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Simulation study of beam-beam effects

Yuan Zhang,1 Kazuhito Ohmi,2 and Limin Chen1

1Institute of High Energy Physics, Yuquan Road 19(B), Beijing 100049, China
2KEK, 1-1 Oho, Tsukuba, 305-0801, Japan

(Received 19 May 2005; published 26 July 2005)
1098-4402=
The Beijing Electron-Positron Collider (BEPC) will be upgraded to BEPCII, and the luminosity will be
about 100 times higher. We developed a three-dimensional strong-strong PIC code to study the beam-
beam effects in BEPCII. The transportation through the arc is the same as that in Hirata’s weak-strong
code. The beam-beam force is computed directly by solving the Poisson equation using the Fourier
analysis and cyclic reduction method, and the boundary potential is computed by circular convolution.
The finite bunch length effect is included by longitudinal slices. An interpolation scheme is used to reduce
the required slice number in simulations. The standard message passing interface is used to parallelize the
code. The computing time increases linearly with �n� 1�, where n is the slice number. The calculated
luminosity of BEPCII at the design working point is �50% of the design value. The best area in the tune
space is near (0.505,0.57) according to the survey, where the luminosity is �80% of the design.
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I. INTRODUCTION

The Beijing Electron-Positron Collider (BEPC) was
constructed for both high energy physics and synchrotron
radiation (SR) researches. As a unique e�e� collider op-
erating in the �-charm region and the first SR source in
China, the machine has been well operated for over 16
years since it was put into operation in 1989.

BEPCII is an upgrade scheme from BEPC. It is a double
ring machine. Following the success of the KEK B factory
(KEKB), the crossing scheme was adopted in BEPCII,
where two beams collide with a horizontal crossing angle
of 2� 11 mrad. The design luminosity of BEPCII is 1:0�
1033 cm�2 s�1 at 1:89 GeV, which is about 100 times
higher than BEPC [1].

The beam-beam interaction is one of the most important
limiting factors to determine the luminosity of storage ring
colliders. Because of the complexity of the interaction,
computer simulations are necessary to study it quantita-
tively. There have been various types of computer codes on
this topic, such as weak-strong simulation [2] and strong-
strong simulation [3–7]. Historically, the weak-strong
simulation, which is not self-consistent, has been em-
ployed in order to simulate the effect in a reasonable
computing time. The strong-strong simulation, which re-
quires large amounts of computer resources, has recently
become feasible due to the fast progress in computing
power. Now the two-dimensional simulation without finite
bunch length effect can be done using a personal computer
in a reasonable time, while a supercomputer is still neces-
sary in the three-dimensional strong-strong simulation.
The strong-strong codes now have a reliable predictive
capability of realistic beam-beam interaction and the simu-
lation results show a good quantitative agreement with the
experimental observations [8].
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In order to include the crossing angle effects, the beam-
beam simulation needs to take the bunch length into ac-
count. We have developed a new three-dimensional strong-
strong particle-in-cell (PIC) code SBBE, which was based
on our previous work [9]. The code was written in standard
C language and parallelized with the standard message
passing interface (MPI). The model and algorithm used
in the code are explained in Sec. II. We have studied the
beam-beam effects in BEPCII using SBBE, and the results
are presented in Sec. III.

II. MODEL AND ALGORITHM

The two colliding beams are both represented by macro-
particles in SBBE. A macroparticle is treated as a single
electron or positron dynamically. We initialize the macro-
particles with the six-dimensional Gaussian distribution
according to the optics parameters at the interaction point
(IP) and the nominal emittance of the beam.

The one-turn map of macroparticles consists the follow-
ing two parts:
(1) B
2-1
eam-beam interaction near IP. The bunch length
effect is included by longitudinal slices. A slice
interacts with the opposite slices one by one.
When the interaction between two slices is consid-
ered, the potentials at two longitudinal points gen-
erated by a slice are computed directly and,
respectively, by solving the Poisson equation. The
potentials between the two points are calculated
with linear interpolation. The macroparticles in a
slice are kicked by the opposite slices, and drift
between two collision points near IP.
(2) T
ransportation through the arc. Single particle dy-
namics in three-dimensional space is taken into
account. We only consider the linear map with
synchrotron radiation.
 2005 The American Physical Society
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In the following, the model and algorithm used in the code
are described in detail.

