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Tllc* l3rookhaYcn Ar~lrrat,(~r Trst, F;lc:ilit.,y (ATF) consists of 
n 50 hl<,V/c c;lcctrc)n li11:1r nnd n lligll-l,riallt,llc,sF RF-gl~u 11oi.11 
o])(-rilI.iltg at. 28X MlIz. lZ11 rxtrrmcly short (a few I)icrbsc*u)ntls) 
cl(.c.t,rlul I)~IIW wit II n low I rans~rrsc cnlitt.aricc is grnc-rnld by tllr 
RF gllrl. III 0rtlc.r 111 t)rcscrvc llot,ll lc~rigitr~tliri;rl ant1 transvrrst 
ullit I :ln~s, great, c’nrr 1r111st. 1~ t,akrn ill trnn~parting t.hr clrctron 
IW:IUI IFIII~I t.llr RF-g1111 to tllp linac. U’c* (I<‘scril)(’ tltr injrttion 
lirlc~, I)~PWII~ first. ailtl s~ond-o~~~l~r Ii11 lice. stlidics of the* iIljrrt,ion 
I’ lnr, anti si 11t1y r~oldi~l~;lr cffr*ct.s on t11c unit t:m(.~. 

c-----t+ -I 
Figure 1: Dctailctl view of t.hr glen-to-linac t,ransport, line. 

Oti(. of tlir ~nost, irn]lort,imt rl(~vcl(~j,rnrnl.s in nrrcluntor trcll- 
n<blr~gy in t,lic Inst. frw yc-nrs is t,hr I)llotoinjrrt.clr trchnology for 
I~iglr~l)ri~l~t~~rss c~lrctrrm IWRIIM. ’ T11c. I3rookllavcn Accc-lrrnt.or 
Trst. Facility is tlrvclopillg this trch~~ology t,o pro(lllrc high-qldit,y 
brnms fr)r FEL,2 Insc,r xcrlrrnt,ion3-” and c)t llc,r rxprrimrnts. 
Tl~is i~:~l~vr prrscwts thr rlrsign (II t.hr ATT: irl,jcrtir,u syst,rm, a11rl 
c.nl(.lllnl.r~ l.ll(. trilllsvrrsv c*mit.tnllrr antI l~~~~~rl~-lri~gll~ I)~~ll:~violir. 

*L’i~c- I);rsic objrclivc’ of the ATF illjrci.iolt systrm (Fig. 1) is 
to trarisfu an inlrns~, low-cmitt.nncr rlc-rtron beam from t,llr 
c*lr*r!rorl gllrl t.0 t.llc lina, witllotll. a significant inrrrnsr in IWRIII 
rirlil taller or 111111rl1 lrngtl(; to Ibrovielc t.ht> possiMit,y of mcasllr- 
inK t,lr(> trmlsvrrsr antI lonpit.lldini~l unittilncc;” ant1 1.0 prrlorm 
I~I~BI~II~~I nlri sr >I rrlic8n nut1 rnngnrl.ir plllsc rcJrnprrssion. Thr ATF 
i~~,jrrti~n~ systrin ronsists 0 f two q~~a~lr~~polr triplrts ant1 a 180’ 
ncllrc~lnntir tlol~l)lr l~rntl. Tllr first, triplrt prorlurcs n waist nt, the 
nivtli:iu puirlt l~ctwrcxl tlic rlipolrs, whcrc R rllorncntliln-srlrc:tion 
slif is 1llcat.d. Thr s~cot~d triplet ran Ix- 11srt1 tu match thr 1,rn.m 
!(I lll(, linnc or ti> do rlllittnncc- 1tl(,ilsIIr(.111(.r11.. ScWrill (-01, fig- 
~lr:lti~,rls of t,hr il~,icctioll ‘systrm Ilnvv IWXI stutlid. First,. ;u~tl 
srronll-order l~(,nrn proprrtics of t,llr ir~.j~~~t~inn lint w~rr cnlr~ 
I:1 Id losing tllcl ron~In~lc~r program TRANSPORT. Thr 1n~n~- 
tllrri rt~s~~lllt.ion pro~itlctl lop 111(% rrlorurntllm-sc~l~~lioll slit rol~ld 

rc-arll I 0.1%. IIighcr-sxtlq*r ~fl&ls o*i t.lic. l~ilm cmitl.ancr wcr~‘ 
first. ~st.imatd wit,11 n oi~~~~~lir~~~~r~sior~:~l motlrl ant1 then cnlc~rln.trtl 
using nlunrririd intrgrn.ttion n~c*i.hotls. 

