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Abstract 
 Jefferson Lab has an ongoing R&D program in plasma 
processing which just completed a round of production 
processing in the CEBAF accelerator. Plasma processing is 
a common technique for removing hydrocarbons from sur-
faces, which increases the work function and reduces the 
secondary emission coefficient. The initial focus of the ef-
fort was processing C100 cavities by injecting RF power 
into the higher order mode (HOM) coupler ports. Results 
from processing cryomodules in the CEBAF accelerator as 
well as vertical test results will be presented. The goal of 
in-situ processing is to improve the operational gradients 
and the energy margin of the linacs. This work will de-
scribe the systems and methods used at JLab for processing 
cavities using an argon-oxygen gas mixture as well as a he-
lium-oxygen gas mixture. Before and after plasma pro-
cessing results will also be presented.  

METHODS 
 Plasma processing is being explored by a number of fa-
cilities that work with superconducting cavities [1]. Be-
tween 2015 and 2018 it was used to process 32 cavities in 
the SNS accelerator at ORNL where they achieved an av-
erage improvement in operational gradients of 2.5 MV/m 
[2, 3]. Unlike helium processing which relies on ion bom-
bardment of the field emitters, plasma processing uses 
atomic oxygen produced in an RF plasma to break down 
the hydrocarbons on the surface of the cavity. Processing 
of SRF cavies is done using a mixture noble gas such as 
argon, neon or helium and oxygen. The discharge is oper-
ated at pressures between 50 and 300 mTorr. The current 
gas mixture used at Jefferson lab is 94% helium and 6% 
oxygen at 300 mTorr. 

Gas Supply and Vacuum Systems 
Process gas was supplied by a mobile cart that had a cylin-
der of 99.999% helium or argon and a cylinder of 20% ox-
ygen with the remainder of the gas being helium or argon 
depending on the gas that was being used. The gas cart used 
in the vertical test area also has a cylinder of 95% argon 
and 5% methane which is used to “contaminate” a cavity 
with hydrocarbons so that we could experiment with dif-
ferent processing techniques. Using a series of valves and 
flow controllers we were able vary the percentage of oxy-
gen in the process gas as well as to regulate the flow and 
pressure in the cavities. The pumping system consisted of 
two turbo molecular pumps, a 300 L/s primary pump and a 
70 L/s secondary pump. The 70 L/s pump was used as part 

of a differentially pumped RGA system. In addition to 
monitoring the argon to oxygen ratio, the RGA is used to 
monitor H2, CO, CO2 and H2O, which are hydrocarbon 
fragments that are produced when the free oxygen interacts 
with the hydrocarbons. 

RF System 
 Each channel of the RF system, which is described in 
[4], is capable of processing up to 2 cells in a cavity simul-
taneously. Four channels of RF system were prepared for 
use in the CEBAF tunnel. They were set up in pairs each 
of which shared a 4-port network analyzer and process con-
trol computer. The output of two RF sources and network 
analyzer are combined and applied to the input of a 100 W 
amplifier. The output of the amplifier is applied to the cav-
ity via one of the HOM coupler antennas. The system mon-
itors the incident and reflected power and the power that is 
emitted from the fundamental power coupler. The latter is 
effectively acting as a field probe for the electric field in 
the cell furthest away from the HOM couplers. Control 
over which cell or combination of cells is processed is ac-
complished by selecting one of the TE111 modes that pro-
vided a peak electromagnetic field in the desired cells. 
Early on we determined through simulation and confirmed 
with bead pull measurements that there were two modes 
that were strongly tilted towards cells 1 and 7, where cell 1 
is closest to the HOM couplers. There was a mode that had 
peak fields in cell 4 and two other modes that had peak 
fields symmetrically in cells 2/6 and 3/5 [5]. Using these 5 
modes we were able to predictably establish a plasma in 
each of the cells by starting furthest away from the HOM 
couplers then turning on the second source. For example, 
if we started with cell 7 on and turned on the frequency for 
cells 2/6 we would establish a plasma in cells 6 and 7. 
When we turned off the mode for cell 7 the plasma re-
mained in cell 6. The modes and methods are described 
more fully in Ref. [4, 5]. Figure 1(a) shows an image of an 
argon/oxygen plasma in each of the 7 cells of a cavity in a 
C100 cryomodule. Figure 1(b) shows an image of a he-
lium/oxygen plasma in cells 7, 5 and 6, 4 and 3 as well as 
2 and 1. The blue shift in the colors in the cell 7 mode is 
due to a reduction in oxygen content in the process gas cou-
pled with an increase in the hydrocarbon residues. 

