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Abstract
FRIB is developing plasma processing techniques for

in-situ recovery of cavity performance in linac cryomod-
ules during long-term user operation. While plasma pro-
cessing has been shown to be effective for high-frequency
(0.8 - 1.5 GHz) elliptical cavities, one of the challenges for
FRIB is to avoid plasma breakdown in the fundamental input
coupler (FPC), which has relatively weak coupling strength
(Qext ranging from 2E6 to 1E7). FRIB cavities are not
equipped with higher-order-mode (HOM) couplers; how-
ever, in preliminary tests, we found that HOMs are suitable
for plasma processing of FRIB Quarter- Wave Resonators
(QWRs) driven via the FPC. In this study, we investigated
plasma breakdown thresholds in the fundamental and the
first 2 HOMs for the FRIB beta = 0.085 QWRs. Electric field
distributions in the FPC region and cavity region were calcu-
lated for the room-temperature case using CST Microwave
Studio’s frequency domain solver (FDS). Simulation results
will be presented, with a comparison of breakdown thresh-
olds inferred from the RF modeling to the experimental
results.

INTRODUCTION
The Facility for Rare Isotope Beams is an accelerator fa-

cility that supports a heavy ion linac for nuclear physics
research. The linac consists of both quarter-wave resonators
(QWR) and half-way resonators (HWR) in its 46 cryomod-
ules. In order to maintain the linac for long-term user opera-
tion, mitigation of degrading effects like multipacting and
field emission in the superconducting cavities is essential.
Plasma processing has been identified as a good technique
to reduce field emission at the Spallation Neutron Source
(SNS), Fermilab, and others. [1–3]. The technique is ad-
vantageous to other surface treatments for Niobium like
electropolishing and high-temperature baking because it can
be deployed in-situ with the cryomodule.

While plasma processing has been demonstrated to be
successful in a wide variety of cavity geometries, there are
challenges posed by the potential ignition of the fundamental
power coupler (FPC). If ignition occurs within the FPC, the
FPC could be damaged or copper from the antenna may
be sputtered onto the Niobium surface. Avoidance of this
ignition is critical for the implementation of this technique
for in-situ use with the cryomodule. In the case of the FRIB
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𝛽 = 0.085 QWR, the value of 𝑄𝑒𝑥𝑡 is on the order of 106 to
107 which is much greater than the room temperature 𝑄0.
To improve the coupling of the FPC to the cavity, higher-
order modes (HOM) have been investigated as potential
candidates for processing which have improved coupling at
room temperature.

To investigate the breakdown thresholds for the cavity
and coupler volumes of the FRIB 𝛽 = 0.085 QWR, CST
Microwave Studio (MWS) was used to simulate the electric
field distribution inside the cavity and FPC for the funda-
mental and first two HOMs [4]. Experimental measurements
are used to infer the electric field at ignition from the CST
model. A theoretical model for the breakdown was adapted
from JLab to describe 𝛽 = 0.085 QWR for comparison.

CST MWS SIMULATION
To understand the electric field distribution inside the

cavity and coupler volumes, CST MWS was used to simu-
late field distributions at plasma processing conditions. An
eigenmode solver was used to assess the cavity fields, but
a frequency-driven solver is needed to accurately assess
the coupler fields. A mismatch results from room tempera-
ture conditions, which were simulated by the inclusion of
material with room temperature conductivity of Niobium
surrounding the CST model.

A large mismatch between 𝑄0 and 𝑄𝑒𝑥𝑡 at the fundamen-
tal mode implies that the power delivery to the cavity is poor
and reflection is high in the FPC. Not only does this make ig-
nition in the cavity difficult, but a high reflection coefficient
can create a standing wave with high electric fields in the
FPC that could cause breakdown. HOMs improve the mis-
match and have been shown to be effective at FRIB in QWRs
and at Fermilab. [5, 6]. Using FDS, the S-parameters were
used to identify the first three resonant frequencies which
are shown in Table 1. Field distributions were calculated at
the resonant frequencies.