A. Transportation through arc

We employ the so-called accelerator coordinate x �

�x; px; y; py; z; pz� to describe the motion of particles.
Here x and y are horizontal and vertical coordinates,
respectively, while px and py are the corresponding trans-
verse momenta normalized by the total momentum (P0 �
E0=c) of a reference particle. z is the delay time and
defined as z � s� ct�s�, where t is the arrival time at the
position s, and pz � �P� P0�=P0 is the momentum de-
viation from the nominal.

Following Hirata’s BBC code [10], the transportation
through the arc consists of the following maps:

1. From accelerator coordinates to normalized coordi-
nates

The transformation from accelerator variable x to nor-
malized variable X can be written as

X � BRHx: (1)

The dispersion matrix H in Eq. (1) is characterized by
the transverse dispersion functionsDx,Dpx,Dy, andDpy at
IP,

H �

I 0 �Hx
0 I �Hy

�J2HtxJ2 �J2HtyJ2 I

0
B@

1
CA; (2)

where

Hx �
0 Dx
0 Dpx

� �
; Hy �

0 Dy
0 Dpy

� �
; (3)

and J2 is the 2� 2 symplectic matrix

J2 �
0 1
�1 0

� �
: (4)

The Teng matrix R in Eq. (1) is defined as

R �

bI J2R
t
2J2 0

R2 bI 0
0 0 I

0@ 1A; (5)

where

b �
																		
1� jR2j

q
; R2 �

�
r11 r12
r21 r22

�
: (6)

The Twiss matrix B in Eq. (1) is defined as
diag�bu; bv; bw� and each bi�i � u; v; w� is a 2� 2 matrix

bi �

1				
�i

p 0

�i				
�i

p
					
�i

p

0
@

1
A; (7)

where �i�i � u; v� and �i�i � u; v� are the Twiss parame-
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ters at IP. In our code, �w is assumed to be zero and �w is
calculated as �z=�e, where �z is the bunch length and �e
is the relative energy spread.

2. Transportation with synchrotron radiation

With synchrotron radiation, the arc transportation in the
normalized coordinates is

X1

X2

� �
! �umu

X1

X2

� �
�

																							
!x�1� �2u�

q
r̂1
r̂2

� �
; (8)

X3

X4

� �
! �vmv

X3

X4

� �
�

																							
!y�1� �2v�

q r̂3
r̂4

� �
; (9)

�
X5

X6

�
!

�
1 0
0 �2w

�
mw

�
X5

X6

�
�

� 0																							
!z�1� �4w�

q
r̂5

�
: (10)

Here r̂’s are independent Gaussian random variables with
unit variance, �i � exp��1=Ti� with Ti the damping time
in unit of the number of turns, and !z is calculated as�z�e.

3. From normalized coordinates to accelerator coordi-
nates

The transformation from normalized variable X to ac-
celerator variable x is

x � H�1R�1B�1X: (11)
B. Field solver

For head-on colliding beams, the beam-beam force is
nearly transverse and there exists interaction if and only if
a particle meets another in the opposite beam. The bunch
(or slice) is treated approximately as a two-dimensional
distribution when the beam-beam force is considered.
Given a charge distribution #�x; y�, the potential $�x; y�
generated by the beam satisfies the Poisson equation�

@2

@x2
�
@2

@y2

�
$�x; y� � �

#�x; y�
!0

: (12)

The beam-beam force is evaluated from the potential

&px � �
e
P0c

@$�x; y�
@x

; &py � �
e
P0c

@$�x; y�
@y

;

(13)

where P0 is the nominal momentum of the beam that
experiences the force. The solution of the potential $ can
be expressed as

$�x; y� �
1

2'!0

Z
dx0dy0G�x� x0; y� y0�#�x0; y0�; (14)

where G�x; y� is the Green’s function

G�x; y� � �
1

2
ln�x2 � y2: (15)
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The transverse dimension of the beam is generally much
smaller than that of the pipe near IP. Therefore the open
boundary condition is assumed.

