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Abstract
Superconducting Radio-Frequency (SRF) linac cryomod-

ules are foreseen for the high-current multi-turn energy re-
covery linac PERLE (Powerful Energy Recovery Linac for
Experiments). Coaxial higher order mode (HOM) couplers
are the primary design choice to absorb beam-induced power
and avoid beam instabilities. We have used 3D-printed and
copper-coated HOM couplers for the prototyping and bench
RF measurements on the copper PERLE cavities. We have
started a collaboration with JLab and CERN on this effort.
This paper presents electromagnetic simulations of the cav-
ity HOM-damping performance on those couplers. Bench
RF measurements of the HOMs on an 801.58 MHz 2-cell
copper cavity performed at JLab are detailed. The results are
compared to eigenmode simulations in CST to confirm the
design. RF-thermal simulations are conducted to investigate
if the studied HOM couplers undergo quenching.

INTRODUCTION
The PERLE accelerator [1] is a multi-turn energy recovery

linac (ERL) comprising two 82 MeV superconducting linacs,
each hosting four 5-cell elliptical Nb cavities (beta=1) oper-
ating at 801.58 MHz in continuous-wave mode [2]. The in-
stallation of coaxial-type HOM couplers is being considered
for mitigating beam-induced HOM effects. After optimizing
the RF transmission of the Probe, Hook, and Double Quarter
Wave (DQW) couplers using the HOM spectrum of the 5-
cell PERLE cavity [3], we fabricated prototypes of each cou-
pler [4] for validating their performance on an 801.58 MHz
2-cell PERLE-type Oxygen-free High Thermal Conductiv-
ity OFHC copper cavity (see Fig. 1). In the following, we
first present external quality factor (𝑄ext) measurements for
the fundamental mode (FM) and trapped high-𝑅/𝑄 HOMs.
The measurements were compared with eigenmode CST [5]
results to validate the adequacy of our measurement setup.
Then, we compare two suitable HOM-damping schemes for
the 5-cell PERLE cavity based on their beam impedance and
HOM power. Finally, we show the RF-heating results of the
HOM-damping scheme with higher power absorption.

HOM COUPLER RF MEASUREMENTS
This section shows 𝑄ext measurements for FM, the first

monopole (TM011) and the first two dipole mode (TE111

∗ carmelo.barbagallo@ijclab.in2p3.fr

(a)

(b)

Figure 1: The Probe, Hook, and DQW HOM couplers (from
left to right) (a). HOM coupler on a 2-cell Cu cavity (b).

and TM110) passbands, and compare them with simula-
tions. The coupler prototypes were tested at JLab on a 2-cell
801.58 MHz Cu cavity at low power and room temperature
(Fig. 1b). The 𝑆21 transmission is measured from a reference
antenna (port 1) at the beam pipe opening to the HOM cou-
pler port (port 2), considering different coupler orientations.
The coupler antenna was set to penetrate the cutoff tube by
20 mm. The procedure to measure 𝑄ext for cavity modes
involves several steps [6]. The loaded quality factor 𝑄l is
firstly determined by measuring 𝑆21 (in dB) transmission.
The next step is to measure the coupling factor 𝛽, defined
for a specific antenna (e.g., reference antenna at port 1) as

𝛽 =
1 ± |𝑆11 |
1 ∓ |𝑆11 |

, (1)

where the upper sign applies in the case of over-coupling
(𝛽>1), whereas the lower one stands for under-coupling
(𝛽<1). In scenarios with weak coupling, the utilization of
𝑆11 or 𝑆22 in reflection-type measurements leads to notable
errors. Consequently, we distinguish between two types of
coupling coefficients for the input or coupler antenna: 𝛽l for
large coupling (𝛽 ≈1) with the electromagnetic (EM) field
inside the cavity, and 𝛽s for small coupling (𝛽 ≪1). The
large-coupling coefficient for a specific HOM is given by
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𝛽l ≈
1 ± |𝑆ll ( 𝑓0)/𝑆ll ( 𝑓 ≫ 𝑓0) |
1 ∓ |𝑆ll ( 𝑓0)/𝑆ll ( 𝑓 ≫ 𝑓0) |

, (2)

where 𝑆ll is the returning signal to the strong-coupling an-
tenna, 𝑓 = 𝑓0 is the on-resonance condition, while 𝑓 ≫ 𝑓0
refers to the off-resonance condition.

