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1. Introduction

The first experiments concerning the observation and
investigation of the beam-beam effects have been per-
formed in Novosibirsk and Stanford using the colliding
electron-electron beams facilities">°. It has become cle-
ar that nonlinear interactions between colliding beams
will determine the major limitations of the luminosity of
such facilities. In particular, the following effects were
observed:

a) formation of a set of islands at betatron frequen-
cies near the nonlinear resonances;

b) a diffusive (non-resonant) increase of the sizes of
one or two beams at betatron frequencies far from the
resonances;

c) shortening of the life time.

The further experiments have been performed using
the colliding electron-positron beam facilities. Despite
the fact that for electron-positron beams the opposite
beam from a defocusing nonlinear lens has turned into
a focusing one, the character of the beam-beam effects
has remained unchanged.

As far as the theoretical aspects are concerned, there
are two basic directions of research.

Hamiltonian formalism, ongmal]y deve]oped to study
the nonlinear effects in accelerators™®, has been applled
successfully to analyse the beam- beam effects®. This
approach has made possible to obtain a qualitative noti-
on about the mechanism of excitation of nonlinear reso-
nances, to derive analytical expressions for the width of
the bucket of betatron nonlinear resonance (BB) and
the frequency of oscillations around the centre of it, for
the case of one-demensional systems. The criteria of re-
sonance overlap and the appearance of the stochastic
regime have been estimated in for the first time. With
a great number of the factors involved (two-dimensio-
nality, modulation, interaction between the resonances,
etc.), the quantitative description has turned out to be a
complicated problem.

Computer simulation has begun evolving later®™
and its possibilities expand as the method is developed
and with the progress in computers. At present, compu-
ter simulation allows a great deal of factors to be
taken into account and interesting, for practice, results
to be derived. As a matter of fact, it offers the possibi-
lity of finding the sizes of the beam and its luminosity.

However, it is unworthy contrasting these methods,
these rather complement one another and continue to
develop. At the first stage the studies have been mainly
connected with an interaction between a particular par-
ticle and the electromagnetic field of a bunch, i. e. the
so-called model of the weak-strong beam. In recent
years, computer simulation has allowed to advance the
sdudy of the strong-strong beam model The
analytical approach is being advanced as well 2%

Due to the building of big facilities (LEP, HERA,
ASC, SSC and the others), an interest to the beam-beam
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effects has recently increased, which is evidenced by in-
teresting reviews of the theoretical and experimental as-
pects reported at series of Schools and Seminars™™

In the present report the authors would like to pre-

‘sent breafly the current status of the beam-beam effects

problem and to discuss some important questions. The
report deals with the electron-positron storage rings in
the work on which the authors are being involved. The
authors have used also the information and the data of
the special questionaries obtained from the corres-
ponding accelerator centres.

2. Basic reasons for an increase of the beam sizes
and the luminosity limits

In this Section we will consider the major features
of the dynamics of colliding beams in an ideal magnetic
structure, which implies the same interaction points and
the same phase shifts of betatron oscillations between
them, symmetrically to the force of the colliding beam
as well as the absence of the nonlinearities in the mag-
netic  structure, etc. The influence of the machine
imperfections and errors wili be considered in the next
Section.

2.1. Major linear effects.

Considering the opposite heam as an equivalent
short lens for the amplitudes of small oscillations of
another beam, we obtain the known expression for a
linear shift of the frequencies of betatron oscillations
per interaction points:

_ B2 Nro
5= o0 (000

It is known that this tune shift differs from the true?®
Av one equal to

Avs (v1+28ctgpuy —1) tgn,,
where p, is the betatron phase advance between the in-
teraction points.

In addition, this effective lens causes:

a) a change of the B-function and the n-function at
the interaction points:
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b) the perturbation of these functions along the ring;

c) a change in chromatism.

[t is easy to see that at realistic values of § and p,
these perturbations are significant (see Table 1). They
are strongly dependent on the operating point. With p,
taken a little large than (qn), on the one hand, Av de-
crease at fixed g, and, on the other hand, the perturba-
tions in the structure grow.

The structure pertubations can give rise to an incre-
ase in vertical size even in the linear model. This is due
to that the vertical size in storage rings is mainly for-



med by the combined effect of specially-established
skew-quadrupoles and spuriously rotated lattice quad-
rupoles. The change in the structure and in the phase
advance between the rotated quadrupoles varies the
force of linear coupling resonances and the magnitude
of the vertical n-function. This violates the coupling
compensation condition. It cannot be ruled out that a
fine turning of a good luminosity regime is connected
with the method of suppressing the coupling between
the vertical and radial oscillations.

