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Abstract 

Measurements of luminosity at SPEAR, which were per- 
formed at different operational conditions of the storage ring 
zre shown and discussed. The parameters varied are: the 
current in both beams, the minimum betatron amplitude 
functions at the collision point, the energy and the vertical 
betatron frequencies. As a result of these measurements 
we found that the maximum achievable luminosity is much 
higher than predicted by the incoherent beam-beam limit 
using 6v= 0.025. We also found that the maximum achiev- 
able luminosity is a strong function of the betatron frequen- 
cies. After computing the largest linear tuneshifts, we 
found that the quarter resonance seems to be the limiting 
effect for beam-beam collision. 

I. Introduction 

The goal of studying the luminosity at SPEAR under dif- 
ferent operational conditions of the storage ring was to dis- 
cover agreements and disagreements between measurement 
and theory. We expect the best agreement to occur at very 
low currents where the beam-beam effect is negligible. We 
made measurements at low currents to check the luminosity 
dependence an the energy and on the betatron function at the 
collision point. We also used these measurements to com- 
pute the natural beam cross section, and, from that, the 
coupling constant in the storage ring. All measurements 
have been done without any artificial beam enlargement. 

II. Energy Dependence of Low Current Luminosities 

Luminosities have been measured as a function of energy 
for a low current, where no beam-beam effect could be ob- 
served (Fig. 1). Before we’check the energy dependence of 
the measured luminosity L, we should take account of the 
finite bunch length. The well knob-n theoretical formulas1 
assume a short hunch length compared to the minimum beta- 
tron function $yO. This is not the case for SPEAR when we 
operate at a ,?yo = 10 cm. Due to the variations of the beta- 
tron function along the collision length we get a degradation 
in luminosity. 2 If we adjust the measured (true) luminosity 
Lm for this degradation we get the idealized values Lo in 
Fig. 1, which scale very well with the energy squared as 
they should. 

The luminosities estimated before construction of 
SPEAR for low beam intensities are about a factor of 1.8 
louer than the measured ones. An obvious explanation for 
this was that the coupling constant of K=O. 1 used in the esti- 
mate was too high and the true value is about a factor of two 
lower. Therefore, the beam height or the beam cross sec- 
tion is a factor of two smaller and the luminosity corre- 
syondingll- higher 
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In order to make sure that this is the right explanation, 
we estimated the coupling constant in a more direct way by 
measuring the width of the l,x - v = 0 coupling resonance. It 
turned out to be ilvmin= 0.004 i&iependent of the tune 
(Fig. 2) within the range of operation. The formulas for the 
eigenfrequencies (VI, VII) of a coupled ring accelerator 3 are: 

cos 2a VI = ; (cos /lx + cos p,) + $ (cos px - cox p,) 

cos zKvII= 3 l (cos P, - cos py) - $ (cos px - cos P).) 

(1) 

withp=2Tv, u being the tune of the storage ring, 

K2 =1+A2 
sin fix + sin cL 

y 
cos c1, -cosp ’ 

Y 
A = 6 && (2) 

and 6 = g,lls/(Bp) where gs !, is the integrated field gradient 
of an equivalent skew quadrupole which would produce the 
same amount of coupling. The betatron amplitudes at the 
skew quadrupole being & and ,!$.Bp is the beam rigidity. 
The coupling constant then is given for px=fiv+Gp by: 

K2= K2-1 ---T- k+;Wg$] 
2K 

(3 

For the limit 61* - 0 we find from Eq. (2) x 2.6,~ - 1 and 2 2 

from Eq. (l), 

2a IvI-vIII =27Av = 2L mm (4) 

Thus, the amount of natural coupling in SPEU is deter- 
mined. We can get the coupling consL%nt for the storage 
ring parameters used during the luminosity me:>suremcnts 
from Eq. (3) and Eq. (2). We find a coupling constant of 
K= 0.03’7, This is less than the value computed from the 
luminosity measurements, but they both are considerably 
smaller than the expected value of K-O. 1. In fact, the 
agreement is rather good if we remember that the coupling 
cOil5talt in the presence of the disiribured sextupole system 
of SPEAR depends sensitively on the closed orbit errors. 

