) 
0 \/tic 

% 

whrr~ * anti 19 arp the Twiss paramt~ters and t.hr Learn is rorrrrd 
rr8il.h it (riorr-irl~,a~i;LrIt) uniI,ta.rr(.c c 2 6.6 IO-” rnru n1ra.d. A 
ct~a~lgr in ally dipot~~ firld ser*r by the beam t)rl its way from Olct 
damping ring t,o !hc- tinar \cill ccc.itc* a /3 troll 05c~illat.ion wit,11 
!~ontinti.n~l arr~~~litr~tlr~ 

(‘L.2) 

A.0 being the or hit drflrc%iorr drrr to t.hcT ttipolr variation 
I1YS dalnI)irtg ~0ulJ loost~i~ this ?olrrnli::c 1~1 im ordm uf illa.gr,i 
tudc (se? %rtion :1). Hut, the tol~~rarrc~ for rvcry qinglr ?lrmPrit 
Wi>Ulti ll&Vc~ to IX ti$tcvl~ct ii F;lctOr of k/;; t0 tali? i1lt.o WCOlint 
thr rurnirlatiic~ Effrtrt of rr irljertion (~lcrllcvt?. For 1hv SK, tilts 
sinqlv comp~nrrrl tolcrarlc,rs arv ca.tcalat.c~ct without 11NS tlarrlp 
ilig whi<,l1 is llbvr r,st)dld to rorlll~‘ns:~lt~ bir 111t. curniilat.iw 

--. ,.... -.-. .._ _ 

rffdq. ‘bhtc 1 lists stahrlify tc&~raIlrrs fc~r dipdr ningrrds cd 
culatrd using rqrrs. (2. I ). (2.2). It s!vnvs two cxamplvs I,ow 
h;trdwarr design. i.r., rrlli~rc.on111,‘(111,r18 of mae;rrr4v. car: ;tfYrv! 
p”w” supply t&%m-es: 

T11r ~~xtr~actiou srytulrr. lying a very strc)ng rlqi~rt, has an 
~knat.tai!lable tolera.nce if not powawi in srtirs with a hrndine, 
rnagnf~t of qua1 strc,ngt h toc.ntfd al’i”““irtr~tlf’lJ ISV in 1~t.a 
tron phase advance away. 7%~ nvw tolrrimre is then t~tic34 
11y rarity a11 or*lc~ of rriit,~rlitrt~lv, t:lil is still t.tl<s tightest IJI 
t,trca wholr injection system. 
I’ttr IYI’I, (ring-‘G- Linac) is a t.rarq>ort I ii>+’ tsuilt itru\~id an 

cml!wdtid ac.hrcmlnt Thr lalt tending rnagnc~t twfer<s t trla 
linac ‘111X, is shawd t,J- pmil :‘ons ailtl c,lrctrr,ils ant1 waz. pow- 
ered seprrat,rty whilst, all the othcar bending magnets of t,hv 
RTI,‘s wrrr powrrtd in rrris. I’owt+ng thcl two WI, bc311ds 
alld thr~ Ff1W rnagnc~t in scrims loosrued the power sl~pply t.ol- 
erancc by nearly two orders of magnitude. 

Finally, t,rajrd.ory rr)rrt:ction coils with the tigirlcsst toit~rancrs 
hccause c:,f their higlt slr(:rlgt h i~~rti Ijdil,olr ~(2 listed. 

__.~___. .~ ._.. ..- ._.. .- - 
nip& nlagn’i.~ 46 

8 

Kicker l.YO 1o-4 
-_- 

I~xtraction Scpta :j.95 IO-” 
IL!?0 4.75 1o-8 

Septa &. B-80 in scric5 2.14 IOP 
-. .- -. .~. ..- 

K?‘L bend string 4.75. to-” 

lfRO(tast lknti in RTL) 4.75. IO-” 
. _- - 

NRO & IUI, hrr~d 3tring in series 3.21 10-d 
- .-- -.-__.. 