2.2. Qualitative analysis of the nonlinear effects.

A regular passage of a particle through the nonli-
near lens, i. e. through the opposite beam, creates the
conditions for the excitation of betatron oscillations
near the nonlinear resonances, which satisfly the rela-
tion: mv:+nv.=k. The parameters § , and, correspon-
dingly, Av, , characterize the spectrum of betatron fre-
quencies which arises during the interaction with the
nonlinear field of the colliding beam. In fact, we have
the dependence of the frequencies on the oscillation am-
plitudes. On the plane of betatron frequencies the regi-
on occupied by the beam particles depends on a relation
between the beam sizes (0., o)) and (Av.,, Av,)
(Fig. 1) The size of the «tie» increases with increasing
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the number of particles N (Av, and Av,, respectively),
so that the number of resonances, crossing the «tiex,
also increases. The resonances, intersecting the right
upper part of the «tie» where there are the smatl-ampli-
tude particles, determine the size of the beam, while
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those intersecting the left lower part have influence on
the dynamics of large-amplitude particles and, hence,
on the lifetime.

For one-dimensional oscillations, the bucket of beta-
tron nonlinear resonance (BB) may be presented in the
phase plane (Figs 6,8). The width of the BB regions of
a particular resonance is independent of the number of
particles in the opposite beam, but is determined by the
position of these buckets on the phase plane and decre-
ases with an increase of the order of the resonance
{(m—+n).

As the number of particles grow, the BB regions be-
come closer and with the buckets overlapped the sto-
chastic regime can occur . However, even before such
an overlap the formation the BB changes the particle
distribution function and can lead to an increase in the
beam size.

2 2
As a rule, in electron-positron storage rings %-—<<g—

and ¢.<0,. This favours the excitation of th- coupling
resonances including the difference ones for which even
an insignificant exchange of the transverse motion
energy, between the horizontal and vertical degrees of
freedom is important. A detailed analysis® of the
two-demensional motion for the beam model with
6,< 0, has been made. As it was shown, the degree of
coupling on-the resonance mv,+nv.=k% is given by a
m? Ee

parameter g= T {where » is emittance ratio;
&2

x=¢,/¢,), so that for a conventional situation g<«1 the
resonance affects only the vertical size of the beam,
leaving horizontal one unperturbed. The important role
of the mechanism of the vertical beam size excitation by
coupling resonances is discussed in the Ref.%.

2.3. Modulational resonances

The beam-beam effects are further complicated beca-
use of synchrotron oscillations. The general condition of
the resonance is mv,+4nv,+ lv,=k, for this case. The

character of the particle motion in resonance depends

on a relation between the frequency of synchrotron mo-
tion v, and that of oscillations in BB region. In modern
storage rings v/q{(m+n)<CE, therefore the beam
region can be intersected by the major and the modula-
tional resonances simultaneously.

The particle motion is charaterized by two pairs of
parameters: phase advance 'y, , from one interaction
point to another and by the interaction with the opposite
beam &, ,. In view of this, all types of modulation can be
grouped into a) p-modulation and b) E-modulation.

We would like to indicate some of them:

1) w-modulation because of machine chromaticity:

Ap=2n»—§v— APsinE;
apP/P q

2) w-modulation of the phase advance between the
interaction points because of the longitudinal motion:
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where AS is the amplitude of longitudinal oscillations;
3) &-modulation because of the n-function at the inte-
raction point:

2

AL, ~ *_l‘(_n_‘_éﬁ) sin(%\{);
& 2 \o, P q

I3
ez




4) t-modulation caused by a strong dependence of the
p-function on the longitudinal coordinate at the interac-
tion point (B=8,+AS?/B,)

AL, AS? L vt
& 4

5) &-modulation because of the B-function chromaticity
at the interaction point:
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Some of the types of modulation are compared and
their joint action is studied in Ref.*’. In real storage
rings the p-modulation is the strongest because of the
longitudinal motion (type 2). Since the power of the si-

deband resonances is ~Jz("7'Aﬂ), it is easy to see that
Vs

at a large amplitude of synchrotron oscillations the si-
detand resonances become comparable with the major
ones, while the latter can.vanish. Such a situation is
easily realized at typical parameters of storage rings.
One can show that the fotal area, on the phase plane,
occupied by the regions of nonlinear resonances, can
substantially increase when the modulation is intro-
duced.

