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Abstract
Plasma processing has been investigated by several facili-

ties as a method to mitigate degradation of superconducting
cavity performance. It provides an alternative to removal
and disassembly of cryomodules for refurbishment of each
cavity via repeat etching and rinsing. Studies of plasma
processing for quarter-wave and half-wave resonators were
undertaken at the Facility for Rare Isotope Beams, where
a total of 324 such resonators are presently in operation.
Plasma cleaning tests were done on several resonators using
the fundamental power coupler (FPC) to drive the plasma
via the fundamental mode or a higher-order mode (HOM).
HOMs allow for less mismatch at the FPC and hence lower
field in the coupler relative to the cavity. Before-and-after
cold tests showed a significant reduction in field emission
X-rays with judicious application of plasma processing.

INTRODUCTION
Particle accelerators for electrons and ions are increas-

ingly making use of superconducting radio-frequency (SRF)
cavities to accelerate beams with high accelerating gradients
at a high duty cycle. Degradation of cavity performance
over time is a concern for long-term SRF accelerator op-
eration. As traditional refurbishment of SRF cryomodules
is labor-intensive, costly, and time-consuming, an alterna-
tive approach of in-situ plasma processing has been under
development by several accelerator-based groups over the
past few years. Results so far have been promising, with the
first demonstration of plasma processing in an accelerator
tunnel having been done at SNS [1]. Plasma processing de-
velopment work has been done for a number of SRF cavity
types, including 𝛽 = 1 multi-cell cavities [2], 𝛽 < 1 multi-
cells [1], half-wave resonators [3, 4], and spoke cavities [5].
Plasma processing has been applied to several in-tunnel SNS
cryomodules [1], an LCLS-II-style cryomodule [6], and a
CEBAF cryomodule [7, 8], and has been found to help re-
duce both field emission (FE) and multipacting.

The Facility for Rare Isotope Beams (FRIB) is a supercon-
ducting linac for heavy and light ions. The FRIB driver linac
contains 104 quarter-wave resonators (QWRs, 80.5 MHz)
and 220 half-wave resonators (HWRs, 322 MHz). The linac
began user operations in May 2022 [9, 10]. A pro-active
campaign to develop techniques for plasma processing of
FRIB cavities was undertaken starting in 2020. Prelimi-
nary results have been reported previously [11, 12]. Recent
developments in this effort will be described in this paper.

∗ Work supported by the US Department of Energy Office of Science under
Cooperative Agreement DE-SC0000661.

BACKGROUND AND APPROACH

Plasma processing is done at room temperature with a
steady flow of process gases. Plasma evaluation and devel-
opment can be done using a custom-length input antenna
with minimal mismatch at room temperature, but in-situ
processing must be done by driving the plasma via the fun-
damental power coupler (FPC) or via a higher-order mode
(HOM) coupler. Ignition of coupler plasma is a concern, as
this could produce sputtering or damage to the RF window
ceramic [7, 13]. The use of HOM couplers has been found
to be beneficial for 𝛽 = 1 cavities [2, 7].

Features of the FRIB cavities which make plasma process-
ing a challenge include (i) the relatively weak input coupling,
which results in a lot of FPC mismatch at room tempera-
ture; (ii) the absence of HOM couplers; (iii) the relatively
small access ports, which make it difficult to see the cavity’s
interior and gauge the location of the plasma.

Table 1 provides FRIB FPC coupling information and
component counts for the FRIB linac. The FPCs have some
adjustability; for plasma processing, we have set the FPC for
maximum coupling strength (minimum 𝑄ext,1) to minimize
the mismatch with the cavity warm. The corresponding
coupling factor (𝛽1 ≡ 𝑄0/𝑄ext,1) ranges from 0.2 to 2%.

The plasma processing development steps planned for the
FRIB cavities are outlined in Table 2. Experimental work
so far has been for the 𝛽 = 0.086 QWRs and the 𝛽 = 0.54
HWRs, which are the most numerous.

Plasma processing development was done with FRIB cav-
ities leftover from production or in production as spare cav-
ities. All of the cavities were cold-tested prior to plasma
processing. At present, the cavities must be vented between
plasma processing and cold tests, with a dedicated setup
being used for plasma work. The assembly steps are done
in a clean room environment. Either a custom-length input
antenna or a spare FPC is used to drive the plasma. A shorter
input antenna is used for cold tests.