C100 Cryomodule Issues 
 One of the issues with processing a C100 cryomodule is 
that both of the HOM coupler antennas are located on the 
same end of the cavity. Because of the geometry there is a 
relatively strong coupling between the antennas in the 
HOM frequency bands that provide a uniform plasma. Be-
cause of this strong coupling, RF power that is applied to 
one  HOM  coupler  is picked up  by  the  second  coupler,  
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                    (a)                                           (b) 

Figure 1: (a) Images of argon/oxygen plasma in cells 1 
through 7. (b) Images of helium/oxygen plasma in cells 1, 
5/6, 3/4, and 1/2.  

travels up the cable, is reflected back at a random phase 
and is applied to the cavity. This had a strong impact on the 
properties of the modes used to excite cells 1 and 4. In or-
der to mitigate this issue when processing cavities in a cry-
omodule we connected a motorized phase shifter to the un-
used coupler and measured S11 and S21 as a function of 
phase shifter position. We analyzed the data off-line and 
chose the phase shifter position that provided a more opti-
mal operation point which was not prone to coupler break-
down.  
 When there is a coupler breakdown there is a change in 
the amount of RF power that is transmitted from the HOM 
coupler to the waveguide coupler. If the breakdown is on 
the tip of the HOM coupler, as it is shown in Fig. 2(a), the 
change is about 3 dB and it can go up or down. When it is 
a breakdown of the antenna of the RF feedthrough, as 
shown in Fig. 2(b), the power that is transmitted to the 
waveguide is reduced by about 20 dB. We used these val-
ues to create an interlock based on the ratio of the incident 
power and the transmitted power where the nominal set-
point was ±1.5 dB. 

  
Figure 2: Images of (a) tip glow coupler breakdown, and 
(b) breakdown at the HOM feedthrough antenna in argon. 

Determining Plasma Location 
 One of the issues with processing a cryomodule in an 
accelerator is that one cannot use a camera in order to iden-
tify the location of the plasma. Fortunately, when a plasma 
is ignited it reduces the dielectric constant of the volume 
where the plasma exists. In an RF cavity this will cause a 
shift in the resonant frequency. Because different modes of 
the cavity have different stored energy in each cell, the pat-
tern of frequency shifts can be used to determine where the 
plasma is located. Figure 3 is an example of the frequency 
shift pattern for a plasma located in cell 7 of a C100 cavity. 
This mode, is at approximately 1875 MHz for this cavity. 

Another example is shown in Fig. 4 where there is a fre-
quency shift when the plasma is in cell 6 but not when it is 
in cell 2. This subtle change is a good way to confirm that 
the plasma is in cell 2 rather than cell 6 when applying the 
frequency for cells 2/6 or 1/2. 

 
Figure 3: Network analyzer traces showing the first 6 
modes with plasma in cell 7 (black) and no plasma (red) 
and corresponding frequency shift plot. 

 
Figure 4: Frequency shift in the “cell 7” mode when the 
plasma is in cell 6 (left) as compared to when it is in cell 2 
(right). 

