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Since the inherently low emittance required by the linac-ring B factory implies high disruption
for the linac bunch, previous investigations of the beam-beam tune-shift limit may not apply. A
strong-strong simulation scheme was developed based on a macroparticle model to simulate beam-
beam interaction in this situation self-consistently. Included in the ring dynamics are linear betatron
oscillations and synchrotron motion, as well as transverse and longitudinal damping and quantum

excitation.
observed by the simulation.

As a benchmarking test, the coherent quadrupole effect in a ring-ring collider was
The code was then used to study the stability of the storage-ring

bunch in a linac-ring collider and yielded strong synchrobetatron coupling due to the deep envelope
modulation of the linac bunch. It was, however, observed that when initial conditions for the linac
beam were properly chosen to match the focusing provided by the ring beam at IP, the beam-beam
tune-shift limit of the ring beam could be comparable to that of a ring-ring collider.

PACS number(s): 41.85.—p, 41.75.—i

I. INTRODUCTION

An asymmetric eTe™ collider with a 10-GeV center-
of-mass energy can be used as a B factory to study
the CP violation in the B-meson system. The lumi-
nosity required for this purpose should have a value of
L > 1032 cm™25s7!, which is much higher than the cur-
rently observed luminosity on existing machines. For
the collision of transversely Gaussian distributed ete~
bunches, the luminosity is given by

L= N+N—fc
27r\/a'£+ + Uﬁ_\/0'§+ + 0’:..

where N1 are the numbers of particles per bunch; f.,
the bunch collision frequency; and o,+ and oy, the hor-
izontal and vertical bunch sizes, respectively. The verti-
cal beam-beam tune shift for the positron bunch, which
characterizes the vertical focusing effect of the electron
bunch on the approaching positron particles, is defined
by

(1.1)

TQN_ﬂ;+
240y (Ope + 0y_)’

bye = (1.2)

where v and 3, are the Lorentz factor and the vertical
beta function at IP for the positron bunch, and rg, the
classical electron radius. The other three beam-beam
tune-shift parameters can be obtained by the replace-
ments ¢ <> y and/or + < —. According to Eq. (1.1),
one needs to increase the collision frequency f. and the
charge intensities for both e* and e~ bunches in order
to reach the goal of £ = 1033734 cm 25!, However, the
intrinsic feature of nonlinearity in the beam-beam inter-
action sets a limit on the achievable beam-beam tune
shift, which is typically around 0.06 for ring-ring collid-
ers, above which the beam will start to blow up to a
larger equilibrium bunch size in a few damping times.
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This beam-beam effect is primarily responsible for the
limitation on the observed luminosity.

The idea of a linac-ring collider is proposed [1], such
that the beam from the linac is not recycled after each
collision. Typically, in these scenarios, the electron
beam is provided by the linac, and the harder-to-produce
positron beam is accumulated in the storage ring. In the
following, therefore, the linac particles are electrons; the
storage-ring particles, positrons. As a result, the charge
intensity for the et bunch is no longer restricted by the
beam-beam tune-shift limit for £,_. It is expected that
this will enlarge the parameter space available for such
a colliding scheme that is designed to accomplish the lu-
minosity goal. An additional feature of a linac-ring B
factory is that, at the required high luminosity, the rela-
tively low-average-beam-current capability of linacs com-
pared to a storage ring implies low emittance. The con-
sequently high positron charge density together with the
low v_ lead to high disruption for the electrons. The
disruption parameter D,_ is defined as the ratio of the
positron bunch length to the electron vertical focal length

2roNio.4

Oz+
D, =2

= . 1.3
fu— 7-0y1 (02t +oyy) (13)

For several given lists [2,3] of design parameters, the pa-
rameter Dy_ is of the order of 100, indicating that the
electron particles oscillate through the positron bunch
during each collision. The beam-beam dynamics experi-
enced by the positron bunch is therefore disparate from
that in a ring-ring collider, and the beam-beam tune-shift
limit for &, is not necessarily equal to the familiar num-
ber 0.06. Thus, to be confident of the linac-ring B factory
performance estimates, one needs to study the stability of
the positron beam in the storage ring when it undergoes
collisions with highly disrupted electron bunches.

The simulation for the beam-beam effect in a linac-ring
B factory should be strong-strong since we are interested
in the evolution of the strong (positron) beam in the pro-
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cess of its interaction with the relatively weak (electron)
beam. In this study, a macroparticle model is employed
to simulate the beam-beam interaction. This model was
previously used [4] to display the high disruption effect
on the electrons for a single collision of two round beams.
Here an extended model is used to accommodate the in-
teraction of elliptical beams. Care has been taken in
choosing the sizes of the macroparticles and the number
of macroparticles necessary in each beam in order to ob-
tain statistically reliable results. The dynamics of the
storage ring beam is studied by tracking the macroparti-
cles in the ring over a number of damping times, where
each turn comprises the beam-beam interaction at the
IR, the linear betatron oscillation, and the synchrotron
motion, as well as the radiation damping and the quan-
tum fluctuation effect.

In Sec. II, we describe in detail the macroparticle
model for the beam-beam interaction. Included in the
Appendix are also some analytical estimates of the effects
of the sizes and the numbers of macroparticles used in the
simulation of the calculations of the beam-beam forces
and luminosities. As a benchmarking test, the simulation
scheme was used to manifest the coherent quadrupole ef-
fect in ring-ring colliders for round beams. The reason-
able agreement of our calculation with the existing results
[5,6] is shown in Sec. III. The beam-beam effect of a
ring-ring collider using parameters given in the Positron-
Electron Project (Stanford University) (PEP) B factory
proposal [7-9] is studied in Sec. IV. We then proceed
in Sec. V to investigate the behavior of the positron
beam in a linac-ring B factory. Strong synchrobetatron
coupling in the motion of positron particles has been ob-
served, which is induced by the pinches of the highly
disrupted electron bunches during collisions. It is shown
that the beam-beam limit for the parameter £, can be
made comparable to that of a ring-ring collider when the
electron bunches enter into the IR with properly matched
[3] initial conditions. The effect of jitter in the linac beam
is discussed in Sec. VI.