Table 1: FRIB cavity counts and coupling strengths for a
warm cavity. 𝑄0 = cavity intrinsic quality factor.

Cavity 𝜷 0.043 0.086 0.29 0.54

Quantity 12 92 72 148

Nom 𝑸ext,1 2·106 2·106 6·106 1·107

Min 𝑸ext,1 1·106 1·106 3·105 8·105

Cavity 𝑸0 2·103 3·103 6·103 9·103

Max 𝜷1 2·10−3 3·10−3 2·10−2 1·10−2
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Table 2: Plasma Processing Development Steps

Step Started?
1 Feasibility study yes

2 Plasma with custom input coupler yes
3 Cavity cold test before and after yes

4 Plasma with FPC yes
5 Cavity cold test before and after yes

6 Repeat 4 & 5 without venting in between no

7 Repeat 4 & 5 for offline cryomodule no

PLASMA PROCESSING DEVELOPMENT
Mismatch Mitigation with HOMs

If plasma is ignited in the FPC, we risk to damage it.
Driving the plasma with an HOM via the FPC was explored
as a means to reduce the FPC mismatch and reduce the
risk of coupler ignition. Such an approach was found to be
promising for PIP-II spoke cavities [5].

Network analyzer measurements were done to evaluate
the coupler mismatch for different modes of the 𝛽 = 0.54
HWR (Fig. 1) and the 𝛽 = 0.086 QWR [12]. In both cases,
there is less FPC mismatch as the frequency increases, such
that we eventually can achieve close to unity coupling (green
line). Custom antennae with near-unity coupling for the
fundamental model are generally overcoupled for HOMs.

For the 𝛽 = 0.086 QWR, plasma measurements were
done for the first 3 modes [12, 14], and processing was done
with the first and third modes (TEM 𝜆/4 and 5𝜆/4). Work
on the 𝛽 = 0.54 HWR is presently focused on modes at
322 MHz, 800 MHz, and 1.35 GHz, as the latter 2 may have
axial symmetry similar to the fundamental mode. Other
modes may be useful for plasma processing as well.
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Figure 1: Network analyzer measurements of input coupling
factors for some of the modes in a FRIB 𝛽 = 0.54 HWR at
room temperature. Red diamonds: FPC; magenta squares:
custom input antenna. Blue lines: odd harmonics of the
fundamental. Green line: unity coupling.

Plasma Generation and Monitoring
A steady flow of inert gas is used for plasma process-

ing [11, 12]. Most tests were done with neon plus a few
percent of oxygen, with a cavity pressure of about 100 mTorr.

Plasma reduces the effective permittivity, which shifts
the resonant frequency of the cavity; the plasma density
can be inferred from the frequency shift [15, 16]. In re-
cent plasma measurements, we used a network analyzer to
monitor the resonant frequency while driving the plasma
with an independent generator. With this method, the drive
frequency can be raised to match the resonant frequency
after it is shifted by the plasma, but this must be done it-
eratively because the plasma density increases as the drive
frequency increases. Our approach was based on similar
work for LCLS-II [17] and CEBAF [7] cavities. A modified
RF circuit was used, as shown in Fig. 2, due to the narrower
circulator bandwidths at lower frequencies.

Viewports allow for optical spectroscopy measurements
to make inferences about the plasma properties [11] or for
imaging of the plasma with digital cameras [12].

For most plasma measurements, a bias T (without applied
DC bias) was used to monitor the DC current from the input
coupler using a picoammeter or multi-meter. The QWR
pickup probe currents were monitored as well, but the HWR
pickup loops were not.

Figure 2: Schematic of the RF system used for plasma mea-
surements and processing. Attenuators (not shown) are used
to adjust the signal level as needed. The low-noise amplifier
is used for just the signal to the network analyzer or is moved
further upstream to amplify the other 𝑃𝑡 signal channels.

