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Abstract

The high luminosity electron ion collider (EIC) will
provide great opportunities in nuclear physics study and is
under active design. The coherent effects due to the beam-
beam interaction of two colliding beams can cause beam
size blow-up and degrade the luminosity in the EIC. In this
paper, we report on the study of coherent beam-beam
effects in the EIC design using self-consistent strong-
strong simulations. These simulations show the coherent
dipole and quadrupole mode instabilities in the tune
working point scan and bunch intensity scan.

INTRODUCTION

The electron-ion collider (EIC) as a gluon microscope
has been approved by the Department of Energy as the next
major scientific facility that probes the detailed physics
inside the nucleus with deep inelastic scattering using
polarized high energy electron [1]. The EIC consists of two
colliding rings, a hadron ring of 41-275 GeV and an
electron storage ring of 5-18 GeV. The nominal design goal
is to attain a peak luminosity of ~103/cm?/s. The coherent
instability driven by beam-beam interactions could cause
beam size blow-up and degrade the peak luminosity [2-5].
Such an instability depends on the choice of transverse tune
working points and beam bunch intensities as seen in the
following strong-strong simulations.

COMPUTATION TOOL

The computational tool used in this study is a self-
consistent strong-strong beam-beam code, BeamBeam3D
[6,7]. The BeamBeam3D is a parallel three-dimensional
particle-in-cell code to model beam-beam effects in high-
energy ring colliders. This code includes a self-consistent
calculation of the electromagnetic forces (beam-beam
forces) from two colliding beams (i.e. strong-strong
modeling), a linear and nonlinear high-order transfer map
model for beam transport between collision points, a
stochastic map to treat radiation damping, quantum
excitation, a single map to account for chromaticity effects,
a feedback model, an impedance model, and a
Bremsstrahlung model. Here, the beam-beam forces can be
from head-on collision, offset collision, and crossing angle
collision. These forces are calculated by solving the
Poisson equation using a shifted integrated Green function
method, which can be computed very efficiently using an
FFT-based algorithm on a uniform grid. For the crossing
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angle collision, the particles are transformed from the lab
frame into a boosted Lorentz frame following the
procedure described by Hirata [8] and by Leunissen et al.
[9], where the beam-beam forces are calculated in the same
way as the head-on collision. After the collision the
particles are transformed back into the laboratory frame.
The BeamBeam3D code can handle multiple bunches from
each beam collision at multiple interaction points (IPs).
The parallel implementation is done using a particle-field
decomposition method to achieve a good load balance.

SIMULATION RESULTS

The nominal design parameters used in the simulations
are given in the following table. These design parameters

Table 1: EIC Design Parameters

electron proton
Energy (GeV) 10 275
Tune (0.08,0.06)  (0.228,0.21)
Particles (10'!) 1.72 0.69
Emittance (nm) (20,1.1) (11.3,1.0)
B* (cm) (55,5.6) (80,7.2)
Beam-beam para. (0.088,0.1) (0.01,0.012)
Chromaticity (1,1) (1,1
Damp time (k turn) 4.4,2)
Crab freq. (MHz) 394 197

were chosen to produce ~10°**/cm?s peak luminosity for
the collision of a 10 GeV electron bunch and a 275 GeV
proton bunch with 25 mrad crossing angle [10]. Pairs of
crab cavities are used on both sides of the collision point to
correct the crossing angle for both colliding beams. The
nominal beam-beam parameters for the electron beam are
(0.088, 0.1), and (0.01, 0.012) for the proton beam. The
large beam-beam parameters result in strong coherent
beam-beam effects. Such effects can cause instability due
to the collective dynamic interactions between the electron
beam and the proton beam.

In the EIC design, the transverse tune working points
have to be carefully selected. Figure 1 shows the proton
beam and electron beam horizontal centroid evolution with
different choice of electron beam horizontal and vertical
tunes. In this scan, the proton beam tune working point is
fixed. It is seen that for the electron horizontal tune
between 0.1 and 0.14, both electron and proton beam
centroid become unstable.
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To study the mechanism underlying these instabilities,
we selected one electron tune working point (0.1,0.1).
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Figure 1: Proton beam (red) and electron beam (green)
horizontal centroid evolution with electron beam
horizontal tune (Qx) and vertical tune (Qy) scan.