Septum I%nckleg 5.0 LOP 

XC 310,‘430 (RTL) 4.0 lo-” 
_____-~ _. _.. ____._( 

‘I’ablr I : Stewing lolr~rances for imporla~il dip&i 

Quodrupole Strering ‘lir1rranrc.s St.;tt,ir- trajwtnry disiblacr 
mwt,s s,y in quaclrupolc~s lnakr: thr lallnct~ srnsitivt~ to flue 
tuations Af/f in integrated quatlrupolv strengths. ‘Ib fulfill the, 
rrquircwc~nts of the tiriac injection tcderanrc~, thca protturt of thcl 
trajcdory offsrt and relative frltl rhaugr in tlic quadrupol~~ has 
thr rrpprr tinlit: 

Af , 

I I 

rr;-i 
T- c. 1.X1 1 F” mm - 

f 
_ 

dl~/./ 
I’he tightest tolccarlrr sterns front tlic targ? offwts tlw t*xtractiori 
kicker produt~s or1 lt~c, last turn in the damping ring quadrr~~~lc~ 
near the SC!I'tUJll: 

Af -- <<’ ” 
s - r1..1’ I” 

5 for CJl*‘I (.r = I:‘.<~rniili :L’.i j 

Af --- <. 1.07 10.“ for (]I11 i.r N Ci.!)rr;ili) 
.f -. 

i2.%5) 

Vihratiou of tlw ~~~qpc~lic. cc=ntrsr <if a ~~u~t~lrr~~wl~ ildlwl.~ t iit. 
hrarn c~riolrgt. t 0 violafv t.liss i~~jrv~li~,il 1 Olt’riiTif.~~ uiblcss : Iit’ villrii 
lion anil)litudc~ 

* \\‘<>rk hllj)ilOlt~‘ll tty l.lll. Il1’[>~lrti:l~~ll Of i:ilt*rgy, i.()[ll c:<C(. rl}: ,3,(‘(jx _ i(iSb’[)I),j li, 
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-? 
IAs y/ 5 1.30 10-a mm g (2.6) 

‘1’11~ strong ‘matching’ quadrupoles at the hc@nriillg of the HTI, 
v,~h~Tc~ thr !j func-1 ion rrac i( S 1 h’ 100 *n half, thv tightest vil)ration 
tcrlrrnllcc~: 

IA.r.7Jl ‘: 0.1‘1 /"I1 (2.7) 

hp r.i,on 11, i.wcliih Ilispcr~iol~ in thus I,c~nlrl injrctd into tlw 
-. 

~F-i--ZGlf;;iteil aftrr ncc~c~li~rat.i~.,n ai\ an ~~niiltanc? incrraSr 

!+ (l+mp)k ..__ , 

whrrr (6 z\f is the initial fractional rnrrgy spread and the dis- , 
pprsion amplitude 

l/ql~ E [q + (h’ + orly] + (2.9) 

An emittance blow up of Af/f < 0.12 requires jlrfll < 8mm (for 

(~5’)~ % 0.01 and ,!j = 3 m. the design beam /Y-function at, the 
iiljrctiori p<‘iiLt). 
A focusing flllctuat,ion A( 1 /I) in the RTI, produces an invariant. 
amplitucle 

J$ =A i [,5qqna<~ 
0 f 

(2.10) 
,Oi 

/3-mismafch Deviations in the geometry of phase space may hi 
characterized !,y the invariant fractional ‘P$beat’ amplitude 

Ap 

II II 
-= 

P 
(2.11) 

I[ 
f &!!!- 3 “‘;‘,;sf~,~j~~]~+~Ao-~~~~]~ 

The llA/j/Pll tolrranrc is entailed by the fact that a /?-beat. is 
(‘Laudau’) damprd after a phase advance A$ in the liuac at 
t.ht: rx;wnw of rsmit tancr gro\ct h through incohc,rcant chron~atic 
filamentat ion 

AI$~ g -(2rr.33)6 for the full linac, so (~os(‘LA$1~))~ z 0. 4n 
emittance blow up of AC/i < 0.12 t.f ius requires IIA/?/Oll <: O.iO. 
A quadrupole strength fluctuation A(~l/f) in the RTL products 
a &brat 

IlAS/,3ll 25 l‘hl = I,dA( 1 if)1 (2.13) 

The magnet ficald tol(*rances imposed by these optical prrt.ur-ba- 
i.iolk tolcran.-c,s a*? all looser t ban 1 fl-“. 
injection pSn.sr tolrrancr 11 dlarlgt~ ill the t1u11ct, comprrssor 