PLASMA OBSERVATIONS
Fixed Drive Frequency

Figure 3 shows some examples of plasma generation
with a constant drive frequency. The plasma is ignited in a
𝛽 = 0.086 QWR using the 5𝜆/4 HOM (∼ 400 MHz). The
forward power (𝑃 𝑓 ) is ramped up at a rate of 0.1 dB per
second. The forward, reverse (𝑃𝑟 ), and transmitted (𝑃𝑡 )
power are measured during the ramp-up (𝑃𝑡 = power from
the pickup antenna). A spectrum analyzer is used to measure
𝑃𝑡 due to the small signal level after ignition. The stored en-
ergy 𝑈 can be inferred from 𝑃𝑡 , assuming a constant pickup
coupling strength 𝑄ext,2 (though this might not be exactly
correct when plasma is present).
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Figure 3: Measurements on 𝛽 = 0.085 QWRs, driving the plasma via the TEM 5𝜆/4 mode with constant drive frequency.
Cyan and gray: with custom input antenna (S85-986). Dark blue: with FPC (S85-987).

At low 𝑃 𝑓 , the gas is neutral: 𝑃𝑟 and 𝑃𝑡 increase linearly
with 𝑃 𝑓 and the DC currents are approximately zero, as
one would expect. Then plasma is ignited in the cavity,
producing a downward jump in 𝑃𝑡 into the orange zone of
Fig. 3b. With a custom antenna, an upward jump in 𝑃𝑟 is
seen, but there is very little change in 𝑃𝑟 for the FPC (as
𝑃𝑟 ≈ 𝑃 𝑓 already at low power). The jumps are the result of
a drop in the cavity quality factor (𝑄0) due to the additional
power loss into ionization of the gas and the shift in the
resonant frequency due to the plasma. Small DC currents
are seen on both antennae. Dim light from the plasma is
seen after cavity plasma ignition.

As 𝑃 𝑓 increases further, a second downward jump in 𝑃𝑡

is seen in some cases (cyan), without a jump in 𝑃𝑟 , but with
a jump in the DC currents. Evidently this is due to cavity
plasma ignition moving or expanding to a different location.
In other cases (gray, blue), there is no such jump. The second
jump is seen with a custom antenna for all 3 QWR modes,
but not in the HWR or with the FPC.

As 𝑃 𝑓 increases further, another downward jump in 𝑃𝑡 is
seen into the pink zone of Fig. 3b, along with a downward
jump in 𝑃𝑟 ; the current from both antennae increases sharply.
The decrease in both 𝑃𝑡 and 𝑃𝑟 indicates that the power is
mainly being absorbed by the plasma as the RF wave travels

through the coupler, rather than going to the cavity. With
coupler plasma ignited, bright reflected light is produced,
the input coupler current is about −100 mA, and the pickup
current reaches up to about 1 µA.

Several measurements are shown in Fig. 3 for both the
custom antenna and FPC cases. Cavity ignition occurs at ap-
proximately the same 𝑈 for both the custom antenna and the
FPC (Fig. 3b). However, there is some scatter in thresholds
and variability in DC currents from one measurement to
another. More importantly, coupler ignition sometimes hap-
pens at a significantly lower 𝑃 𝑓 with a custom input antenna,
as seen in the contrast between the gray and cyan curves.
The intermediate jump for the cyan cases likely corresponds
to production of a more dense or more widespread cavity
plasma; this is not seen with the FPC (dark blue).

When ramping the drive power back down, the plasma
can be sustained at power levels below the ignition threshold.
In some cases, the coupler plasma persists until extinction
without a return to cavity plasma.

Varying the Drive Frequency
As described above, the plasma shifts the cavity resonant

frequency up. Figure 4 shows an example: network analyzer
(NA) measurements of 𝑆21 for different drive frequencies.
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Figure 4: NA measurements on the TEM 3𝜆/4 mode of
a 𝛽 = 0.085 QWR with a custom antenna: transmission
coefficient as a function of frequency with constant 𝑃 𝑓 for
different drive frequencies (arrows).

At low power, the resonant frequency is 240.85 MHz (black
arrow); after ignition, the resonant frequency shifts up (black
curve). The NA shows the cavity resonance curve plus a
narrow-band signal at the drive frequency. When the drive
frequency is increased by 1 MHz (red arrow), the resonant
frequency shifts up by more than 1 MHz (red curve). With
step-wise increases in the drive frequency, eventually the
drive frequency approaches the resonant frequency (orange).
As the plasma density increases, more power is delivered
to the plasma, 𝑄0 decreases, and the bandwidth increases.
If we continue to increase the drive frequency, either we
return to neutral gas or we ignite the coupler. By raising the
drive frequency to be close to the limit, we can produce a
more dense plasma and drive the cavity closer to resonance:
in Fig. 4, with constant drive frequency, the resonant fre-
quency shift is <1 MHz; with iterative increase of the drive
frequency, the resonant frequency shift is >6 MHz.

