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1 Abstract 

;\ wrious limit. of the prrforrnancr of any storage ring is imposrd 

by the Iwarn-b-am int~raclion. A singlr parameter is used lo 

quantify this limit, na~ncly thr linear tune shift t, in ordrr to 

krrp the beams stablr, t has to remain below a crrtain critical 

value. llxpcrirnrnts pcrformrd during thr SpfiS collider run in 

l!IR9 rlrmvnstrated ttlat thr use oft is insullicirnt to paramrtrisr 

the hran-hrarn interaction if the two beams have diffrrent sizes. 

In a partirular rxprriment in which one antiproton bunch was 

colliding with one proton bunch, thr in(rnsitJ of (hr fi bunr h 

was rrducrd by scraping a sul)stantial part of the particlrs. ‘[‘his 

rrduws the inlrnsity and thr size of the fi bunch as well as thr 

linear Lune shift swn by the protons. Ilowr!~rr thr lifrtimr 0f the, 

proton bunch drcrrasrd aftrr thr scraping. llcsonanrrs c~f order 

13th and lFth, which arc wry drstructivr for largr amplitudr 

partirlrs, could br identified. An anlpliludc drprntlrnt diffusion 

merhaniarn Irnding to rvrnlrral Ions of partic-lrs was r)hsrrvrd. 

2 Introduction 

Reforr IOR7, thr CI<RN S pp, (0 I( cr achirwd in its Grat phase -.C II’1 

a maximum luminonily d nhorlt 4. 107’rrn~2~-‘. In orrlrr to in 

rrrase thr luminosily thr antiprr~ton production and a~~umula- 

tion cr)rnplc*x was upgratlrd and a much larger Ilulnhrr ofmtipr~ 

tons WRS a~~ailahlr from 1987 onwards. \1’ith IIIC inc rr-asrd num 

hrr of ant iprc,tons in 1987 a surprising r~bsrrl~alion was ma(lr: 

an enormously high bac,kground rate, in the physics rlrtrctr~rn 

togrthrr with a low lifctimr of thr protons cauwd by the brarrl- 

brarn force from thr antiprotons on lhr protons was obwrvcd. 

On the othrr hand, the rlfrct of the mow intrnw pr~~tr~n bunrhcs 

on the antiprr~t~~ns was rt>mparahly small [I], 

I1 was rralizrfl that this rfTrc.t, was drrc t.0 I hr diffrwrll si7w of 

thr proton and thr ant iproton hranls. ‘1’11~ rrlliltanrr of 1111, 

protons was IIp (0 foltr Iimrs as Iargr as lhr, rfllillnnc~c- ftf thr 

antiprot!>ns. Aftrr rrrltlcing t hr rtnittanw of 1 he pr<~tr~ns fr8r 

thr 1988 run tlw background ra1.r brcarnc ac.wptnblc and the 

collider arhirved a luminosity (4 mnrc than Z.lO”“~rr-~rr-‘. A 

writ-s of rxpvrimrnts was prrf<lrrnrd to study thr drprnd;lnc-r of 

thr bean-bran) rff~ct whr*n paramrtrrs likr tunr, cmittnnrrs, ill- 

trnsities and thr wparation brtwwn thr beam9 are changed. As 

it will be shown in thr following, the rxpcrimrnts demonstratrtl 

that it is insuflicicnt to usr the linear tltnr shift as the only rnra- 

Sure of the strength of thr bram-bvarn effect, in partirular wh?n 

the colliding hrarrls havr unrq~al cmittanrrs (21, 

3 Generalities on beam-beam effects 

When one proton and one antiprolon bunch collidr, parlirlrs in 

one bunch rxperience a localisrd focusing field from the othrr 

bunch. l‘hin field is strongly non-linear and produces a disprr- 

sion of the tunrs and an rxcitation of the non-linear resonances. 

