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Summary where b is the number of bunches and E: is defined by: 

The performance of existing colliding beam accelerators 
(mainly electron-positron) and experimental results on the 
beam-beam interaction (two beams) are discussed. 

Introduction 

All colliding beam accelerators in operation, except the 
I SR at CERN, are electron machines and a discussion of ex- 
perimental results necessarily deals mostly with the latter. 
The following formulae refer to bunched gaussian beams, in 
head-on collision. 

The basic parameters generally used to describe incohe- 
rent beam-beam interaction are derivGd from the linear lens 
model’)2). The strength of the lens equivalent to a gaussian 
beam with standard deviations CJ, and uy, is given by: 

2 r0 i, 4 

F E, = 
e f, y $l+ $/a:) 

=“y AE [ 

4 a: y 

(1) 

y5’ = 
2 roib 

Y e f, yo~o~(l+f$/0~) 

where i, is the current per bunch, y is the relativistic fac- 
tor, r0 the electron classical radius and f, the revolution 
frequency. A star indicates quantities evaluated at the cross- 
ing point. Similar formulae can be written for coasting beams 3) . 

The space charge parameters &&measure the strength 
of the interaction,which produces betatron wavenumber shifts, 

6QX,Y 3 given by: 

2 nt = sin (21tSQ) (l+tg (ndQ) cotgy ) (2) 

p being the phase shift between two consecutive interaction 
points (equation (2) is valid for a perfect machine in whichall 
crossing points are exactly equivalent). In fact, the nonline- 
arity of the interaction produces a continuous Q distribution 
extending from the unperturbed Q value all the way up to 

Q+dQ. 

For two identical gaussian beams in head-on collision, 
luminosity is given by: 
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Equations (1) and (3) can be combined to give: 
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and a,‘; are the betatron and the synchrotron con- 
tribution lo the horizontal beam size respectively. Whenever 
the dispersion function at the crossing point is zero, Ed* coin- 
cides with the usual betatron emittance. 

Equation (4) clearly exhibits all the requirements to be 
met by an optimum design: 

a) lowest possible value of 8; ; 

b) largest possible emittance, and means of controlling its e- 
nergy dependence; 

c) coupling dictated by the maximum achievable values of lx, 5,. 

Lacking a complete theory of the beam-beam effect, con- 
ventional design wisdom was based on the assumption that 
beam dimension’s are determined by the optics (including quan- 
tum fluctuations and damping), and that an energy independent 
upper limit on dQ TV can be reached; If then E’, has its natural 
energy dependence (a E2>, for any given machine luminosity 
will scale with energy like E4 and the storable current like 
E3. If E: is kept constant, so as to utilize the full machine a- 
perture at all energies, luminosity will scale like E2 and cur- 
rent like E. In the absence of dispersion at the crossing the 
optimum coupling factor is given by: 

5 IM and $, being the limit values for g. 

Not surprisingly the very simple model, while providing 
a valuable guideline, does not explain the details of the effect. 

Luminosity 

Peak luminosity as a function of energy is shown, for: 
various electron storage rings, in Fig. 1. It is known that 

very long periods of operation are needed for a machine to 
reliably establish its peak luminosity at all energies. Data 
from recent machines (PETRA4),CESR5),PEP6))are therefore 
dotted to indicate that they may not be final. 

On average, the peak values achieved tend to cluster at 
around a few times 103’cm -2 s-1 

for goals (- 103’ for high energ;, 
rather far below the hoped 

low-8 machines). 

To evaluate accelerator performances it is useful to di- 
vide out, in eq. (41, the trivial factor f, y2/r, 2 ; an adimen- 
sional quality factor, I , is obtained that contains all the re- 
levant machine parameters: 

I= ro2 L/foy2 (7) 
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Fig. 1 - Electron ring luminosities.- 

Measured values of L, I and f * st , at the energy where l 
peaks are listed, for various machines, in Table I. 

If we compare the measured il values tothe correspon- 
ding design values(’ t’ 3 ), we find that, for low- fl machines, 
they are usually at least one order of magnitude lower. This 
is largely (but not only) due to unforeseen features of the beam 
beam interaction; it is interesting to examine what is known 
about the various factors appearing in il. 

Beam Emittance, El 

Most low energy storage rings ,including DORIS (2 bunch 
operation) are operating at around their design emittance, or 
slightly higher. The SPEAR emittance is large compared to 
that of other machines but much lower than its design value: in 
the design a large dispersion at the crossing point, later to be 
proved incompatible with single beam instabilitites , was assum- 
ed. 