II. SIMULATION

In this section, the macroparticle model [10] used for
the strong-strong beam-beam interaction is discussed.
The overall layout of the program, including the simu-
lation of the dynamics undergone by the bunches in the
storage ring, is also presented.

A. Beam-beam interaction model

At the IR of an ete™ collider, the two relativistic
beams exert Lorentz forces on each other only in the
transverse directions. The longitudinal motion of all the
particles in a bunch is then uniform during a collision
process. This allows us to divide each bunch longitudi-
nally into many slices; the width of a slice corresponds to
the longitudinal step size over which the charged particles
are advanced in the collisions. Here, the number of slices
should be sufficient to describe the beam-beam effect due
to the longitudinal variation of the charge distributions.

RUI LI AND JOSEPH J. BISOGNANO 48

In the simulation, each slice is populated with macropar-
ticles. The macroparticles in the two colliding beams
experience mutual forces only when their corresponding
slices overlap. Since the number of macroparticles is lim-
ited by computer capacity, shot noise often appears in the
simulation results, and one needs to assign finite sizes to
the macroparticles to suppress this effect. This finite size
macroparticle model does not impose any restriction on
the charge distributions of the beams under study.

In the code, the force on each macroparticle is com-
puted by direct Coulomb sum,

Fr) =S fxV - @),

m

(2.1)

where F(rp)) is the total force on the ith macroparti-
cle in beam 1 at a given time step, and f(rgl) — rs,zl)) is
the force acting on the ith macroparticle in beam 1 by
the mth macroparticle in beam 2 which lies in the same
longitudinal interval as the former one. From the two-
dimensional electrostatics, it has been shown [11] that
the luminosity for each pair of interacting macroparticles
is related with their mutual force by

€0
Lim = 5V - £(b), (2:2)

where b = rgl) —r? is the displacement of the centers

of the two macroparticles. The total luminosity can then
be obtained by the sum over the luminosity for each in-
teraction pair at each time step, namely,

L= Zc,-m.

The aspect ratios for colliding beams in different de-
signs vary in a wide range of values. For the general
application of the simulation, the macroparticles are set
to be Gaussian in charge distribution, with aspect ratio
comparable to the designed beam aspect ratio. This will
provide a better overlapping of macroparticles and hence
reduce the spurious collisional effects (see the Appendix).
Here, the electric fields on a two-dimensional grid, gener-
ated by a Gaussian macroparticle with given aspect ratio,
are obtained from the well-known expression in terms of
the complex error functions [12] and stored in a table.
The mutual force for each interaction pair of macroparti-
cles is then readily calculated by interpolating data from
the lookup table. This is actually not the force between
two charge distributions, but rather the forces of one el-
liptic Gaussian macroparticle on a point charge, as if all
the charge in the second macroparticle were at the center
of the macroparticle. More discussion on the simulation
scheme can be found in the Appendix.

In certain situations, the sizes and the aspect ratio of
the beam envelope evolve with time. This is particularly
true in the linac-ring collision processes, where the elec-
tron bunches experience the pinching effect in each colli-
sion, and the positron bunches enlarge in several damping
times. Therefore, the modeling of the force generated by
each slice of a bunch should be treated separately, with
the sizes of the macroparticles in each slice varied pro-

(2.3)
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FIG. 1. Transverse Gaussian distribution simulated by 29
macroparticles.

portionally as the rms sizes of the corresponding slice
evolve in each step of a collision. This will assure the
proper description of the pinching effects. The ratio of
the macroparticle size to the corresponding slice size is
chosen to be r = 0.5 (see also the Appendix).

The finite macroparticle size plays the role of screen-
ing out the high-frequency shot-noise effect in the force
calculation. Nonetheless, due to the finite number of
macroparticles in each slice, it is inevitable to have
residual fluctuations of the distribution of macroparticles
around the ideal physical distribution. In the case when
the overall charge distribution for a bunch in the storage
ring changes slowly compared to the revolution period,
the macroparticles in the bunch simulate different en-
sembles of the charge distribution in successive collisions
due to their betatron motion in the ring. The average of
the luminosities for these successive collisions then corre-
sponds to the average over a certain number of ensembles
and thus better simulates the true physical quantity. Re-
liable results should be insensitive to different random
seeds, and their qualitative behavior should not change
along with the increase of the number of macroparticles
used in the simulation. '

In Fig. 1, the centers of 29 macroparticles are dis-
played, which simulate a Gaussian charge distribution
with aspect ratio R = 3.93. The macroparticles have the
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same aspect ratio as the bunch, but half the size. The
total forces generated by these macroparticles are shown
in Fig. 2 as the dotted curves, which are compared to the
solid curves obtained analytically for the forces generated
by a continuous Gaussian charge distribution. One can
see that the high-frequency components of shot noise are
suppressed by choosing finite sizes for the macroparticles.
However, this is accomplished at the cost of equivalently
larger bunch sizes for the calculated forces, as described
by Eq. (A7). This effect explains the lower peak val-
ues for the calculated forces compared to the analytical
results. Residual deviations for all the moments of dis-
tribution can also be seen in Fig. 2.