Cai’s method [7] is used to solve the beam-beam field. In
order to compute the field generated by a beam, we first
deposit macroparticles’ charge onto grid points of a two-
dimensional mesh. The mesh is chosen to be large enough
to cover the core of two colliding beams. The triangular-
shaped cloud (TSC) method is employed for the charge
assignment, where the charge of each macroparticle is
assigned to its nine nearest points by weight. This scheme
ensures conservation of charge.

The boundary potential can be calculated directly by
Eq. (14). A fast-Fourier-transform (FFT) method is used to
compute them in SBBE. We represent the potential $�x; y�
by its values at discrete set of points

xj � x0 � jhx �j � 0; 1; . . . ; J�;

yl � y0 � lhy �l � 0; 1; . . . ; L�;
(16)

where hx and hy are horizontal and vertical grid spacing,
respectively. We write $j;l for $�xj; yl�. The points where
j � 0, j � J, l � 0 or l � L are boundary points. Here we
describe the method by introducing how to compute the
potential $0;l, where l � 0; . . . ; L� 1. Following Eq. (14),
$0;l can be written as

$0;l �
1

2'!0

XJ�1

m�1

XL�1

n�1

Cm;nGm;jl�nj

�
1

2'!0

XJ�1

m�1

$m0;l �l � 0; . . . ; L� 1�; (17)

where Cm;n is the charge on point �xm; yn�,Gm;n is the value
of Green’s function G�mhx; nhy�, and $m0;l is defined as

$m0;l �
XL�1

n�1

Cm;nGm;jl�nj �l � 0; . . . ; L� 1�: (18)

Cm;n and Gm;n are extended, respectively, as

Cm;n � 0 �L � n � 2L� 1�; (19)

Gm;n �


arbitrary �n � L�;
Gm;2L�n �L < n � 2L� 1�:

(20)

With the extended series,$m0;l can be rewritten as a formal-
ism of circular convolution

$m0;l � Cm;l �Gm;l �l � 0; . . . ; 2L� 1�: (21)

The value of $m0;l in Eq. (21) is equal to that in Eq. (18) for
0 � l � L� 1, and meaningless for L � l � 2L� 1. The
discrete Fourier transforms (DFT) of Cm;l and Gm;l are
evaluated as
07440
Ĉ m;k̂ �
X2L�1

l�0

Cm;l exp
�
�i
'
L
lk
�

�k � 0; . . . ; 2L� 1�;

(22)

Ĝ m;k̂ �
X2L�1

l�0

Gm;l exp
�
�i
'
L
lk
�

�k � 0; . . . ; 2L� 1�:

(23)

The DFT of $m0;l can be expressed as

$̂ m
0;k̂

� Ĉm;k̂Ĝm;k̂ �0 � k � 2L� 1�: (24)

The solution of $m0;l is obtained by the inverse DFT

$m0;l �
1

2L

X2L�1

k�0

$̂m
0;k̂ exp

�
i
'
L
lk
�

�0 � l � 2L� 1�:

(25)

Technically, we compute $m0;l in Eq. (17) by 3 times FFT
instead of computing it directly by Eq. (18). Since the
dimension of mesh and the grid number are both constant
during the course of tracking, Gj;l is constant and only 2
times DFT is needed in fact. The potentials on other
boundaries can be computed by a similar method.

After the boundary potentials are known, the problem is
converted into a Dirichlet one of the Poisson equation. The
five-point difference scheme is used to approximate the
two-dimensional Laplacian operator

$j�1;l�$j�1;l�2$j;l
h2x

�
$j;l�1�$j;l�1�2$j;l

h2y
��

#j;l
!0
:

(26)

The Fourier analysis and cyclic reduction (FACR) method
is used to solve Eq. (26), then we can obtain the potentials
on the inside grid points.

