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Abstract

Plasma cascade amplifier (PCA) is an advanced design
of amplifier for the coherent electron cooling (CeC) exper-
iment in the Relativistic Heavy Ion Collider (RHIC) at
Brookhaven National Laboratory (BNL). Woking principle
of PCA is the new plasma cascade micro bunching insta-
bility occurring in electron beams propagating along a
straight trajectory. PCA is cost effective as it does not re-
quire separating electron and hadron beams. SPACE, a par-
allel, relativistic 3D electromagnetic Particle-in-Cell (PIC)
code, has been used for simulation studies of PCA.

INTRODUCTION

CeC [1-3] is a promising technique for the rapid cooling
of high-energy high-intensity hadron beams. A CeC system
consists of three main sections: the modulator, the ampli-
fier, and the kicker. In the modulator, hadrons induce den-
sity modulation in the electron beam through Coulomb
force. The density modulation is then amplified in the am-
plifier. In the kicker, the electron beam interacts with the
hadrons, correcting their energies towards the nominal
value, which results in cooling of the hadron beam. There
are various implementations of the CeC amplifier. In this
paper, we present simulation studies of the PCA [4]. Work-
ing principle of PCA is the new plasma cascade instability
(PCI) [5-6] occurring in electron beams propagating along
a straight trajectory.

Figure 1 illustrates the layout of a CeC system with the
PCA, where solenoids are used to focus the electron beam
transversely. As a result, the plasmas frequency is modu-
lated to excite the PCI, and to amplify the density modula-
tion induced by hadrons in the modulator.
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Figure 1: Layout of a CeC system with the PCA.

We have used the SPACE code [7] for simulation stud-
ies. SPACE is a parallel, relativistic, three-dimensional
(3D), electromagnetic (EM) Particle-in-Cell (PIC) code,
which has been used in the simulation studies for the miti-
gation effect by beam induced plasma [8], the modulation
process in CeC [9-12], and the cooling performance of CeC
with free electron laser (FEL) amplifier [13-16]. The
SPACE code simulation results have been benchmarked
with the analytical solution to the modulator problem [17].
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PERIODIC PCA

We have performed simulations of 4-cell periodic PCA
to study the performance of PCA. Electron beam parame-
ters in the simulations are listed in Table 1 and are relevant
to the CeC experiment at BNL RHIC. A transverse Kap-
chinsky-Vladimirsky (KV) distribution has been applied to
the electron beam in the simulation study. Note that the KV
emittance is 4 times of the traditionally defined root mean
square (RMS) emittance.

Table 1: Electron Beam Parameters for Periodic PCA

Beam energy, y 28.5
Peak current, A 100
Normalized KV emittance, mm mrad 8

Figure 2 shows the transverse beam size evolution in a
4-cell PCA and the amplification of the initial density mod-
ulation at the frequency of 25 THz.
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Figure 2: Evolution of transverse RMS beam size (top) and
growth of initial density modulation at 25 THz (bottom) in
a 4-cell periodic PCA followed by a drift.
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Figure 3: 2D plot of density modulation at 25 THz at the
entrance of PCA (top left), slightly before the waist of sec-
ond cell (top right), slightly after the waist of second cell
(bottom left) and at the exit of PCA (bottom right).

The 2D plot in Fig. 3 reveals more details in the evolu-
tion of the density modulation through the PCA. When the
electron beam is focused by the solenoids, electrons at the
transverse edge fall behind the central electrons, as they
experience stronger solenoid field. After the electron beam
passes the waist of the second PCA cell, several transverse
modes appeared. At the exit of PCA, we have observed the
amplification of density modulation.

REALISTIC PCA

The simulation study has been performed for the realistic
PCA based on the CeC experiment at BNL RHIC. Figure 4
shows the layout of the CeC system installed at BNL
RHIC, where the 4 PCA cells are not evenly distributed.

We have designed 3 cases of electron beam parameters
for the realistic PCA, and the parameters are listed in Ta-
ble 2. The evolution of the transverse beam size for the
three cases is presented in Fig. 5, as well as the correspond-
ing PCA gain. While all 3 cases provide sufficient PCA
gain, we have selected case 2 as our primary option based
on our experience in the CeC experiment at BNL RHIC.

