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Bench-Marking Beam-Beam Simulations 
Using Coherent Quadrupole Effects· 

S. Krishnagopal and Y.-H. Chin 

Lawrence Berkeley Laboratory, University of California, Berkeley CA 94720 

ABSTRACT 

Computer simulations are used extensively in the study of the beam-beam interaction. Tbe proliferation of 
such codes raises the important question of their reliability, and motivates the development of a dependable 
set of bench-marks. We argue that rather tban detailed quantitative comparisons, tbe ability of different 
codes to predict the same qualitative pbysics should be used as a criterion for such bencb-marks. We use the 
striking phenomenon of coherent quadrupole oscillations as one such bench-mark, and demonstrate tbat our 
codes do indeed observe this behaviour. We also suggest some otber tests tbat could be used as bench-marks. 

1. INTRODUCTION 

Tbere is mucb experimental evidence to suggest that 
the beam-beam interaction is largely responsible for 
the observed saturation of tbe achieved tune-sbift 
parameter in e+ e- colliders. However, the dynami
cal reasons for tbis limitation are little understood. 
Because the force is strongly nonlinear tbe dynam
ics is complex, and tbeoretical analyses have limited 
predictive power. For this reason one often turns to 
computer simulations for help. 

Even with simulations, it is not easy to model all 
tbe real-life effects that occur in operating storage
rings. Consequently approximations are called for, 
which, depending on the particular aspects of tbe 
beam-beam interaction being investigated, can vary 
widely. For example, when incoherent pbenomena 
are tbought to limit machine performance, 'weak
strong' simulations can be employed; tbe study of 
coherent phenomena requires 'strong-strong' simu
lations. 

The pletbora of experimental situations and .design 
goals have led, inevitably, to a proliferation of beam
beam simulation codes that differ considerably in 
the scope and extent of the physics they purport to 
model. Unfortunately, this very variety makes it im
possible to compare the codes directly against each 
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other. On the other hand, it is vital to correctly and 
exhaustively bench-mark these codes so that the re
sults they spew out may be believed, and discrep
ancies with experimental data may be attributed to 
in,complete modelling of the pbysics, rather than to 
erroneous computer codes. 

The ultimate test of tbe reliability of a beam-beam 
code would lie in its ability to reproduce at least 
some subset of experimental data gatbered at an 
operating storage ring. At present, however, be
cause of tbe many complicated effects that enter 
in real life (botb dynamical and inadvertent - sucb 
as wrongly wound magnets!), that is not possible. 
Tberefore, as a first step towards achieving tbe goal 
of reliably bench-marking beam-beam simulation 
codes, we suggest in this paper the use of qualita
tive physics in the effort. By this we refer to physi
cal phenomena predicted by (admittedly simplified) 
theories, that in the appropriate parametric regimes 
have a clearly defined functional dependence. The 
task of the simulation would be to, in those regimes, 
reproduce the general features of the prediction. 

We feel that this approach enables a more direct and 
unambiguous test of the correctness of a simulation 
code - as opposed to, for example, comparing tbe 
degree of beam blow-up under different operating 
conditions. Especially in the case of the beam-beam 
interaction, where the force is nonlinear and (gener
ally) repeated, while theory cannot be very quanti
tative, qualitative predictions are more dependable. 



Further, these predictions are independent of the 
particular features of a simulation code. Sometimes 
the differences in these features, though slight and 
subtle, can yet lead to widely different results. Such 
details are not generally mentioned in reports, mak
ing comparisons difficult. For example, some codes 
employ the feature of 'exponential averaging', where 
the average value of the beam-size over a number of 
turns is used instead of the value at a particular 
turn, in order to increase numerical stability. While 
this is useful in studying incoherent phenomena, it 
has the very serious side-effect of suppressing cer
tain kinds of coherent phenomena. 

AIl an illustrative example of the kind of qualitative 
physics we are talking about, we consider in this 
paper the case of quadrupolar coherent beam-beam 
resonances. In the next section we discuss briefly 
the theory behind· this phenomenon and, without 
going into derivations, sketch certain basic features 
of these resonances, as predicted by the theory. We 
also discuss some earlier simulation results that ob
serve this behaviour. In Section 3 we show how 
two simulation codes, developed independently and 
for different purposes, successfully observe these dis
tinctive features. In Section 4 we suggest some other 
tests that are based on different physics, and may 
be useful in bench-marking other features of beam
beam codes. 