PETRA, PEP and CESR operate at values of Et a factor 
between 2 and 6 lower than their respective design values. 
Low emittance is therefore an important accessory to lower- 
than-design luminosities, in my mind not connected with the 
beam-beam limit, but rather with difficulties encountered in 
tuning in the machine. Improved machine handling routines, 
diagnostics and control equipment, will hopefully allow the 
design values, and correspondingly higher luminosities, to 
be obtained. 

As far as control techniques are concerned, wiggler 
magnets have worked as expected at SPEAR14) and encoura- 
ging results have been obtained at PEP wherea factor of w 2 
in the beam cross section and of w 1.5 inluminosity has been 
gained at 8 GeV”). The variable optics approach certainly 
seems more difficult to implement ,at least on large machines. 

The Betatron Wavefunction, pt 

The principle of the low-j has been proved to work down 
to values of the order of the bunch length’@. The resulting 
high values of the /? function at the ends of long straight sec- 
tions however, raise chromaticity correction and error sensi- 
tivity problems (in proportion to e/b:, with I! the length of the 
straight) that eventually limit the usefulness of the technique. 
This has been recognized since long and all low-b mach- 
ines are operated (to within a factor of 4 1.5), at their design 
values. 

A very romising scheme, now being tested at PETRA”) 
and DORIS’aY , IS the so called ‘Mini beta’ solution ‘9 where a 
low beta value is obtained over a short straight by means of 
small quadrupoles embedded in the experimental apparata. 

It has also been suggested2’ that operation with round 
beams and equal low values of p in both planes would allow to 
overcome the limitation Introduced by bunch length. I do not 
however know of any operable design incorporating this 
feature. 

Space Charge Parameters, t, 5, 

The beam-beam effect exhibits a marked asymmetry be- 
tween the radial and the vertical plane. 

As a rule, when the charge density in the beam is increa- 
sed, a threshold is reached where the vertical beam cross 

Table I - Parameters of various storage rings at energy where 1 is maximum.- 

AC0 .......... 
ADONE ........ 
DC1 .......... 

I I m.b. l.OL 
DORIS s b 

. . 1.04 

SPEAR II ..... 
CESR ......... 
PETRA ....... 
PEP .......... 

E 

(GeV) 

1.50 
3.80 

.58 
7.70 
5.50 
4.00 
4.50 

*lo- 
mm2 5’ 

-. 1 
.2e 
.7c 

1.8 
1.5 
2.5 

'4.0 
3.0 
3.6 
3.4 

(2, 

-40 
19 
92 

.5 
-20 
-20 

35 
8 

3.3 
4.4 

- 

b 

1 
3 
1 

- 

:80 
1 
1 
1 
1 
2 
3 
- 

.58 
2.4 
4.2 

16 
2.1 
9.2 

16.6 
5.1 
2.9 
2.5 

q; loa 
(cm) 

23 
81 

91 

45 
5.9 
4.9 
6.2 
5.5 
5.2 
5.5 

8;. lo4 
(cm> 

1.1 
.52 

1.98 
.94 
.32 
.32 

.030 

.058 

.036 

.006 

.021 

-.055 
.048 
.031 
.036 
.016 

.021 

.065 
.036 

-- 

-.035 -.023 
.024 .026 

.040 .040 

.018 .020 .017 
-.018 .035 .015 

.016 .039 .015 

.017 .029 .016 

.024 .037 .025 

.029 .013 .023 

Comments 

One ring 

2rings-m.b. 
Single bunch 
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section starts blowing-up. No comparable blow-up is observed 
in the horizontal dimension,and it is usually assumed that uX 
has its computed current independent value. (Machines oper- 
ating with round beams on coupling,like DC1 ,are an obvious 
exception). Concerning the threshold,it isinterestingto recall 
that ADONE2’)and possibly SPEAR’9exhibiied the shrinkingofo , 
predicted by the linear theory’)and by early one dimensional co:- 
puter simulations22), at low values of &,(<.02),indicatingthat be- 
low threshold no unexpected phenomena were taking place. When 
the beams are blown-up,the shape is nolonger gaussian (very 
characteristic shoulders and long tails develop’6)2a) that it 
would be interesting to see reproduced in the simulations). 
The blow-up, that it usually measured through luminosity and 
therefore refers to the core of the distribution,was not a do- 
minant phenomenon at AC0 and ADONE, while it seems to go- 
vern the space charge limit of all low-p machines. 

The definition of the limit is rather unprecise and sugges- 
tive of two distinct regimes: a (resonance dominated?) regime 
where the limit on 5, ( gyM ) IS said to be reached when the 
lifetime becomes much shorter than for a single beam (typical 
of low-p machines over their whole energy range, but also 
observed at AC0 and ADONE when operating at low energies) 
and a regime where the limit is very sharp, consistently ob- 
served at ADONE at the upper end of the operating energy 
range (E >z .9 GeV).In the latter case,just belowthelimit,any 
perturbation would cause the weak beam to ‘flip’ becoming a 
halo around the strong one without any decrease in lifetimez3). 

