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-4bstract Large t+~- storage ring. ‘5 gcwrally snffer from var- 
iclt~s ciltll)littgs l,rt\wt-rt the synchrotron and Matron n~c&s of 
particle oscillation which are particularly strong when the c~)r- 
rPspmdln<~ tmlc~h are ClOSP to rPsonan(‘e. Studies rjf the lxwi~ 
dylantics in LEP ltaw ick~ntifirrl thrw~ as a lintitation on thr 
singI,>-l)tutch intc,nsity. By tn~ani elf T-ariaiions of the tlislwrsion 
functilxls and orhit~ in the RF cal-itkh it has JXYYI fotuntl pr’si- 
l,lc to itttprovc~ Iwatn lifetiitte and tlw a(.(-utndatrtl current. \\is 
r~nikmrtit on th<s rdr of walwfirlrls in driving s~-llrliro-br~~at~oli 

l’<‘io:,Rll~‘~‘i. 

1 Introduction 

S!.11~1110~1~ctatro~l res~mattc’t~ (SBRh) catt II<, c-scitetl when tltv 
lwtattotl ant1 5prl~n~tron tunes satihfy a r~wnance conditic~tk of 
the f0l.K 

hl'), + kLQy f k3Q8 = ]I- I>, X,,,i.,s integerh. (1) 

111 l)ractirc,. tllc nicest 4gtGficant 1‘es~ot~iwc~~9 for most e +, - stor- 
age’ rings iw tllr hytt(.llrotion sitlrhatidi of tltr inti’ger lwl ;ltroit 
I’cTO,la,lCCk: 

a + MA = 11. C),, + k.,Q, = p, (2) 

They can 1x3 tlriwtt by twwz~ro dispersion [l] and tilt= intcqla> 
of off-cwttr~~ closrtl orbits ant1 tltr fidtl tlistrilxitk~tt [2] in tltv 
RF cavities. Other driving mrchaui.~tu~ rskt nlwn l~(wtns al-r’ 
c~Jlitling- httt we r-hall not consi(lw then1 ltrrv. This paper ix 
conwrnr~l with the f&r stutlks of SBRs RS r? linlitation on l~~attt 
ctwwt at injection cnwgy (‘70 Gv\-) in LEP. 

Expectations from LEP design phase In the design phaw 
td thv LEP ~ollitl~~r. tliv single lxlnch intwsity \vas clictatrtl It>- 
tlv tlut~sh~~ltl of the tranwww tnode coupling (or fast head tail 1 
itistal)ilit:. 131. It wts calcttlatd that the estiniatetl tlxesholtl cut 
f’ctlt of 0.X ntA/l~tu~clt cotdd I,ti cA~tainrt1 only after thr folIowing 
steps: 

e twluction of the .I fttnction in the RF sections 
l niininlixation of transl-crse inqxdawe, c!cGKn of new 1)ellows 

l iticwahr c)f tlw synrhrotron froquvt:cJ 
l uw of xvige;lfw at injrction to increase thr lliltld bwlcll 

lf~ll.“;til 

011 top of this a transrerse feedlmcl; 2!-strw ltas bwn ins~alletl 
to c.m1tro1 t11c c011erf?11t lxt,at~ron frcYpcll~)- so as to prer’ellr 1llOCl~~ 

roupling [4]. 
LEP was rl~~ignetl with Twiisltittg horizontal at~tl wrtical tlis- 

ykott itt the RF caviticxs but tltcrc n-as expdd to lx sotn~ 
lrsitltlal tlispersion l?Wi>IISe of ntachine itnprrfcctiotis. Sinltllit- 
tions concerning SBRs in LEP whiclt arc driven l>y non-zero dis- 
l~~tsiott in the RF cavities indicate a I-ertical beatn l~low up at tlw 
first. swotltl ancl third syncltrot,rotl sitlelx~ntl ( ti, = -- 1, -2. -3 in 

