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Abstract

INTRODUCTION
The Facility for Rare Isotope Beams (FRIB) is a su-

perconducting ion linac with acceleration provided by 104
quarter-wave resonators (QWRs) and 220 half-wave res-
onators (HWRs); user operations began in May 2022 [1].

Plasma processing is being developed to help reverse
possible future degradation of QWR or HWR performance.
In-situ plasma processing would be an alternative to re-
moval and disassembly of cryomodules for refurbishment
of each cavity via repeat chemical etching and rinsing, as
the latter would be time-consuming and labour-intensive.
In-situ plasma processing has been demonstrated at SNS
[2]. Other plasma processing development efforts world-
wide include work on HWRs [3] and spoke cavities [4].

Plasma processing is done at room temperature to avoid
cryo-pumping of gases onto the cavity walls. The input
coupling strength for FRIB cavities is such that there is a
lot of mismatch at room temperature. Plasma processing
tests on FRIB QWRs were done using a spare fundamen-
tal power coupler (FPC). As the FPC mismatch decreases
with increasing frequency, a higher-order mode (HOM) at
about 5 times the accelerating mode frequency was used
for plasma processing with the FPC. Plasma processing
with an HOM has been previously demonstrated for multi-
cell β = 1 cavities using HOM couplers [5] and has been
studied for spoke cavities using the FPC [4].

FRIB CAVITIES
Jacketed FRIB production cavities were procured from

industrial suppliers. Bulk etching (buffered chemical pol-
ishing), hydrogen degassing, light etching, high-pressure
water rinsing with ultra-pure water, cold testing [6], cryo-
module assembly [7], and cryomodule testing [8] were
done at FRIB. More information on FRIB cavity param-
eters and performance can be found elsewhere [6].

With FRIB production finished, present work is oriented
toward producing spare cavities and cryomodules, along
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with improvements in preparation procedures to reduce the
incidence of field emission. Plasma processing tests are be-
ing done on FRIB QWRs in conjunction with these efforts.

PLASMA PROCESSING DEVELOPMENT
Development work was done on a FRIB β = 0.54 HWR

(322 MHz) and a FRIB β = 0.086 QWR (80.5 MHz), driv-
ing the plasma with the fundamental mode. Input couplers
with custom antenna lengths were used for an approximate
match at room temperature. Some of the plasma parameters
were inferred from the optical spectrum. More information
can be found in a separate paper [9].

HWR with Matched Input Coupler
First plasma ignition and processing tests were done with

an HWR. Plasma measurements were done with various
gas mixtures and pressures; to determine the best gas pa-
rameters for efficient removal of surface hydrocarbons, re-
action byproducts were monitored with a residual gas an-
alyzer (RGA). After testing over a wide range of condi-
tions, we inspected the inner surfaces and observed sput-
tered copper in the RF input port. We were able to remove
the sputtered Cu with additional etching.

QWR with Matched Input Coupler
The first before-and-after cold tests of plasma processing

were done using this configuration. The cavity (S85-986)
had some field emission X-rays in the first cold test. Plasma
cleaning was done with a mixture of neon and oxygen. A
significant reduction in field emission X-rays was seen in
the cold test after plasma processing [9]. Additional plasma
processing and cold test iterations were done subsequently.

PLASMA PROCESSING: QWR WITH FPC
The FRIB QWR FPC includes a cold window [10].

Three FRIB β = 0.086 QWRs were plasma processed with
the plasma driven through the FPC. A refurbished FRIB
FPC was used, with the antenna position set near the max-
imum coupling strength (Qext,1 ≈ 1 ·10−6).

Higher-Order Modes
At room temperature, the FRIB FPCs are weakly cou-

pled, with coupling factors (β1 = Q0/Qext.1) ranging from
2 · 10−3 to 0.02 when set for maximum coupling strength.
Accordingly, the RF electric field may be higher in the FPC
than in the cavity. As seen in Fig. 1, HOM measurements
show that the FPC mismatch decreases as the frequency in-
creases. This indicates that, by driving the plasma with an
HOM, we can reduce the coupler-field-to-cavity-field ra-
tio. The TEM-5λ/4 HOM at about 404 MHz was selected