2. THEORETICAL PREDICTIONS 

Coherent dipole motion is routinely observed in op
erating storage rings. Some of the experience with 
space-charge compensation at DCI also suggests 
that coherent effects may play an important role 
in beam-beam dynamics [I]. One general technique 
in the analysis of quadrupole coherent phenomena is 
the use of the Vlasov equation. This has been done 
for the beam-beam interaction by Chao and Ruth 
[2] and by Dikansky and Pestrikov [3]. They start 
with an equilibrium phase-space distribution 10 for 
the two beams. Assuming small harmonic pertur
bations AI from the equilibrium distribution, the 
stability of these modes is analyzed using the lin
earized Vlasov equation. There are, of course, many 
approximations involved, besides the linearization 
of the Vlasov equation. Importantly, because the 
Vlasov equation is being used, effects of synchrotron 
radiation are not included; a significant drawback in 
modelling e+ e- storage rings. 

Broadly speaking, the results of this analysis are 
characterized by the appearance of even-order non-

2 

linear coherent resonances. The widths of these res
onances, i.e. the range of beam currents over which 
they occur, and the threshold for their onset, depend 
on the operating tune. The theoretical model is,. of 
course, very much simplified. Nonetheless it makes 
certain specific predictions that one can attempt to 
verify using simulations. 

In an attempt to make closer contact with reality, 
a multi-particle tracking program was developed to 
look at coherent behaviour [4]. It was strong-strong, 
and had the feature of being able to self-consistently 
calculate fields from non-Gaussian beam distribu
tions. In addition, radiation damping and quantum 
excitation effects were included. Further details of 
the simulation can be obtained from Ref. 4; for our 
purposes we only note that using this program co
herent beam-beam resonances that had the same 
general structure as predicted by the Vlasov model 
were observed. In particular, at tune. just below the 
quarter-integer, the beams were observed to execute 
anti-correlated, period-2 motion: on a given turn 
one beam was dense while the other was hollow; on 
the next turn the two beams exchanges states, and 
tbis pattern repeated indefinitely. This behaviour is 
very striking in a plot of beam-size vs turn-number, 
as we shall see later . Further, a definite threshold 
was observed for the onset of the oscillations. (More 
recently beam-beam simulations that use macro
particles, developed at CEBAF, have also observed 
these resonances [5].) 

These simulations extend the validity of the rather 
simple theoretical model into more realistic regimes, 
and suggest tbat this is a phenomenon which can 
occur in operating storage rings under the right (or 
wrong!) operating conditions. It then becomes im
portant for a beam-beam simulation code that, for 
example, may be used in the design of a B-factory, 
to be able to predict this behaviour. We tberefore 
use the observation of tbese period-2 beam-size os
cillations as a criterion for our bench-mark test. 

3. BENCH-MARKING THE SIMULATIONS 

We now turn to two beam-beam simulation pro
grams, wbich we shall call Simulation A and Simula
tion B, that we wish to bench-mark against tbe the
oretical prediction of period-2 anti-correlated beam
size oscillations near the quarter-integer. The two 
simulations were developed quite independently and 
for different purposes . In order to bench-mark them, 
we constrained the simulations such that tbey were 
now modelling the same physics, and would there-



• 

fore be expected to yield similar results. 

Simulation A was developed by R.H.siemann and 
S.Krisbnagopai [4], witb tbe original intent of look
ing at the consequences to coberent dynamics of be
ing able to calculate fields from non-Gaussian beam 
distributions. Tbe program is strong-strong and 
two-dimensional - tbere is no longitudinal dynam
ics. Tbe beams are assumed to be symmetric. Tbe 
arc transport is linear. Tbe damping and excit .... 
tion effects of radiation are put in once a turn and 
according to a scheme described in Ref. 6; this is 
different from the technique used by Simulation B. 
The beam· beam interaction is general and makes 
no assumption about the bearn-distribution. The 
particles are cast onto a grid and their net electric 
field is calculated. There is only one collision per 
turn. The beams start out round, and tbough they 
are not constrained to remain so, the beam-beam 
kick calculation algoritbm fails if tbe beam-profiles 
develop substantial eccentricity. 

Simulation B was developed by K.Yokoya and modi
fied by Y.-H. Cbin, and in its present version is used 
in design studies for asymmetric B-Factories. Tbis 
program is tbree-dimensional. The beam-beam in
teraction includes thick-lens effects by slicing the 
beam up into many (typically five) longitudinal 
cbunks. The beam-beam kick calculation assumes 
a Gauasian beam·distribution, and uses tbe formula 
of Bassetti and Erskine [7]. Here too the lattice is 
assumed linear and radiation is put in only once a 
turn, though according to a scbeme different from 
that used by Simulation A. There is no restriction 
on the beam-profile. 