As a conclusion of this measurement we assume that the 
natural beam cross sections below the beam-beam limit 
correspond to the computed cross section using K= 0.05 for 
the natural coupling in SPEAR. Also, since the bunch 
lengths nt low currents corrcsl:ond to the conipukd values 
we assume further that the storage ring behaves at low c‘ur- 
rents as theorctirally predicted. 

III. Variation of the Lola Beta in the Collision l’oint 

The next cheek of the behavior ol the storage ring shoulrl 
he to measure the change in luminosity due to the chang-e of 
the bctatron function in the collision region. Neglecting 
bunch-length effect >;e lvould expect the luminosity to be pro- 
portional to (J?,-&~/’ The esperimcntal results are shown 
in Fig. 3. Sirice the finite bunch 1cngt.h affects the comlj:iri- 
son for 11,;~ = 10 cm, here again we compute the idealized 
luminosity. For currents I~elow any significant beam-be;) m 
effect the luminosities agree T,vell \\‘ith theorc>tical v:llues. 
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Knowing that two small colliding beams behave as 
expected, we assume deviations from theoretical values to 
come from the beam-beam effect. The first conclusion 
from Fig. 3 is that the luminosity seems not to be limited by 
the incoherent beam-beam limit of strength 6v = 0.025. In 
fact, in this example, we observe an increase in the lumin- 
osity beyond this limit by a factor of about eight. We will 
see that this factor can be increased even more. There is 
negligible beam-beam effect up to about 6v=O. 06. From 
this point on, the beam-beam interaction affects the beam 
cross section, The luminosity reaches a maximum value 
with increasing current but beyond a certain current it is 
impossible to get both beams into collision; one of them is 
destroyed. 

IV. Variation of the Vertical Betatron Frequency 

It has been assumed for a long time4s5 that the higher 
luminosities would be obtained as the betatron frequency 
approaches an integer or a half integer from above. In this 
case the linear beam-beam effect diminishes the betatron 
function at the interaction point by a factor which increases 
as one approaches integer resonance from above. By this 
effect the maximum current and hence the luminosity can be 
increased although the maximum linear tune shift stays 
constant, e.g., 6vmax=0.025. This effect alone wo;ld have 
increased the luminosity for SPEAR at a tune of vy=5. 10 by 
5&g; over the estimated value using 6vrnax= 0.025. 

There were other argument& however, w-hich show that 
in spite of the nonlinear field, from an optical point of view 
it should be possible to increase the maximum linear tune 
shift beyond the canonical value of 0.025. These arguments 
are as follows. We know that the electromagnetic field pro- 
duced by a particle beam can be described by multipoles of 
the order 4n, e.g., a quadrupole, an octupole, a twelvepole, 
and so on. 

If we look into this multipole representation of the field 
produced by the beam, we see that this field can be described 
later n.ell by a quadrupole and an octupole field alone for 
amplitudes less than 2.5 to 3 units of standard deviation in 
the beam transverse dimension. In this amplitude range, 
which contains more than 90’5 of the particles, the octupole 
field describes very well the motion of the particles. For 
weak octupole fields or beam currents there is only little 
effect on the particle trajectories, since the sepnratrices are 
at large amplitudes. As the beam intensity increases the 
separatrices surrounding the fixed points reach smaller 
distances from the origin. As soon as these distances get 
smaller than 2.5 to 3 standard units in the beam transverse 
dimension a fast increasing amount of particles get captured 
around tile outer fixed points thus reducing the beam density. 
II we now say the particles within 3 standard units of nmpli- 
tzdes rhou!d nnt tie xffectec 1’7~ these ,sepnratrices, this @ES 
an upper limit for the octupole strength or beam current, It 
turns out that this rn~~imurn octupolt strength corresponds 
to 2 beam current xl-hich give: a linear tme shift of 

;)I/ z &,/‘p (5) 

:1ncI !:I.c:lu.~c. mc,.i t storage rings 21-e lil::itcd 11~. the vorticnl 
I)c’:tn-lmtm iinit, 4~ i? tke tlistancc of the \ crticnl tune to 
tile 1, 1 r(‘soixaccc , p is the number c.~f interaction points. 
For SPLIR, this 7.i ould nlcnn that the m:ksimun: linear tune 
,-hirt for :F tunt of 7~. 10, l’or example, should be 0:~ - (1.073 

iit’ tl!lete tili-ic’:, :!:i high ns the originally :~s:;un:ctl liniit of 
11. IJ22. Since Cl<- p<~rnlissible c,ut,rent g:‘ijCh up I)>- the same 
tictol., tiic~ i~,niinusit~ .shoultl therc~l’oore go up 1)y more than :1t1 
ortIer q,l Iix~!:nitu~lc. 