Table 1: Resonant Frequencies

Mode Frequency [MHz]

TEM 𝜆/4 80.120
TEM 3𝜆/4 240.92
TEM 5𝜆/4 402.24

Characterizing E-field for Breakdown
In determining the threshold electric field, several con-

siderations must be made for how breakdown is occurring
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within the cavity and FPC volumes. First, the electric field
was analyzed in two ways corresponding to different ideas
about how ionization is occurring. One approach was to
find the peak surface electric field in the cavity and FPC.
𝐸𝑝 in the FPC was found along the inner conductor of the
transmission line as shown in Fig. 1 for each mode in Ta-
ble 1. 𝐸𝑝 in the cavity was found along the bottom of the
inner conductor as shown in Fig. 2 for each mode in Table 1.
In an ideal QWR case at HOMs, the additional regions of
a high electric field in HOMs should be the same as the
peak field at the bottom of the inner conductor; however, for
the practical case, the local maximum above the bottom of
the inner conductor has a smaller 𝐸𝑝. The coupler tip field
was neglected when considering electric fields within the
FPC. This was done since the tip of the coupler is inside the
cavity volume in the cryomodule setup, so it cannot cause
breakdown inside the FPC. This approach of using the peak
surface field assumes that during the ionization process, the
electron is always experiencing the field of 𝐸𝑝.

Another approach is to consider how the fields vary in
space and consider that the electron may not always experi-
ence 𝐸𝑝. This idea considers several different electron paths
that have the highest voltage. The voltage was obtained
by integrating the electric field on the direction of travel.
Dividing the voltage by the path length gives a spatially av-
eraged electric field 𝐸𝑎𝑣𝑔. This quantity was calculated for
several path lengths including the inner conductor nose to
the tuning plate, accelerating gap, and pickup port to the
inner conductor. A similar idea is applied to the FPC, where
the integration of the electric field begins where the peak
surface field in the FPC is found.

Simulation Results
The highest value of 𝐸𝑎𝑣𝑔 was found below the accelerat-

ing gap between the inner conductor and the beam port. The
path length is the shortest of all paths considered. Figure
3 shows 𝐸𝑎𝑣𝑔 for the cavity and FPC volumes for the first
three modes. Cavity fields were normalized to the stored en-
ergy in the cavity at ignition. This information was inferred
from measurements of forward and reflected power. The
forward power for ignition of the FPC and cavity are shown
in Fig. 4. FPC fields were normalized to the forward power
at ignition. As seen in Fig. 3, cavity ignition fields occur
at a lower average electric field whereas coupler ignition
fields occur at higher electric fields. It should be noted while
the use of HOMs improves coupling at room temperature,
the required RF power for ignition increases with frequency,
which may present challenges for the use of even higher
frequency modes and cavities of different geometries.

THEORETICAL MODEL
For comparison to the simulated fields, a model for mi-

crowave breakdown was developed based on gas parame-
ters and the geometry of the cavity and FPC. Following the
frequency-dependent model developed by JLab for a 5-cell
elliptical cavity, electron loss through ionization may be de-

Figure 1: FPC field distributions. From top to bottom: Fun-
damental mode, first HOM, second HOM.

Figure 2: Cavity field distributions. From left to r ight: Fun-
damental mode, first HOM, second HOM.

scribed by mechanisms of diffusion loss and attachment [7,8]. 
Similar assumptions are made about the negligibility of the 
attachment rate and that all power goes towards ionization. 
The breakdown criteria can therefore be written as a function 
of the geometry of the cavity or FPC, gas parameters, and 
the driving frequency. Equation (1) defines this relationship

𝐸2
𝑡 = ℓ2

Λ2
𝑚𝑢𝑖
3𝑒 (𝜈2

𝑚 + 𝜔2) (1)

where ℓ is the mean free path, Λ is the effective diffusion
length, 𝑚 is the mass of the electron, 𝑢𝑖 is the ionization po-
tential, 𝑒 is the elementary charge, 𝜈𝑚 is the electron-neutral
collision frequency, and 𝜔 is the operating frequency. Un-
like the derivation given by Jlab, 𝑣2

𝑚 << 𝜔2 is not assumed
to be true because the operating frequency is in the MHz
range rather than the GHz range like for JLab’s elliptical cav-
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Figure 3: Measured ignition thresholds inferred from simu-
lation for FPC and cavity volumes.