~~strrngth A0 shifts the phase Ad of the bunch relative to 
ihe !i~~ac. rf shifting thus c~crgy aftcir a( c~~l~~ratiS,rl 11s‘ 

AE 
- = --t.an~$Ad= -tan(d)t,,&jy 

I;’ 
(2.11) 

WhfV 

c v, sir1 & 

tan @ = 

klySt:OM 
____________ 

-- z \,, cos &L-zt-lgynT;; 
(2.15) 

klystrorls 

kl is thy linac rf rircular wave-number, and Njs = sq dQ is 
tilca shift. in longitudinal posit.ion per shift in fractional energy 
cjeviaticnl Pirlrr I&cj 1: tX3 mm. I,,, = .059X6 nm*-’ and 6, = 1 .SO 

A0 
7. 5 II.2 10-4 (2.16) 

to maintain AE/E < 3. IO-’ or Ad 5 O.fi4O to remain wit,hin 

tllr acceptance of the final focus. A shift in bean1 energy in thr 
brmrh compressor has an equivalrnt effect thus precisely the 
same t.olrranl-r applies to the damping ring bending magnets. 

3 Injection Jitter Measureulents 
The transverse position of an rlrctron bunch was rn~z~surc~i at 
two position monitors 20 m frdm the SIX injection point aud 
90” apart in Matron phase. Dur to the phase dilfcrencc> the 
data rt’prt,sPllt .r and +’ disl)lacc~nlr,llts. Data YI’WP t.akrll for 
ht II monitors ofi a single plrlsr and 100 l.onscYul ivt’ pIlIst w(‘r(L 
rrrordcd. A sralkr plot is shown in Fig. 1. The total ohscxrvrd 
injection error is on t.hcb order of 100 /1m (~aussinn sigma, ij =: 
10~~). The correlation of the two positions indicates that the 
injection jitter occurs at a particular Matron phase at which 
there are several upstream nlngnetic components. Snl)wquc*ilt 
to these measurements, efforts have identified and plirninat.rd 
some jittcar sources 

E 0.5 r----m-T----- 

. . 

r‘ 0.4 

5 cl 

-e_ 0.3 
E 
ii! 
2 0.2 

z 
0 
3 0.1 
E 
2 .- 
5 0 
I: 

It 1 I.]..- . .-..-.. .I I 
-0.22 -0.14 -0.06 

Horizontal Displacement (6 ,+=O) (mm) 

E’igurc I: Position of 100 consec.uti~~~ puis19 io thr r, T’ sp3.c~ near 
the injectim point in the linac. 

The effects of injection jitter can also br seen in trajectory mra- 
surPmPn1.s. A singlr rlcctron bunch waS irijec.t.rd inh thr linac 
at 1.15 GeV anil accelerated t.o J7 (Ze\‘. A dipole rnagnrt early 
in the linac was varied to produce a hetatron oscillatiorl. ‘I’hc~ 
difference bc:tw~n the before and after trajectorirs is shown in 
Fig. 2. .4t a low hunch intrnsity(5’ 10Yr;-) t,h#: oscillat,ion damps 
down due to ac~celeration. At a highr,r intensit~~(3.‘1 lOi”< ‘I 
transvtarse wakefields rlrivcs the core and thr tail of thrs bunch to 
largrr offsets. The rrsultillg oscillations at the tand of the linal. 
are largrr even though t!lr: injrrtion e’rror is ialcnt iral. ‘I‘he inen. 
surements shown here werr taken using full BKS damping5 to 
contain thr transrerse wakefields!’ Clearly, thr allowed injrctioll 
error depends on the beam intensity. 
The injection displacement which causes the average beam po- 
sition at the end of the linac to he equal to the beam size 
(a, = 1201brn) can be calculated from the data ill Fig. 2. In- 
cluding data at other intensities these displacements are shown 
in Fig 3. On a log-log plot the data fall on a line very accurately 
and can be extrapolated to higher currents. For example, the 
displacement at 7.5.10’0e- must br less than 1O/“m, as c.ompared 
to the injection bc,anl size of 3% /in-i. These values are overest i- 
mates. The monitors measure the average beam position only. 
It is likely that the tail of the beam, from the wakefields, extends 
significantly he~ond the core. Thus, the effective emittnnce ha,? 
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0.5 x 10'0 (a) -I 