The ~!le:i.sui~c’nii~?ts 01 lumin~,s it5, \i(‘r:. us current lor 
5, :Il,i(il;:, i cl,tic:1I li~~t:iiron lri~cjuc~ncier are :;ho\\ II in Fi<. ,I. 
lVc :,ce illat the ll;;lsimutii luniinosity :~cl!ic\.ttd ho far at 
I. .; r:e~: i:-. :, I:it’Lt:I’ ric 2.; Ilighrr ti!:::) t,Ytim:itetl n ith :i linc;ti 
LL;IIC r!iiIt 01 iii’ = !I. i,L’:j, 

At this point it should be emphasized that in general it 
is not possible to choose just any values of vx and v 

8’ 
be- 

cause for special tunes the beam cross section is a ected by 
higher order coupling resonances and the luminosity then is 
lower than one would expect from Fig. 4. Thus in addition 
to using lower values of v9 it is important to choose the 
proper value of vx in order to maximize the luminosity. 

There is another feature of the luminosity versus cur- 
rent curve which is appreciated very much by the users of 
the storage ring. Once the storage ring is filled to the maxi- 
mum current the luminosity stays essentially constant for 
about a whole beam lifetime of the order of two or three 
hours, the beam adjusting itself to smaller cross sections 
as it decays. In this regime the beam cross section seems 
to be blown up proportionally to the square of the current. 

V. Linear Tune Shift 

It is now interesting to compute the linear optical tune 
shifts for these luminosity measurements. The data reduc- 
tion is somehow complicated because of the fact that the 
betatron amplitude changes very much along the collision 
length. This variation is even larger when we include the 
change in the beam optics due to the linear beam-beam 
effect.4,5 We certainly have to do this correction in order 
to get the linear optical tune shift. It is shown in the 
Appendix how we reduced the data. 

With all these corrections we get, for the linear optical 
tune shift as a function of beam current, the values shown in 
Fig. 3 and we see that the maximum achievable linear tune 
shift depends very strongly on the vertical tune of the storage 
ring and is considerably higher than 0.035. The plot of the 
maximum 6v-value versus the vertical tune of the storage 
ring is shown in Fig. 6. We see a linear dependence of the 
maximum linear tune shift versus the vertical tune. The 
interesting feature of this straight line is the slope. It turns 
out that the vertical tune plus twice the maximum linear tune 
shift leads just to a quarter resonance: 

v +2*av -5.25 
Y rn‘zy (6) 

We assume that the factor of 2 is due to the f%ct that we have 
two interaction points. From this measurement we conclude 
that the quarter resonance plays an important role in the 
beam-beam limit, although we do not yet completely under- 
stand the loss meclxlnism. 

We should now compare these results with measurements 
on other storage rings. At the last International Accelerator 
Conference in Geneva, Prof. Amman7 gave a review about 
electron-positron storage ring experiences so far. This 
xrticle also contains an extended reference list covering the 
\;arious a~pcct~ of clrctron-positron storage ring behavior. 

In this t.a% we find a linear optical tune shilt for AC0 
of’ cv 2: 0. GIG and Cor ADONE a value of c;> -: 0.03 per 
crossing. In both cases the relation (5) is quite well fulfilled. 
Another measurement reported from ADOXE3 n-ith only 2 
interaction points result in a linear tune shift of dv -- 0.04 
at a bclntron frequency of .j. 15 nhich agrees again v;ith the 
rt lation (i;) . 

VI. Conclusion ---- 

As a co:ic!usion of the luminosity mensu!*cmcnts done ho 
hr at SPKAI~ v;e can state that tlic !a? current IuminosiQ 
scaies v,,ith energy and v;ith lo\\ beta as espcckd. The 
cuupling constant seems to !)(’ as low as 5”: :tlti:ou~h thcrr 
;wt: 1urgC leatil mnplitudes ihi- t0 the 1056. kt2i section Ln 
SPEAR. There is 3 strong tlcpenclcnce of the maximum 
achie\ablc luminosity on t!lcs \~citical bctatron frecjuc>ricics 
atici the maximum linear optic:kl tune shift incrcascs with tie- 
crcusinir; vc~rtical Ix~tatroii kccjuency. It tiuns Ilt;t ti1ni tI:e 
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which gives for F: total maximum linear tune shift is equal to the distance of 
the vertical tune to the quarter resonance. The maximum 
linear tune shift found so far at 1.5 GeV in SPEAR is 

1. 