(2)). [5]. Larger rnwgy spreatl. and thus larger lnmr,h lvngtll in 
crcasc the effect driven by dispcrsic)n in the cavitks [l.G]. Sniallcl 
\-nllws of &. are also undrsirabl~,sillrP they lrayr littlr ‘;paw in tit<, 
I~~~ti~t~oa tttncb l)latlr IWtnvrtl tlw ~itlclxmtls. Longitwlittnl wk~- 
field<. too. xerc cvipecttd [5.T] to incwiw~ rlw i~x(.itr7tit)n <If tltcw 
rcsottanc~s. They ittcreakt, the IlrItt-lincarit!, cd the RF pc~tvnrial 
iultl rallw ltiglttr syncltrtxroti si&~l)antl.~ of tlir intt’Ac2 lwatr~111 
rcsonaurm to he t,st.itwl more itr~~ttgly. 

Experience at other large rings Bvfow tlw stat,! ,t,> of LEI’. 
s~llclllo-l,~tat?o11 rcwnmc~s npw 1hsc1.1w1 in SPEr\R II. PI? 
Tn.4 ant1 in TRIST.-\S [S.O.lO.ll]. Tl w l’~s~~Llallc~‘L. of tlww fCHl1 

btorag(~ ring ha!-c rlw follo~~i~t:! conti*t(~n tn~q~~tic~~: 
l Thv trattsTww In~tlc~ll clinwtlxions catt Iv w1~1~gwl I)!. SCY-CY;I! 

~tantlaltl (leviat iotis ant1 tltcs iif<% tilw <‘atl Iw tw11tw~l to ;i fvn- 
secolltls. 

. \Vitli dwwvtsing ctnwttt tlir strc-ne;tlt of tlw rrbon;tnc(~ g<,c,w 
to zerc). 

l -411 wsc)nattcc’~ ax \vwl;c~r ai liifflwr vttcrgic,i. 
l Tlt~ rcsonanw scrtvgtlt tlc;)cw~l~ htl.otlgl:; on tltc cloh1~1 oll,it. 

l The r~sonattce strcngtlt is uot afft~tcd 1)~ cl~ngy~ of clw)- 
nlaticity. 

TX-O t>-prs of orhit lxtntps a-cre twxi at PETR.4 to cotnl)<what(’ 
the strengtll of thr satc~llitc~ rwona~ws. Butnps of tltr first kiltd 
arc in the cayit!. tilt. r)tllrrs are in tlir interi\ctiott rraioiis pro- 
tInring a large tlispvrsion in thr whole nlac.llittc. Similar Itlc~tlto~l~ 
ww’ Iwet at TRISTXS. 

Thv SBRs at PETR.4 ant1 TRIS’T;\Y I~HI.<’ lww q~lninr~l 1,~. 
(lihl)ersion anti transvwse fields which \-al-j- vitli tlio longit tltli- 
nnl particle position At SPEAR ttans\ww Matron wtll)ling 
at111 orbit distortions ware thottght to kr rrsl~onsil)lc~ for t.lw ~(‘5~ 
OllilllCf~S. 

2 Working points and maximum current 

Early srutlies of SBRs hat1 to rely on the tnasin~~u~t ac.c.unlrdtltc~cI 
rru~rcwt as the main figure trf tnrrit indicating tltv ar-oiclanw (11 
compensation of SBRs. Some other information was aT2ilaldc 
frotn syncltrotron light mdtc2rs. Espt~ritnrnts ~(‘1 t% thcrvfot 12 
iittte-constullting and difficult to ititerprrt since injection contli- 
titrnr cotdtl vary considtraldy. Nrvrrtheless. it ~a’; found that 
tlirrr \vas a strong corrrlation lwtween the niaximiiti~ storal)k 
crwent and the distance of t.lte measured tune front SBR lines. 