Comparisons of simulation results using different num-
bers of macroparticles are shown in Figs. 3 and 4. In
Fig. 3 we use N,,_ = 360 macroparticles for the electron
bunch and N,,; = 1000 macroparticles for the positron
bunch. The electron bunch accelerated by a linac col-
lides at IR with the positron bunch in the storage ring.
The two bunches initially have the same transverse bunch
sizes. After 3000 turns, the positron bunch enlarges in
the vertical direction as a result of beam-beam inter-
action. The equilibrium beam profiles right before the
3000th collision in the Y-Z plane are shown in Fig. 3(a),
and the dependence of the blowup factor on the number
of revolutions of the positron bunch in the ring is shown
in Fig. 3(b). The same calculation was carried out for
N,,— = 1440 and N,,,; = 4000. It turns out that the av-
erage equilibrium vertical bunch size in Fig. 3(b) agrees
reasonably with that in Fig. 4(b), even though the result
in the former plot has more fluctuations than that in the
latter one—the expected consequence of a smaller num-
ber of macroparticles being used for the simulation. Re-
ducing the sizes of macroparticles will require an increase
of the number of macroparticles used for the simulation
and thus also of the computer time consumed. Such tests
have been done, yielding results quantitatively depending
on the macroparticle sizes according to Eq. (A7). Such
dependence is insensitive as long as Eq. (A8) is satisfied.

B. Layout of the program

To create a good picture of the beam dynamics, we
start with the electron and positron bunches located at
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FIG. 2. Force calculated by macroparticle model (dotted curves) compared to analytical results (solid curves) for the distri-

bution in Fig. 1.
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i FIG. 3. Simulation results
for (a) beam profiles before the
3000th collision and (b) verti-
cle beam blowup factor vs num-
ber of turns. Here the number
- of macroparticles N,,_ = 360 is
used for the electron bunch and
N+ = 1000 for the positron
bunch.
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the precollision positions. The two bunches are then
taken through each other and undergo the beam-beam in-
teraction as described previously. In the case of the linac-
ring colliding scheme, the electron bunches are dumped
after each collision, and a new set of macroparticles with
random Gaussian distribution is generated for each col-
lision to simulate the electron bunch newly accelerated
from the linac. The beams in storage rings can be either
both the electron and positron beams in a ring-ring col-
lider, or only the positron beam in a linac-ring collider.

After each collision, the bunch in a storage ring is
transported linearly from the postcollision position to
the rf cavity, where the effect of transverse damping and
quantum excitation is simulated once a turn [13]. Each
macroparticle is then linearly transported from the rf cav-
ity to the precollision position. During each turn, the
longitudinal position for a macroparticle relative to the
beam center is changed along with its energy [13], as a
result of the synchrotron oscillation together with the
longitudinal damping and diffusion.

To obtain the initial distribution of the macroparticles
for a bunch in a storage ring, we start by setting all the
macroparticles at the center point of the bunch. Being
transported through all the dynamics in the ring for sev-
eral damping times in the absence of beam-beam interac-
tion, the macroparticles eventually reach an equilibrium
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three-dimensional (3D) Gaussian distribution with speci-
fied nominal bunch sizes. Since no longitudinal motion is
associated with the macroparticles for the electron bunch
in the linac-ring collider, we distribute an equal number
of macroparticles with transverse random Gaussian dis-
tribution to each slice in the bunch. The charges assigned
to the macroparticles in different slices of the linac bunch
are scaled to the parabolic longitudinal charge distribu-
tion.

III. A BENCHMARKING TEST

In Ref. [5], it is argued that the benchmarking of beam-
beam simulation codes should use the physical phenom-
ena predicted by theories and in the appropriate para-
metric regimes that have a clearly defined functional de-
pendence. One of the proper candidates for this purpose
of benchmarking is the coherent quadrupole beam-beam
effect in ring-ring colliders. This phenomenon was pre-
dicted by Chao and Ruth [14], using a linearized Vlasov
equation, and was first observed by Krishnagopal and
Siemann in beam-beam simulation for the collision of
round beams. It has the remarkable feature that, at tunes
just below the quarter-integer, the beam distributions os-
cillate in an anticorrelated manner with period 2.

. ; . . r
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FIG. 4. Simulation results for (a) beam profiles before the 3000th collision and (b) verticle beam blowup factor vs number of
turns. Here the number of macroparticles N,,— = 1440 is used for the electron bunch and Nm4+ = 4000 for the positron bunch.
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TABLE 1. Parameter list in simulation of coherent
quadrupole effect as a benchmarking test.
Energy (Fo) 5.3 GeV
Revolution period (7o) 2.56 us
Transverse emittances (€; = €y) 1x10"m
Amplitude functions (8; = 3;) 3 cm

Betatron tunes (Qz = Qy) 0.72

Damping decrement () 1x1073
Current (I) 35 mA
Nominal beam-beam parameter (£o) 0.121
Number of test particles 300

With the observation of the beam distribution oscil-
lation with period 2 as the criterion for our benchmark
test, we use the parameters shown in Table I [5] for our
simulation. Here the two beams are round in the trans-
verse plane and have no longitudinal length. The results
of the functional dependence of the beam blowup fac-
tors and the luminosity vs the number of revolutions are
shown in Figs. 5(a) and 5(b). The anticorrelated oscilla-
tion of beam sizes with period 2 is clearly demonstrated
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FIG. 5. Coherent quadrupole resonance in a ring-ring B
factory for parameters in Table I. (a) Beam blowup factor for
the e~ beam, (b) luminosity, and (c) beam blowup factors for
the two beams vs number of turns.

in Fig. 5(c). Figure 6 shows the corresponding variation
of the transverse beam distributions, where each beam
oscillates between the two modes of being dense and hol-
low in the core. These results agree well with the previ-
ous results [5,6,15,16] obtained using completely different
simulation algorithms.

