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LEP OPTICAL CONFIGURATIONS FOR INJECTION, ACCELERATION 
AND PHYSICS 
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Abstract .A LEP 1’1111. fl-om II~JW~IOIL to 1)lq~m. i.q dl+ill~d 

1)~ -- 10 i:ltrai~fdi;itt~ statw calkd optics. Each cjf tlit~n is char- 
al~trTi/td l,y il ,Ydl phnw advarlcc~. tl1c. 1wt;ltroIl tllllc~s, rlw /Y’s 
2 I.~:l.i,lil~ltic.i+!, c~rrr~~-tio~i ,. 

Th~~+~ !.l;ltl’* Imvr~ l,wl~ chcww t,cj :111s,w~ Iilwx intmp~l~ttim~ lo- 
tI\'t,t'l, tllcsli;. 2’It illjiv-ticni. tllr, I*.l\V-ii iuswtioris iLK ctc~tuIl<Yi IIy il 

f:li.tw 81f 3 tc~ Iuiuiluiw tilt. iu1:itivity of ihi> inac~hirir. 
Thy ncwl<~ratiru: from 20 to 45.6 GtkV is ~nadr at constant A- 

tll!lc.cl I<IU .3 ol)tich. EImvt~v~~r, as t,llc-rr zuc’ spurimis ficltl (7 mi 
polls-nts rclAch iwl mc~rpy ili(lc,;,r,ritl(,Iit, tllv cluatlrupoi~~ anti swx 
-ll]U&~ >tI-ii.c;s ill<‘ v~i~~ljlistf~(: ’ anil tlirz diqvrsicm ?;~kp~~i‘tvmw~i 1,’ 
iili~tcht~<l nt iiitcmirtlkte rmqies. .4t top rwrgy, thr ION-;j inwr- 
tir,llY it:<, trlllr~d ~w,pMivc~ly This r~pmatictI1 r<yuir-vs 6 matched 
iiltc’rrllrcli:lt(. srfys to limit thr misxmttch dtic to thcl liwar intrr 
poIRtioll. 

The ~1~01~~ I~IX~CVSS wls cor;vcuicntly simulated with MAD7 to 
ddtlrliliuv tlw :c-q~~irwl Ilumt)c.r of intrrmcdintc~ sky,. The iL(.t,d 
optics was ftruiid rrasorialrly closr to the rnotl~~l. 

Introduction 

TIN. LF,P ring is ma(lc* of a srquencv of opt,ic-al modulc~s which arc> 
~l)wii~li~cil irl tlitkir fim~?ioniility [I ]: 

l t 11~s iucs. for l)<~a111 transport.. tww alld chromnticity wlitrol. 

l ttlc, diq)usiorl s111~1~r~‘ssors. Tvhirl: mate-h tl:(l arc to tlw RF 
~tl.;tlgllt-~i’c.ti~~Il~. 

l tlw RF ;t,r;~ie;l~t-s~c.tio~~. l)rovitiing FODO wlls with a mirli- 
IIIIIII~ <If tlic, awragv iY> 

l thi- ilh~ytiwb. wit!) tv;c, 8Y>nfigllr;ltions (rouvtwtic9ial or su 
Ih’* ~onililding fillit focllsi ;mci varial)lt~ ,3” ilt corlsta.llt ph;lX 
i3ll-\;lli!.t’, ‘Tht’ b(‘ti2tt.011 I)lliLSf’ arlvaiirt~ may I)(> vkrivll trl 

~-llanp~ 111(x intqyr part elf the tunes. 

?‘l:i< 1>:1*,<‘1‘ (lIw.I.il)w htrlv tiiiwh optical nloc!rlltz art% ci~li,troll~d 
cilmixlq a LEP cyck. 

The LEP cycle 

Thv LEP y;clv, of ii dluatirw of 4 to 8 hollra, is made of a S~C~UW~Y~ 
of follr olwril?v~~~s~ 

1. injrctiori alld ac-clmilllation at 20 GrV. 

2. arwlr~;tticu~ to 45.6 GrV (~dltd rarripiu~ 1% 

3. iliwr:i,w tlmiii~ wlii! Iwy)aration for +lw phyiics. 

4. lll~y:i~.> da.tit tidiing. 