For particlrs in the ccntrr of the bunch thr Iune is increased by 

the linear beam-hcam tune shift. For increasing particle ampli- 

tutlrs thr tune shift decrrases (deluning). From the SppS tunr 

diagram in coast (I’ig.1) we noticr that thr particles which ex- 

prrirncr a largr lunr shift cross rrsonanrrs of high ordrr. 1‘0 gc*t 

a minimum tunr spread, the beams are separated at all cross- 

ing points outside thr regions with physic-s drrtect,~rs. I’rom thr 

throrg of the bran-bram effect it is expectrd that a srparation 

cxrrtcs odd order rrsionancrs. Indeed some observations matlr 

during the high luminosity run indiratwl that 7th order rest,. 

nanccs wcrc limiting the collidrr prrformanrr during thr injec- 

lion and acrrlcration process and in an experiment thr rxistrncc, 

of 13th ordrr rrsonancrs could hc drmonstratcd. 
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4 Dependence of the beam-beam effect on 
the beam sizes 

~1 hr rxprrimrnt prrwntrd hrrr was prrfornlcd in order (4) 

dcmctnstratr that thr drstructiw rffv(-t of thr bralwhcnnl ill- 

lrrnctiorr is slrongcr for hrams with diffrrrnt rmil larlvcs tlran 

f t or ~c~arns with thr samr rm~tlancrs. \Vith one Preston bllnr-h 

and 0111‘ antiprrl(.~~n hunt-l, C-olli~lir~g in 2 intrrac 1 iorl points, t llc 

lifvf imr of 111~ hllnr,llvs and t Ilr bwkground rat’- rrr-n~c~l in (hr 

ph).sics clct.rclors wrrr rnra5urrd as a fllnr.ticbn of t IIP horizontal 

aramelers arc shown in thr lollon ing I ably .._____-- 

proton horizontal : 22 *mm x rnrod 

ernittance vertical : 22 ~mm x mrad 
antiproton horizontal : 30 rmm x mrod 
rmittancc vrrtiral : 00 nmm x mrnri 

bcforc scraping 

antiproton horizontal : 2.7 rmm x mrad 
rmittance vertical : 25 ~mrn x mrnri 

after scraping 

.t 
I-- before scraping : 1 x lo- 

on protons after scraping : 0.6 x 10-s 

l 2.x x lo-” 

on p -..-.- _____-- ____.-. 
number of 

1.1’ 2 _J 



In Fig.2, the bat-kground rate and the lifetime of Ihc prolon 

bunch ar’s shown as a function of Ihe horizontal lunr More anti 

after scraping thr anliprotons. ‘I’llr harkground ralr is a gctio’i 

measure of Ihe beam stability and lhr rate can he srparalcl? 

obsrrved for prol.ons and antiprolons. Hefore scraping, we ob 

served a small increase of the proton background rate in the 

region of the 16th order resonance, but no visible cffecl on lhc 

proton iulensily drcay rate. ‘i’he I, background rate increased 

slowly when moving Ihrough thr 18th ‘lr’lrr resonance. 

After reducing the antiproton rmiltancr, we clearly noticed art 

incrcasr of Ihr proton backgrouu’l rate and of the proton drc,a> 

rate rornparcvi to Ihc first case. No elTecl was noticed on Ihr fi 
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Fig.2: proton inlrnsily decay rate an’i proton background rat.‘! 

as a fur&on of the horizonlal tune. 

Although we rerluced the linear tune shift hy 40 % the ‘ieslrur- 

tive elfrcl of Ihe beam-beam interaction on the proton hunch 

increased afl’xr Ihe scraping. 

Ib5rlonaarr. IO,16 ; separation-0 

~*19ow~mmrranrrarnum- *.1scu4unmamwrlranum 
b 

proton amplirude 1 
proton amplitude 

b 

in units of r ol the rj in units oi c of the p 
Fig.3: Iransverse distribution d lhe protons and resonance 

width fnnclions seen by lhe proton beam before and after the 

scraping. The horizontal abscissa ol holh transverse distribnlion 

of the protons and rcsonancc width is the proton amplitude in 

units of Ihe r.m.s. fl beam size. 
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beam is shown below the curves of the resonances. Hy scraping 

the 17 beam WV rrrluccd its size and created a dilTerrnt equivalent 

potential swII t)J, lhr prolon beam. ‘l’his “auses more pr’blons 1’) 

oscillale in the non-linear part d lllr polcnlial where Ihey are 

affected by high order resonances (see the schrmalic drawing). 