An example of plasma generation with drive frequency
adjustment is shown in Fig. 5. The resonant frequency is
monitored with the NA and the drive frequency is raised
to be near the limit. At low power, there is no frequency
shift. When the cavity plasma turns on, we observe a fre-
quency shift which increases with 𝑃 𝑓 . In this example, the
maximum frequency shift is ∼ 13 MHz with a custom input
antenna (cyan), limited by coupler ignition. Unsurprisingly,
the maximum frequency shift is smaller (∼ 3 MHz) for the
FPC case (dark blue) and higher 𝑃 𝑓 is needed. The corre-
sponding plasma densities are estimated to be 1.3 · 1014 m−3

with the custom antenna and 3.2 · 1013 m−3 with the FPC.

RF Power for Plasma Ignition
Figure 6 summarizes measurements of the forward power

for cavity plasma ignition (light and dark green) and coupler
ignition (red and magenta) with a custom input antenna (light
colors) or an FPC (dark colors). Higher 𝑃 𝑓 is needed for
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Figure 5: Measurements on 𝛽 = 0.085 QWRs: resonant
frequency of the TEM 5𝜆/4 mode as a function of drive
power with a custom input antenna (cyan, S85-986) and with
the FPC ( blue, S85-987). The drive frequency is increased
to be near the maximum. Black circles: power and frequency
shift for plasma processing with the FPC.
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Figure 6: Measured plasma ignition thresholds for the 𝛽 =

0.086 QWR (squares) and 𝛽 = 0.54 HWR (circles).

ignition with the FPC. The ignition power increases with
frequency. The 𝑃 𝑓 range for stable cavity plasma tends to
be narrower with the FPC; this is particularly evident for the
80.5 MHz mode of the QWR.

The coupler ignition threshold tends to be a bit higher
with constant drive frequency and a bit lower when we adjust
the drive frequency to maximize the frequency shift. This
suggests that a higher plasma density in the cavity helps
to facilitate ignition in the coupler. Furthermore, we have
observed early coupler ignition in some cases (as seen in
Fig. 3). With the TEM 3𝜆/4 mode of the QWR, we some-
times are able to reach the maximum power without coupler
ignition (as discussed further in the next section). Hence the
error bars in Fig. 6 may be underestimated.
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Frequency Shift Due to Cavity Plasma
Figure 7 shows the frequency shifts we have been able

to reach with a custom antenna (cyan) or an FPC (blue).
The square markers show the first 3 modes of the QWR; the
hollow squares for the 240 MHz case reflect the observation
that sometimes we are able to reach higher density with low
light production and low current, limited by available RF
power. For other cases, the limit is coupler ignition.

The frequency shift is less for the FPC cases than for the
custom input antenna, again, unsurprisingly. In both cases,
we generally observe a higher frequency shift and a higher
plasma density for higher frequencies.
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Figure 7: Maximum measured frequency shift due to the
plasma for the 𝛽 = 0.086 QWR (squares) and 𝛽 = 0.54
HWR (circles).

PLASMA PROCESSING
Methods

The plasma ignition field increases approximately linearly
with frequency. At low frequency, cavity plasma ignition
happens at low field with dim light and little generation
of reaction by-products. As a result, some time and effort
were needed for us to distinguish between cavity plasma and
coupler plasma. For the first several plasma processing trials,
we tried to achieve a bright plasma, which, according to our
present understanding, had the undesired consequence that
we produced coupler plasma rather than cavity plasma.

In recent trials, we tried to avoid coupler plasma. For our
updated method, we drive the cavity plasma just below the
drive power and drive frequency limits to process with a
near-maximum plasma density, anticipating that this corre-
sponds to a near-maximum cleaning efficiency. We were
able to produce a stable cavity plasma for processing, with
no accidental coupler ignition.