Assuming that 𝛽s ≪ 𝛽l, the external quality factor for the
weak-coupling antenna, 𝑄ext,s, is then computed as follows

𝑄ext,s ( 𝑓0) ≈
4𝛽l

1 + 𝛽l
𝑄l · 10

|𝑆21 ( 𝑓0 ) |
10 . (3)

Finally, the coupling coefficient 𝛽s, the intrinsic quality fac-
tor 𝑄0, and 𝑄ext,l are determined by the following relations

𝛽s ≈
(1 + 𝛽l)𝑄l
𝑄ext,s ( 𝑓0)

, (4)

𝑄0 ( 𝑓0) = (1 + 𝛽s + 𝛽l)𝑄l, (5)

𝑄ext,l ( 𝑓0) =
𝑄0 ( 𝑓0)

𝛽l
. (6)

Figure 2 shows that simulated eigenmode CST results are
reasonably consistent with RF measurements for the studied
configurations. Several factors may contribute to the signifi-
cant deviations observed in certain modes. Possible reasons
include: (i) The coupler orientation is crucial. Even a slight
tilt 𝛿𝜃 (e.g., ±0.5°) significantly impacts the EM field cou-
pling to the antenna, leading to a notable change in the 𝑄ext
for specific coupler orientations, as shown by simulations.
(ii) In limited cases, the two polarizations of dipole modes
were measured separately. (iii) In a single-coupler configu-
ration, effective dipole attenuation is achieved for only one
polarization. To damp the other polarization, an additional
coupler on the opposite side of the cavity is needed. (iv)
Errors can also arise from cavity surface imperfections and
weak RF contact in the clamped assembly. The built cou-
plers exhibited satisfactory performance in rejecting the FM
and damping HOMs within beam breakup (BBU) require-
ments. The DQW coupler emerges as the most effective
solution for mitigating both monopole and dipole HOMs.

HOM POWER
The HOM power propagation into the HOM couplers,

fundamental power coupler (FPC), and beam pipes (BPs) has
been evaluated for the 2H2P and 4DQW damping schemes
(see Fig. 3). The impedance spectra were simulated using 3D
CST’s wakefield solver with a "multi-beam" wake excitation
method [7]. Multiple-mode ports terminate the couplers and
BPs to calculate the power scattered into each port. The
spectral weighting method was employed to account for the
beam-filling pattern [8]. The short bunch length of 3 mm
in the PERLE results in significant spectral contributions
up to around 50 GHz. For faster computation, the wake
impedance was calculated up to 4 GHz using a wakelength
of 1 km excited by a 30 mm bunch length beam (Fig. 4).

The HOM power loss can be calculated according to [9]

(a)

(b)

(c)

Figure 2: Measured and simulated𝑄ext of FM and high-𝑅/𝑄
HOMs for Hook (a), Probe (b), and DQW (c) coupler.

Figure 3: HOM damping schemes: (a) 2H2P, (b) 4DQW.