In the strong blow-up regime the beam vertical size seems 
to adjust itself so as to keep the charge density (l>constant. At 
SPEAR24)and DC125)thelimit is reachedat all eneriies at about 
the same value of rsv, suggesting that amplitudes in the tails are 
proportional to those in the core and that the limit is imposed by 
the available aperture. In this regime, the beam cross section be- 
ing dominated by the blow-up,eq.(6) becomes of little use. 

Machines operating on resonance with roundish beams, 
like ACO, ADONE and DC1 , necessarily have approximately 
equal values for 5, and gv; values of 5, ,much higher than 5,, 
have been obtained in low-p machines. Horizontal space 
charge limited operating conditions have been reported only by 
the Novosibirsk group 20). E does not therefore seem to impose 
practical limits at this stagXe. In eq. (4) g,, becomes simply 
Ex: although determined by gY through (I), it can have a dif- 
ferent energy dependence. 

Energy dependence 

20 
It has been observed at AC0 , ADONE 

23) 
and SPEAR 24) 

that 8 vMis a function of energy. For ADONE and SPEAR the 

function is steep below a certain thresholdenergyand becomes 
a constant above. The measured energy dependence of various 
machine parameters is listed in Table I I, for several mach- 
ines. DORIS,operating below the space charge limit la), is not 
included. It is very interesting (thinking of computer simula- 
tions) that at AC026)and ADONE23) the same results have been 
obtained for strong-strong and for strong-weak beams. 

Strong evidence for 5 being constant with energy (at the 
level of .02 i- .03) comes from PEP “1; the same behaviour is 
reported from PETRAz7). 

Various diffusion like models have been invoked @29)16) to 

explain the energy dependence of tv. They have to their credit 
that they naturally account for the dependence of cvrn on the 
number of bunches, discussed below, and for the dependence 
of the vertical cross section blow-up on the square root of the 
current observed at SPEAR 24) and PETRA2’). Although the de- 

tailed behaviour and scaling from one machine to another are 
not well fitted, it could be predicted from the mode1 that for 
long, high energy machines a constant Ev regime would be 
reached3’). Results from PEP and PETRA would then confirm 
the prediction. The dependence on the number of bunches discus- 
sed below, if produced by the same mechanism ,would then also 
have to disappear. 

The values of tYM and 5, obtained at various machines 
are plotted in Fig. 2 as functions of the diffusion parameter 
vf?z, R being the number of crossing per unit time and z the 
radiation damping time. Data from experiments performed at 
the ISR ,with coasting beams3’) andj;th a weak bunched beam 
colliding with a strong coasting one are also shown, z hav- 
ing been replaced by the oberved lifetime. A discussion of the 
meaningfulness of this comparison on theoretical ground is 
found in Ref. 33) 34). 

Dependence of 5. on the operating tune and beam blow-up 

On small machines a very clear dependence of 5, on the 
phase advance between neighbouring crossings has been ob- 
served 2q20)21). Whe n approaching an integer tune, multiple of 
b, p approaches J-C from above, and in the linear model high- 
er values of E are obtained from eq. (2) for the same Q-shift. 
This was all nicely consistent with the data,that exibited the 
expected constant limit value for bQ. Higher values of lumi- 
nosity were also obtained near the integer at SPEAR I, but 
6Q was now increasing with t @. Early one dimensional compu- 
ter simulations of the strong-beam strong-beam interaction22) 
were in qualitative agreement with observation and actually 
motivated the choice of the ADONE operating tune. The strong 
tune dependence was no longer observed at SPEAR II. On AC0 

Table II - Exponents of a fit with Y = a EX - L(E), I(E) measured,a, cc E. Other exponents computed from eq.(1),(3). 
All quantities measured at the space charge limit.- 

I y 
AC0 (.3+.5GeV) . . . . . . . 
ADONE (.45+.9GeV) . . . 
ADONE (&.9GeV) . . . . . 
DC1 c.8 t 1 GeV) . . . . .., 
VEPP-2M (-.35+.55GeV, 
SPEAR I1 (.6t2.2GeV) 
SPEAR II (2.2+3.7GeV) 

i 

; 

, 

0: 
ass. 

u:.u; 0; 
{v 

1 2 1 .5 
1 2 1 1.5 

0 
UxXU” 0 0 0 

- 

1 .5 -.5 2.1 
1 1 0 -. 4 

.5 
1.5 

0 

.6 
-1 .4 

Comments 

Current ltd .; size controlled by coupling 
Round beams. 