The TEM 5𝜆/4 mode was selected for processing of the
QWR with the FPC, as, of the lowest 3 modes, it allows for
the highest frequency shift and the least FPC mismatch. The

measured drive power and frequency shift during plasma
processing are included in Fig. 5 (black circles) above.

So far, plasma processing for the HWR has been done
only using the fundamental mode, with the 800 MHz and
1.35 GHz HOMs not having been found very suitable for the
custom input antenna case; investigation of HOMs for the
FPC case is still in progress.

Reaction By-Products
A residual gas analyzer (RGA) is used to monitor the

reaction by-products during plasma processing. The RGA
samples some of the gas pumped through the system; a leak
valve is used to maintain lower pressure at the RGA to avoid
overloading it. When the plasma is ignited, the RGA shows
an increase in CO2, CO, and H2O, and a decrease in O2.
These signals are short-lived, as described in Ref. [12].

The RGA peaks return if the plasma is re-ignited the
next day, consistent with observations at SNS [18]. The
RGA signals trend downward with repeated iterations, as
seen in Fig. 8, which shows the change in partial pressure
after plasma ignition (Δ𝑃𝑚) for selected mass numbers (𝑚),
normalized to the partial pressure of neon (𝑃20). Use of
the normalized pressure change helps to compensate for
slow variations in the residual gas composition and RGA
sensitivity over time, as well as inexact resetting of the leak
valve position between trials. As seen in Fig. 8, the by-
product pressures are initially as large as ∼ 10% of the Ne
pressure; they decrease with repeated processing iterations,
but increase if the daily processing cycle is paused for the
the weekend. In the coupler plasma case (left), the signals
were small but non-zero after 13 iterations. In the cavity
plasma case (right, with a time offset added for clarity), the
signals were already relatively small (though non-zero) when
plasma processing was discontinued after 5 iterations.
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Figure 8: Long-term trends for selected masses from RGA
measurements. Left: coupler plasma for a 𝛽 = 0.086 QWR
with FPC. Right: cavity plasma for a 𝛽 = 0.54 HWR with
custom antenna.
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COLD TEST RESULTS

For the 𝛽 = 0.086 QWR case, cold test results for the first
plasma processing trials with a custom antenna and with
an FPC were presented previously [11, 12]. However, we
now understand that these trials were all done with coupler
plasma rather than cavity plasma.

QWR with FPC: Cavity Plasma
One QWR (S85-987) was plasma-processed with the

TEM 5𝜆/4 mode and FPC using the new method described
above. As seen in Fig. 9a, before-and-after measurements at
2 K showed a significant reduction in FE X-rays after plasma
processing. After plasma processing, no X-rays were ob-
served up to the highest field that we were able to reach with
the available RF power. There was little change in 𝑄0 due
to plasma processing.

HWR with Custom Antenna: Cavity Plasma
One HWR (S53-096) was plasma-processed using the

new method, driving the plasma with the fundamental mode
using a custom antenna. As shown in Fig. 9b, no FE X-rays
were observed after plasma processing. The cavity field was
limited by early thermal breakdown. The field limit was a bit
higher before plasma processing, but the difference is likely
within the systematic errors in the measurements. Again,
there was little change in 𝑄0 with plasma processing. The
lack of X-rays after plasma processing is encouraging, but,
as we were not able to reach a very high field, this result
does not yet provide a very definitive conclusion about the
impact of plasma processing for FRIB HWRs.

Cumulative Results
Table 3 summarizes the plasma processing trials done

so far on FRIB cavities. A total of 11 rounds of plasma
tests have been completed, using a total of 7 cavities, with
a total of 10 before-and-after tests. In a majority of cases
(green highlights in Column 6), a reduction in FE X-rays
was observed after plasma processing.

However, as seen in Column 7, only 1 of the tests was done
with no plasma ignition in the coupler. For cases labeled
“cavity & coupler,” the coupler was ignited in the plasma
measurements phase, but cavity plasma was used in the
processing phase. The 𝛽 = 0.54 HWR appears vulnerable to
sputtering of copper when the coupler plasma is ignited even
for a short time. This is in contrast to the 𝛽 = 0.086 QWR
case in which we did not observe damage to the coupler
even after more than 10 hours of cumulative coupler plasma
processing, and coupler plasma processing improved the
cavity performance in most cases.