IV. RESULTS FOR THE RING-RING
BEAM-BEAM EFFECTS

Another test of our code is the simulation of the beam-
beam effect in the ring-ring B factory. For this study
we use the parameters in the PEP B factory proposal
[7], as shown in Table II. The nominal luminosity is
Lo = 3 x 1033 cm™2s7!, and the four nominal beam-
beam tune shift parameters are all set to be & = 0.03.
Here each bunch, divided into five slices, is represented by
300 macroparticles. The macroparticles themselves are
Gaussian charge distributions with sizes half the nomi-
nal bunch sizes.

The beam-beam results in Ref. [7] are obtained at the
working point (v, 1,) = (0.9,0.5) for both beams. How-
ever, at this working point, we observed a much bigger
blowup for the et beam than that shown in Ref. [7]. It is
noticed that the parameters for the e™ beam are close to
the relation v, = v, — . Hence, for the following sim-
ulation, the fractional tunes for both beams are selected
at (Vg,vy) = (0.9,0.6) to avoid the resonance.

In Fig. 7, we show the initial distribution of centers
of the macroparticles for the two colliding beams. The
numbers of the macroparticles in each slice are shown
in Fig. 8. The dynamics for both beams is simulated
over three damping times. The behavior of oy /oy 0 is
shown in Fig. 9(a), and the behavior of the luminosity
can be seen in Fig. 9(b). It turns out that as the result
of beam-beam interaction, the bunch sizes increase in the
first damping time and consequently cause the decrease of
the luminosity. A set of equilibrium values can be reached
for all the bunch sizes in a period of several damping
times, from which the dynamical beam-beam tune-shift
parameters can be evaluated using Eq. (1.2).

TABLE II. Ring-ring B factory parameter list.

et e
E (GeV) 3.1 9
s5 (m) 1.26 1.26
f (MHz) 476.0 476.0
a 1.15 x 1073 241 x 173
Vs 0.0403 0.0520
oy (cm) ) 1 1
N, 5.61 x 10'° 3.88 x 10'°
€0z (nm rad) 92 46
€0y (nm rad) 3.6 1.8
B: (cm) 37.5 75.0
By (cm) 1.5 3.0
05 (pm) 186 186
o6y (pm) 7.4 7.4
Tz (turns) 4400 5014
7y (turns) 4400 5014
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The nominal beam-beam tune-shift parameter £, can
be changed by varying the charges in the two beams si-
multaneously. In Fig. 10 we show the equilibrium bunch
sizes, luminosity, and dynamical beam-beam tune-shift
parameters as functions of £,. One finds that the lu-
minosity plot in Fig. 10(b) is quantitatively comparable
with Fig. 4-88 in Ref. [7]. The saturation of the dynam-
ical &+ to a value of &iim = 0.04 is shown in Fig. 10(c).

The significant phenomenon one observes is the blowup
of the vertical size for the low-energy beam, which qual-
itatively agrees with the results in Ref. [7]. This limiting
effect on the beam in the low-energy ring is unfavorable
for further asymmetrization of the energies in the two
rings.

V. RESULTS FOR THE LINAC-RING
BEAM-BEAM EFFECTS

We now focus our attention on the simulation of the
beam-beam effect in the linac-ring B factory. There have
been several parameter lists proposed for the design of
this colliding scheme [1-3]. The one shown in Table III

RUI LI AND JOSEPH J. BISOGNANO
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TABLE III. Linac-ring B factory parameter list.
Linac (e™) Storage ring (e™)
E_ =3.5 GeV E, = 8.0 GeV
N_ =0.544 x 10° Ny = 6.1 x 10%?
fo =20.0 MHz np = 30

€z—,0 = 5.75 nm
€y—,0 = 0.37 nm
Bi_ o = 3.32 mm
By—,0 = 3.33 mm
Op—0 =437 pm
Oy—,0 =111 um

Ez+,0 = 5.75 nm
€y+,0 = 0.057 nm
Bz+,0 =3.33 mm
By+,0 =21.55 mm
Opt,0 =437 pm
Oz, =111 pm

T T T T T
ab (@ .
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L
y .
S ot .
=
2tk N
4+ 4
1 1 1 1 1
-4 -2 0 2 4

Xloy.

0, = 2.64 mm 0,4+ = 3.3 mm
Dy_ o =696 vs = 0.07
Dy_ o =273.7 Tz = 0.9 msec

Ty = 2.4 msec

Ts = 6.9 msec

€z+,0 = 0.002

§y+,0 = 0.056
Lo =1.1x 103 cm™%sec™?

is used here for our simulation. Notice that the proposed
nominal luminosity is £o = 1 x 10%* cm~2s™!, and the
nominal beam-beam parameters are £, 0 = 0.056 and
D,_ o = 273.7, indicating strong beam-beam interaction.

T T T T T
af (b) . - :
x x
x x x x
b LRV XX g %
wox ox D w2
M x
-~ x x .
2+ o5 x"x"‘ x g:( . % X X E
x x x
x x ";x&"* x I <% x
]
+ sk, 7 L R
> %% x xx
s o+ P S x x|
= x X x % x Xx x
= s 1T %k e
NS L
x Wl
e . o oxx B <X x
L x X x x O ,om x|
-2 CRE ke s X
XX X x
b < ® x ~ x
XX
x
4+ Y x
1 1 1 L 1
-4 2 0 2 4
X0y
T T T T T
a4 (@ .
ok w x
2 L XX |
x50 % x®
ET o L
. X X Dot gk e
= x ’;"x;{,‘wkn "
5 0} x Xon »&xgk x
2 x & ,g;,?x x
BN %Sl % x
> X %,
B
X ox "x;{‘ii x%x
R x 4
2% {
xx x
[’ x
4 4
1 1 i 1 1
-4 2 ) 2 4
X0y

FIG. 6. Transverse distribution of electron and positron bunches. (a) Electron macroparticles at 2000th turn; (b) positron
macroparticles at 2000th turn; (c) electron macroparticles at 2001th turn; and (d) positron macroparticles at 2001th turn.
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FIG. 7. Beam profiles in the (a) X-Z plane and (b) Y-Z plane before the first collision for a ring-ring collider using parameters

in Ref. [7].