The wrtical tliapersiw is 1a.r.q in LEP [l?], aro~ultl 20-40 cm 
~w~~pared nit11 rslwx-tationr of < 10 cm. This lends one to w- 
prct that corrections of the clisprr~ioti at the cavities inn!’ llrll). 
Early on. some at tempts mere also made t.o imprw-e arcum~da- 
tion vith dispersion humps in tllr cavities and al~pwwwl to Ita\-c~ 
sotitc I~f~tteficial effects; see also Sdiott 4. 

.-\ seaiclt for a better operational wnrking point found that it 
was important t,o keep the nteasnrecl coherent tune clear of lmtll 

31~1 and 4th order syncltrotron sidel~ancls. Wit,lt Qs = O.O%!. tlk, 
move from (IJx,Qy) = (0.375,0.290) to (0.280.0.190) in the rc- 
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b$cul lwtwecn 3rd ant1 4th order siilel)ands protlnrecl an improve- 
ult’ut in pcali current ant1 accnmrilation rat<,. 
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tIlta I)c~iun qizv is not nercssaril>- t,lw real one. Xevertheless the 
rC~l;ItiVC~ IillW: 111’ of tllr- vertical l>~‘Rlil size, cali be olxrr\-ccl as tlic‘ 0.5 - 

wrtical ttuli‘ is varied. 
Tlx, Iwtatron tmws v.wr varied by makiug small changw to 

tlw c~scitaticm of tlw maiu (C)F a~(1 CJD) c~uadrul~~~lr sthgs ill 
tilt, arch an11 tlw iww values meas~wad with the Q)-metrr [13]. Of 
~‘,i,ll‘h~’ th Q -1llt~ter ;d\vayh meas,,rcs t1v cohwYlf tllilt~. Note that 

rlw il1c.i kwwt tunw arc always &$w than tlw cohereur ones 
[I -41 Fig~u~x ? ~1~~~s the path taken by the coi~tw~~~t t~wr.< tltuiug 
i~ik r~s~~~~i~i~c~l+ in n-1lit.h tlic, vertical lx~~m siw :vas u~ca~lwctl vitll 
a >i:igl<a l)~tudl in tlic ring. The bunch (‘urr*wt 16 zz 0.2 mAL tliil 
not ~.ll;riigc~ ly 1nwc than 10% lmtil thr rntl of the experimrwt ah 
tlrv I.! = 2 iidt~lxm~l was alqxc~aclietl froiu aI~)w. .-\t this r1wrrqt 
tllcl IY)II~Y ~wt tiuic, shifts iiw [l-1] 

00 I’ 8’ L ._ ..L 2 
3 100 200 3”LJ 

Phase ol dispersion bump $ [degl 

Figuw 2: \*crtical Ixan~ bizcl \-twlls 1~1~s~~ of tl:slwl5io:l IJ~uII~). 

Experinlentj B Tllcl \vmliillg l)oillr ~~35 rlioh~~l 1.10~~ to the, 
tllirtl order sitlrl~ancl to iucwnw tlli‘ txcitntiou. Siuw changri 
iii the Inun might chaii;c~ tlw tlui~h. thew \vvrc uic~;isurtvl autl 
wrrrcterl hack t,o the wllirs (0.%3.0.221) at rnch 5tcp in ortlc~i 
to maintain the resonant cuutlitirw (this n-a~ not. tlonc~ ill Eslwr~ 
imrnt .i). Q!““” y Q~~“~~’ _ O,“l’, Qk”“” N Ql’“” - O.OP-4. (3) 

Figure 2 shows the \-ariation of tlw \,rrtical Ixvm size for tlif- 

The ralin~ion of CT,, is ~hcnvn 011 the right of the plot. It. clearI! fprrnt phases <f t,lle l>~m~p. Thr amplitntle ~~a.5 kept collstant at 

\ll$>n~ tlic, Ixc~itatiou r>f the aeccrncl and tlic third sidrlxmtl. What 10 cm iu the RF sect,iou. reaching a pcali vallw of 36 cm in the 

7-3~ ~lurs~xvtrtl is that the l~lrn~~-np occurs n-hi3 the coimwit stipfrccmclucting low-9 q~iadrupcdrs. 

t IlilV 1s i.lOhV t<1 thr IY~onallCe. Pervious kultlelstautliug .stiggrstd 
tllat rvsoniux~w tlriwn by tlispcrsi~01 or closed-orbit iu the cavities 
\vc’rr inrdl~~w~lt. In fact the ~walr in the lwam size at tlic, tllittl 
~itblwutl i\ uot lx2+ctly wntwcl on the cohcwnt resonance liw 
lnlt tlicx inc.oiiwwt rwox~nw condition ih still further awa!-. 