The field strength ~E � �r$ on a grid point is com-
puted using the six-point difference scheme. The field not
on the grid points is computed using the same smoothing
scheme as that used in the charge assignment.

The Bassetti-Erskine formula [11] can be used to com-
pute the field generated by a two-dimensional Gaussian
beam. The filed solver code has been checked against the
theoretical values, and the coincidence is fine [9,12].

C. Finite bunch length and parallel scheme

The bunch length effect is included by longitudinal
slices. As a shorter (or zero length) bunch, a slice interacts
in turn with the ones in the opposite beam. The interaction
between two slices can be treated using the method de-
scribed in the previous section. The longitudinal bounda-
ries of slices are chosen so that the number of
macroparticles in each slice is uniform.

Because of the synchrotron oscillation, the z value of a
particle varies each turn. That is to say the particles in one
2-3



FIG. 2. (Color) Interpolation scheme of field. The beam-beam
force experienced by slice i and generated by slice j is consid-
ered. The potential by j is computed twice at sf and sb. The point
sf is the position where the front end of i meets the center of j,
and sb the position where the back end meets the center. The
potential by j at s�sb � s � sf� can be calculated by linear
interpolation.
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slice may enter the others of the same bunch. For high
energy electron or positron storage ring, the synchrotron
tune is generally very small (in the order of 10�2), that is to
say the oscillation frequency is very low. It is reasonable
for us to assume that it is impossible for a particle in one
slice to jump into not-adjacent ones the next turn when the
slice number is not very large.

When the finite bunch length effect is taken into account,
the computing time increases linearly by a factor of n2,
where n is the number of slices in one bunch. A super-
computer is necessary for the three-dimensional beam-
beam simulation.

The standard message passing interface (MPI) is used to
parallelize the code. It is natural to represent one slice with
one MPI node: the macroparticles’ data in a slice is stored
in the corresponding node. When two slices collide, their
corresponding nodes assign the charges of macroparticles
to grid points, respectively, exchanging the smoothened
charge distribution on grid, and then the beam-beam force
experienced by a slice can be computed by its correspond-
ing node. Since a slice needs to exchange macroparticles
with the adjacent ones, the computing time increases lin-
early by a factor of �n� 1�. The parallel scheme is shown
in Fig. 1. The scheme is not scalable as Qiang’s [13], while
it is efficient and suitable for small or medium-scale com-
puter clusters.

D. Interpolation of field

We have taken the finite bunch length effect into account
by dividing the beam into longitudinal slices, while the
convergence of the slice number is not good. Following
Ohmi’s idea [14], an interpolation of beam-beam potential
is done when the collision between two slices is consid-
ered. The required number of slices can be dramatically
reduced.

The scheme is shown in Fig. 2. Slice i in a bunch collides
with slice j in the opposite bunch. Here let us consider the
beam-beam force experienced by i and generated by j. The
two-dimensional potential is computed at the longitudinal
positions sf and sb. Here sf is the point where the front end
zi;f of i meets the center zj of j, and sb is the point where
the back end zi;b meets the center:
FIG. 1. (Color) Parallel scheme of SBBE. One MPI node is used
to represent one slice. A slice exchanges macroparticles with the
adjacent ones at IP, and then collides in turn with the ones in the
other bunch. The I/O node is used to collect data and save them
to a file. The computing time increases linearly by a factor of
�n� 1�, where n is the number of slice in one bunch.
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sf �
zi;f � zj

2
; sb �

zi;b � zj
2

: (27)

The s axes of the two beams coincide with opposite direc-
tions. Both sf and sb are represented in the s axis of the
slice i. The potential at s (sb � s � sf) can be calculated
by linear interpolation

$�s� � $�sb� �
$�sf� �$�sb�

sf � sb
�s� sb�: (28)

A particle in slice i meets the center of slice j at s. The
beam-beam force experienced by the particle is computed
with following steps: (a) it is drifted to the longitudinal
position s and TSC weights on nine nearest points are
calculated; (b) the potentials on twenty-five nearest points
are calculated by interpolation; (c) the transverse field
strength on nine nearest points is calculated by six-point
difference scheme; (d) the field experienced by the particle
is calculated by using the weighted summation of the fields
at nine nearest points with the TSC weight.