Table 1: Parameters used by Simulations A & B 

Energy (Eo) 

Revolution Period (To) 

Transverse Emittances «. = <N) 

Amplitude Functions (P; = P;) 
Betatron 'IUnes (Q. = QN) 

Damping Decrement (6) 

Current (1) 

Nominal Beam-Beam Parameter (€o) 

N umber of test particles 

5.3 GeV 

2.56 psec 

lxlO-1m 

3cm 

0.72 

1 x 10-3 

35 rnA 

0.1225 

1000 

3 

In order to make the two simulation programs model 
the same physics, they were stripped of many of 
their features and simplified. They were made: 
(1) symmetric, (2) two-dimens!onal (no longitud~al 
motion); (3) the beam-beam kick assumed Gaussian 
beam-distributions, (4) the beam-profiles were con
strained to remain round, (5) coherent dipole mo
tion was removed by setting the centroids of the 
beams to zero after each turn (thus simulating an 
idealized feedback system). Under these simplified 
conditions the two codes should now be modelling 
the same physics and, for the same input conditions, 
ougbt to give tbe same results. We picked the pa
rameters shown in Table 1 for both programs; tbese 
correspond to a regime in which one expects to see 
the period-2 coherent oscillations described in the 
previous section. The two programs were allowed 
to run for 2! damping times, and we then looked at 
the horizontal beam sizes over the next 25 turns. 
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Figure 1: Results from (a) Simulation A, and (b) 
Simulation B. Horizontal beam-size (T as a function 
of turn-number for 25 turns after the first 5,000 . 
The period-2, anti-correlated nature of the oscilla
tions is evident . Parameters for the runs are from 
Table 1. The nominal size is 55pm. 



The results for Simulatio 
Figures (la) and (lb) re .. 
the period-2 nature of t: 
and their anti-correlated 
beams, is unmistakable. ) 
sizes oscillate between ab 
Simulation B the range k 
the same tune-point both 
also used to find the cum 
of this instability. The t! 
23 and 24 rnA respective: 
B. In either case the agre, 

4. OTHER TESTS 

In the previous Section ". 
tion of a useful bench-m' 
from the qualitative pred, 
case of period-2 coherent 
predicted by the Vlasov ' . 
one particular aspect of a I. 
list a few other theoretic. 
the basis for developing c 
other aspects of a simulat' 
(1) In the weak-strong apr 
no longitudinal motion, th 
by betatron resonances of , 
The strengths of these resc' 
using a Hamiltonian analy, 
plitudes of the particles in 
be shown to vary as the Jo 
lation bench-mark could b. 
the functional dependence 
particle amplitude; it shol 
function dependence. 

_ and B are shown in 
tivdy. In both cas .. 
-earn-size oscillations, 
.ur" between the two 
'Inulation A the beam 
72 - 105!,m, while in 
>und 70 - 100!'m. At 
·llation programs were 

... hr."hold for the onset 

. hold was found to be 
'or Simulations A and 
"nt L, good. 

,ave given an illustra
that may be derived 

onB of theory - in this 
adrupolar oscillations, 
ation models. It tests 
!Il-beam code. We now 
esu I ts that could form 

'Jr bench-marks to test 
. code: 
dmation, when there is 
dynamics is dominated 
: form mQ. +nQ. = q. 
·tnc.s can be calculated 
. [8]. and, for small am
.e w.ak beam, they can 
easel function. A simu

·ieveloped by looking at 
:: the beam blow-up on 
.i have the same Bessel 

(2) If synchrotron oscillati, • are included (but the 
strong beam is assumed ha.ve no longitudinal 
size), then synchro-betatrc resonances make their 
appearance, and it can ; shown [8,9] that the 
strength of the pth sideb. .j varies, for small am
plitudes, as the Jp Bessel i 'lction. 
(3) If the finite longitudin ' extent of the beam is 
taken into account, 80 th · tho 'thick-lens' effect 
comes into play, then the. )' predicts [9] that res
onance strengths will decr· .·se as the bunch-length 
of the strong beam is incre ;ed .. in approximately a 
Gaussian manner. 
(4) For strong-strong simI' ·.,tio"., we have already 
considered coherent quadr .,01,,:, effects. Similarly, 
one can allow the beam cel: ,oieo to move freely and 
then look at the threshold .' r file onset of coherent 
dipole motion. 
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5. CONCLUSIONS 

We have argued in Section 1 that physical phenom
ena or behaviour predicted by theory should be used 
to bench-mark beam-beam simulation codes. As an 
example we considered coherent quadrupole oscilla
tions in Section 2, and in Section 3 bench-marked 
two different simulation programs against this phe
nomenon. In Section 4 we outlined some other phys
ical predictions that could form the hasis for devel
oping bench-marks that would test other aspects of 
a heam-beam simulation code. 

We do not ask that a simulation program 'pass' 
or 'fail' based on these tests. There must, of course, 
be a more exhaustive set of bench-marks. Nor are 
we unmindful of the ultimate need for simulations 
to be able to explain experimental results. We have 
merely tried here to suggest one criterion on which 
the choice of such a set may be based, and we 
hope to have ",-triggered a wider debate on the im
portance of developing bench-marks for beam-beam 
simulation codes, and on the means of achieving this 
goal. 
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