Ol)tic,;il Illo~lifii~iiti~ )IIS err iiiiilli;llilitiioils a~‘<’ r,urricstl out ill :lw 
thrw first Ttrp. Tlie srt of mag~iet,/lrns excitations tlrfks a 

LEP cqjtical coIdipwation. c811<d it*1 optics for short. 
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Figrw 1: Thr LEP cyclr 

Injection 

Design Parameters 

Thct twtatron phase adva.ncc of ttw arc FODO cdl has for long 
[I] IX* srt to 60”. This choice providrs. wine; six intcdrawd fnrrl- 
ilies of srxtnpolc~s, a largt~ dymunic- acwpt,anw i<t irljrct,i<,l;. BJ 
furthw inrreasiug $’ by a factor of 3, t,hP maximum of thr /j ftmc- 
tion in thP inscrt,ions is wdurvtl to its arc vduc~. It illcwnws tllc 
madiiri~ arr~ptanrc for orbit inipcrfrctions ruid Iwratron oscill;v 
tions rcwdtiug from the iltjccticrli proress as will as t!ir dy11ziltii<. 
arcq~tallce. 

The twtat,ron phaw advance is kept constant in the, i~lwrti~)w. 
irrespectivr of tfwir tmklg. The tuuc~s v.vrc initi;tll!~ choscw to 
be: 

Qz = 70.4’ cJy = rs.35 (1. = o.ui 

If the lattiw wCrr perfect, thr injwtiorl optics woultl ody diffu 
from tlicl physics ol)!ics by tli!, tnuil:g of the- iiiwrtiow an<1 ti:c% 
(*orrq~ondirig atljust,mrnt of tlica arc st~stupolc~~. 

HOWWW. impc~rfwtions in the LEP lat,ticv, id~ntifiv(l pari ly iu 
au injwtion test r;wid out o*w ywr heforcs tlw c.c,irlIliissii)liiI,g 
and during the c,omlnissioIlill~ Iwqwr lrtl us to irlwlify some trl’- 
tics pramekrs. 

Modifications following the injection test 

During the LEP injwtion tv’st [2], Iwtatron phnw acl~;ancc UNV~ 
blli.wi:~~*~ts <.arrivcl alit ov<‘r out octzmt [3] rc~vtdcd a iliiitll tIcbvi;t- 
tion (11~ = 58.5”, ,iy = 61.6”) with rclspect to tlw cqwctetl GO”. 
Left tmc<)rrId(d, this &~viiit,ion ~voul~i lu+w callscd ii tlmc split 
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of 2’ Field Ill(~i~:ill~~~tii(~Ilts slmvrd tlt:lt thr dipole field :vah sliglttl)~ 
cliht4)rtrfl 1)~; i3 ~.t>ry tllin 1*1agwti7r(1 lngrr c)f Xi, tlc~positcd on thcz 
\‘it<‘lllllll (ll;unlwr in thr pr~~ss of wvrldittg tltts lrd shield. The> 
1:~ :I,<2 ~hclw~~~l t 1:iit c~rhvr field c0rnp~~nf~ttti wvr( I)rcs<Ltit (rtt;iinl; 

wst 11pI’I~~s I. 
‘I’:t<, <‘ill’ly tlqltcvtiitll of ttlc, p;LrtAtii~ fits!ils iillOWfd t<I l>i*:‘- 

tiall!, <.oli:1)<7tiiitt’ r1.v lii,t+r-i)riic I’ c,citiiI)l:nvt0 by sliittmiit~g thv 
tlipd’“. 

Tilv I~ILz~G~~~~~H)~v c-o:llpol~rnt rttea~l~rcd aftf*r this I-hitnming WLS 
t i?lil’ll itlto ;Li‘c~lttlt wlit~tl t-(vtittcltittg the stUld~lrtl Wll to otttitin 
:\ 1)lt;is~. nd\;ut~.c of c~sactl~ GO” in t,c)ttl pI;tn~~s. Thr dispersion 
s11pprew3rs wrx rrrn;itc.hr~l acc.ordingly to the new crll. 

Iii tilt, iiij(%c.ti )tI illsc;r.tiotis. :ill~,r.~~.r itilt ~t,lotigcY dip&s itrr iti- 
~tall~~tl :o ;~lhnv for so:ltc spacc~ fat thrx sqjta and kicker mqprt~s. 
Tltt- l>i~ri~s:ti~ irdvgratcd qu&upol~ is thlts weaker in the injrl-- 
t irrtt ~~~~11s. The rtvttlring tnistnzltctl wa,s cc~trtpensated by a proper 
tsxcit iIt ioti of t,licx two t:varby dispvrsioxt suppressors. 