E. Horizontal crossing angle

When there exists a crossing angle during collision, the
beam-beam force generated by the opposite beam is not in
the transverse direction of the beam that is experiencing the
force. In this case the force depends not only on the
transverse position but also on the longitudinal position.
This makes it much more difficult to treat the beam-beam
interaction with a finite crossing angle.

However, we can find a new frame where the s axes of
the two colliding beams coincide with opposite directions.
The new frame is called the head-on frame which moves
with a speed c sin3 relative to the laboratory frame and in
2-4
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the direction of angle bisector of the two old s axes. Here 3
is the half crossing angle. The Lorentz transformation is
used for the conversion from the laboratory frame to the
head-on frame. We still employ the accelerator coordinate
x. The transformation ML is given by [15]

p�x �
px� h tan3

cos3
; p�y �

py
cos3

;

p�z � pz�px tan3� htan
23; h� �

h

cos23
;

x� � x
�
1�

@h�

@p�x
sin3

�
� z tan3; y� � y� x

@h�

@p�y
sin3;

z� �
z

cos3
� x

@h�

@p�z
sin3; (29)

where

h � �1� pz� �
																																											
�1� pz�2 � p2x � p2y

q
: (30)

An asterisk here designates a dynamical variable in the
head-on frame. Note that the x� and y� axes are defined in
the same direction for both beams, while the s� axis is
defined in opposite directions. After the transformation
ML, the collision is treated as a head-on collision, and
then with the inverse transformation ML�1 we obtain the
dynamical variable in the laboratory frame after collision.

We notice that the half crossing angle 3 in Eq. (29) is a
signed value. If the angle between axes s and x� is larger
than 90�, the value is negative, and if the angle is smaller
than 90�, the value is positive, as shown in Fig. 3. The
angle sign is minus for BEPCII, while the results show that
the sign makes no difference. The sign takes effect in more
sophisticated cases.

The transformation ML which is called ‘‘Lorentz
boost’’ by Hirata is not symplectic, and it was pointed
out by Hirata [15] and Ohmi [14] that the whole beam-
beam map is symplectic if ML�1 is used after the beam-
beam kick. Cai [16] introduced a geometrical method to
s∗

x∗

s

x

(a)

s∗

x∗

s

x

(b)

FIG. 3. Sign of the half crossing angle in ML. The sign is
minus if the angle between the two axes s and x� is larger than
90�, which is shown in (a). The sign is plus if the angle between
the two axes s and x� is less than 90�, which is shown in (b).
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treat exactly a collision without using of the Lorentz boost
for a finite crossing angle, where the symplecticity is
preserved throughout the collision process.

The loss in luminosity due to geometrical (hourglass)
effect for Gaussian beams is R, and the reduction factor
coming from a nonzero horizontal crossing angle is RL
[17]. The two factors are both obtained without beam-
beam interaction. The code has been checked against the
theoretical values by calculating the luminosities at low
beam currents (5y < 0:004) with or without a crossing
angle, and the difference is less than 1% [12].

III. SIMULATION RESULTS

The code has been benchmarked with Ohmi’s [14], and
the difference in simulated luminosity between the two
codes is less than 10%.

We studied the beam-beam effects in BEPCII by simu-
lation using SBBE. The results are shown in the following
sections. The design parameters of BEPCII is shown in
Table I. The design luminosity is 1:0� 1033 cm�2 s�1 at
1.89 GeV.

A. Choice of model parameters

There are some nonphysical parameters in the model of
our simulation code, such as the number of the longitudinal
slices per bunch, the number of the macroparticles per
bunch, and the dimension of mesh and grid number. We
call them model parameters. The choice of these parame-
ters will impact the precision of the simulation result. Since
it is difficult to describe the influence quantitatively, we
determine the parameters empirically and numerically. The
choice is a compromise between the computing time and
the precision of result. The model parameters used in our
simulation are shown in Table II. In the following we show
how to determine these parameters and the results vary
with them.
TABLE I. Design parameters of BEPCII.