‘!?(I trst tliih co~~cl~~sion. Q1 wts changrd to @.Oid by r6~h~c- 
kg the RF dtage. jlwt after crossing the reswanrr from abovr 

(o-11r11 C)., = 0.293. Q, = 0.216) aud tlir op had breii rc~luwtl. 

This Ixougllt tlltz sitlrl>autl lower and increased CT~ again. Similnl 
test.. laiue; qixalitativr itifi~rmation on ttw l~eani size from the 
s!-~ichrotron ii&t moni tars were clone in the search for a good 
w)rl;ing 1)oi.d mcntioncd ahove. 

5 Conclusions and Outlook 

A Ienratiw esplanatioii of our ol~~iwti~uh mi$lkt 1)~ that the 
persist rut colwtr~ut l~xipitutlinnl clilvdr motirw [14] which is a 
feature of LEP’:: longituclinal phase space is wupIctl clirect:y into 
tlw transvcrw motion tlnory$ tlisyrsion at the vavit,ics. Since 
high current levels in LEP also rrcilCrt> r-wy ~ootl stckug of thr 
orl)it through the rentrw of the RF cavities. it is wry prd~al~le 
that lYZSO~XlllWS drivcsn l)y closrtl-orl)it cler-intions iii tile cavities 
also play a de. 

the absolute measurement. uf the vertical beam size in LEP. it 
Iwci~mr clear [12] that the an0malous bdntroil roILl)lin!: tluv to 

the nickel layer on the vacuum chaiulx~ was uot cuough to explain 
t hc vertical hrnm size, l)articularly at injection It uow swm5 
lilifly that roherent synch)- beta,tron rmxia~211ces account Lx the 

.\lthouglt there were at times some tlificulticn connrctrtl with 

greater part of this discrepauq. C’oherent vertical mntion of tht, 
Iream ran sometimcv Ix ol>seI \-0~1. 

1~~1~~ of rwtical rliqxwion Inunl)s. Four tilt& q~~ntlrul~oles around 
Point 2 or Point G (nhrlc the RF is Iwxtccl) nPre wed t.o couple 

4 

t ll(’ horizr>ntal dispersion into thr vertical plane. The amplit~~rle 

Compensation of dispersion at RF cavities 

illltl thr ~~hasr of thr dispersion lwmp gal-e two free lxwametrrs 
~~llich w~dd lx a<ljllstwl to cnmlwnsate the dispersion in the RF 
rai-itirs. 

Si~iv it is still Micult to nwasnrf~ tlii, tliywsion with adquote 
r(wd1ltir~n [l?]. wit artf=mpts to rancrl the dispersion at, the CRT- 
iti?* cordtl oiily lx= 1)). trial and ~xwr. 

.-\ttcnq)!s to rrtlncr the wrtical beiini sizr npre made with the 
There is some evidenw at Iwwwt tl~! the inrc)hcIcwt SBRh 

also play a rde in LEP, oucc thr current is high eno~~gh. Given 
that the problems arr mainly coherent. the strategicas for stdlkg 
them art rlcar: increasing Qs to get more i-‘lx~~~ l~c~twrwl the 
SBRs shoultl help: in fact this has already id to ucw rerortl 
r1umwts [14]. Hoverer this imlxwrwwnt ma:. nlw br ronnectctl 
with the suppression of the rolierenr longitudinal motion which 
occurs when Q8 is small (i.e.. Q, < 0.1 in LEP). The xactive 
feedback system can be operated in order to keep the coherent 
and incoherent tunes equal-this should make it much easier to 

avoid both kids of resoxanre. 