Modulational (synchrobetatron) resonances have
been observed at many storage rings and determined,
to a considerable extent (for example, on the DORIS
device), the maximum value of §. A large number of
papers is devoted to the investigation of synchrobeta-
tron resonances in storage ring53 -3,

Let us note that in a study of the possibilities of ob-
taining a monochromatic regime by the creation of a
large vertical dispersion of an opposite sign for electron
and positron beams®, it has turned out that the modu-
lational resonances increase the vertical] betatron size
and deteriorate the monochromatisity® already at
£E=0.015.

The problem arises whether there is a correlation
between the betatron-oscillation and synchrotron-oscil-
lation amplitudes. An analysis of such a correlation can
give useful information on the mechanism of arising of
the modulational resonances and their influence. For
this purpose, use has been made of the experimental re-
sults concerning the Y-resonance at VEPP-4. It is
known that the natural width of the Y-resonance is tens
times smaller than the summary energy spread. Corre-
lations can vary an effective energy spread and, corres-
pondingly, the number of Y-mesons (Ny) per unit lumi-
nosity integral {Ldt~N.. i the particles with large
energy deviation acquire large amplitudes because of
the beam-beam effects, the ratio Ny/N. wiil grow as
the size increases and vice versa.

Fig. 2 presents the results of these measurements.
The yield of Y-mesons at the top of the resonance,
which is normalized over the luminosity integral, is laid
off along the ordinate axis. It is seen that the ratio re-
mains first unchanged as the size grows, but at 10 mA
currents a small decrease in the yield of Y-mesons is
observed. Thus the tendency is observed for an increase
of the betatron amplitudes of the particles with small
(rather than large) amplitudes of synchrotron oscilla-
tions. Such an effect may be explained as follows. The
VEPP-4 betatron frequency are chosen such (Fig. 1)
that in the small-amplitude region (a., a.) (these am-
plitudes mainly determine the density in the centre of
the bunch and the luminosity) there is no strong modu-
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lationai resonances. Since modulation weakens the force
of the major resonances intersecting the beam core, the
amplitudes of the central particles will most probably
grow at small modulation, thereby resulting in reduc-
ing the ratio N;/N... A strong modulational resonance
2v,—2v,—2v.=Fk has influence basically on the par-
ticles with large amplitudes. This tells first of all on
the lifetime rather than on the density in the centre.

At high currents, the observed lowering of Ny/N.. is
not significant, but exceeds the statistical accuracy
roughly by a factor of 3. It would be interest to ana-
lyse measurements results concerning narrow resonan-
ces at the other facilities.

2.4. Damping and quantum fluctuations.
Similarity problems.

As it is well known, beam sizes in electron-positron
storage rings are determined by quantum fluctuations
of radiation and radiation damping. Diffusion of the
amplitudes of synchrotron oscillations changes continu-
ously the power of modulational resonances, thereby
varying, correspondingly, the widths of the BB regions
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Fig. 2. The vertical size (l/0.) of the beam and
relative yield of Y-mesons (N, /N.) vs. the beam
current.

of the main and modulational resonances. The latter
leads to the particle capture in the BB regions or to
their damping. This results in amplilying the diffusion
coefficient and in increasing the’ beam sizes. A similar
situation occurs with the sum and difference resonances
as well. Diffusion of the amplitudes of radial oscillati-
ons changes the position of the amplitudes in the BB
regions of two-dimensional resonances and the beam
sizes grow as a result.

As has been shown®, damping makes smaller the BB
width and limits the order of the resonances being ope-
rated. The storage rifng experiments indicate that, due
to damping, & increases with increasing the energy ac-
cording to the empiric relation E~v", where n=0.5—1.5
for different facilities®*. This means that the luminosity



grows faster than +vy* At VEPP-4, within the
1.8—3.5 GeV range E increased from 0.03 to 0.55.
However, no considerable § increase was observed in
the range of 3.5—5 GeV energies (Fig. 3). The ten-
dency to saturation of £ with the energy was observed
at the other facilities as well.
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Fig. 3. Luminosity vs. energy
(VEPP-4, 1984 scanning).
An attempt®**® has been made to compare the facili-