E Beam energy 1.89 GeV
C Circumference 237.53 m
Nb Bunch number 93
Ib Bunch current 9.8 mA
5y Beam-beam parameter 0.04
3c Horizontal crossing angle 2� 11 mrad
��
x=��

y Beta function at IP 1 m=1:5 cm
!x=!y Transverse emittance 144 nm=2:2 nm
�z Bunch length 1.5 cm
�e Energy spread 5:16� 10�4

7x=7y Betatron tune 6:53=7:58
7s Synchrotron tune 0.034
�x=�y Transverse damping time 31 553 turn / 31 553 turn
�s Synchrotron damping time 15 777 turn
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TABLE II. Model parameters.

Slice number/bunch 5
Macroparticles number/bunch 30� 104

Mesh size 30�x � 60�y
Grid number 128� 256
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1. Slice number

The more the slice number, the more exact the simula-
tion result. Since the computing time increases linearly
with �n� 1�, a suitable slice number n is necessary. The
required number depends on the beam-beam parameter 5y.
The beam distribution is deformed during the process of
collision. It is an oscillation angle of a particle in the
potential of the opposite beam that characterizes the de-
formation [14]

8 �

																	
4'5y�z
�y

s
: (31)

The oscillation angle is divided by the times of collision
with slices. The angle in each collision should be smaller
than 1. Figure 4 shows the evolution of simulated lumi-
nosity for various slice number. The difference in the final
luminosity is less than 2% between 5 and 13 slices, and less
than 1% between 9 and 13. It is 8 � 0:7� 1:0 for our
parameter region, 5y � 0:04� 0:08 and �z ’ �y. In this
paper, simulation results are obtained with 5 slices, then
the divided angle is 0:14� 0:2 for each slice.

2. Macroparticle number

There are �1010 particles in one bunch, which is im-
possible for us to allocate so much memory space to store
all the particles’ data in the simulation. Macroparticles are
used to represent the distribution of a beam. Since the PIC
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FIG. 4. (Color) Evolution of luminosity for various slice
numbers.
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method is used to calculate the potential, in the case that
mesh dimension and grid number are fixed, the accuracy
will not improve any more with the increase of macro-
particle number when it is larger than some threshold
value. Figure 5 shows the evolution of simulated luminos-
ity for various macroparticle number. The difference in the
final luminosity is less than 2% between 15� 104 and
60� 104, and less than 1% between 30� 104 and 60�
104. In this paper, simulation results are obtained with
30� 104 macroparticles.

3. Mesh size and grid number

The macroparticles outside the area covered by the mesh
are supposed to lose in our code. The loss ratio is less than
10�4 with the mesh area 30�x � 60�y after 3 times trans-
verse damping time. It shows that the dimension of mesh is
large enough to contain the bunch core and we do not try
any other choices.

In order to achieve the required resolution, a few grid
points per � of the beam are needed, otherwise the size of
grid is too large for numerical computation. For the mesh
area of 30�x � 60�y and grid number of 128� 256, there
are 4 grid points per �x and 4 grid points per �y.
Truncation errors in the Poisson solver are of order h2x
and h2y [7]. Since the nominal beam aspect ratio is 66:1
at IP, truncation errors in the horizontal plane are domi-
nant. Figure 6 shows the evolution of luminosity for vari-
ous grid number. The difference in the final luminosity is
less than 6% between 128� 256 and 512� 256, and less
than 2% between 256� 256 and 512� 256. The result is
nearly the same for 256� 256 and 256� 512. That is to
say the result is mainly affected by the dimension of hx. In
order to save the computing time, 128� 256 is used in our
simulation.
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FIG. 5. (Color) Evolution of simulated luminosity for various
macroparticle numbers.
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FIG. 6. (Color) Evolution of simulated luminosity for various
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B. Tune survey

It is well known that the working points strongly affect
the beam-beam interaction. Here we investigate how the
tunes affect the luminosity and try to find the best area in
the tune space. Empirically, the strong-strong simulation
was done in the area of 0:505 � 7x � 0:545 and 0:55 �

7y � 0:595 with a step of 0.005.
Figure 7 shows the contour plot of luminosity and beam

size versus tune. The best area is near (0.505,0.57) where
the luminosity is about 80% of the design value. In the
survey area, the horizontal size is mainly affected by the
horizontal tune, and its minimum area is near 7x � 0:535.

