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Abstract

Coherent electron cooling (CeC) is a novel technique for
rapidly cooling high-energy, high-intensity hadron beam.
Plasma cascade amplifier (PCA) has been proposed for the
CeC experiment in the Relativistic Heavy Ion Collider
(RHIC) at Brookhaven National Laboratory (BNL). Cool-
ing performance of PCA based CeC has been predicted in
3D start-to-end CeC simulations using code SPACE. The
dependence of the PCA gain and the cooling rate on the
electron beam’s orbit deviation has been explored in the
simulation studies.

INTRODUCTION

Strong hadron cooling (SHC) is essential to attain the lu-
minosity required by the future Electron-Ion Collider (EIC)
design. CeC [1-3] is a promising technique for the rapid
cooling of high-energy high-intensity hadron beams in the
EIC.

A CeC system consists of three main sections, the mod-
ulator, the amplifier, and the kicker. Several CeC schemes
have been proposed with different implementations of the
CeC amplifier. In this paper, we present simulation studies
of the PCA-based CeC [4]. Working principle of PCA is
the new plasma cascade instability (PCI) [5-6].

Figure 2 shows the layout of a PCA-based CeC system,
where solenoids are used to modulate the transverse size of
the electron beam and to excite the PCI.

Our simulation tool is the SPACE code [7], a parallel,
relativistic, three-dimensional (3D), electromagnetic (EM)
Particle-in-Cell (PIC) code, which has been used in the
simulation studies for the mitigation effect by beam in-
duced plasma [8], the modulation process in CeC [9-12],
CeC with free electron laser (FEL) amplifier [13-16] and
the CeC with PCA [17-18].

CEC WITHOUT ORBIT DEVIATION

The setup of the CeC system in the simulation study is
based on the CeC experiment at BNL RHIC, which in-
cludes a 2.88-meter modulator, an 8-meter 4-cell PCA and

a 3-meter kicker. The lengths of the PCA cells are 1.8 m,

2.2 m, 2.2 m, and 1.8 m. Table 1 lists two cases of electron
beam parameters in simulations. The electron beam peak

current and emittance are carefully chosen to excite the PCI
in PCA, and therefore amplifier the density modulation in-
troduced by ions in the modulator.

Table 1: Electron Beam Parameters

Case 1 Case 2
Beam energy, y 28.5 28.5
Peak current, A 50 75
Normalized KV emit-
6 7
tance, mm mrad
RMS energy spread 2e-4 2e-4

A transverse Kapchinsky-Vladimirsky (KV) distribution
has been applied to the electron beam in the simulations.
Note that the KV emittance is 4 times of the traditionally
defined root-mean-square (RMS) emittance.
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Figure 1: Evolution of transverse RMS beam size in a 4-
cell-PCA based CeC system for electron beam peak current
50A (top), and the energy kick to ions in the kicker section
for ions with various longitudinal and horizontal positions
(bottom left) and for ions with zero horizontal position
(bottom right).
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Figure 2: Schematic of a CeC system with the PCA.
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Figure 3: Evolution of transverse RMS beam size in a 4-
cell-PCA based CeC system for electron beam peak current
75A (top), and the energy kick to ions in the kicker section
for ions with various longitudinal and horizontal positions
(bottom left) and for ions with zero horizontal position

(bottom right).

Figures 1 and 3 show the electron beam size evolution in
the PCA-based CeC system for the two cases listed in Table
1, and the energy kick to hadrons in the kicker section. The
energy kick from the electrons corrects the hadrons’ energy
towards the nominal value, which results in the cooling.
Both cases provide sufficient energy kick to hadrons and
result in reasonable local cooling time, as can be seen in
Figures 2 and 3. More simulations of the modulator and the
PCA can be found in [9-18].