Thv sextltpol~ romponent was rotnp~ttsated using the SF’s and 
SD’s codipii~d iii two f;unilic~s. It was cttcvkrd that no signifiratit 
hight,r-odrr vfti’c.ts wc’rt’ thus itltroc-lucid. 

Modifications following the commissioning 

The ixljtartion tfxs’. !irttitd to ~.mc LEP arc ( about 10 PC’s ) did 
not, allot a srtfli&>r:t srtlsitivity to identify annthrr spltrious firld 
compo~lettt wliicli rc~vcdeil itself during the commissioning. In 
addition to t,hr right multipoles, skew multipoles were obserrvd t,o 
vxc-itc, thtx i-c,l:plitte; resonance [4:. Giver: their clistriblltion which 
is largely %fold sy&~~etric (i.e. the symmetry of the dip&s), the 
closest difference resonancr, /Qr-Qyl = 8, wit.5 so st,rottgly excited 
that it wits difidt to distinguish the horizontal and vertical 
IIU~&~S. Ttic, WPO~~~~W st,rcq$ll is intl<d estitttztted to be lc’\ =z 
0.5. 

Srvrral itcard ions, bitscd on sittiulations arid experiments, wrre 
nrcrssary to selcrt another t3tie split and the best t,echniqiie t,o 
iichic~vr it. In its present version, the tunes are: 

Qr = 71.38 Q, = 77.38 Q, = 0.085 

The cell phazse advance was kept at rxactty GO”. The parasitic 
vertical disp~~tdoti 

D,(a) = gg J ~~h.sCr”r(b).TI 0) 

cos[rQ, - 1,1(s) - p(a)~]dcr 

liir~?l~ cnticPls for this phNW aclvancc~. The linear coupling reso- 
11itnr’~’ IQ,- - @:,I = 6, wits coIrIpmsatw1 by ~ucatls of the solenoid 
skew cli~a,lrl~pcrlc comI)(~ns”t,i!)ti schcwc* [5]. 

Tll!- (.tlitllgt’ of ttlre t,y otte Itnit was ac!licavc>tl 1)~ chaI:gitlg tllra 
focusing in the ttoll-exI)frimcnt;~l low-@ insertions. This solution 
ttiinitnizcvl tilt, tt\ttiIhpr of tnodificatic~ns to the previously ustd 
oj>ti(.h. It {viii houv\,t,r tlot possiblr to trtitint,aitt the‘ ratio J&/d, 
~111zil to itic, vt:iitt;uicr~ ratio: 

L-.-.- ! I / ---.L. . ..- ..--.-u 

Tilts IMY~IIIS arf’ however scpratc~(l at tttcsca positions and this 
r!1;,npr w,11ltl 011ly have A co:~scq~rvtt~~~ it1 cast of a break-down 
l>f llll~ ir~p:“‘ltorx 

Till, frac.tiot1:rl parts +d tltc’ ttmvs II;IW t)cvxIi c~ltosc~tt by ‘the IIIS 
v!litlr,‘. trb tt:il::iini7t rlicy nc.~~lti:~rd;it~~tl vitrrc2tt. 

Acceleration from 20 to 46 GeV 

The tl&gIl accc~l<~rirt,ir)tt schrmw assutnd thrtt thr, machittr prb1 
fi~rmaticf~ \r-cdtl tua lirnitcvl by tliv t~exnl~bri~tn efffvt Iti this <‘its. 
an optitttal acctslcr;Ltion should keep constant the strongest, iwarn- 

t)cvlrtt &‘rc.t. For styrated hru~ls. tltrx strottgvst ~listurt>et1cc~ i> 
ihv hi~rizontid ~JI~RI~~-~PRI:~ dctrmirig. which cati 1~ krpt txrtistallt 

if yj: = constant. This is rqrtidrnt to a gradllal tlttting of the 

itteertii-nn iti the lto&>ntal ~)lane. ashilr acrrlrrating. The, \-t,rti- 
~a1 tuning ~‘RS plartrictl to bv initially rarricd out at tttv IYI~ <;f 
the a0~elt~ration to drrrrilsr the srnsit,irity of ttic optics. 