No clear vertical coherent motion is seen in the tune
space. Horizontal coherent motions in hxi are mainly de-
cided by horizontal tunes. Figure 8 shows the evolution of
the horizontal dipole amplitude for various horizontal
tunes. The amplitude of coherent oscillation in hxi is
�100 9m at 7x � 0:515, nearly one third of the nominal
beam size. The coherent motion may cause instability or
influence the beam life time in the real machine.
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FIG. 7. (Color) Luminosity and beam size (rms) versus transverse tu
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are depicted in (b) and (c), respectively.
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Since the design working point is not in the best area
according to our survey, we will study the beam-beam
effects not only at the design tune but also at another point
(0.51,0.57) in the following sections.

C. Beam-beam limit

Colliders are generally designed to operate with beam
current before the saturation of the beam-beam parameter.
Here the parameter is calculated using the luminosity as
follows

5y �
2re�y
N:

L
frep

: (32)

The saturation phenomenon is called the beam-beam limit,
which means that the luminosity varies linearly with the
bunch current. Further increasing of the current results in
development of beam halo, leading to low beam lifetime.
This ultimately limits the maximum beam current that can
safely collide. Here the simulations are carried out for
various bunch populations to obtain the beam-beam limit.

1. @(0.53,0.58)

Figure 9 shows the simulation results for various bunch
currents at the design working point. As seen in the figure,
5y varies linearly with current when the latter is less than
10 mA, reaches maximum ( � 0:025) near 13 mA, and
tapers when the current is further increased. The fluctua-
tion of 5y is reflected by the bunch size when the current is
in the range of [4 mA, 8 mA]. When the current is more
than 14 mA, further increasing results in the sharp rise of
particle loss. There is no clear coherent motion at the
design working point.

2. @(0.51,0.57)

Figure 10 shows the simulation results for various bunch
currents at �7x; 7y� � �0:51; 0:57�. As seen in the figure, 5y
varies linearly with current when the latter is less than
53  0.54
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ne at design parameters. The luminosity, which is depicted in (a),
izes, which are normalized by the corresponding nominal values,
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10 mA, reaches maximum ( � 0:035) near 12 mA, and
tapers when the current is further increased. When the
current is more than 15 mA, the two colliding beams that
start out with equal sizes become very unequal: one of the
beams gets blown up transversely to a very large size,
while the other remains small. There also exist asymmetry
in particle loss between two beams at a high current. There
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FIG. 9. Beam-beam parameters, beam sizes (rms), and macropartic
normalized by the nominal value without beam-beam interaction. The
is given after 150 000 turns.
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is no clear coherent motion in hyi. Figure 11 shows the
evolution of hxi for various bunch currents. It is strange that
the coherent oscillation happens when the current Ib 2
�2:94 mA; 4:90 mA, while it disappears at a higher current
Ib 2 �5:88 mA; 7:84 mA. The coherent motion is damped
near Ib � 9:8 mA after several ten thousand turns, and not
damped when Ib > 12 mA.
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D. Crossing angle dependence

The simulations for various crossing angles were per-
formed in order to study the effect.

1. @(0.53,0.58)

The luminosity and beam size versus crossing angle at
the design working point is shown in Fig. 12. The lumi-
nosity degradation due to a small angle (3 & 5 mrad) is
very little. And we need not worry about the effect of a
large crossing angle, the degradation due to 2� 11 mrad is
less than 10%. The horizontal beam size increases mono-
tonically with the crossing angle. The vertical size remains
nearly constant for a small crossing angle, and there is a
gradual decrease for increasing angle. There is no clear
coherent motion.