Though the results for the QWRs are encouraging, more
experience with plasma processing with the FPC would be
desirable for both the QWRs and the HWRs.
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Figure 9: Measured X-rays at ∼ 2 K as a function of acceler-
ating gradient (𝐸𝑎) before and after plasma processing of (a)
𝛽 = 0.086 QWR with FPC; (b) 𝛽 = 0.54 HWR with custom
antenna. 𝐸𝑝: peak surface electric field.

CONCERNS

Sputtering
We have observed sputtering from the (custom) copper

input antenna onto the niobium beam port for 2 HWR plasma
development tests (an example is shown in Fig. 10). So far,
we have not observed any sputtering in the QWRs. We have
not observed sputtering in cases in which plasma was ignited
only in the cavity and the pressure was kept near 100 mTorr;
however, we need more experience to ensure that we avoid
sputtering in the future.

We observed discoloration of the copper antenna for the
custom input coupler in 2 cases. The first case appeared
to be oxidation. In the second case, graying of the antenna
was seen, but we did not ascertain whether this was due to
oxidation or sputtering of niobium.
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Table 3: Plasma processing tests on FRIB cavities. FE: field emission; CS: copper sputtering observed in RF port.

Date S/N Input Harmonic FE onset (MV/m) Plasma Notes
coupler number before after Location

𝜷 = 0.086 QWRs
May 2021 986 custom 1 5 8 coupler [11]
May-Jun 2021 986 custom 1 8 6 coupler [11]
Jul 2021 986 custom 1 6 8 coupler
Oct 2021-Jan 2022 967 FPC-in 1, 3, 5 6.4 10 coupler [12]
Feb-Mar 2022 979 FPC-in 5 7 > 10 coupler [12]
May-Jun 2022 972 FPC-in 5 6.6 7 coupler [12]
Jul 2022-Jan 2023 986 custom 1, 3, 5 6 9 coupler
May-Jun 2023 987 FPC-in 1, 3, 5 7 ≥ 11 cavity & coupler Fig. 9a

𝜷 = 0.54 QWRs
May 2020-Mar 2021 150 custom 1 coupler CS [11]
Feb-Mar 2023 155 custom 1, 3 4.7 3 cavity & coupler CS; Fig. 10
Apr 2023 096 custom 1 8.2 ≥ 8.4 cavity Fig. 9b
Jun 2023- 096 FPC-in 1, 3, 5 cavity & coupler in progress

Figure 10: Photograph of the RF port of a 𝛽 = 0.54 HWR
after coupler plasma ignition with a copper antenna.

Plasma Uniformity and Repeatability
As seen above, the cavity plasma sometimes jumps to a

higher-density state and sometimes jumps directly to coupler
plasma (Fig. 3b); in some cases, the plasma brightness is
reduced and coupler ignition does not occur, but a higher fre-
quency shift can be reached (Fig. 7, solid vs hollow squares).
Though we expect the plasma distribution to be determined
by the electric field distribution, these observations suggest
that the plasma might not always ignite throughout the high-
field regions. This may be analogous to the multi-cell cavity
case: when a multi-cell cavity is driven in the 𝜋 mode, such
that all of the cells have approximately the same field, ig-
nition happens randomly in only 1 of the cells [19]. This
indicates that there may be room for improvement in our
methods, as a uniform plasma distribution and repeatable
plasma ignition are likely to produce better outcomes.

CONCLUSION
Our results so far suggest that plasma processing has

good potential for improving FRIB resonators. Higher-order
modes look promising as a way to drive the plasma. How-
ever, processing of a FRIB HWR with an FPC has not yet

been attempted. Damage to the FPC and uniformity of the
plasma distribution are still items of concern. Alternative
plasma processing approaches have been explored by other
groups, and these may be beneficial for FRIB cavities.

Additional steps on FRIB cavities include testing plasma
processing with a cryomodule and attempting plasma pro-
cessing in the FRIB tunnel. Parallel efforts include 3D RF
model development to better understand the cavity and cou-
pler fields; and using the models and plasma theory to predict
ignition thresholds for the cavity and coupler [14].

With our present approach, it is difficult to assess how
long the cavity should be processed for optimum results.
The effectiveness of plasma processing may depend on the
nature of the contaminants.
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