Those resonances are very destructive for particles with large 

amplitudes and par(ic.le losses are observed. 

5 Beam-beam effect as a function of the 
separation 

III this experiment a proton hunch collides with two ij bunches. 

At two points Lhr brarns collide head-on, at Iwo olhrr points 

Ihey are separate’] by G to 7 standard ‘lcvialions of lhe p beam 

si7,c. ‘Two horizonlal lunc scans have been done dkr fi scraping, 

one with full scparalion and the other with a separation reduced 

by a factor 2. ‘The beam parameters after the scraping are snrr- 

larised in the followin 

proton 

intensity per bunch 

anliproton 

inlcnsily per bunt-h) -- 
proton 

table: 

cmiltancc 

antiprolon 

emillance 

F 
on protons 

c 
on p 

he protons are unalTe# 
: 

7.5 x IO” 

1.4 x IO”’ -___.~ 
horizonlal : 2,1 *mm X mrod 

vertical : 26 rmm X mro’f 

horizontal : 7 ~rnrn x mrad - 

vertical : 7 Xrntn X mrod -- __- 
1.1 x 10-s 

1.7 x 10-3 

clc :d by the beam-beam effect fo: a lunr 

below the 16th order resonance (Fig.4). .4bovc, c.hr 13111 or’lrr 

resonance, when Ihr tune approarhrg the IOlh or-dcr rrsonan(c 

thr prolorls arc affrctrd by Ihr beanl-beam drd in rnudi lhr 

salnc way for the I\VO values of lhc separation. Only irl Ihe rem 

gion of thr 16th all’t the 13th or’lcr rtsonances is the hramhrarn 

drrct much m’,rr rlvsCrurLivc> f’pr a rr’luced value of the scpara- 

lion. 

0.3 
0.26 

+ d.0.f r.lmd”ll ..P. -c b.~b@r~“nd,“l’ ..p. 

* d..l.l r.l*..p.r.ll -& b.&round...P.r.ll 

Fig.4: prolon intensity decay rate and proton barkground rat’! 

as a functi’m of Ihe horizonlal tune. 

‘l‘hcse obsc,rvalions can be un’icrslood ifI the kdlowiflg way: in 6 Observation of diffusion in the 
Fig.3 the “rcsonanre width” function created by Ihe p pot.rntial beam-beam effect 
is plotted for 2 resonances (10th and 16th order resonances) as 

a function of the proton amplitudes IO]. The resonance width One way of understanding the bean-beam eflrv-l is as follows: 

function is normalised to the linear beam-beam lune shift cx- the overlap of many higher order resonances [3] creates a sLorhas- 

erted by Ihe fi bunch on the protons. ‘rhc abscissa is Ihe proton tic area in phase space and leads to a difTusion of the parlirics 

amplitude, which is shown in units of the transverse standard and their subsequenl loss. In the SPS, dilTusion has hern oh- 

deviation of the 0 beam size. A schematic drawing of Ihe proton served in another experiment: lo study Ihe dynamic aperture of 
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the machine, uon linearities are generated by 8 strong aextupolrs 

distributrd around the ring and paramctcrs like tune, emittancr 

and ripple on quadrupole power supply are changed [S] . A sin- 

ilar experiment was donr in order to nleasurc the difusion ratr 

as a function of the particle amplitude for the beam-beam inter- 

action. The proton beam was placed in the nest of resonances 

of order IO and six proton bunches collided with six antiproton 

bunches. ‘J’he experiment is done in the following way (Fig.5): 

a collimator is moved close to the proton beam, scraping all the 

particles with an arnplilude larger than a certain valor. ‘T’hr 

scraping causes a spike on the background rate. ‘l‘hrn the col- 

lirnator is retracted by 2 mm. ‘l’he background ratr dccrcasrs 

immediately since the tail of the proton distribution does not 

touch the collimator anymore. After some time, the amplitude 

or some particles in the tails have increased by 2 mm (difJ’usion) 

and are scattered again on the collimator creating an increased 

background. This experiment was repeated for diRerent posi- 

tions of the < ollirnator. J:inatly, we reduced the cmittance ol the 

p beam and mrasurrd thr diJJ’usion again [or one ol the collirna- 

tor positions uwd before. 