PLASMA PROCESSING ACTIVITIES 
 Since 2020 we completed 35 cycles of vertical test, 
plasma process, and post-processing vertical test of a C100 
cavity. The normal experimental cycle was to contaminate 
the cavity with a methane/argon plasma, confirm that it was 
degraded then process it with a gas mixtures that contained 
oxygen in order to improve the results. Initially, we focused 
our efforts on argon/oxygen gas mixtures and had good re-
sults when processing with 2% oxygen followed by pro-
cessing with 20% oxygen. In the summer of 2022 after pro-
cessing a cavity with argon/oxygen to the point where it 
stopped improving, we processed it with a helium/oxygen 
gas mixture. As shown in Fig. 5, it improved by an addi-
tional 2.5 MV/m. Following this we did a series of experi-
ments using different gas pressures and mixtures of helium 
and oxygen. Finally determining that a good gas mixture 
was 94% helium and 6% oxygen. 
 In June 2021, we processed cryomodule C100-10 in the 
off-line test bunker. It was severely degraded due to the 
catastrophic failure of a Viton seal on a beam line gate 
valve [4]. While a very useful exercise in training and pro-
cess development, the resulting improvement of field emis-
sion free operation from 36.3 MeV to 37.9 MeV was a 
demonstration that plasma processing may not be that ef-
fective for severely contaminated cavities. In June of 2022 
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we processed cryomodule C100-5, in the off-line test bun-
ker. Prior to removal from the accelerator the cavities this 
cryomodule  had been operating 75 MeV. At  the  time we 

 
Figure 5: Improvement after processing with a gas mixture 
of argon/oxygen followed by a mixture of helium and 8.5% 
oxygen. 

were using a processing protocol of one hour per cell or 
combination of cells with a 2% argon/oxygen gas mixture 
followed by a second processing cycle using a 20% ar-
gon/oxygen gas mixture.  
 In January 2023 we processed 4 cavities in the recently 
reassembled C100-10R cryomodule. The 4 cavities that we 
processed were exhibiting field emission. By this time we 
had changed our processing protocol and were using a he-
lium/oxygen gas mixture with 6% oxygen. 
 In May 2023 we processed 4 cryomodules in-situ in the 
CEBAF accelerator. Field emission onset measurements 
were made prior to processing. These will be compared to 
measurements which will be taken as soon as the accelera-
tor is restored to 2 K. By using the 4 RF systems to process 
4 cavities in parallel and processing two cells at a time we 
were able to process 8 cavities in 10 hours. Since we had 
two vacuum carts and two sets of waveguide hardware we 
were able to prepare the next cryomodule for processing 
while we were actively processing the current cryomodule. 
Figure 6 is an image of the equipment setup in the tunnel. 

 

Figure 6: Image of the two of the channels of the RF system 
set up in the CEBAF accelerator. In the background is the 
portable clean room which was used in order to make beam 
line connections. 

 On day one of the four day cycle we would move the 4 
RF systems and gas supply system from the previous zone 

to the current zone. We would then make low power S11 
and S21 measurements as a function of phase shifter posi-
tion where the phase shifter was connected, open circuit, to 
the unused HOM port. We set the phase shifters and con-
nected the RF systems to the first 4 cavities. If time permit-
ted we would process one or two cell combinations on the 
first 4 cavities. On day two we would process all 8 cavities 
once. The third day was an off day, which allowed any re-
maining hydrocarbons to redistribute themselves. On day 
four we would process the cavities a second time. After we 
were done processing we would close the gas supply valve 
and begin pumping on the beam line overnight using he 
plasma pumping system. Then next day, in parallel with 
moving the equipment to the next zone we would re-estab-
lish ion pump operation and isolate the plasma pumping 
system from the beam line. 
 Figure 7 shows plots of the RF power for cavities 7 and 
8, the percentage oxygen while we were processing and the 
partial pressure of the hydrocarbon residues as a function 
of time. Figure 8 are the same data plots for the second 
round of processing which occurred two days later. Note 
that while there were still transient peaks in the partial pres-
sure of the hydrocarbon residues when we changed cells, 
there was a significant reduction during the second round 
of processing. 

 

 
Figure 7: Plots of the forward and reflected power at the 
HOM connector on the cavity and the partial pressure of 
the hydrocarbon residues of water, carbon monoxide and 
carbon dioxide for the first cycle on cavities 2L22-7and 
2L23-8. 