2. @(0.51,0.57)

The luminosity and beam size versus crossing angle at
�7x; 7y� � �0:51; 0:57� is shown in Fig. 13. Here the de-
pendence of luminosity on angle is stronger than that at the
design tune. Compared with the head-on luminosity, it
decreases by �17% for 3 � 5 mrad, �30% for 3 �
11 mrad, and �42% for 3 � 15 mrad. The horizontal
beam size increases monotonically with crossing angle.
The fluctuation of vertical size is less than 10% for various
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angles. There is no clear coherent motion in hyi. Figure 14
shows the evolution of hxi for various crossing angles.
There exists coherent motion for 3 � 5 mrad. The motion
is damped for 3 � 9 mrad, and disappears for 3 �
15 mrad.

IV. DISCUSSION

In order to study the beam-beam effects in BEPCII,
we have developed a three-dimensional strong-strong
code. The bunch length effect is included by using longi-
tudinal slices and an interpolation scheme is employed to
reduce the required slice number. The code is parallelized
with MPI, and the computing time increases linearly with
�n� 1� where n is the slice number. The number of MPI
nodes, 2n� 1, is fixed. The two-dimensional beam-beam
potential on mesh boundary is computed using an FFT
method, and the potential inside is computed using
the FACR method. The collision with a finite crossing
angle is treated as a head-on collision by the Lorentz
transformation.

Though the SBBE code is termed a three dimensional
one, the actual potential calculation is only two dimen-
sional. In the longitudinal dimension, the finite bunch
length, not longitudinal field, is taken into account, while
this is a good approximation for ultrarelativistic beams.
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We have studied the beam-beam effects in BEPCII using
the code. The result shows that the luminosity at the design
tune is �50% of the design luminosity.

A tune survey has been done in the area �7x; 7y� 2
�0:505; 0:545 � �0:550; 0:595 with a step of 0.005. It
seems that the best area is near (0.505,0.57).

The beam-beam limit at (0.53,0.58) (the design working
point) has been studied, and the results show that 5y
reaches maximum, �0:025, near Ib � 13 mA. While at
(0.51,0.57), the beam-beam parameter saturates near Ib �
12 mA, �0:035.

The crossing angle dependence in BEPCII is also
studied. The luminosity degradation due to crossing angle
is about 10% at (0.53,0.58). The luminosity for head-on
collision does not have any gain for that with crossing
angle in KEKB at the working point [14]. The degradation
is about 30% at (0.51,0.57), where the crossing angle
dependence is looser than KEKB [14]. This is perhaps
due to that the design beam-beam parameter is 0.04 for
BEPC, which is less than KEKB ( � 0:1).

It is concerned that if the horizontal coherent motion
near 7x � 0:51 would be damped in the real machine,
otherwise it may cause instability and reduce the beam
lifetime. The coherent motion is affected by the tune,
bunch current, and crossing angle. In our simulations, the
coherent motions are probably excited by two oscillation
lines, 27x � 7s � n �7x � 0:517� or 27x � 27s � n �7x �
0:534�. In Figs. 8, 11, and 14, 7x;' * 0:517 or 0:534 when
there exists coherent motion, 7x;' & 0:517 or 0:534 when
the oscillation is damped, otherwise it is far away from the
two oscillation points. It seems that the coherent motion
would be excited if 7x;' is too near an oscillation point. In
074402
Fig. 8, 7x;' increases and passes through the two oscillation
points 0.517 and 0.534 during the course of increasing the
horizontal tune. In Fig. 11, 7x;' increases and passes
through the two oscillation points 0.517 and 0.534 during
the course of increasing the bunch current. In Fig. 14, 7x;'
reduces and passes through the oscillation point 0.534
during the course of increasing the crossing angle.
Further study on this topic needs to be done in the future.

In this paper, simulations for BEPCII have been done
with single bunch in each beam, but BEPCII is designed
for 93 bunches per beam. The parasitic beam-beam effect
was estimated by Tennyson’s formula [18] in [19], which
shows that the incoherent tune shift &7y experienced by a
particle at the center of the bunch and due to parasitic
crossings is in the order of 10�3. It seems that long-range
beam-beam effects would not be very important in
BEPCII.
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