Table 1: Init,ia.l l~-nu! pramctrrs. 

F: 0.84 F’l ‘I (1.84 

~,rn..(IIIlII) 4.1 $,,,A mrd) 28.3 

?h,(mm) 4.1 vrrnr(Tr-l) 28.1 
A I’ 

( > I’0 ,,,,(%) 0.2 P,,(hlrV/c) 4.5 

Q( Ilalro-C) 1.0 f,,“” (psec) 2.5 
.___- --. 
n 1-u grnrrirtrir 1.mitt.arlrr in rrlr~~~~rntl. 

First- nut1 src~mtl-ortlcr lattices 

l3ea1u paraluc~tc-rs at the exit q)f tllr RF gull arr given in Tul~lr 
1.’ Wc havr stutlirtl scvrral configurations of thr injrrtirm linr, 
tlrprntling on thr ctIia~lrnpolc lmlnritirs iln(l whdhrr or tlcrt thr 
first. t,riplrt, is sy~n~t~ct rir. Tnl~l~ 2 shows 11~nm pr~nl~~c*rs f<lr 
t,llrcr t.ypicnl rr,rlfiRlir;lt.i(,r~s. Thr FDF corlfigllralti~m has R str~nll 
l~orizorit,a.l nmplitllclc uvrrnll wllilr Lhc vrrticnl di~r~nsions ilr(’ 
vrry srrisit,ivr to fic.lrl rrror nnrl rclge effects rn~isrtl 11,~ strong 
vcrticd A,rusing. Secontl-ortlrr calculations show tliflt, rcxrrc.t.ir,rl 
srxtllpolrs wc~nltl bc hrllaflll f’or vrrt,ica.l control; bnt it is vrry 
tlifliclilt t,cl fintl positions whrrr thr vrrtirnl l)rt,at,ron nmplitllrlr 
is Iargc while t,hc tlisprrsion is no*~~~~ro so l.hat srcon(l-ord(%r 
rorrectious 1~ carried 0111. 

Table 2: Exrn pnramc-t,rrs for three ronfigilratiorls. 

FDF DFD DFD’ 

.Lr,rl, 13.823 lG.lG8 19.212 

1;,,,,, 17.246 17.092 9.033 
S” Will8, I).078 0.153 0.120 
,“’ 

tl’flt#l 1.2G3 0.152 0.326 
s” WZ,8, (I.276 r1.935 0.273 
) 71, 

r,,nrr, 1.544 1 .(I70 0.807 

L,, 3 .9 2 6 n.913 3.913 
1” 3.311 7.028 3.750 

” First.-order ri~lculal.io~~ wit.llollt, cTrtc%rgy spr<-id (11,111). 
* Scrodorder rdculation wit.hont rnrrgy spread (mm), 
’ Vrrtiral beam size at, l.lir entrnnvr of thr first dipolr (mm). 

hlany proldcms assorintrd wit,11 t,hc FDF corlfigrtrn.tin~a can 
hr sc~lvcrl by rrvrrsirlg the IxalnritGrs crf t.llr qnadruIdrs oft 11~ two 
triplct,s. This lcrds t,o our scrontl rrmfiguration (DFD of Tnblr 
2). This &sign has lnrgrr Ilr~t~at.rcm nmplit.llrlps irl thr vc-rtiral 
tlircrtion at thr ent,rancc of lllc first diplc ant1 a liqrr horinorltnl 
bram sizr at thr beam waist,. Tllis problrm ran 1)~ hao~llr~l 11.y 
makin); t.llc% first, and t.hr t,llirtl q~~a~lrl~polcs (If t,llcl first. t ripld 
Il(,rlr;yrrlrnrtrit:. As listctl llndrr ronfigllrntion DFl)’ of T;IIIII- 2, 
thr llrnrn sinr ran 1,~ rrtlnc-rtf at, tllr erltrnnrcs of (Iip~dcs nntl at 
t hr waist. Fig. 2 shows t.hr first or~l~~r llram sixrs nntl tliel)f~rsi~brl 
for Lllr DFD’ injrct.ion linr as rnlrlllnt,ed by TltiZNSI’OR’1’. 
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Figlwe 2: First-cdcr cdc11lat i(,n of 1.11~ 11ram cnvrloprs (in mm) 
and ttisprrsioh (in n11n pfr “/‘o of APjI’) for thr ATF hramlinr 
configllration’ DFD’ wit,11 AP/P = 0.20/o, prior t,hc atljnstment of 
the 1, waist. 

