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Abstract
In the Electron-Ion Collider (EIC) design, a flat beam

collision scheme is adopted to achieve 1034 cm−2s−1 lu-
minosity. We found that the vertical growth of the proton
beam is much larger than of the round beam. In this article
we present the numerical noise study about the number of
macroparticles, the electron slice number, and the electron
bunch length. Both weak-strong and strong-strong simula-
tion methods are used. It turns out the proton emittance
growth in the strong-strong simulation mainly comes from
the numerical noise. This study helps us to perform beam-
beam simulation correctly for the EIC.

INTRODUCTION
Compared with the electron beam, the radiation for ions

in the EIC is negligible. The cooling time of the ion beam is
expected to be 1 hour due to strong hadron beam cooling [1],
which is much longer than typical radiation damping time.
As a result, the ion beam lifetime determined by beam-beam
interaction in the EIC is an important issue.

In the EIC, the ion beam will collide with the electron
beam with a total crossing angle of 25 mrad. In [2], we
demonstrated that the dominant physical reason affecting
the ion beam emittance growth is the synchro-betatron reso-
nance, which is caused by the nonlinear crab kick from the
crab cavity. Two feasible methods can be used to mitigate
the emittance growth without sacrificing the luminosity —
the tune optimization [3] and the combination of harmonic
crab cavities [4].

In this paper, the parameters are taken from the EIC Con-
ceptual Design Report (CDR). The optimization procedure is
described in [5]. The simulation studies use the strong-strong
code BeamBeam3D [6] and a self-written weak-strong code.

PROBLEM
Table 1 lists the beam parameters as presented in the EIC

CDR. Figure 1 shows the corresponding simulation results
by strong-strong tracking. The electron beam distribution
reaches equilibrium in about 20,000 turns (4 damping times),
and the remaining 30,000 turns are used to determine the
proton beam growth rate. In Fig. 1, both curves overlap with
each other. It means that the emittance growth driven by the
synchro-betatron resonances in the crab crossing scheme is
comparable with the head-on situation. However, the growth
rates in the horizontal or vertical plane are 1000%/h and
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2500%/h. Those numbers would be unacceptable in a real
machine.

Table 1: Flat Beam Parameters in the EIC CDR

Quantity Unit Proton Electron

Crossing angle mrad 25
Beam energy GeV 275 10
Bunch intensity 1011 0.668 1.72
𝛽∗ at IP cm 80/7.2 55/5.6
Beam sizes at IP μm 95/8.5
Bunch length cm 6 2
Transverse tunes 0.228/0.210 0.08/0.06
Longitudinal tune 0.01 0.069

Figure 1: Beam size evolution for the EIC CDR by strong-
strong tracking.

It is well-known that the Particle-in-cell (PIC) algorithm
is subject to numerical noise [7]. In Beambeam3D, a compu-
tational grid is used to calculate the beam-beam force from
an arbitrary beam distribution. It deposits the macroparticles
on the grid and then solves the Poisson equation. A round
beam simulation is performed with the same grid size to
get a sense of how the numerical noise affects the growth
number. In this simulation, parameters of two beams are
same except for the sign of the charge number. Table 2 lists
the beam parameters taken from RHIC e-lens project [8].
Table 3 shows the code setup in the two simulations. Fig-
ure 2 compares the two simulation results. The beam-beam
parameters in Table 1 and Table 2 are similar. However, the
growth rate in the round beam simulation is much smaller
than the flat beam.

It is necessary to understand the difference. In the flat
beam scheme, the vertical emittance is ten times smaller than
the horizontal one. Physically, the higher-order betatron and
synchro-betatron resonances are unavoidable. Even a weak
coupling may cause the vertical emittance growth. Numer-
ically, vertical emittance is more vulnerable to numerical
noise. We need to find out which one is dominant.
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Table 2: Beam Parameters for Round Beam Simulation

Quantity Unit Proton Anti-Proton

Crossing angle mrad 0
Beam energy GeV 250 250
Bunch intensity 1011 2 2
𝛽∗ at IP cm 50/50 50/50
Beam sizes at IP μm 70/70
Bunch length cm 25 25
Transverse tunes 0.228/0.210
Longitudinal tune 0.01 0.01

Table 3: Code Setup in the Flat and Round Beam Simulation

Type Flat Round

Grid size 128 × 128
Macro partilcles [106] 1.0/1.0 0.5/2.0
Longitudinal slices 45/45 7/21

Figure 2: The comparison of strong-strong simulation be-
tween the flat and the round beam collision.

