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Abstract
The Electron-Ion Collider (EIC) is a state-of-the-art ac-

celerator designed for collisions between highly polarized
electrons and ions. To achieve optimal luminosity, the ion
beam is cooled using an electron beam sourced from an
energy recovery linac (ERL). In the current ERL baseline
design, one BNL type RF cavity is used per cryomodule,
leading to spatial and cost challenges. This study exam-
ines the feasibility of using more compact PERLE (Power-
ful Energy Recovery Linac for Experiments) type cavities,
which can house multiple cavities within a single cryomod-
ule, by evaluating their Beam Breakup (BBU) instability
performance. Higher Order Modes (HOM) parameters were
obtained through frequency scaling, assuming constant qual-
ity factor 𝑄𝐿, R/Q, and linearly scaling HOM frequencies.
To predict the BBU threshold current and ensure accuracy,
two different BBU tracking simulations are used for cross-
verification. Although the reduced footprint of PERLE-type
cavities is advantageous, maintaining sufficient damping of
HOMs remains crucial. Finally, we compare the HOM damp-
ing efficiency of both cavity types and suggest a pathway
forward.

INTRODUCTION
The Electron-Ion Collider (EIC) is a new high luminosity

particle accelerator designed to collide highly polarized elec-
trons and ions [1,2]. Planned for construction at Brookhaven
National Laboratory (BNL) in collaboration with Thomas
Jefferson Laboratory (JLab), the EIC aims to achieve its
high luminosity through a novel Coherent electron Cooling
(CeC) method [3]. The electron beam of the CeC is delivered
by an high current Energy Recovery Linac (ERL) [4]. The
ERL-based cooler in principle can recover the electron beam
energy after cooling, thus saves energy cost. The layout of
the EIC and ERL is shown in the Fig. 1 [5].

The ERL Cooler’s design specifications are listed in Ta-
ble 1. For CeC cooling, it requires 1 nC bunch charges and
a 98.5 MHz repetition rate, resulting in a current of 98.5
mA. The ERL can operate in two energy modes: mode-A at
150 MeV (used for cooling 275 GeV beams) and mode-B at
55 MeV (used for cooling 100 GeV beams). The beam has
a flat-top super-Gaussian longitudinal distribution with an
order of 2.6 and RMS bunch length provided in the table.
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Figure 1: Schematic Layout of the Electron-Ion Collider
(EIC) and Energy Recovery Linac (ERL) Cooler [5].

Table 1: ERL Cooler Electron Beam Specifications

Parameters Mode-B Mode-A

nominal energy (MeV) 55 150
normalized emittance (mm-mrad) 2.8 2.8
repetition rate (MHz) 98.5 98.5
bunch charge (nC) 1 1
beam current (mA) 98.5 98.5
RMS bunch length (mm) 9 7

Figure 2 shows a simplified layout of the ERL Cooler
beamline. Note that some elements are not drawn to scale
for better clarity. The initial electron beam is accelerated up
to 6 MeV by two 197 MHz cavities and then injected into the
recirculating section of the ERL. The injected beam passes
through a series of 197, 591, and 1773 MHz cavities and is
accelerated up 55 MeV in mode-B. Following acceleration,
the electron beam is injected into the modulator section of
the hadron ring, where it co-propagates with the hadron
beam. This section is followed by an amplifier, a kicker,
and finally a return path to the cavities. The electron beam
then enters the cavities in a deceleration phase to recover
its energy. For a more detailed description of the beamline
design, please refer to Ref. [7].
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Figure 2: Representative layout of ERL Cooler.

The current baseline design of the ERL Cooler uses a
650 MHz 5-cell BNL type cavity [8,9] and frequency scales
it for the 5-cell 197, 591, and 1773 MHz frequencies. How-
ever, a drawback of the BNL-type cavity is its single-cavity-
per-cryomodule configuration, which requires a lot of space.
This work aims to explore the possibility of adopting a more
compact 5-cell 802 MHz PERLE (Powerful Energy Recov-
ery Linac for Experiments) cavity design [10, 11], which
accommodates up to four cavities per cryomodule, reducing
both spatial requirements and costs.

HIGHER ORDER MODES

When the beam passes through the cavities, it interacts
with them and induces electromagnetic fields that remain
trapped inside, known as wake fields. Wake fields at certain
resonant frequencies and below a cutoff frequency can per-
sist within the cavities for a significant duration, affecting
subsequent bunches. These are referred to as long-range
wake fields and trapped modes. The cutoff frequency is
inversely proportional to the cavity iris size. Monopole
modes have longitudinal wake fields that can lead to energy
and timing jitters in the beam. However, their impact on
beam instabilities is minimal and can be mitigated through
appropriate off-crest acceleration/deceleration. In contrast,
dipole modes produce transverse wake fields that can deflect
the beam, causing transverse BBU instabilities. This study
specifically focuses on the dipole HOMs and transverse BBU
instability, as they are more dominant.

To estimate BBU instabilities, it’s essential to have HOM
parameters obtained through direct measurements or simula-
tions. At this early stage of the project, we don’t have detailed
technical designs of the cavities at the required frequencies.
Therefore, Higher Order Modes (HOM) parameters are de-
rived using the frequency scaling method [12], where the
loaded quality factor 𝑄𝐿 and transverse shunt impedance
( 𝑅

𝑄)
⟂

remain constant, while HOM frequencies 𝑓 scale lin-
early. The figure of merit 𝜉 used to estimate the dominance
of dipole modes is given as [13]

𝜉 =
𝑘2

2 ( 𝑅
𝑄)

⟂
√𝑄𝐿

𝑓 (1)

with 𝑘 representing of the wave number of the HOM in
question. The higher the value of 𝜉, the more dominant the
mode.