ties by introducing the universal damping decrement §
on the section between tWo interaction points. One can
easily see that if relative decreases in the amplitude,
caused by the damping between two interaction points
are the same, than beam-beam dynamics should be
identical. The authors have constructed, for some facili-
ties the dependence of the parameter § on the dimensi-
onless damping decrement §=1/tfq (g is the number
of the interaction points, f—the revolution frequency,
t—the time of damping) of various facilities. The re-
sults obtained were rather uncertain, with large spread.
Such an analvsis is likely to be not correct because of
the fact that the maximum value of £ is usually limited
by the minimum admissible lifetime (1—2 hours). In
fact, equal lifetimes correspond to diffirent number of
collisions in the facilities with different orbit lengths.
So the facilities VEPP-2M and LEP differ by 200 times
with respect to the time between collisions and, hence,
there is no sense to compare them, basing on the para-
meter 6. Nevertheless, one can say that with equal and
admissible lifetime on larger-size facilities the larger §
can be expected. An attempt to construct an universal
dependence on Av/y=f(1/2ge) (¢ is the radius of a
machine) © has not however revealed a definite depen-
dence. The distinction of the facilities in many other pa-
rameters (v, 0:/0,, B, m, efc.) brings about a consider-
able discrepance in the presented results.

3. Large amplitudes and lifetime

It is known that the nature of the motion at large
amplitudes determines the lifetime and the background
conditions. That has usually a resonance structure
(Fig. 4).“ We would like to emphasize two circums-
tances.

|. The appearance of non-gaussian tails in the den-
sity distribution. Due to scattered light, there is no
usual possibility of observing the beam density at high
amplitudes (>40) using synchrotron radiation. The
technique with the probes in the storage ring aper-
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ture”* has made it possible to trace the tails at lar-

ger amplitudes. It has turned out that at these amplitu-
des the particle densnty is much large than that of a
gaussian distribution 47

2. Decrease in the effective aperture, the appearance
of the so-called «dynamic» aperture. This means that
there is a definite amplitude of oscillations beginning
from which the particle moves to the wall and gets
lost. Both factors (dynamic apertures and X-tails) have

Fig. 4. Background vs. working point (VEPP-4).

influence on a2 maximum § and determines the depen-
dence of this parameter on the aperture limitation.
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Fig. 5. The maximum &, vs. the aperture for diffe-
rent interaction points (VEPP-2M, 0.5 GeV, weak-
strong beams): 1. The basic interaction points

(0.<0x, p-=5 cm, B,=40 cm); 2. The after interac-
tion points (0.= 0y, P.=150 cm, B,=25 cm).
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Fig. 5 demonstrates £ against the aperture in the
«weak-strong beam» reglme for the interaction points
with different -functions*®. The parameter §, was taken
to be such, as to lead to the constant value of the life-
time of the weak beam. It is seen on the diagram that
for the main interaction point § begins decreasing at

A:/0,=30, though A, /o.=70. In the given case
{curve 1), the character of the dependence §=f(A./0.)
may be accounted for by the appearance of aperture li-
mitation beginning at A./o. (dynamic aperture). For
the other interaction point (curve 2) the character of
the above dependence is completely diiferent and the
distribution tails extend to a larger amplitudes.

A study of the particle motlon at large amplitudes
for the case (1) has been made®. The indications have



been obtained that initially the amplitudes of vertical
oscillations increase and then, at rather high verti-
cal-oscillation amplitudes, the radial ones build up fast
and the particle is lost as a result, which is apparently
due to the influence of the coupling resonance. The
VEPP-2M experiments also evidence in favour of such
a mechanism of appearance of the «dynamic» aperture.

At present it is planned to install the «snakes» at
some facilities to increase the phase volume and, cor-
respondingly, the luminosity. In view of this, the ques-
tion concerning the value of £ when increasing A/¢ is
important.

4. The influence of errors

There exist some reasons giving rise to the distinc-
tion of the real motion of particles in storage rings
from the ideal model. The influence of imperfections on
a decrease of the maximum values of £ has recently
been discussed in a number of papers. Taking into ac-
count the errors in the structure, computer simulation
has been performed for the facilities PETRA, PEP and
some others. In particular, the simulation results for
PEP' have shown that possible errors reduce the lumi-
nosity by a factor of 2. .