PCA WITH ORBIT DEVIATION

We have simulated the electron beam dynamics through
the PCA to explore the effect of orbit deviation on the PCA
gain. A transverse orbit deviation of 0.25 mm has been in-
troduced at the entrance of the PCA. We have tracked the
PCA gain and compared the cases of orbit correction at dif-
ferent locations along the beam line. Such comparison is
presented in Figure 4. The last row in Figure 4 shows that
the initial orbit deviations will be amplified in the PCA
without orbit correction, which significantly reduces the
PCA gain. The earlier we correct the orbit, the more we can
restore the PCA gain. With orbit correction at the 1st cell
of PCA (2nd row in Figure 4), the PCA gain is as large as
that without orbit deviation (1st row in Figure 4).

The correlation between the increased orbit deviation
and the reduced PCA gain has been explored by tracking a
longitudinal slice of electrons. As can be seen in Figure 5,
we have compared three cases of initial orbit deviation 0
mm, 0.1 mm and 0.25 mm, and found that orbit deviation
can cause mismatch of transverse beam size in the designed
PCA lattice. In each of the three cases, we tracked the dy-
namics of a longitudinal slice of electrons, which are
shown in Figure 6.
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Figure 4: Evolution of transverse beam position in a 4-cell
PCA (left column) and corresponding PCA gain at 2e+13
Hz (right column) for electron beam without orbit devia-
tion (1st row), with initial orbit deviation 0.25 mm and or-
bit correction at 1st PCA cell (2nd row), 2nd PCA cell (3rd
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row), 3rd PCA cell (4th row), 4th PCA cell (5th row), exit
of PCA (6th row), and without orbit correction (7th row).
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Figure 5: Evolution of transverse beam position (left) and
transverse RMS beam size (right) in a 4-cell PCA for elec-
tron beam with initial transverse orbit deviation 0 mm
(blue), 0.1 mm (red) and 0.25 mm (green).
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Figure 6: Dynamics of a longitudinal slice of electrons in a
4-cell PCA for electron beam with initial transverse orbit
deviation 0 mm (blue), 0.1 mm (red) and 0.25 mm (green).

The transverse radial position is defined as r = \/x? + yZ2.

Figure 6 shows that electrons with larger orbit deviation
will spread more in longitudinal coordinate in PCA. The
reason of the longitudinal spread is that electrons with
larger orbit deviation are kicked by stronger transverse
magnetic field of the solenoids, which results in more lon-
gitudinal spread. Such spread plays a similar role in PCA
gain reduction as energy spread [18].

CEC WITH ORBIT DEVIATION

We have included the orbit deviation in the CeC simula-
tions to study its effect on the cooling performance. In this
study, we have used the beam parameters listed as Case 1
in Table 1. Instead of the initial orbit deviation, we have
applied the vertical magnetic field le-5 T in the CeC beam
line, which is based on the measurement of the earth mag-
netic field at the location of the CeC system at BNL RHIC.

Figure 7 shows that the earth magnetic field causes orbit
deviation and mismatch of beam size in the PCA-based
CeC lattice, which degrade the cooling performance. The
correctors in the CeC beam line have been utilized to cor-
rect the orbit, and the resulting orbit is shown in Figure 8.
The locations of the correctors are based on the CeC sys-
tem at BNL RHIC. The comparison between Figure 8 and
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Figure 2 shows that the orbit correction restores the cooling
performance.
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Figure 7: Evolution of transverse beam position (top left),
transverse RMS beam size (top right) in a 4-cell-PCA
based CeC system for electron beam peak current SOA with
earth magnetic field, and the energy kick to ions in the
kicker section for ions with various longitudinal and hori-
zontal positions (bottom left) and for ions with zero hori-
zontal position (bottom right).
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Figure 8: Evolution of transverse beam position (top left),
transverse RMS beam size (top right) in a 4-cell-PCA
based CeC system for electron beam peak current S0A with
earth magnetic field and orbit correction, and the energy
kick to ions in the kicker section for ions with various lon-
gitudinal and horizontal positions (bottom left) and for ions
with zero horizontal position (bottom right).

CONCLUSION

We have simulated proper electron beam parameters
which will provide good cooling performance in the PCA-
based CeC system. The orbit deviation and earth field have
been included in the simulations, which lead to worse cool-
ing performance. We have demonstrated that the cooling
performance can be restored with proper orbit correction.
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