Tli~, follrwiug qwriments were ills) Ix~srtl on monitoring the 
!w/icfil Iwam si7c nith the wire sr~nuw. 

Experiment A Following on from the tune vwiation study dr- 
hrl~i!w(l itl10w it was folund that the beam six could be reduced 
1)~ rhoo+iIlg the right phase of the lx:mp. The amplitude of coher- Use of a high Q1 at injection means tlmt therr will not 1~ 
wit transwrsr signals ol~sm7wl in the transversr feedback system mough RF voltage available to keep Q.7 constant during ramping. 
piclillll was correlated with this providing additional confirnmtion This will lead to the danger of crossing re.sonanros and it may he 
of tiw cchrrent natuw of the resonance. necessary to implement a Q-jump f5] in the ramp. 
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FigtIre 1: TuIlt~ tli;lgr?rri and Ixvm sins: thv fraxie (11; the lpfr slunvs sc~lcctetl rrson:+11<:e lillr 
ill<> trst \“*7’ cyudv only t hi, frYlctii,I!;il 

5 ill tti? l~Pt;rtlTllI tlIIilk p1~~11~‘. 1lt’l.F’ illl<l ill 

lcutr; of tlicx tllii~~<: tl~ illi,(yyr parts al-r 51 ;ailtl 7” , mti tll? sprlII.~~t1Ill: IililC i:. ct., I) (IS. ‘l-l,<, 

(Yfllpling reioIiaur*i~ (2: - (1!, = 6 Zl:l<l t,llc? tliirtl OrrlPr l)rt;Xt,ro1l I’r’SOIlil*f(‘(~S ij,rr’ Illarl<plj as scjlid ]illps 
(2) ill‘i’ SllOWII i\i ClClt-ililSh<'d liucs R9 :ilrd 

Z?!7ldux1trori iitli~lmnil~, iili~liitlitq 
th fht ymrhro~~rix~ sicldmds of the cniiI)ling ~‘emiii~~~~t~ Q? - Q,, -f Q, - 6. Tw,, +*l;:lliii,ti 

on tlw lmtli trf ‘1711 iaticm i,f the incit,3l1rr~l rollrrc7lt, tlmc5 in t,hc t~spe~rirllcmt :m- sl~(wvyl ;t.i: s(llj(l ;ilitl ,l;li]lcyl liI,r~s, ()I1 r3rt1 of tll’w. 

Q \vi:s I,,, ,I’<’ c ,r II hil ,‘oIlitarlt. ‘Ttlc, c.01 n+I~~m<liug [‘lot5 iI tlil, rip;llt fI;ixl:t* ,g,iv,, ill<< Inrnsltr~~vl x~<~:.ti~.;~! l)i.:lili <i/t, as it .F1xIl,,tii,r. of (& 

i\c-knowlrcl~cl~~ri~t,s: A . II~CV~C: OIII’ rua~q* c~~llt~~g~t~.~ iri th% J.l<:T’ [IS] 1. F’itragc~. 1i.I). I,ol~~il::iiI~, :I. 1’1: risli. !I. S~~li~iii~~l,l+~i. t!.i. 
(‘c,rnrrli;sio:liIl~ ‘~‘(wILs. V;P lmr*iud;trly thank Y. Flumko:hi, coIIfl!rrlli-t~. 

ht. Placiili. F. Iiilgy,icw) ;ir111 R. S(~htnitlt, for lilllp xvit]l tllf. ,sspv~ 
inmits. [II] U. BIX~~, Ii. C101nt&., T. Fiegrlth. .A. Jlcd’n.;~~~~t. 

.J.hl. Jowc+t. 5. h,Iyrrs, E. I’ cd~ilr~lt. >I. Placirli. 1, Iiirkir~. 
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