A fine tuning of the maximum luminosity, mainly de-
termined by the skill of an operator, basically consists
in eliminating the errors. An important role here is
played by the orbit distortions in sextupoles influencing
both the structure and the coupling. For example, on
the facility CESR there is the so-called «golden orbit»
at which the maximum luminosity is achieved®. This
orbit does not correspond to the minimum distortions
measured using pick-up electrodes. Similar results have
been obtained at some other facilities too.

In what follows the influence of some certain types
of imperfections will be considered qualitatively, with
the experimental results for VEPP-2M and for VEPP-4
involved.

4.1. Different positions of the interaction points and
the errors in phase advance.

It is known that the ideal model the set of betatron
tunes at which nonlinear resonances appear is deter-
mined by the condition:

2mv=k-gq ,

where £ and m are the integers and ¢ is the number of
the interaction points. The coefficient 2 in this condition
results from the symmetry of the space charge «force»
of the opposite beam. The quantity ¢ on the right hand
reflects the symmetry of the azimuthal motion. The re-
sonance power is determined by the order of P=2m. 1i
the B-functions are different at the interaction points or
there are errors in the betatron phase advance between
them, the symmetry of the azimuthal motion violates
and a set of additional resonances appear:

2mv=kg+1

where [ is an integer. In modern facilities it is easy to
measure and correct the B-functions. In view of this, a
real danger, relative to the beam-beam effects, is the
inequality of the phase advances between the interaction
points. The effect of additional resonances is illustrated
in Fig. 6. Here the particle trajectories in phase space
are given for the model with two interaction points and
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a round opposite beam. In the first case (Fig. 6a), the
phase advances between the collisions are equal. 1t is
seen here the BB regions of nonlinear high-order reso-
nance: v=2/24. In the second case (Fig. 6b), the phase
advances are distinguished by Ap=0.03-2n. Here the
lower-order resonance appear 1/12, with large BB re-
gions. In both cases the total phase advance was the
same and corresponded roughly to the position of the
VEPP-2M operating point at which the dependence of

a) Ap=0,

b} Ap=0.03-2an

Fig. 6. The appearance of an additional resonarces
because of errors in the betatron phase advance
{An) between the interaction points - (weak-strong
beams, £=0.03, two interaction points, v=3.08).

the intensity of the beam-beam effects on the misalign-
ment of the magnetic structure was observed experi-
mentally. With the wiggler installed, the necessity ari-
ses to compensate for the error in the phase advance.
The diagram in Fig. 7 represents the experimental data
obtained. The relative increase in the size of the weak
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Fig. 7. The increase in the size of a weak beam vs.
phase advance at the VEPP-2M.

beam is plotted on the vertical and the difference in the
betatron phase advances between the interaction points
is laid off on the horizontal. The total phase advance
has remained unchanged. The minimum seen on this di-
agram corresponds to the equality of the phase advan- -
ces between the interaction points.

4.2. Orbit separation at the interaction points.

As has been mentioned above, the set of resonance
frequencies in the ideal model depends basically on the
symmetry of space charge forces. The orbit separation
at the interaction points violates this symmetry and
leads to the appearance of additional resonances.

In the case of a facility with a single interaction
point (VEPP-4), at ideal orbits alignment, the set of
resonant frequencies will be the following:



2mv=~Fk .

When separating the orbits, additional resonances
must appear because of symmetry breakdown:

@2m+1)v== .

This effect is illustrated in Fig. 8. Here one can see the
particle trajectories in phase space for the model with a
round beam and a single interaction point. In the first

Fig. 8. The influence of the small orbit separation
(£=0.03, v=0.565): a) Ax=0; b) Ax=0.10.

case (Fig. 8a), the orbits at the interaction point are
exactly aligned and the BB regions of the nonlinear re-
sonance v=2/14 are seen on the phase plane. In the se-
cond case (Fig. 8b), the orbits are separated by 0.lo.
On the phase plane, on the place of the 2/14 resonance,
there are the considerably large BB regions of the 1/7
resonance.

The appearance of additional resonances on account
of an insignificant radial orbit separation at the interac-
tion point was experimentally observed at VEPP-4.
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Fig. 9. The specific luminosity (L.,) and the particle loss
rate (N) near resonance v,=70/6 for the different orbit
separation. a) Uswp=0 kV (Ax=0.10); b) Us.p=20 kV
(Ax=0); ¢) Uwp=40 kV (Ax= —0.10).