Our goal is to study the beam-beam tune-shift limit for
the linac-ring collider, and to observe the dominant dy-
namics responsible for the beam-beam limitation. The
simulation-related parameters are listed in Table IV.
The profiles of the two beams in the Y-Z plane before
and after the first collision are shown in Fig. 11. For the
e~ beam, the numbers of macroparticles are evenly dis-
tributed among the slices, with the longitudinal parabolic
charge distribution characterized by the difference in the
charges carried by macroparticles in different slices. This
is shown in Fig. 12(a). The longitudinal Gaussian charge
distribution for the et beam is simulated by the lon-
gitudinal Gaussian distribution of macroparticles carry-
ing the same amount of positive charges, as shown in
Fig. 12(b). In the simulation, the e™ beam is circulated
in the storage ring, experiencing a beam-beam collision
at IP once a turn with a new electron bunch, and also
undergoes the ring dynamics including the linear beta-
tron oscillations, synchrotron oscillations, as well as the

120 T

(a)

80 -

60 |- /

o,

damping and diffusion in all three dimensions. The evo-
lution of the positron vertical bunch size and the lumi-
nosity of beam-beam collisions in about three damping
times of the vertical motion are shown in Fig. 13, which
demonstrates that the luminosity reaches an equilibrium
value lower than the nominal one as the result of beam
blowup.

To understand the cause of the beam blowup in the
linac-ring beam-beam simulation, the trace of certain e~
macroparticles and also the variation of rms size for each
e~ slice through the e™ bunches during the first collision
are plotted in Fig. 14. The formation of pinches when
the e~ macroparticles oscillate through the e* bunch is
clearly seen as the effect of the high disruption of the
e~ bunches (here D., = 273.7). It is expected that the
consequent deep modulation of the e~ envelope in the
collision processes will have a significant impact on the
stability of the positron bunches by inducing (1) strong
nonlinearity at the pinch points and (2) strong synchro-

120 T T T

(b)
100 - .

80 -

Zlo,,

FIG. 8. Initial numbers of macroparticles for the five slices in e~ and et bunches, respectively, which are compared with the

ideal Gaussian distribution (solid curves).
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FIG. 9. Results of (a) vertical beam blowup factor for the
e’ beam and (b) luminosity for parameters in Table II.

betatron coupling. This is believed to be the major mech-
anism for the observed beam blowup in Fig. 13(a).

As pointed out by S. Heifets [3], the effect of the pinch-
ing of the electron beam on the stability of positrons can
be minimized by the proper choice of initial conditions for
the electron beam entering the interaction region. The
underlying idea is that with a large transverse momen-
tum spread in the phase space for the incoming elec-
trons, the focusing points of the electrons due to their
strong interaction with the positron beam are spread out
longitudinally, thereby producing a much smoother en-
velope distribution for the e~ bunch. This scheme is
called matching, meaning that the initial condition of
the electron beam is chosen such that the two colliding
beams are matched in sizes at IP, i.e., 05_ o = 03, o and
Oy_ 0 = Oy o0, When the beam-beam focusing is included.
In the practical design, the effect of matching can be pro-
vided by the hourglass effect due to the strong focusing
of the e~ beam at IR. From simulations using several
parameter sets [17], it is found that at high disruption
(Dey =~ 300), matching occurs when gB;_ =~ 0.50.,, in

TABLE IV. Parameters for simulation.

e” et
Number of slices 9 45
Number of macros 360 1000

3.93
0.5 x (beam sizes)

Aspect ratio of macros
Sizes of macros
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contrast to the usual requirement 8}_ ~ o,,. Thus, al-
though matching requires somewhat stronger focusing, it
is not beyond practical considerations.

For the parameters in Table III, where ,6’;_ R 04,0,
the hourglass effect is not significant enough to provide
a natural matching. Hence, a stronger focusing of the e~
bunch prior to the IR is simulated by determining the
initial condition for the e~ bunch through tracking the
matched e~ bunch at IP back to the beginning of the
interaction. Compared with Fig. 14 for the nonmatching
case, a smoother envelope distribution of the e~ bunch
for the matching case is shown in Fig. 15. Similar to
Fig. 13, the long term behavior of the positron bunch
size and the luminosity can also be obtained in the case
of matching.

We then proceed to study the beam-beam effect for
both matching and nonmatching cases by varying &, o
while fixing Dy,_o. This is done by varying the total
charge of the e~ beam N_ while fixing the total charge
of the e™ beam IV, . The dependence of the equilibrium
values of the beam blowup factor and luminosity with re-
spect to different £, o is shown in Fig. 16. As shown in
Fig. 16(a), for the nonmatching case, the beam starts to
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FIG. 10. Results of beam-beam effect for ring-ring B fac-
tory parameters: (a) Beam blowup factors, (b) luminosity,
and (c) dynamical £ vs £o.
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FIG. 11. Beam profiles in the Y-Z plane (a) before and (b) after the first collision with beam parameters shown in Table III.

blow up around ;4 o = 0.02, whereas the blowup takes
place around &4 o = 0.05 if matching applies. Also the
extent of beam blowup as £, o increases for the non-
matching case is much larger than the matching situa-
tion. In Fig. 16(b), the luminosities deviate from the
nominal (no beam-beam interaction) behavior as the re-
sult of beam blowup [here the luminosity and the beam
sizes do not straightforwardly satisfy Eq. (1.1) because of
the focusing phenomena involved for the e~ macroparti-
cles]. It is shown that, for £, ¢ above the value of 0.06,
the luminosity in the matching case increases slowly with
values larger than the saturated value in the nonmatch-
ing cases. The above comparison of the beam-beam effect
with and without matching manifests the effect of enve-
lope modulation of the e~ bunches.