Src*cmtl-order cadr11lnt.io115 stlc,w I,td (.hrrc: is little change 
(rom~~nrrct to first-or&r) in the horizo11tat beam envelope, b11t a 
big distortion is obscrvctl in the vertical I)rnm cnvclopr. WC have 
found that secontl-ortlrr cffccts in y cn11 bc reduced through the 
ntljnstmrnt, of tt1r q11idr11polr par~mc‘trrs. Instrnd of lornting 
thr vrrt,ic;d 1)rn.m waist i11 the 11dfwny brlween t,l1r t,wo ttipotrs 
ns in t,hr firsL~,rtt(*r ttcsigrr, we pnt, it tll,wnstrca111 at the rntra11cr 
of t,he focusing q11xdr~1t~1,le. Fig.3 shows the srrc)nrl-ortlrr bram 
t~11vc~t0prs nflrr t.hr atljnst,ment of t,hr ct11idrup~,l~~ st,rrngt,hs to 
t,l1r DFD’ ronfigurat,ion. 

0.0 1.0 2.0 3.0 4.O(N 

Figlu-e 3: Sr:cond-amlcr cdc~1la1 ion of 1.11~ beam er~vrl,q~~ (in 
mm) for the ATF l~eamlinc configurni.ion DFD’ with AP/P = 
0.2X, after thr atljustmrnt of t.hr y waist. 

Emittancr growth in a trnnsI,ort tine __..__ -- . ~---. _ _.-.-- 
Mn11y stutlic*s of tl1r rmiltnncr t)clmvir,1lr in n photoi11jrct or 

RF-gun 7*5 have hccn ttonc, Ijut few reports rxist for the emit.t,anrr 
growth in the t,rnrrsport linr of st1ort, high-ljright 1~‘s~ rlcctrcm 
IJu”ches. 

I 

Emittancc growth in the magnetic trnnsport line is mainly 
tlur to: 

l hIismnt,ch rausrrl by tinrar spnre charge. 
l Nonlinrnr spacr charge. 
l Chromatir cffcct.s. 
. Nodinrnr rnngnrt,ic ficlcts. 

Tl1crr arc muly t,h~*~,rt:tical” nntt rxprri111rut,d’” st11tlirs of 
tllta spncc-rhargr dTcct5 on the trnnsvcrsr Ifiiun rmittnncc i11 
3 Lrnnsport lint. m’c wilt now roncrntrnt,r on chromatic Rntt 
nonlinc*;,r rnngnrf.ic firlrls &ccts. 

III r)tlr c*rnitt,arlrr st u(ty, t,ri111svt’rs(’ g(*o111(‘( rir ~~mittimu~ is 
rx)mssrtt ns 

E z ((J?)(P) (x2)“) i . (1) 

A si11it)lc c,~i~~-~li~11c’11si~rllill 1110(lel is rlwrl I,0 c~sl.imnt~ c\1iiit- 
tancr growt,h (lllr t,o higher-orrlcr cffcrts. Wr will first, consider 
t,he chrondic rffrrt~s. 