Fig. 9 presents the diagrams of the particle losses from
a weaker positron beam and those showing the depen-
dence of specific iuminosity on the tune when the opera-
ting point intersects the resonance 60/7, for various
voltages on the plates of radial orbit separators. The
experimental procedure and conditions are similar to
those described in*. It is seen from these measure-
ments that the resonance 60/7 manifests only in partic-
le losses and has no influence on the specific lumino-
sity. In practice, the latter is not dependent on the vol-
tage at the plates, i. e. it is impossible to use this para-
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meter to control the orbit separation. At a 20 kV vol-
tage on the plates the resonance v,=60/7 disappears.
One can conclude that this voltage corresponds to a
correct radial alignment of the orbits at the interaction
point.

A reduction of radial misalignments at the interacti-
on point at VEPP-4 has resulted in increasing the lifeti-
me of particles in the beam-beam limited regime.

4.3 Influence of the nonlinear components
of a magnetic field.

The nonlinear components of the guiding magnetic
field of a storage ring have an influence on the
beam-beam effects, first, in reducing the dynamic aper-
ture because of the action of the resonance harmonics
of the «machine» nonlinearities® and, second, in chan-
ging the dependence of the frequency of betatron oscil-
lations on the amplitudesw 2

In the case of one-dimensional motion, an addition to
the variation in tune with respect to the amplitudes be-
cause of the «machine> nonlinearity can be described
using the following expression:

Av=R-.a?,

where a is the amplitude of betatron oscillation and R
is the nonlinearity. The main contribution to R usuaily
comes from sextupole fields used to correct the chroma-
ticity and the octupole fields which can appear because
of the imperiection of the magnetic elements. It is
known that the nonlinearity of betatron oscillations in-
troduced by the space charge «force» of the opposite
beam is negative, i. e. as the amplitude grows the fre-
quency of betatron oscillations lowers. [f the effect of
«machine» nonlinearities is such that the frequency in-
creases with increasing the amplitude, then there must
exist the region where a negative beam nonlinearity is
compensated by a positive «machine» nonlinearity. In
this region the resonant motion of a particle is not sta-
bilized by quadratic nonlinearity, therefore the resonant
oscillations of the betatron amplitude increase strongly,
thereby changing the.«dynamic» aperture. The phase
trajectories on Fig. 10 illustrate this effect.

Fig. 10. The increase in resonant oscillation ampli-
tude 8t a positive «machine» nontinearity. The mo-
del: round beam, §=0.03; a single interaction point,

a) v=0.565, the «machine» nonlinearity is zero:

b) the «machine» nonlinearity ﬁglz—ziZO cm™!,
a

v=0.5575 the phase the
£=2.2x107% rad.cm.

volume of beam

In the motion at large amplitudes, where the frequ-
ency-amplitude dependence is determined by the expres-
sion (1), the condition of overlap of two beam-beam



driven nonlinear resonances will be:

1/2 12
VAV iopj i,

vy —v,l

where v, and V|, are the resonant frequencies and
harmonics. It is seen from this expression that at large
absolute magnitudes of nonlinearity the conditions of
resonance overlap and instability appearance become
less restrictive, in the high-amplitude region. The expe-
rimental data dealing with an observation of the influ-
ence of the cubic nonlinearity of the guiding magnetic
field of a storage ring on the beam-beam effects can be
found in Ref.*

5. Strong-weak and strong-strong beams

In the foregoing section we have discussed the beha-
viour of a" single particle for the interaction with an in-
tense strong bunch. The distinction between the
strong-weak and strong-strong systems have been
analysed in a number of papers.

In the experiments, two regimes were observed in
the behaviour of two strong beams:

a) the size of one of the beams remained unchanged
while that of the other increased;

b) the. sizes of both beams increased simultaneously.
So, at the VEPP-2 weakly-focusing ring the case
(a) was realized. Note that if the oscillations are preli-
minarily excited in one beam with a help of a kicker,
the size of this beam is larger, than that of the opposite
one, even il its intensity is higher. This phenomenon
called the flip-flop effect was observed on a number of
facilities*®. The flip-flop occurs readily if the operating
point is a little below the strong resonance because the
regime of simultaneous formation of BB regions for
both beams is unstable.

In modern strongly-focusing storage rings, one
succeeds in avoiding strong resonances, with the frequ-
encies properly chosen. This makes it possible to find
such a regime (b) when the siies of both beams grow
simultaneously. For example, at VEPP-2M, VEPP-4
and some other facilities the vertical sizes double in the
standard regime of data collection (see Table).