2. 

3. 

4. 

3. 

6. 

7. 

8. 

6V v 0.08 . 

VII. References 

M. Sands, Report No. SLAC-121, Stanford Linear 
Accelerator Center (1970). 
G. Fischer, Technical Note SPEAR-154, Stanford 
Linear Accelerator Center (1973); unpublished. 
G. Leleux, Report No. 14-64 CL-FB, Orsay (1964); 
unpublished. 
G. Ripken, Report No. H5-7Oj7, DESY (1970) or 
Report No. SLAG-TRANS-134; unpublished. 
IvI. Bassetti, Proc. V International Conference on High 
Energy Accelerators, Frascati, 1965; p, 708. 
B. Richter, Proc. International Symposium on Electron 
and Positron Storage Rings, Saclay, 1966; p I-l-l. 
H. Wiedemann, Report No. H5-71/6, DESY (1971); 
unpublished. 
F. Amman, Proc. of the 8th International Conference 
on High Energy Accelerators, CERN, 1971. 
F. Ammaneta., Nuovo Cimento LettereJ 729 (1969). 

Appendix 

In SPEAR the cross section of the beams varies along 
the collision length. Therefore we have to correct for this 
variation computing the linear tune shift from the measured 
luminosities. The luminosity is given byI, 2 

L=;-&y. f(%) (A. 1) 

where f is the revolution frequency, i is the current, A0 is 
the minimum beam cross section, and f&r/p) is the correc- 
tion factor due to finite bunch length2 (Fig. 7). 

For the beam-beam limit we have’: 

nSF) 
P 6) r NSpO 
W&z” 

-69 
2 -q- ‘WI’ PwoJ$,) . 

0 

(A. 2) 

where r is the classical electron radius, nS(s) is the particle 
density &f the strong beam, y is the energy, Ns is the total 
number of particles in the strong beam, $6 is the design 
minimum betatron amplitude, and F&r!, &.O, &O) is the cor- 
rection factor for finite bunch length effect. 

To get the correction factor F we assume a Gaussian 
intensity distribution along the bunch. A particle in the 
center of the weak beam at a distance s from the interacting 
point sees the field of the other heam of relative strength 

-2(s2icr,2) 

WJ~~P,,~P,,) =J+=-= ;’ ’ ds 
-02 .u 

P 

I a s . x e .i.H 

2 

= Fl(as) + 2 F2(as) i i 

[ P 2 ( il so a =- 
S 

“Q 
(A. 4) 

where pso, b. are the minimum betatron amplitudes at the 
interaction point for the strong and weak beam, respectively. 

Both functions FI and F2 are shown in Fig. 7. 

There are two ways how to use the correction factor. 

1. If we assume that only the betatron function of the 
weak beam is changed due to the lens effect of the strong 
beam, while the strong beam follows the unchanged betatron 
function, then we have hvo = $eff # pso. 

2. We also could assume, since we always made sure 
that both beams were very equal, that both beams influence 
each other in the same strength. Then we would use 

&O=&O=@eff+flO* 

Reducing the data in both ways results in values for [ 
differing only by about 10%. Since the accuracy of the meas- 
urement is not better than this we can ignore the difference. 
We used throughout method 2. 

The resultin values for 5 are used now to get the linear 
tune shift fizt hy 85 I 

27i 5 = sin (2~8~) (l+ cot (i~v). tan (i-&v)1 (A. 5) 

taking into account the change in the beam optics due to the 
beam-beam effect. This procedure has to be iterated several 
times until the assumed value ,$,ff to compute : via (A. 2) 
agrees with minimum betatron amplitude of the changed beam 
optic due to the beam-beam effect. 5 

64.3) 
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FIG. 1--Luminosily as a function of energy at low currents. 
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FIG. S--Linear tune shift due to beam-beam effect as a 
function of beam current and operating points. 
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FIG. V-Correction functions used to compute the linear 
tune shifts. 
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