Plasma processing is being developed as a method to
mitigate possible future degradation of superconducting res-
onator performance. Plasma processing tests were done on
quarter-wave resonators using the fundamental power cou-
pler to drive the plasma. A higher-order mode was used to
reduce the mismatch. Before-and-after cold tests on 3 cavi-
ties showed a significant reduction in field emission X-rays
after plasma processing.
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Figure 1: Network analyzer measurements of input cou-
pling factors for some of the modes in a FRIB β = 0.086
QWR at room temperature (red squares). Blue lines: odd
harmonics of the fundamental. Green line: unity coupling.

based on similarity of RF field distribution and availability
of RF equipment. As seen in Fig. 2, both the fundamental
and the 5λ/4 modes have high fields in the vicinity of the
beam’s path. We note that, though there is less mismatch
as the frequency increases, the RF power needed to ignite
the plasma increases as the frequency increases.

Setup
The plasma processing setup is shown in Fig. 3. The gas

supply and pumping system was the same as in the devel-
opment tests [9]. The neon and oxygen gas mixture was
flowed into the cavity via mass flow controllers (MFCs,
2.45 mg/min for Ne, 0.13 mg/min for O2) through a gas
filter. The cavity pressure was approximately 100 mtorr.
A turbo-molecular pump (TMP) was used to reduce back-
streaming of air.

Procedure
Plasma processing was done in about 10 sessions per

cavity, each of 1 hour duration, with 1 or more days be-
tween sessions. After plasma ignition, the RF input power
was reduced to 7 to 20 W for the first cavity and 7 W for

(a)

(b)

Figure 2: Electric field arrow plots from CST Microwave
Studio for the (a) TEM-λ/4 and (b) TEM-5λ/4 modes.

MFCs

VP

GF

FPC

RGA

TMP

QWR

Figure 3: Plasma processing station: gas supply side (left)
and pumping side (right). GF: gas filter; VP: viewport.

Figure 4: Cavity interior seen through the viewport. Left
to right: ambient illumination; low RF field; medium RF
field; high RF field.

the second and third cavities. Photographs of the cavity
interior are shown in Fig. 4.

RGA Measurements
We saw an increase in CO, CO2, and H2O and a decrease

in O2 after igniting the plasma. An example of RGA sig-
nals during a plasma processing session is shown in Fig. 5.
The CO, CO2, and O2 typically returned to their base lev-
els within 15 minutes or so, with the H2O response lasting
a bit longer. Though the RGA response went away by the
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Figure 5: Partial pressures as a function of time for selected
masses during the first plasma processing session for the
third cavity (t1: start of RF power ramp-up; t2: RF power
reduction to 7 W after plasma ignition; t3: RF ramp-down
and turn-off).
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end of one plasma session, gas production was seen again
when we did another plasma session the next day. Larger
RGA responses were seen in the first plasma sessions and
when the plasma had been off for more than 1 day.

BEFORE-AND-AFTER COLD TESTS
All 3 QWRs were cold-tested before and after plasma

processing with the FPC. Venting was needed to replace
the FPC with an antenna suitable for matching in the cold
test. Cold test results are shown in Fig. 6 and Fig. 7. There
was little change in the quality factor, but all 3 cavities
showed a decrease in field emission X-rays after plasma
processing. Though the second and third cavities were
plasma-processed with the same drive RF power, the sec-
ond cavity improved more than the third cavity. Note that,
in all cases, the field emission X-rays are below the level at
which we expect to see a significant decrease in the quality
factor [11].
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Figure 6: Measured quality factor at about 2 K as a func-
tion of accelerating gradient before (light colors) and after
(dark colors) plasma processing. Green: first QWR (S85-
967); magenta/red: second QWR (S85-979); cyan/blue:
third QWR (S85-972).

CONCLUSION
Plasma processing trials with before-and-after cold tests

were done for 3 FRIB quarter-wave resonators, with the
RF delivered via the fundamental power coupler using a
higher-order mode. Results so far suggest that plasma pro-
cessing can be a useful method to reduce field emission.
In-situ plasma processing of FRIB cryomodules, if success-
ful, could save significant time and expense if performance
degradation occurs during long-term FRIB linac operation.
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Figure 7: Measured X-rays at about 2 K as a function of
accelerating gradient before and after plasma processing:
first (top), second (middle), and third (bottom) QWR.
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