However, even in this case the peak currents can
exist at which the flip-ilop occurs.

The phenomenologlcal model demonstratmg how
flip-flop effect emerges is described in Ref.**. Using the
prerequisities*®, the author has assumed that the verti-
cal size o, of one of the beams depends on the current
J, and size o, of the second, according to the expression

G+ ()’

where a and p=const, determining the character of size
variation are constant.

Such a mode! allows to find the critical values of
the current J* and the size 0§ at which the flip-flop ei-
fect can occur:

S () () 2
o ——) . gp=0,
a p—2 p—2 p—2

It follows from the above relations that the flip-flop
efiect can occur only for the parameter p>2. The esti-
mates* are in accord with the experimental results.
Uniortunately, such a description provides no guide to
particle dynamics in the strong-strong beam system.

The study of the beam-beam effects at VEPP-2M

1/2
"=
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and VEPP-4 has shown that in the strong-weak beams
regime the limiting value of E is somewhat higher
(about 1.5 times) than in the case of two strong-
beams. The equality of the lifetime has usually served
as a criterion for comparison. The difference in the va-
lues of § indicates some peculiarities of an interaction
between two strong beams.

Coherent instabilities. The possibility of coherent insta-
bility for the lnteractlon of two colliding beams has
been noted in**% ? the conditions have been derived
for excitation of the 2nd, 3rd and 4th modes of two
strong beams. The data obtained show that the restric-
tions on the parameter £ are of the resonant nature,
and the quantity & approaches the real values at the
facilities.

However, no experimental results concerning the ob-
servation of such instabilities are known to the authors
for the time being. A study of two strong beams is a
complicated experimental problem and there is still
little experimental information. In addition, the
single-beam effects also complicate the picture
(head-tail, fast damping, etc.).

6. Comparison of the facilities

Table lists the parameters of some facilities, their lu-
minosity and the maximum values of &, Av. Of interest
is to compare them, to discuss the effect of certain pa-
rameters on &.

Betatron frequencies (Fig. 11). The phase advance is

closest to nn at VEPP-2M, VEPP-4 and PEP. The ma-
ximum &, have been achieved exactly.at these facilities.
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Fig. 11.
The values of v, and v, at PEP and SPEAR have been
taken slightly below the difference resonance

(vi—v.=Fk) so that the «tie» of the tune spread conve-
niently lies within the cell free from the resonances.
The operating point of VEPP-2M, VEPP-4 and DORIS
lies slighly over the diifference resonance, therefore the
«tie» is elongated in the vertical direction (£,>E,) since



as & grows the coupling resonance or its satellits
starts operating. The betatron tunes of PETRA have
been chosen far from the difference resonance and this
makes it possible to have readily a small phase volume
at high energies and, correspondingly, the tie of tunes
with £,>>E,. The CESR «tie» of tunes intersects the line-
ar coupling resonance and, hence, the coupling is consi-
derable and E.=E,, as a consequence.

It is likely that the choice of betatron tunes for diffe-
rent facilities has been made proceeding from different
arguments.

to a small v;/g (=~0.005) which determines the power
of the most dangerous modulational resonances associ-
ated with longitudinal oscillations. At VEPP-4 and
CESR, B./0.~2 and v,/g~0.02 and that is why the
further decrease in B. did not result in increasing the
]uminosity“.

Parameters of the interaction point; the coupling. The
relationships between o, and o, are considerably diffe-
rent for different facilities. The VEPP-4 beam is the
flattest. At all the facilities, except for DORIS and

CESR, the coupling is corrected by skew-guadrupoles.