For case 2 with electron beam peak current 75A, we have
performed a series of sensitivity studies to investigate the
dependence of PCA performance on various beam param-
eters.
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Table 2: Electron Beam Parameters for Realistic PCA

Casel Case2 Case3
Beam energy, y 28.5 28.5 28.5
Peak current, A 50 75 100
Normalized KV emit- 5 7 3
tance, mm mrad
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Figure 5: Evolution of transverse RMS beam size (left) and
amplification spectrum (right) in a 4-cell realistic PCA for
electron beam peak current S0A (top), 75A (middle) and
100A (bottom).
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Figure 6 shows the dependence of PCA performance on
electron beam emittance for peak current 75SA. While nor-
malized KV emittance 7 mm mrad gives sufficient PCA
gain, 10 mm mrad reduces the amplification significantly,
and 20 mm mrad leads to very little gain in PCA.
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Figure 4: PCA-based CeC system installed at BNL RHIC. The electron beam is generated in a 1.25 MV superconducting
radio frequency (SRF) photo-electron gun, accelerated to 14.56 MeV, and merged to co-propagate with the 26.5 GeV/u

ion beam circulating in RHIC’s yellow ring.
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Figure 6: PCA amplification for electron beam peak cur-
rent 75A and normalized KV emittance 7 mm mrad (top
left), 10 mm mrad (top right) and 20 mm mrad (bottom).

Figure 7 presents the dependence of PCA amplification
on electron beam energy spread for peak current 75A. En-
ergy spread as low as 2e-4 provides sufficient PCA gain,
and energy spread of 4e-4 is still acceptable for a reasona-
ble PCA amplification. However, energy spread of 8e-4 re-
duces PCA gain dramatically.
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Figure 7: Dependence of PCA amplification on energy
spread for electron beam peak current 75A and normalized
KV emittance 7 mm mrad (left) and 10 mm mrad (right).
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The dependence of PCA gain on the electron beam initial
B function is shown in Fig. 8. Changing initial  function
by 10% is acceptable, as it provides more than factor of
100 amplification for peak current 75A and normalized KV
emittance 7 mm mrad.
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Figure 8: Dependence of PCA amplification on initial
function for electron beam peak current 75A and normal-
ized KV emittance 7 mm mrad (left) and 10 mm mrad

(right).
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The sensitivity study for the realistic PCA gives us more
understanding about the performance of the PCA and pro-
vides us the required electron beam parameters in the CeC
experiment at BNL RHIC. The simulation study of realistic
PCA can be applied to the simulations of PCA-based CeC
to predict the cooling rate [18].

EIC PCA

The BNL RHIC will be upgraded to the future Electron-
Ion Collider (EIC). We have performed numerical simula-
tions of the PCA designed for the EIC cooler. Table 3 lists
the electron beam parameters for the EIC PCA. Compared
with the realistic PCA in the CeC experiment, EIC PCA
requires higher beam energy, higher peak current and lower
emittance. The length of each PCA cell is increased to 20
meters in the EIC PCA design.

The EIC PCA simulation results, shown in Fig. 9, have
demonstrated that we can achieve enough amplification at
the frequency as high as 1 PHz, which will provide suffi-
cient cooling to satisfy the requirement of hadron beam lu-
minosity in the EIC.

Table 3: Electron Beam Parameters for EIC PCA

Beam energy, y 275
Peak current, A 250
Normalized KV emittance, mm mrad 2
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Figure 9: Evolution of transverse RMS beam size (left) and
amplification of initial density modulation at 1 PHz (right)
in the PCA designed for future EIC.

CONCLUSION

We have presented the simulation studies of the PCA for
the CeC system, including the periodic PCA, the realistic
PCA for the CeC experiment at BNL RHIC and the pro-
posed PCA for the future EIC at BNL. Sensitivity study has
been performed to characterize the dependence of PCA
performance on various beam parameters and to provide
requirement of beam parameters for the CeC experiment.

The simulation results have demonstrated that the PCA
can achieve sufficiently high gain with proper setup, which
is necessary for the cooling of hadrons in the kicker section
of the CeC system.

The simulation study will continue to support the CeC
experiment at BNL RHIC and the design of the future EIC.
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