The results in Figs. 13 and 16 were obtained for the
fractional betatron tune (Qq+,Qy+) being (0.64,0.54).
As the further investigation of the beam-beam effect in
linac-ring scenarios, we studied the dependence of the
equilibrium beam blowup factor o, /0,4 0 on the choice
of (Qz+,Qy+) for the storage ring beam. Since the sim-
ulation is strong-strong and time consuming, the blowup
is computed on sporadic points in the tune plane that are

120 | (aS ’ .

100 - 7

equiv

reasonably chosen in interesting areas instead of sweep-
ing the grids in the tune plane. The following are the
descriptions of the general behavior observed. First, for
the low-disruption cases (Dy_ o < 1), one can see clearly
the transverse resonance structure and the synchrotron
sidebands in the tune plane. This is similar to the beam-
beam interaction in the ring-ring collider, when the colli-
sions of the two beams take place without the oscillation
of the electrons or pinching of the electron beam. Sec-
ondly, when matching is applied to the high-disruption
case (Dy_ o = 273.3), the transverse resonance structure
can be observed as a strong localized enhancement of
the low-level beam blowup in the tune plane. This indi-
cates that when matching applies, apart from the residual
modulation of the e~ envelope, the beam-beam limit is
approximately caused by the same nonlinearity effect as
in the ring-ring situation. Lastly, for the high-disruption
case without matching, the general phenomenon found
is that when the modulation of oy,_ becomes deeper as
D,_ increases, the equilibrium bunch size o, varies
from the unperturbed value in most of the tune plane
to the situation of overall blowup. This agrees with the
results obtained by Gerasimov [18] using a weak-strong

80 T T T
(b)

60 - h

FIG. 12. (a) Equivalent number of macros in each slice for the e~ beam; and (b) number of macroparticles in each slice for

the et beam.
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FIG. 13. Results of (a) beam blowup for the positron beam
and (b) luminosity during 5000 turns for parameters in Table
III.

simulation with envelope-modulated electron bunches. It
is also found that when the synchrotron motion of the
e’ beam is turned off in the simulation, the equilibrium
beam blowup factor is much smaller compared to that ob-
tained in the presence of the synchrotron motion. This
implies that the overall beam blowup in the tune plane is
mainly caused by the synchrobetatron coupling induced
by the envelope modulation of the e™ beam.

It is important to ensure the numerical stability of the
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simulation results with respect to the simulation param-
eters. As shown in Figs. 3 and 4, the same equilibrium
beam blowup value is obtained for different numbers of
macroparticles for the simulation. We also found that the
results agree for different numbers of slices for the two
beams (5 for the e~ bunch and 25 for the et bunch, as
opposed to our previous parameters—9 for the e~ bunch
and 45 for the et bunch). With all these checks, we con-
clude that the stability of the positron bunch is strongly
affected by the pinching of the e~ bunch in the nonmatch-
ing case; on the other hand, the beam-beam tune-shift
limit for the e™ bunch can be made comparable with
that in the ring-ring beam-beam interaction, provided
that proper initial condition is set for the e~ bunches.

VI. EFFECT OF JITTERS

Since the number of macroparticles is limited in the
simulation, a fluctuation of the transverse offset for each
slice in the two beams is inevitable. These offsets are ran-

dom and of the order gslice/,/Nslice where o3l are the

z,y z,y

rms sizes of a given slice simulated by N5k number of
macroparticles. Without any treatment of these offsets
in the simulation, the positron bunch shows a kink insta-
bility in the absence of synchrotron oscillations. It has
been observed [19] that as the highly disrupted electron
particles oscillate through the positron bunch, the effects
of the offsets in the previous positron slices are passed to
the later slices by the electrons. After many turns, the
offsets in the positron slices are cumulatively enhanced
in a coherent manner by this dipole interaction. Fur-
ther simulation shows that the coherence in the dipole
motion tends to be suppressed by synchrotron motion
of the positron particles. The results of the beam-beam
effect in a linac-ring collider presented in the previous
section are obtained by removing the offset effects in the
force calculation of the simulation, corresponding to ideal
head-on collisions.

In reality, however, the e~ bunches from the linac could
fluctuate in intensity, transverse position, longitudinal
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FIG. 14. Plots of (a) traces of e~ macroparticles and (b) variations of rms size for e~ slices in the Y-Z plane in the rest

frame of the et bunch without matching.
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FIG. 15. Plots of (a) traces of e~ macroparticles and (b) variations of rms size for e~ slices in the Y-Z plane in the rest

frame of the et bunch with matching.

position (timing), and possibly shape. It is important
to investigate the impact of these possible jitters of the
linac beam on the stability of the storage-ring beam. A
complete description of the problem includes the coherent
motion of the two beams, the effect of external colored
noise on the nonlinear dynamical system, and the mul-
tidimensional couplings as well as the effect of damping
and quantum diffusion.

In Ref. [20], the first-order effects of white noise jitters

—— without matching (a)
------ with matching
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&0 ( Dy=2737 )
30 ' | ]
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D — — nominal case -7
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FIG. 16. Results of beam-beam effect for a linac-ring B
factory using parameters in Table III. (a) Beam blowup factor
and (b) luminosity vs nominal tune shift. Here & is changed
by varying N_ only.

are estimated analytically by using a one-dimensional lin-
ear model. It shows that the required jitter tolerances are
at the margin of the precision of measurements. Weak-
strong simulations without damping [21] basically con-
firmed the above analytical prediction. As suggested in
Ref. [21], the weak-strong simulation reveals the initial
emittance growth of the e beam. In the long term, the
blowup of the et beam will reduce the disruption of the
e~ beam, and thus the effects of the pinches.