My fit to data presented in Ref. 2. 
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m,n - PEP 1 bunch 
p,q - PETRA 2 bunches &,E, 

Fig. 2 - tvM, 5, for various machines. t,,: full line, E, : 

and DC125), operating in coupling below the integer ,extensive 
studies on the contours of good lifetime areas as a function of cup 
rent regions have been performed. Islands along the Q,= Q, 
line shrinking with increasing 5 were found, consistent with 
the 5 values being limited by the distance from a nearby low 
order nonlinear resonance. 

For the new large machines the situation is even more 
complex, and limitations due to machine imperfections can obs- 
cure the issues. This is best described through twoexamples. 

Luminosity and lifetimes at several places in the tunedia- 
gram have been measured at CESR 5): a complex patternof syn- 
chrobetatron and other nonlinear resonance lines has been evi- 
denced, along which lifetime becomes bad; large variations in 
the amount of blow-up are reported for small changes in tune. 
A strong-strong, three-dimensional computer simulation, bas- 
ed on a theoretical model has been developed35) that computes 
luminosity and can identify bad lifetime regi0ns.A complex pat- 
tern of good and bad regions has been predicted, and the ex- 
perimental dependence of luminosity on current, including the 
lifetime limit, is rather well reproduced. The simulation e- 
vidences clustering of the best operating tunes near the in- 
teger and of the bad regions around calculated resonance 
lines. 

The influence of machine imperfections is well illustrat- 
ed by the measurement reported from PETRA in Ref. 4). At 14 
GeV, two bunches per beam, and N 3.3 mA/bunch, luminosity 
was limited by strong blow-up to around 1x10? By careful cor- 
rection of the closed orbit, the dispersion function in the ca- 
vities and the horizontal and vertical dispersions at the cross- 
lng point, the blow-up was completely eliminated (as evidenced 
by the measured beam cross section being constant as a func- 
tion of current) and luminosity increased by a factor of more 
than 3.5. The 5, value obtained without any blow-up and minf- 
mized vertical emittance is -. 034. Strong-weak and strong- 
strong three-dimensional computer simulations, including the 
effect of errors, done for PETRA36), show that resonant blow 
up, dependent on the value of 5 , tune and number of bunches, 
also observed in other recent simulations 37)38)3g)and theoretical- 
ly predicted 40) can be greatly enhanced by machine imperfec- 
tions. The best results are predicted for tunes -.l above the 
Integer (in the particular computation not a multiple of b). A ra- 
ther strong dependence of the blow-up on energy is found. Si- 
milar computer simulations for LEP are reported in Ref. 41). 

Last, in the region of phase advance per crossing close 
to and above a multiple of b, the threshold for possible beam- 

dotted line. - 

beam induced coherent oscillations is highest 42) 
. 

Dependence on the number of bunches 

At AC0 and ADONE, the only low energy machines oper- 
ated with different number of crossings, a clear dependence of 
the space charge limit on the number of bunches was observed. 
At AC0 the limit value of gv was proportional tofi2”) At ADO- 
NE 6Q ,., was proportional to irb but, by virtue of eq .(2) and of 
the operating tune (3.05) being very close to the integer, the 
dependence of 5, on b was much less pronounced23),again con- 
sistent with a limit on 6Q rather than c. 

At PETRA maximum achieved luminosity is independent of 
the number of bunches 27) (in a tune re,gion where 6% bQ) in- 
dicating that EXH. tvM ab. A strong effect ofthenumberofcross- 
ings on the vertical beam size blow-up is exhibited by the DESY 
computer simulation 36) when machine imperfections are includ- 
ed, indicating that a lower space charge limit in multi-bunch 
operation is to be expected from the model. 

Data from PEP 6) at 14.5 GeV, with one and three bunch- 
es, at different tunes (Q,% 18.17, 18.19, 18.761, show con- 
sistently lower values of 6Q, for three-bunch operation, the 
ratio of one to three bunches being rather close to fi. At 11 
GeV the ratio between maximum achieved tune shift is instead 
close to 1 (a reverse energy dependence would have beenex- 
petted on the basis of say a diffusion-like model). Given t$t 
operation with three bunches may not have been optimized , a 
firm conclusion should wait. 

Concluding remarks 

Lower than design emittance seems a common factor,limit- 
ing luminosity, on new high energy machines. This point cer- 
tainly needs attention, Improved diagnostics and control equip- 
ment also seems vital to the achievement of better luminosities. 

Computer simulations have come a long way and quantita- 
tive predictions are being made on how to improve performan- 
ce. It would be interesting to see whether the programs can ex- 
plain a wide set of data such as that available from simpler, 
lower energy machines. 

New promising techniques like wigglers magnets and minip 
sections, now under test, let us hope that improved performan- 
ce of electron storage rings is on hand. 
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