For silrll)lirit,y, wp now consider n 7;c,r(,-rrr1itt,n11~1, t)ca111 wit,ti 
*I, :.-I 0 arid non7,cro 2,~ pn.ssing t,hror1gtl a thin lrns. Aft,?r the 

trms, WC have 3: = x,, sntl T’ -7 J:;, /- AZ’. Inrlurlinr: thr rhrcnllat~ic 
cffrrt., WC c,l1~,ai11 

20 
Ax - ---~~---~~ 

f(1 -1 6)’ 

where f is thr focd tcngt,h of tt1r lens, and 6 -~ AP/pO. 
If we ~5511rn~ n,, rorrrlabion l&wee11 t,hr t.rarisvrrsr positions 

of thr pndirlrs ant1 thrir cmrrgirs, thrn the emit,tanrr i11rrrnse i5 

As Y ((~;)~(l 26 t AZ) -- (~12,)~(1 -- 6))’ /f. 

Thus 

AC -- (~:;)~rm,/f. (2) 
Wr c&11 115~ tl1c 51~111~ 1110~1~1 1.4, ttrrivc n si111itilr forr1111tn 

for higher-order gcomrtric cffcrt,s. Let 11s assume thnt. the 
qnactrupoles have midplanr symmetrg and thrir firltls 111) to 
fifth ordrr are given by 

II = G,T -t GJ t Gsx”, (3) 

whrrr G2,, , 1 is t.hc, rrlagr~c,lic-~fic,ltt rrbrfiicirnt, of t11<, (.orrf.spo1l(li11g 
rnagndir field. 

At the focal l~lime of t hc quadruI~~,tr, we can calrdat.c rhr 
crnittancr introtlucctl hy nonlincnr tcrrns using t,he follr,wing 
relations 

2 - Z” i f(,,‘, T fS3’.i: -. fS& 
a11tl 

I’ z 
zo 

f’ 
where S3 = G3/(f(;ll), Ss - Gs/(fGl), ant1 f is t,hc tinrar fr1r.d 
length of thr quatlrrlpcdr. 

Snbstiluting 2 ant1 I’ inl.0 rqnation (I), wc 11iLVr 

AC’ :- S: ((x(“,)(z~) - (z:,)“) t- 

s; ((zb”)(z~,) ~ (3g)“) + 

2s3& ((&(& - (&(d)). 

To c.alrrdat,r t,llr momc11ts of T,,, we suppose thn 1. t.lie bram 
115.5 the initial tlist.rib11t,icm f (To) -- Aexp [ $,/ (2g2)), whrrr CT 
is tli? r.m.5. beam size. 
C ase 1. S5 = 0. 

A5 - 4 

where $ is R radius at, wl1irh t,hr uonlinrar fidtl (3) is k11own: 

0” = G,d, A,!J, .- G3d’; 12,, :- fJ’” T”’ rxp ( z”) rh, nntt R 
is the radius of qudnlpc)le. 
Case 2.,S3 = 0. 

(5) 

whrrr ADS 7 G;r15. 

WC nrr now al)lr ICI cidr111:1t,(~ thr r11lit.tancr gr0wt.h ttur to 
lligher-ortlrr cffcct,s. For the second qndrr1polr of t,hr first 
triplet,, fi ~- 15.82 cm, mr 15.85 m,n (t.t,r avcrn~r r.m.s. 
h~,rizont;~t t,rnm size insitlV 1.11r q~1ndrr1potr), ant1 h 2 x 10 3. 
Ttwn the, rlnit.t;lnrr incrrnse cal1scrl by rt1rom;ttir ,*f’ic~l. will 
t)r appro,ximatcly 3.18 mn-111rntl. The: ncmli11cnr firltls of l.hr. 
5~~~011d q~1adrupdr arc givr:n i11 T;,l)le 3.” For 11 4.57 rn*, Ihc 
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r~x~illi~~~w grt~wvl11 C:III~CY~ I,y l.llirtl ;~lltl lifl.l!-<uclcr !!o!diuci!r lid<1 
itrr :!1)I)r~~yit!l:!li~l~ 1. 5 111111 111rnt1 :IIICI 0.9 ~IIII-II~~:I~~, rc-slxctivc.1.y. 

7’nl)lr 3: Nor~lincvlr fivl~ls fc)r l,hc first lril!lrt. 

Ql YL Qa 

An:,;n,, (‘96)” rl.ol 0.32 0.04 
A&,/L?,, (‘%)‘I 0.54 0.15 (I.54 

--~--~~~~ ~~ ~-~~ 
n A f 8R.F% of aprrt llrr; II 5.1F (‘*II. 