Here we studied the effect of the intensity jitter in or-
der to reach an understanding consistent with previous
predictions. First, a weak-strong simulation was carried
out using an analytic beam-beam force formula for round
beams, with the round positron beam represented by 500
particles. For the calculation, the damping times used
were 7, = T, = 2.4 ms, and the jitter of the electron
current was 10%. The beam-beam tune-shift parameters
were set at {54 0 = £y+,0 = 0.055, and the beams were as-
sumed to have no longitudinal lengths. The fractional be-
tatron tunes were chosen to avoid the linear weak-strong
instability [22]. The destructive effect of intensity jitter,
when the force is linear, is shown in Fig. 17(a). Figure
17(b) shows that the presence of damping can slow down
the rate of beam blowup, but the beam is still far from
stability. This is because the magnitude of the intensity
jitter here is above the stability threshold predicted in
Ref. [20] based on the linear model. However, when the
nonlinear beam-beam force is used at IP, as shown in
Fig. 18(a), the intensity jitter is much less destructive
than that in a linear case. Furthermore, when transverse
damping is applied to the nonlinear beam-beam interac-
tion, the stability of the e™ beam is restored, as shown
in Fig. 18(b) (the same result was obtained by Johnson
[23]). The result in Fig. 18(a) is consistent with the re-
sults in Ref. [21], where the amplitude growth of positron
particles is studied in a weak-strong simulation with syn-
chrotron motion included. However, the effect of syn-
chrobetatron coupling is small when studying particles
with small synchrotron amplitudes [23].

We next studied the effect of jitters using our strong-
strong beam-beam simulation, using the machine param-
eters in Table III and simulation parameters in Table IV.



3976 RUI LI AND JOSEPH J. BISOGNANO 48
10 T T T 10 T T
10% intensity jitter 10% intensity jitter
no damping (a) with damping
8 7 FIG. 17. Vertical beam

1 1 1 L L

blowup for a round positron
beam simulated by 500 parti-
cles. Here the analytic linear
beam-beam transverse forces
with £;¢+'0 = £y+,0 = 0.055 are
used at IP for weak-strong sim-
ulation. The beam is assumed
to have no longitudinal length.

1 1 1

0
0 200 400 600

Ntum

0
800 1000 1200 0

In the absence of the synchrotron motion, the same fea-
ture of the effect of damping in a nonlinear potential as
shown in Fig. 18 is observed. We thus conclude that the
internal jitter caused by the shot noise in the simulation
plays a negligible role in the study of the effect of the
external intensity jitter. With the inclusion of the syn-
chrotron motion, however, the e beam blows up even
when the linac beam has no intensity jitters, as shown
in Fig. 19(a). This is the result of the synchrobetatron
coupling induced by the deep envelope modulation of the
e~ beam. It is shown in Fig. 19(b) that the presence of
jitter gives only a 10% increase in the beam blowup com-
pared to the case in Fig. 19(a). Moreover, when damping
is applied, the effect of jitter can hardly be seen when we
compare the result in Fig. 19(c) with that in Fig. 13(a).
The latter is obtained in the absence of jitter.

In the above study, we used random white noise for
the intensity jitter. In the actual experiment, the power
spectrum for the jitters of the linac beam depends on the
characteristics of the photo cathode gun. For example,
in a few-millisecond circulation time for the e* beam, 60-
Hz noise acts as a constant offset; the et beam would be
more responsive to noise with frequencies in the kilohertz
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range. To study the effect of jitters of the linac beam
for a specific design, it is important to know the power
spectrum of the jitter and to take the complete dynamics
for the et beam into account.

VII. SUMMARY

In this study, a strong-strong beam-beam simulation is
developed based on a macroparticle model. The motion
of the macroparticles is 3D, and the effects of damping
and quantum diffusion in the storage ring are also in-
cluded. The dependence of the computation results on
the simulation parameters, such as the size and the num-
ber of the macroparticles chosen, is also estimated. As
a benchmarking test, this simulation reveals the same
coherent quadrupole effect in the ring-ring collider as ob-
served by others.

This simulation scheme is first applied to study the
beam-beam effect in a ring-ring B factory, using the pa-
rameters in the PEP B factory proposal. The beam-
beam results thus obtained agree qualitatively with the
published results. Quantitative comparison of the results
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FIG. 18. Vertical beam blowup for a round positron beam simulated by 500 particles. Here the analytic nonlinear beam-beam
transverse forces with €.40 = &y+,0 = 0.055 are used at IP for weak-strong simulation. The beam is assumed to have no
longitudinal length.
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requires further knowledge of the details of the simu-
lations involved. We then use our simulation to study
the beam-beam effect in a linac-ring B factory. For
D,_,o = 273.7, the e* beam starts to blow up in the
vertical direction at £, ¢ = 0.02. On the other hand, if
the precollision state of the e~ bunches is properly cho-
sen to smooth out the pinches, the beam-beam tune-shift
limit for the e beam is found to be around 0.05, which
is comparable with that value in a ring-ring B factory.

The effect of intensity jitter in the linac beam on the
stability of the storage-ring beam is also tested using our
strong-strong simulation. With the inclusion of all the
possible dynamics in the simulation, the extremely un-
stable situation for the positron bunch predicted by the
weak-strong simulation without damping and an analytic
model based on the linear beam-beam interaction is not
observed.
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FIG. 19. Vertical beam blowup in the strong-strong sim-
ulation, with parameters in Table III. Here the synchrotron
motion is included.
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APPENDIX

To estimate the effect of the finiteness of (1) the sizes
of macroparticles and (2) the number of macroparticles
in each bunch on the results of the beam-beam interac-
tion using the macroparticle model, we take the familiar
Gaussian bunch distribution as an example.