Figure 4: Forward power at ignition for FPC and cavity.

ities. Values for ionization potential, mean free path length,
and electron-neutral collision frequency were determined
using literature with a pressure of 100 mTorr and with a gas
species of Neon. While the real gas mixture contains 95%
Neon and 5% Oxygen, we ignore the contributions of oxygen
to simplify the model. Gas parameters and other relevant
experimental parameters are shown in Table 2. [9].

Table 2: Gas Parameters

Parameter Value Symbol

Mean Free Path 1.2 cm ℓ
𝑒− Collision Frequency 1.2 ∗ 108 Hz 𝜈𝑚
Ionization Potential 21.4 eV IP
Gas Species Neon Ne
Pressure 100 mTorr p

Determining Effective Diffusion Length
While parameters like 𝑢𝑖, 𝑣𝑚, and ℓ are based on gas

species and pressure, Λ is determined by the geometry of
the volume. The effective diffusion length for electrons de-
scribes how far they must travel to reach the wall of the
container. Λ must be determined for the geometry of the
FPC and the cavity. The FPC is a simple coaxial line, while
the cavity geometry is more complicated. The QWR resem-
bles a coaxial structure but is shorted at one and open at the
other end such that the inner conductor does not connect
from end to end. Literature provides ways to calculate the
diffusion length for simple geometries such as a cylinder,
sphere, or parallel plates [7]. With some adaptations to the
cylinder case, a description can be found for a coaxial line
where Λ is a function of the inner and outer conductor radius.
For the FPC, this description is sufficient.

Calculations of Λ for the FPC were done using the coaxial
line and parallel plate description where each wall is the inner
and outer conductor. Each method yielded a similar value
for Λ of 3.17 mm. The cavity geometry is more complex but
since it still reflects a coaxial structure, the coaxial approach
was taken to calculate Λ. Two sets of dimensions were used
in the calculation. One reflects the nominal dimensions of
the QWR as a cylinder while the other reflects the dimensions
around the accelerating gap. The two cases yield Λ values
of 26.7 mm and 18.3 mm respectively to each case. Both of
these Λ values will be used to draw theoretical breakdown
curves.

RESULTS
With a theoretical description for breakdown determined

for the cavity and FPC, the simulated electric fields inferred
from the experiment may be compared to the model. Figure
5 plots the cavity breakdown field with theoretical curves
and simulated fields at ignition. Two curves are drawn for
the theoretical breakdown corresponding to two different
values of Λ. The highest spatially averaged field around
the accelerating gap is plotted in red. In addition, the peak
surface electric field along the spatially averaged field is
included. The inclusion of this quantity will be discussed
in the next section. Figure 6 contains a similar plot for the
FPC.

DISCUSSION
To analyze the results presented, the limitations of the

theoretical model must be addressed. The theory utilized
assumes the simplest case of high-frequency breakdown
where ionization is counteracted by loss of electrons due
to diffusion. An important limitation of diffusion theory is
the mean free path limit. If the dimensions of a container
become comparable to the electron mean free path for that
container, diffusion theory can no longer be applied as colli-
sions with the wall of the container cannot be neglected [10].
For a gas species of Neon and a pressure of 100 mTorr, the
mean free path is 12 mm as shown in Table 2. For the cavity
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Figure 5: Spatially averaged electric field and peak surface
electric field around accelerating gap.

Figure 6: Spatially averaged electric field and peak surface
electric field in FPC.

case, lambda is calculated to be 26.7 mm or 18.2 mm de-
pending on the geometries considered; however, the lambda
value for the FPC is only 3.17 mm with a separation be-
tween inner and outer conductors of 10 mm. This indicates
that the theoretical model used is a sufficient description for
the cavity, but not for the coupler. A different description
would be required to model the FPC volume where other
processes than diffusion become important. For example,
electrons may collide with the wall of the FPC. This effect
is negligable for the cavity volume but not for the FPC. This
mean free path limitation is demonstrated in Fig. 3, where
the fit between theory and measured fields inferred from
the simulation is very poor. In addition to a mean free path
limit, there is a uniform field limit for diffusion theory which
relates the pressure of the system, the wavelength of the
applied field, and the effective diffusion length [10]. For
both the FPC and cavity at each applied field, the uniform

field limit is not violated; however, this limit is formulated
from the field between parallel plates. More work is needed
to translate this description to coaxial like geometries.