‘I 
0 1 2 3 

693 Distance (km) biJ,A3 

Figure 2: Diffrrenw orbit before and after changing a dipole in the 
beginning of the linac for two different bunch populations. 
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0 &.I .E 
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* PO Particles/Bunch ,,,,1, 

Rgurc 3: Irljfrlion tolerance vs. bllnctl population as measured in 
the SLC. 

also grown and a snmller allowed displawmcnt is requirrd. A 
similar plot using measured emittanccs will soon be made. 
4 Extrapolating for the Next Linear Collider 
‘I‘hrrr are two main differenccaz between the NLC and the Sl,t’ 
injection syslrr:l a8 far as tolerances arp ronrrrned: 

‘I‘wo bunch compression systems are nredrd to reac-h t11<, r+ 
quired bunch Ic~~gth of 7flpm. The first compression srction i4 
located right aft.rr thr damping ring extraction. The bunc~11 is 
then accelerai,ecl in a first liuac (PI,) to an rmcargy of 17 CkV. 
It then ent,ers the second bunch compressor and thweaftcr t,hc, 
main linnr (MI,). The second compression affects the phasc~ 
st,ability rrquirrments. 

The SI,(: operates with rounci bcnms, whilst, thr NI,C de- 
mands low vertical emittances~-tightelli]lR some optical tol- 
erances in the vertical plane. 

injection Orbit - Given the choice of the multibunch nlodr (,V 2 

2.5 10” per bunch) the expect4 weakness of the intra-bunch 
transverw wakefield fixes the injection orbit tolrranc-ta at or nvitr 
the limiting value (again for at/f < .25) 

1/+1/ < i 2 0.71 
(J -fl 

&tcr~Iiinc~d by cohewnt chromatic filanwntation? ‘I’hr XI,<’ 
emittances (c~ = 850 ~III pad and cy = 8.5 pm prad at 1.8 G-V) 
then t=ntail l/y/~ 5 3pm (PL) and /lyll 5 1 pm (hfl,) at ;j z T?nk. 

Optical P~rturbutions~ At thr beginnings of bot.h NIX’ lir~~~ VW 

expect (h2)i E .Ol and p to he a few nleters. ‘l’heo At/c 2 .l% 
rquirrs 

Ilfjllr 5 3 mm, flrj(/t <: 0.3 mm at the pr+linac, anti 

llflllr 5 11111-m llfllly IO.1 mm at thca main linat 

Phase Z’oleranccs Hunrh Gmpressors ‘I’he acrq+mct~ of the 

final forus dictates that the energy error at the end of thr linac 
AK/E < 10-3, or in terms of injection phase 

a# 5 (tanq+)-’ 0.057' -4 0.21' (4.2) 

for 4 = 15". We must choose R56 = ({~‘)/(b;i))f in order to 

obtain a bunch length (7’) 5 given an initial energy spread (6:) f 

and so expect for the 2nd stage’ R56 1 50 prn/10e3 = 50mm. 
Since kMl, = 2~ (11.4 GHz) = 0.2394 mm-’ 

AU 
B 2 (tan b)-’ 0.835 lo-* -+ 3.1 low4 (4.3) 

Precisely the same restrict.ion must be placed on the frac- 

tional energy deviation at, the start of the Znd bunch corn-- 

pressor. Since the associated accelerating section must have a 
voltage obeying eV/E = (ICC&~)-’ = 902MeV/16.2Ge\ for 
ICC = 2a(17.13GIIz), its power source must have a stable i-f 
phase up to 

A@ < (tan &,,[,)-I 0.05’6” + 0.32’ j.4.4 ) 

In addition the lSt stage initial linac phase must then satisfy 

Ad < (tan q&L)-‘(tan &L)-’ 0.0048” --t 0.07’ (4.5) 

The lSt stage bunch compressor bar R56 Z 0.~50mr~~/lO-~ = 
500 mm and the linac has kp~ = .05986 mm-‘, so its bending 
magnets, as well as those of the damping ring require 

y < (tan q&L)-‘(tan &,)-I 2.79 1o-6 --+ 3.8 1o-5 i4.6) 

If its accelerating section rf source hm kc = kpI,. A@ < 
(tan &)-l(tan 4~1,)~’ O.OOW a for the linac. 
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