WEAK-STRONG STUDY

Weak-strong simulation is a convenient tool to study the
dynamics of a single particle. If there exist strong resonances,
a degradation will be present in the weak-strong simulation.
In our study, the electron beam is a rigid Gaussian beam.
The beam parameters are listed in Table 1.

The first factor that affects the growth rate is the slice
number of the electron beam. Figure 3 shows the simulation
results. The number of macroparticles is 2 million. The
proton beam is tracked over 100,000 turns. The horizontal
growth rate is always negligible. The vertical growth rate
saturates with more than 6 slices. There is no significant
improvement when further increasing the slice number.

Figure 3: Beam size evolution for different number of elec-
tron slices by weak-strong tracking.

The second factor is the number of macroparticles. As
more macroparticles are used, there is less Monte Carlo
noise. The simulation results are present in Fig. 4. The
oscillation amplitude of 𝜎𝑥 or 𝜎𝑦 becomes smaller. However,
the vertical growth rate doesn’t scale down. It seems that one
or two million macroparticles are sufficient in weak-strong
simulation.

Figure 4: Beam size evolution for different number of macro
particles. The word “million” is abbreviated as M in the
legend.

The fitting length and the tracking time may affect the
growth rate too. The effect can be both numerical and phys-
ical. On the one hand, the beam sizes change turn by turn
due to the betatron oscillation and the Monte Carlo noise;
on the other hand, the beam-beam force gets weaker as the
proton particles diffuse. Figure 5 shows the simulation result
with a much longer tracking time. The growth rate is then
largely reduced. The electron beam is represented by the
one slice model. Figure 6 shows the growth rate at different
times. The fitting length is 50 thousand turns. From Fig. 6, a
half-million turns are needed in the weak-strong simulation.

Figure 5: Beam size evolution for 1 million turns by weak-
strong tracking.

Figure 6: Growth rates at different times. The fitting length
is 50 thousand turns.
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STRONG-STRONG STUDY
However, the strong-strong simulation can’t be tracked as

long as a half-million turns due to the limitation of computa-
tion resources. In our study, we track particles over 50,000
turns and then compare the growth rates for different param-
eters. The transverse working points for the electron and
proton beam are (0.070, 0.139) and (0.355, 0.193) based on
our tune scan results [3]. Other parameters are the same
as Table 1 after electron beam reachs its equilibrium. The
high-order harmonic crab cavity is also used in the proton
ring as suggested by [4].

Firstly, the number of electron macroparticles 𝑁e is
scanned. Figure 7 shows the simulation results. There is lit-
tle benefit when 𝑁e > 3 M. Then the electron slice number
𝑛e

𝑠 and the number of electron macroparticles are scanned
together. The simulation results are present in Fig. 8. When
𝑁e = 2 M and 𝑛e

𝑠 = 28, the growth rates have the same
magnitude as for the round beams in Fig. 2. It turns out that
the difference between the round and the flat beam collision
mostly comes from the numerical noise. The longitudinal
smoothing can not be neglected in the strong-strong simula-
tion.

Figure 7: Beam size evolution in strong-strong simulation
when scaling the electron macroparticles.

Figure 8: Beam size evolution in strong-strong simulation
when scaling the electron slices and macroparticles.

Different from the weak-strong simulation, the slice num-
ber seems more important in the strong-strong simulation.
To further comfirm that, dependence of the effect of the
number of slices for different bunch lengths is studied. The
simulation results are shown in Fig. 9. In principle, the
shorter electron beam will make the proton beam lifetime
worse. But there is no such dependence in Fig. 9. The major
difference is from the slice number. The results suggest that

we cannot reduce the slice number even if the electron beam
is very short.

Figure 9: Dependence of the effect of the number of slices
for different electron bunch length.

SUMMARY
In this article, we present the numerical noise study by

weak-strong and strong-strong model for the EIC beam-beam
simulation. In weak-strong simulation, a half-million turns
are necessary to determine the growth rate. In strong-strong
simulation, the growth rate mainly stems from the numerical
noise. By scaling the electron slice number and the number
of electron macroparticles, the proton growth rate is reduced
to the same level of the round beam collision. Our simulation
also shows that the electron slice number cannot be reduced
even if the electron beam is very short. The quantitative
understanding of the numerical noise is still ongoing.
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