As discussed above, the mean free path limit is not ex-
ceeded for the cavity so the theoretical model should apply.
Figure 5 shows two sets of field values calculated for each
mode. Upon the initial investigation of the electric field dis-
tributions, the peak surface electric field was considered as
discussed earlier. This idea corresponds to how breakdown
would occur where the highest possible field is. When these
values were originally compared to theory, they were much
higher than the Λ = 26.7 mm prediction. This motivated
the use of a spatially averaged electric field. The highest
spatially averaged field was found around the accelerating
gap between the beam port and the inner conductor where
the path length is very small and the field is high. These
quantities are plotted in red. Plotted in blue is the peak sur-
face field along the spatially averaged path which occurs on
the inner conductor. The motivation for using this quantity
is that 𝐸𝑎𝑣𝑔 doesn’t appear to fit the theoretical predictions
well beyond the fundamental mode. The use of 𝐸𝑎𝑣𝑔 was
because it provides a spatially averaged field between two
different walls of the cavity that describes how an electron
may not feel 𝐸𝑝 during the entire ionization process. While
this accounts for how the electron may experience different
fields in space, the expectation is still that breakdown will
first occur in the area with the highest fields. The area with
the highest 𝐸𝑎𝑣𝑔 could therefore be used to identify regions
where breakdown would occur first; however, the peak sur-
face field along the path that 𝐸𝑎𝑣𝑔 is calculated would still be
the field at which the electron experiences breakdown. These
peak surface fields at the location of spatial averaging along
the inner conductor provide a better fit to the theoretical
model.

While the fit is improved with the use of 𝐸𝑝 at the point of
highest spatial averaging around the accelerating gap, there
is still a wide variation between the two theoretical models
especially at high frequency. This makes the comparison
between measurement and theory somewhat difficult. Nei-
ther theoretical model appears to match the behavior of the
inferred fields at a high frequency well, which could mean
that our model is not a good description of the QWR in
reality. A more rigorous approach to the calculation of Λ
may be needed utilizing numerical integration techniques.
Since the model for the FPC is not valid given the previ-
ously discussed mean free path limit, additional phenomena
must be considered to account for the observed breakdown
at much lower fields. Collisions with the walls of the FPC
will be more frequent compared to the cavity and neglected
terms in the breakdown description such as attachment rate
may play an important role.

SUMMARY
CST MWS was used to simulate electromagnetic field dis-

tributions in the FRIB 𝛽 = 0.085 QWR and FPC at plasma
processing conditions. A theoretical model was developed
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for high-frequency microwave breakdown based on gas pa-
rameters and volume geometry. The goal of this study was
to understand the breakdown field within the FPC due to
the dangerous effects associated with FPC ignition during
plasma processing. Due to the mean free path limit of the
diffusion theory-based model, the FPC breakdown could not
be predicted. The cavity breakdown is not constrained by the
mean free path limit and with the appropriate selection of
the peak surface field at the location of the highest spatially
averaged electric field, the measured breakdown inferred
from simulation lies between the theoretical prediction for
two different effective diffusion lengths calculated for the
cavity.

Future Work
Future work will be oriented toward developing an ap-

propriate breakdown model for the FPC. A more rigorous
treatment of the effective diffusion length in the cavity is also
needed so that an electric field value, whether it be global
𝐸𝑝, a local 𝐸𝑝, or 𝐸𝑎𝑣𝑔, may be confirmed as the parameter
controlling the breakdown within the cavity. Simulation
work will be extended to other geometries of FRIB cavities
that are being processed such as the 𝛽 = 0.53 HWR. Other
plasma limitations like the oscillation amplitude limit of
Neon need to be investigated for both the FPC and cavity
volumes. Ideas like the uniform field limit which is based
on simple geometries like parallel plates must be extended
to describe coaxial geometries so that the FPC and cavity
volume can be confirmed as not violating this limit.
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