Figure 2 shows spectra of electron beam horizontal
centroid evolution during three time windows: first 4000
turns, after 2000 turns, another 3000 turns. It is seen that
spectrum amplitude of a single mode around 0.24 grows
through three windows while the other mode amplitudes
stay about the same. This suggests that this single becomes
unstable and results in beam centroid blow-up.
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Figure 2: Spectra of electron centroid evolution during
three periods of evolution.

Figure 3 shows the electron beam and proton beam
horizontal centroid spectra with six electron horizontal
tunes and one fixed vertical tune. It is seen that as the
electron horizontal tune changes, the coherent electron
mode frequency moves, while the coherent mode
frequency from the proton beam stays the same. The
electron beam becomes unstable only for the horizontal
tunes between 0.1 and 0.14. This suggests a coupling
resonance between the coherent electron mode and the
coherent proton mode.

The above coherent dipole mode instability can be
avoided by moving the proton beam working point. Figure
4 shows the proton beam and electron beam horizontal
centroid evolution with two proton beam horizontal tunes.
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Figure 3: Electron (top) and proton (bottom) beam
horizontal
horizontal tunes.

the resonance, both beams become stable.

points, we also scanned the proton beam transverse tunes.
Figure 5 shows the peak luminosity as a function of proton
beam horizontal and vertical tunes. It is seen that the good
luminosity stays below the diagonal line of the tune space.
Near the diagonal line, coherent coupling resonance occurs
and causes the degradation of luminosity.
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It is seen that by moving the proton beam tune away from
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Figure 4: Proton beam (top) and electron beam (bottom)
horizontal centroid evolution with two proton beam
horizontal tunes.

Besides scanning the electron beam transverse working
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Figure 5: Peak luminosity as a function of proton beam
horizontal and vertical tunes.

Coherent instability also occurs during the beam
intensity scan. Figure 6 shows electron beam and proton
beam RMS size evolution with several proton beam
intensities. Here, 1 means the nominal proton beam
intensity, 0.8 means 0.8 times the nominal intensity. It is
seen that when the proton beam lowers to 0.4 times the
nominal proton intensity, both the electron beam and the

proton beam become unstable.
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Figure 6: Electron beam (top) and proton beam (bottom)
horizontal RMS size evolutions with several proton beam
bunch intensities.

To understand the mechanism of this instability, we
calculated the tune footprints of the electron beam in Figure
7. It is seen that as the proton beam intensity decreases, the
beam-beam forces become weaker, and the electron beam
tune footprint become smaller. There is no particular lower
order resonance for the x0.4 proton intensity. This suggests
that instability should not be a dipole mode instability.

Figure 8 shows the spectra of electron and proton beam
horizontal RMS size evolution through these proton beam
intensity scan. It appears that for x0.4 proton intensity the
electron beam quadrupole mode hits the 5" order resonance
with too small tune spread to stabilize the beam. Further
lower the proton intensity moves away from the resonance,
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Figure 7: Electron beam tune footprint with several proton
beam bunch intensities.

while further increase the proton intensity results in a larger
tune spread and stabilize the instability through the Landau
damping.
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Figure 8: Spectra of electron beam and proton beam
horizontal RMS size evolution with several proton beam
bunch intensities.

We also scanned electron beam intensity as shown in Fig.
9. It is seen that proton beam emittance growth rate
increases quickly after the electron intensity attains 3.5
x10", This is due to the large proton beam-beam parameter
(~0.019) across the 4 order coherent resonance and results

in large emittance growth.
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Figure 9: Proton beam emittance growth rate as a function
electron beam bunch intensity.

SUMMARY

In this study, using the self-consistent strong-strong
beam-beam simulations, we observed coherent instabilities
of both dipole and quadrupole modes in the transverse tune
working point scan and the beam intensity scan. These
instabilities can be avoided by appropriately choosing
working points and beam intensity parameters.
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