VEPP-2M [SPEAR | DORIS-2 | VEPP-4 CESR PEP | PETRA
E (GeV) 0.5 1.54 5 5 5.28 14.5 17.5
q 2 2 2 1 2 6 4
wo/2n 1.54 2.59 2.62 9.57 4.695 3.037 5.642
We/2m 1.53 2.615 3.58 8.55 4.685 3.547 6.281
v, 0.01 0.03 0.02 0.049
B (m) 0.03 0.09 0.055 0.12 0.03 0.09 0.08
s (m) 0.3 0.87 0.640 3.0 0.9 2.7 1.3
n {m) 0.4 0 —0.36 0 0.8 0 0
B./01 1.0 3 3 2 1.5 45 6
v, /a(AP/P) 0.5 1.1 2.5 0.5 2 2 3
dv./d(AP/P) 0.5 0.6 2.5 0.5 2 2 3
Ve ex 0.1 0.24 0.2 0.04 0.1 0.18 <0.1
As/ox 10 >10 10 18 15 15 13
A:/c: 40 >80 60 45 50 65 90
§=1/g1f 02-107° | 4-1075| 24.107% | 29.10°° 5.1073 14-10—%| 30-10-3
0,/0. 30 12 20 120 30 40
E 0.050 0.033 0.026 0.06 0.021 0.047 0.04
Av, 0.035 0.029 0.024 0.046 0.021 0.033 0.037
Av.-q 0.070 0.058 0.048 0.046 0.042 0.198 0.148
Ex 0.015 0.026 0.014 0.017 0.021 0.047 0.016
Av, 0.012 0.024 0.013 0.015 0.020 0.035 0.015
Avi-gq 0.024 0.048 0.026 0.015 0.040 0.210 0.060
AB./B: (%) —83 —27 —15 —57 —14 —85 —16
AB./Bx (%) —41 —16 —15 —28 5 —69 _9
0 (Enar) /00 15 1.1 1.9 2.0 5
T(E,..) (min) 20 180 20 120 © 50 240 420
L, (cm~2s~') 10% 3 | 06 30 5 15 30 17

Synchrotron frequency v,. Large values of synchrotron
frequencies reduce the width of the operating cell be-
cause of the modulational resonances. As it is known,
at SPEAR, aiter a new RF system had been introduced
one had to increase betatron tunes*’. The conventional
practice is to avoide both machine and beam satellites.
If for the machine satellites the quantity v, is important
then for the beam ones wv,/q is of value, both being
strongly difierent at large ¢ (PEP, PETRA). In view of
this, the quantity v, and v,/q have effect on a choice of
the operating point.

The ratio B./0, is the lowest (=~1) at VEPP-2M, while
the quantity & here is rather high. It is likely to be due
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Chromaticity. At all the facilities there is a small posi-
tive chromaticity and the modulation & is negligible be-
cause of this chromaticity.

A relative damping decrement §. As has been mentio-
ned above, it is diificult to trace the dependence on this
parameter when the fasilities are compared.

The total shift of betatron tune (Av,-g, Av.-g).

At the facilities with high ¢ (PEP, PETRA) the total
shift of betatron frequencies and, correspondingly, the
size of the «tie» can achieve large values. In this case,
it is natural that the number of dangerous «machines
resonances grows. The question concerning admissible




maximum values of the total shift of frequencies is not
completely clarified yet.

Lifetime and £. As it is seen from the Table, when
finding & different criteria for admissible lifetime have
heen taken at diiferent facilities. This is likely to dis-
turb the picture of comparison.

Luminosity. The luminosity is determined as follows:
E-Eviefo
L2220 10

ﬂz‘ﬂ% o

where &, is the radial phase volume.

In the foregoing we have discussed the influence of
the beam-beam effects on the parameters &, and £.. As
it is seen from the expression for luminosity, the other
parameters also play an important role. So, for example,
the facilities VEPP-4, CESR and DORIS-II operating
within the equal range of energies have different g, and
k.. It is this circumstance which is due to the difference
in the magnitude of luminosity.

7. Conclusion

We would like to discuss briefly the possibilities of a
further increase of the parameters §, and &, and, hence,
the luminosity.

1. The elimination of machine imperfections and the
development of the methods of fine tuning of the mag-
netic structure.

2. A study of the dynamics at large amplitudes and
the mechanisms of particie losses as well as the influ-
ence of the external nonlinear fields on the lifetime.

3. A choice of the optical relationship between E./E.
and B./B.

In the authors’ opmnion, a significant role in
beami-beam effects is played by a considerable differen-
ce in the vertical and radial emittances and by the
two-dimensionality of motion. Of interest is the sugges-
tion*® to create facilities with k=1, B,=B,, n=0, and
£, =&, In this case, the motion degeneratzs into one-di-
mensional and two-dimensional resonances disappear.
As far. as E is concerned, it will not be dependent on
the bunch length. It is not difficuit to realize such a va-
riant for colliding proton-antiproton beams.

4. [t is apparent that in electron-positron facilities
the possibilities of increasing the luminosity are mainly
due to the other parameters entering the expression for
luminosity rather than an increase of §.
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