𝑃 = 𝐼2
a

+∞∑︁
𝑛=−∞

Re
[
𝑍∥ (𝑘𝜔0)

] ��𝐼𝑘 ��2, (7)

where 𝐼a is the average beam current, 𝑍∥ the longitudinal
impedance, 𝐼𝑘 the normalized Fourier harmonic of the beam
current at the 𝑘-th revolution harmonic and𝜔0 the revolution
angular frequency. As the HOM power increases with the
square of the beam current, the power is calculated up to
4 GHz, and the rest is approximated [10]. According to the
spectrum of the squared beam current, 16.97% of the power
is located between 0 GHz to 2.4 GHz (referred to as 𝑃L),
10.93% falls between 2.4 GHz and 4 GHz (referred to as
𝑃M), and 72.10% is above 4 GHz (referred to as 𝑃H). 𝑃M is
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Table 1: HOM Power Propagating Through Ports

𝑷𝑳 [W] 𝑷𝑴 [W] 𝑷𝑯 [W] 𝑷tot [W] BPs [%] FPC [%] Hooks [%] Probes [%] DQWs [%]
2H2P 5.66 9.16 60.39 75.21 82.17 10.49 2.57 4.77 -
4DQW 4.20 7.97 52.57 64.74 76.71 14.40 - - 8.89

(a)

(b)

Figure 4: Longitudinal (a) and transverse (b) impedance of
the cavity for the analyzed damping schemes.

used as a reference to calculate the HOM power above 4 GHz
due to the broadband behavior of the impedance spectrum
in the frequency range from 2.4 GHz to 4 GHz. Therefore,
the total HOM power is approximated as

𝑃tot ≈ 𝑃L + 𝑃M + 72.10
10.93

𝑃M. (8)

The total HOM power and the percentage of power ab-
sorbed by each port are detailed in Table 1. The 4DQW
damping scheme showed promising results in damping both
monopole and dipole HOMs below stability limits while ab-
sorbing significant HOM power. The 2H2P damping scheme
absorbs slightly more HOM power than the 4DQW scheme.
A considerable amount of HOM power propagates out of
the BPs in both damping schemes. Thus, the installation of
beam line absorbers on the cavity BPs is necessary.

RF-HEATING ANALYSIS
This section examines the thermal behavior of the 2H2P

damping scheme, identified as the most effective in absorb-

ing HOM power. FPC-side couplers are located closer to the
cavity’s end-cell for mechanical integration reasons. COM-
SOL Multiphysics [11] was used to perform coupled RF-
thermal simulations to compute the average power dissipa-
tion (𝑃ds) and peak temperature (𝑇max) on the inner (IC)
and outer conductor (OC) surface resulting from the ex-
tracted EM fields of the cavity. The simulated surface resis-
tance for the bulk Nb (RRR=300) coupler antennas includes
both the BCS resistance (𝑅bcs) and the residual resistance
(𝑅res) [12]. The cavity walls have a surface resistance value
of 8.51 nW [13]. The cavity walls are maintained at 2 K.
Figure 5 displays the temperature map for the 2H2P scheme.
Table 2 lists the values of 𝑃ds and 𝑇max for the probe (P) and
hook (H) couplers. The highest temperature of 6.28 K is
observed on the IC upper part of the probe coupler on the
FPC-side of the cavity. The studied 2H2P scheme does not
experience quenching under dynamic heat load by surface
currents.

Figure 5: Temperature map on the 2H2P damping scheme.

Table 2: RF-heating Analysis Results for the 2H2P Scheme

𝑷ds,IC [mW] 𝑷ds,OC [mW] 𝑻max [K]
H (FPC) 7.12 2.99 4.19
H (Tuner) 4.69 1.97 3.89
P (FPC) 8.21 2.80 6.28
P (Tuner) 4.83 1.78 5.35

CONCLUSION
This paper presented RF measurements of 3D-printed

copper-coated HOM coupler prototypes installed on an
801.58 MHz 2-cell Cu PERLE-type cavity. The simulated
CST results agree reasonably well with the measurements.
The DQW coupler showed remarkable performance in mit-
igating both dipole and monopole modes. The 4DQW
scheme exhibited promising results in damping dipole modes
below the BBU limit and absorbing HOM power. RF-heating
studies on the 2H2P scheme showed no coupler quench under
dynamic heat load. Further thermal studies on the 4DQW
scheme, including RF-cable heat load, are needed to decide
if active cooling is required for the final damping scheme.
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