For c.o~~~mi~:siottittg puqms~~s, iI is import an! to rcbllrtcv tltca I’OIW 
plcxitl- of opc~ratioti its far its possiblt~. F0llowitig tttv rcwsoxml~li~ 
;issllmpticm tllat thcs prrfornianrr woldtl IIO!. lw rzlpidly littiitcyrl 1, 
thr, hram-l~wm effect, thrb ::crvlc,raticm was I)rq~artvl ztr c’ons?:v~f 
optics and cotistiuit syndirotrott titrir. 

An a(.(.t~lvra~iott is sp~~cif%d l)y i* bquvt:vv of ititr7tttcvli;rtr, 
statrs. Each state is definrd by an e~wrgy, nn optics (sI>ecifitvl 
in rtortn;dizcd st.rc~ny;t.lti. at1 RF voltage and a time itlt~~r\~:11 ‘0 
reach the next state. Betweell states, all c~r~t~trc.~ll;tt~lr~ cptantit.ivs 
iire lirtc*;uly itittq&~tetl. 

If 1111 magnetic &Ids wnuld scalr wit11 PIICI‘~~~ thrrr wc)l~l(l bc 
no need of intertnediatP states, hIIt, for the RF voltage. Howrvrr. 
the field impcrfertotts in the dipot~~s do not scxlr with ertrrg> 
(fig. 2). 

F”“” ‘i”‘NiN”N”j I 

20 30 40 50 60 
ENERGY in Gel’ 

A direvt itltt-tpdatic~ti front 20 t(3 .5fl Gvl worild tl;iv4> given 
a large drtuning and chromittic tvor (fig 31, xs wvll its hotti(’ ,j 
tttistttatch Thr nrttnbt~r of int~rmtdiatc~ states (2) wit?; CIIOWI~ 
hs small as possible to savr> memury spnct~, while limiting ttlc, 
&tuning to AQ < 0.008 and thr chromaticity error io less than 
0.25 utlit,s. Tlt<s tu:l<‘ toleratt~c~ of 0.008 ttd I,~PII ddi~~rd ZLS 11t(* 
maximum t.:mr drift acreptal)!c: for pt1ysic.s. Tttc, chront;tt idi> 
tolerattrc of 0.25, around its design valuc~ c,f 0.5, allc~s to ketyp tltc, 
chromat,icity positive whilt* riot cxcGting highc7 orttf,r tltvlli-1 nil. 
The tnost sensitive pznatttetcr. Iltr tltttvs, art’ sltou~n on fig 3 brforct 
and aft,rr ntat,ching. The chronlaticity error ittt(l $l)c‘ntirlg al< 
insignificant aft,cr nl;ltcttit,g. Thv dispersion sltpF)ressors wt~rrc 
triatchc~d for e;1~11 intc*r:i!cdiatc~ srq) ttr a\,r,irl any ,+ IWatit!p. 
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Figure 3: hlismatch during the acceleration 

Insertion tuning 

The tuning of the experimental insertions is done at constant 
cincqy. Hnwevc,r, the path between a, = 71 cm and /?G = 7 cm is 
not a linear function of the grndknt,s and still requires a number 
of mirtchrvl intcrrnrdiiltc stakes. 

Thts most sensitivr qlmntitirs RI‘P the- tlmrs and even more thr 
chroniitticitit~~;. By introducing tr intc~rmcdiate states approxi 
matcbly rquidistant in l/,;$, it was possible to maintain the rc- 
quircvl ti,krancc~. The, tune-s and chromaticities are shower on 
figurtY 4 anti 5 before and after matching 011% intermediate StittPS. 
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Figure 5: Mismatch during the insertion tuning: chromaticities 

Conclusion 

The optical properties of the real LEP are very close to the pre- 
diction of the optical models. The imperfections which have been 
disrovered could rapidly he overcome before and during the corr:- 
missioning. This is largely due to the b&c LEP design; its moci- 
clarity allowctd a simple and rapid answer to unexprcted situa- 
tions. The power of the optical program MAD [6] way put in full 
WC. rsprcially to match the intctrmrdiate steps and lintaarly i:I 
terpolate between them. With the two possible configurations of 
thcs insertions and thr intrrmrdiak optics, !,he LEP optics literary 
already inclndrs some 140 oprrational possibilities. 
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