Fig.5: SC hcmatic drawing of ~JIC proton background rate as a 

function ol timr and the obserwd proton background rate as a 

function of time. 

The result or the exprrirnrnl is shown in the following tablr, 

where t is the time when the background rate of the protons has 

reached Jlalf its equilibrium valur and d is the distance OF th(> 

measurcrnrnt 

number 

sigma of 

p (,,,n,) 

1 .89 

2 .89 

3 .89 
‘1 .89 
5 .89 
8 .89 
7 .89 
R .89 
9 .89 
10 .55 : 

l&CL-- 
d 

in units of 

sigma p .____~ - 
2.2 
2.0 
1.7 
I .5 
1.0 

1.1 

.9 

.G 

4 

.7 

1 (ir) 

3 
3 
3 
3 

‘1.5 

c, 

60 

XI0 

600 

69 

The diffusion rate of the protons Increases strongly with th<B 

ampliturlc of the protons. JFrom I’ig.3 it is clear that for a 

fixed resonance (here the 10th order rrsonancr) the resonance 

strength increases with the particle arrtpliludc. Particles near 

the bunt-h crntrr are not affected by this wsonanrr. When the 

p emittanrr is rrdured, the dilfusion incrcasrs. For thr same col- 

lirnator position the time constant t dwrrascs from fOO wconds 

to 69 seconds. although the linear bean-beam tune shift on thr 

protons is smaller. This result is consistent with the experiment 

describetl previously: the beam-bram eJJ’t*ct is more drstructivc 

in the case of beams with unbalanced emitlances. 

7 Tune spectra 

J;or all exprriments we mcasurcd the proton and the antiproton 

tunes using a spcc~rum analysrr which measures thv S( hottky 

signals induced in a parasitic transvrrse rnotle at 4fiO RIIIz in 

the trawlling wave accelerating cavities. All measurcmcnt.s wvrc 

taken in the horizontal plane. 

J;or two degrees of frredom, the rrsonancc condition is: n,Qr + 

n,Q, = p whew n.,nY and p are integers, p is the harmonic or 

thr perturbation and Q= and Q,, are the tune in thr 2 transvrrw 

planrs. If wr add the synrhrotron motion to this motlel, WC get: 

nrQ. + n,Q, t III,Q, = p (i) wherr Q, is the longitud tune. 

J?rom the theory drvelopped by J.Rengtsson [i], we know that 

if we identify a peak on the spectrum taken in the horizontal 

plane which JuIIfills rquation (i), it rorresponds to lhr rrsonnnc-cz 

[(n, t 1); n,; m,]. J‘or the first spectrum (T;ig.f), the proton tunr 
is localisrd brtwwrl the 16th and thr i.3th order rrwnanccs in 

the tunr diagram. In this casr, coupling rcsonancrs of order I(; 

are found. For thr srcond sprrtrum (Fig.7), the prolou Iunc is 

localiscd bctwwn the 13th and the 10th ordrr rcsonanvcs and 

cotipled rcsonanccs of ordrr 13 arc then identified. 

IPig. and 1, ig.i: p1010n spcclrllrll in thr rr(~qucn’.!. rang,‘ rrorcl 
12.5kIlz to I Ikllr. 

‘I his rrliglll tw a \‘Pry useful trt hniqur to idrntily lhc prf3vrIcc 

of rcsonant‘cs t,u1 I hc sludics on this sllbjrct arc no1 yv1. finished. 

It is nc~t always obvious that the peaks arr (111~ 1~1 ~vsonanccs 

bccausr 50 11~ power supply ripplr might manifest irsrlf in the 

spcclrrrms. 
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