Figure 3 compares the frequency-scaled figures of merit
for the BNL and PERLE types of cavities at three different
frequencies for the 30 most dominant dipole HOMs. The
data reveals that the most dominant modes of the PERLE
cavity have significantly higher 𝜉 values compared to those
of the BNL cavity. Since BBU instabilities and threshold
currents are primarily influenced by the one or two most
dominant modes, BNL-type cavities are anticipated to be
more stable and generate higher threshold currents. Addi-
tionally, the dominant modes originate from the 1773 MHz
cavities, suggesting these are likely to be the most unstable
and set the threshold.

Figure 3: Comparison of figure of merits for BNL and
PERLE type cavities after frequency scaling. The modes
are ranked from the highest to the lowest 𝜉.

BBU SIMULATION
BBU tracking simulations were carried out using two dif-

ferent tracking programs: Bmad BBU [14] and a MATLAB-
based BBU tracking code developed in-house. Both pro-
grams estimate BBU instabilities and threshold currents by
tracking particles through cavities where HOM voltages are
excited and where particles receive kicks from HOMs excited
by previous bunches. In both codes, a single macro particle
represents the entire bunch, and the transfer matrices of the
beamline elements between cavities are combined to accel-
erate the simulation. We focus specifically on simulations
of mode B due to its lower beam energy, making it more
susceptible to BBU instabilities, as low-energy bunches are
more significantly affected by kicks.
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Figure 4: Threshold current scan results of two types of
cavities with two BBU programs.

HOM frequencies vary among different cavities due to
manufacturing errors, leading to a frequency spread. This
spread typically spans several MHz and follows a Gaussian
distribution. To simulate this frequency variation, relative
RMS frequency jitters of 𝜎𝑓/𝑓 = 10−3 were introduced to
the HOM frequencies. The results are presented in Fig. 4.

Although the two codes exhibit some discrepancies, both
demonstrate that the BNL-type cavities are much more stable
and possess significantly higher threshold currents than the
PERLE-type. Both simulations predict that the BNL-type
cavities can meet the cooler’s operating current requirement
of 98.5 mA. However, both codes conclusively show that the
PERLE-type cavities cannot fulfill this requirement. The dis-
crepancy between the MATLAB and Bmad tracking results
is currently under investigation.

The dominant cavities and modes identified by the MAT-
LAB BBU code are presented in Fig. 5. The 1773 MHz
cavities are the most dominant, followed by the 591 MHz
cavities, as expected from the figure of merit 𝜉. None of
the 197 MHz cavities were dominant. This finding sug-
gests the possibility of using a hybrid approach: employing
one BNL-type cavity per cryomodule at higher frequencies,
while using multiple PERLE-type cavities per cryomodule at
lower frequencies. Given that the 197 MHz cavities are three
times larger than the 591 MHz cavities and nine times larger
than the 1773 MHz cavities, this hybrid approach would
leverage the BBU stability of BNL-type cavities at high fre-
quencies and the compactness of PERLE-type cavities at
low frequencies.

In both cavity types, the most dominant modes are hori-
zontal, with the highest figure of merit 𝜉, as expected. Al-
though the BNL-type cavities’ highest 𝜉 values are for ver-
tical modes (modes No. 1 and 2), they are not the most
dominant overall. This indicates that particular attention
should be paid to damping horizontally polarized modes.

CONCLUSION
We compared the BBU instability performance of BNL

and PERLE-type cavities. Although the frequency scaling

(a) BNL (b) PERLE

(c) BNL (d) PERLE

Figure 5: Dominant cavity and HOMs. (a) and (b) show
which cavities set threshold currents. (c) and (d) show which
modes set threshold currents.

method used for HOM parameters prevents precise threshold
current estimation, it still provides a qualitative comparison
of the two cavity types and a rough estimate of the thresh-
old current. Our results show that BNL-type cavities are
more stable and have significantly higher threshold currents,
meeting the ERL cooler requirements, whereas PERLE-type
cavities yield threshold currents below the required level.
While it’s not practical to use PERLE-type cavities for all
three frequencies, they could still be utilized for the lower-
frequency cavities since their HOM figures of merit are
much lower than those of the 1773 MHz cavities, making
them less dominant. We’ll investigate a hybrid approach in
future studies, where BNL-type cavities are used for higher
frequencies and PERLE-type for lower frequencies. This
approach would save space while maintaining BBU perfor-
mance. Other methods under consideration to increase BBU
thresholds, if necessary, are the implementation of an emit-
tance exchange system or a BBU feedback system. It should
be noted that the HOM parameters employed in this study are
preliminary estimations, and consequently, the results pre-
sented herein are tentative as well. The primary objective of
this work is to develop a comprehensive framework (”deck”)
to facilitate multiple iterations of studies with varying HOM
impedance inputs in the future. This iterative methodol-
ogy is intended to provide robust guidelines for establishing
HOM impedance specifications pertinent to cavity design
and acceptance testing.
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