For wry sllr)rt~ 1)11II(.11rs, s~(.o!!l1-ord~r ,-Rids rc~l;lrrtl to fhr 
tlivrr~rnrc~ or tl!? Imllll (.011ld I,? wry ill!port.Rl!t. I3!1r!~ll Irngt.h- 
r!!irig va!!sc~I by srrr,ncl-ortlcr gro!ric~trir nl~l~rrntior!s in drift. sparr 
(‘a,, I,? rdrlllntcd Ily: 

AP :- ; (,c’” 1 :/“) (6) 

for ,1.’ !J’ 30 1nrntl allI L I 1x1, AC 0.9 nlln. 

Nuglcrical st,ntly 

WV hnvt- tlrvrloprtl :! I.r;lcking progrn.m for rruittanrr stllcly. 

Thr Rl!r!g+Kllt,t.a !nv(.l!od wits atloptrtl in our prugrar!! 1.1, scdvc 
t,hv ililt inl-vd!!r j!rol!l~~~i for it systrm of ortlinnry diffcrrnt,inl 
rr]l!“l iOIlS. Cllrl~!rl:!t.ic dfccts nrr fdly I,rcvlt,vl. Wc- hnvr :!ls<, 
inclntlvtl nonlinear fic~lrls up tc, fifl.11 order. 

Thr rmittnncr aftrr rid! clcmrnt. ir! tllr first, t,riplct is givrn in 
Tnljlc 1. \Yr fintl th;lt, t.hr rcsult,s agrrr wit)! OII~ simplr motlcl to 
witllin 30% error. A t 1.G mm sq1larr slit is pl:!ccd at bram waist 
t,o rrtlllcr the gr0wt.h uf 1,otli the trnrlsvcrsr cr!iit.taricc ant1 hnch 

Irngth. A srcontl slit at. the exit of thr sxcmtl t,riplct,, along with 
cor!(.o!!rc-tl rtlgc of ll!c tlipolcs, will rrstricl tl!r r!!litt,ar!cc growth 
to within a factor of 2. Emit,tancrs nftcr rarh clur!cnt of the 
irl,jrrtia,r! linf nrr plot,t,ctl i!! Fig. 4. Ahout. 75% of thr bram 
partirlrs sl!rvivr* thr clils, with 15% bring lost at, the first slit, 
and ar!r)t.l!er 10% Idng lost at the srcontl slit. 

It, lias l~rrn sl!owl! tliat it is l!ossil)lr t,c> prrsrrvv t,r;u!svrrsv 
rrr!itf.nr!rr in a low-rnrrgy beam-transfer line by nsc of slits and 
co!~l.o11rv~l dgc-s (,I thv (lil)olc !!lagll~ts. B~!IIC~I lcngt,l!rning is 
intlucctl by the Inrgc lvzan! tlivrrgcl!cr ollt of the RF-gun, thus 
rrq1~irirlg strong focusing. 

Tl!is work is srtpportrtl l)y tllv U.S. Drprtmrnt of 
Enrrgv. 
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Figtire 4: Elrlikt.anw a~,( I l~urlcl~ ltwg1.11 vs. I)osil,iork. 
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Table 4: Transverse emittancc after cad! elrment.” 
.~_____ 

2 (cm) h 
‘I 

h 
EY E; E; d 6, 

-- 

0.0 0.798 0.812 0.795 0.818 0.795 
2.058 0.798 0.812 0.795 0.815 0.795 
lG.458 0.803 0.813 1.203 0.977 1.211 
40.428 3.749 1.016 4.096 0.814 5.805 
55.428 3.Gl G 0.944 3.046 1.111 4.928 
104.44G 3.GlG 0.944 3.046 1.111 4.928 

D 1-u cmittancr in nml-mrntl. h AP/Po : 0, ~11 nonlinear terms inclutld. 
’ AI’/ PO -= 0.2%, all r!lu!lit!cnr I.cr!ns arc zrr~. ” A l’/P~l = 0.2%, all nonlinrnr t,crms arc it!cl,rtlc~cl. 

Ed 
Y 

0.8 I.5 
0.815 
0.079 
1.021 
1.207 
1.207 
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