First we study the effect of finite size of the macropar-
ticles. Consider a system of macroparticles. Let p.(x,t)
denote the distribution function for the center of the
macroparticles. And let S(x) denote the charge distri-
bution in each single macroparticle, which corresponds
to its finite size. The overall charge distribution function
of the system, p(x,t), is then [24]

p(x,t) = /dx'S(x —x")pe(x', ). (A1)
The Fourier transform of the above equation gives
pk,t) = 5(k)pe(k,1), (A2)
where
S(k) = / dxS(x)e~ KX, (A3)

and p.(k,t) and p(k, t) are transformed from p.(x,t) and
p(x,t) in a similar way, respectively.

Assume that a slice of a charged beam is represented by
N,,, macroparticles. The centers of the macroparticles are
subject to a continuous 2D Gaussian distribution with
the rms bunch sizes 0,5 and o,p, namely,

2 2
__= — ¥
Nm e 2025 2ayB ,

PO ) = Sroenoss

or (A4)

k252 k252
~ —Z2%z2B _ "yyB
pelka, ky) = Nppe™ =3 2

Let each macroparticle be a 2D Gaussian charge distribu-
tion carrying a charge q,,, with rms sizes 04, and oy,
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g ;o
S(ay) = 5T e i
MO 2mTym
or (A5)
k252 k202

S(kgyky) = gme™ 2 T,

As the result of Eq. (A2), the system of macroparticles
yields an overall Gaussian distribution, which satisfies

kz(”eff) kz(,eﬁ‘)z
plkarky) = Nongme ™~ 27— 4 (A6)

Here 0%, and a;% are the effective rms bunch sizes,

eff __ 2 2 eff __ 2 2
oz =1/0zp + 02, and oy =,/oip+tol..

(A7)

We thus conclude that a system of continuously Gauss-
ian distributed macroparticles, with the inner charge dis-
tribution for each macroparticle being also Gaussian, is
equivalent to a Gaussian distribution of point particles
with the rms sizes given by Eq. (A7). As a conse-
quence, the force generated by a distribution of charged
macroparticles deviates from that generated by the same
distribution of point charges. As shown in Fig. 2, this de-
viation is most obvious at the standard deviation of the
distribution. This is called the edge effect. Also the lumi-
nosity for two overlapping slices in two colliding beams,
which are simulated by macroparticles, satisfies Eq. (1.1),
with the bunch sizes replaced by the effective bunch sizes
given by Eq. (A7). If the sizes for the macroparticles are
properly chosen to satisfy
(A8)

(amm/azg)2 <1 and (O'ym/o'yB)2 <1,

the effects of finite size of macroparticle on the bias of
the calculated results are negligible.

Next we discuss the effect of the finiteness of the num-
ber of macroparticles. For a system of a finite number of
macroparticles, p.(x,t), the distribution function for the
center of the macroparticles will contain high-frequency
components instead of behaving smoothly, as in Eq. (A4).
Since each macroparticle is a Gaussian distribution given
by Eq. (A5), we have S(k,,ky) < 1 for ky > 1/04m, and
ky > 1/0ym. As a result, the high-frequency component
in the overall charge distribution p(z, y) is suppressed ac-
cording to Eq. (A2). This is the screening effect of the
finite size of the macroparticles. We define Ny as
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No = Z=B%EB (A9)

OemTym

which is the number of macroparticles required to cover
the bunch without overlapping. It can be shown that
under the conditions of Eq. (A8), the relative fluctua-
tion of the luminosity £ for the interaction of the bunch
with other charge distributions is small when the num-
ber of macroparticles in the bunch satisfies N,,,/No > 1,
namely [25],

(AL%/(L)? <1 when N,,/No> 1. (A10)

Here the ratio N,,/No characterizes the degree of over-
lapping of the macroparticles.

Given the number of macroparticles in each bunch, the
collisional effect due to the discreteness of the distribu-
tion can be suppressed by assigning finite sizes to the
macroparticles. However, it is inevitable to have a resid-
ual low-frequency fluctuation in the overall charge distri-
bution due to the finiteness of the number of macroparti-
cles. In our simulations, since the number of macroparti-
cles is limited strongly by the computer time, we choose
the sizes of the macroparticles to be relatively large (for
most of our computations, we choose ozm /-5 = 0.5 or
0zm/0z8 = 0.5; smaller macroparticle sizes were used
occasionally for error estimation) in order to have a bet-
ter screening from the collisional effect. As the rms sizes
of each slice in a bunch are updated for each step of ad-
vance in a collision, the sizes of the macroparticles in the
slice are varied accordingly.

It should be noted that the aspect ratio of the
macroparticles R,, = 0gzm/0ym is fixed through the
lookup table for the beam-beam forces. On the other
hand, for interactions involving the pinch or blowup of
the beams, the aspect ratio for each slice of a bunch
Rp = 0B./0By evolves with time. Special care should be
taken to ensure that Eq. (A8) is always satisfied. In the
simulation, the size of the macroparticles was chosen to
be proportional to the size of the corresponding slice in
the bunch, with the proportionality parameter r(r? < 1).
When Rg < R, we set 0,,; = TroBz, which gives
Omy = r(Rp/Rm)oBy. In contrast, when Rp > R,,, we
set Omy = roBy, Which leads to o = r(R,/RB)0Bs.

A reasonable extension of the above results to the sim-
ulation of the interaction for beams with general charge
distribution is that the size of the macroparticles should
be small compared to the characteristic length of the
overall charge distribution, and the number of macropar-
ticles should be enough so that the macroparticles overlap
one another to cover the dense region of the distribution.
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