 

 
Figure 8: Plots of the same data for the second round of 
processing.   
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 It should be noted that we were processing four cavities 
at the same time. Thus, the added peaks in the hydrocarbon 
residues were due to the other cavities being turned on a 
few minutes later. In these plots the partial pressures rec-
orded by the RGA were multiplied by the ratio of the total 
pressure (300 mTorr) divided sum of the partial pressures 
of masses 2, 16 and 32. 

RESULTS 
 On a cavity by cavity basis the field emission free gradi-
ents on cryomodule C100-5 improved by 0.8 MV/m to 
5.4 MV/m, with a total field emission free improvement of 
11.8 MeV. The results of processing cryomodule C100-
10R are shown in Table 1. Four of the cavities were pro-
cessed. Three improved by gradients between 1.6 and 
8.2 MV/m. Two cavities ended up being degraded. Cavity 
1 which was processed, started out with FE onset of 
7.5 MV/m and degraded to 6.3 MV/m. Cavity 4, which was 
not processed, was operated at 24 MV/m field emission 
free for about 30 minutes before it blew up a field emitter. 
Afterwards the field emission onset was reduced to 
17 MV/m. Cavity 3, which was adjacent to one of the cav-
ities that was processed also improved. The average in-
crease in FE onset for the 4 cavities that were processed 
was 3.5 MV/m with an overall field emission free energy 
gain of 9.8 MeV.  

Table 1: C100-10R cavity gradients and cryomodule 
energy before and after processing. Cavities shaded green 
were processed. 

Cavity 
FE 

Free 
Before 

FE  
Free 
After 

Delta 

FE  
<100 

mR/hr  
Before 

FE  
<100 

mR/hr  
After 

Delta 

1 7.5 6.3 -1.2 8 7.4 -0.6 

2 15.8 24 8.2 19.4 24 4.6 

3 16.8 23 6.2 22.3 23 0.7 

4 23.3 17 -6.3 23.3 21 -2.3 

5 16.8 17 0.2 16.8 17 0.2 

6 17.8 19.4 1.6 20.8 23.8 3 

7 24 24 0 24 24 0 

8 14.5 19.8 5.3 17.2 23.8 6.6 

Energy 
MV/m 

95.5 105.4 9.8 106.3 114.8 8.5 

 

 Figure 9 shows the before and after field emission free 
gradients on a cavity-by-cavity basis for all of the cry-
omodules that were processed to in cryomodules C100-10 
and C100-5R.  

 
Figure 9: Field emission onset before and after processing 
8 cavities in C100-5 with argon/oxygen and 4 cavities in 
C100-10R with helium/oxygen. 

Another metric for operational improvement is the 
amount of radiation produced by each cavity at the nominal 
operating gradient of 18 MV/m. An ionization chamber 
that is part of the radiation protection system was used for 
this measurement. This was done because the Geiger-
Muller tubes that are normally used for determining field 
emission onset saturated well before 18 MV/m on most 
cavities. Of the cavities that were processed, we were able 
to operate 6 cavities in C100-5 and 3 cavities C100-10R at 
18 MV/m before and after processing. This is the nominal 
operating gradient required to reach 100 MeV. Table 2 
shows the reduction in radiation production for those six 
cavities. All of the field emission levels at 18 MV/m were 
reduced substantially. The three cavities were processed 
with helium/oxygen were field emission free at 18 MV/m 
after processing. 

Table 2: Improvement in FE Radiation at 18 MV/m 

Cavity 
Before 

Radiation 
(mR/hr) 

After 
Radiation 
(mR/hr) 

Percentage 
Reduction 

C100-5-1 9 0.04 99% 
C100-5-2 50 25 50% 
C100-5-3 1300 200 85% 
C100-5-5 2000 300 85% 
C100-5-7 4000 60 98% 
C100-5-8 150 13 91% 

C100-10R-2 27 <0.02 >99% 
C100-10R-6 3 <0.02 >99% 
C100-10R-8 190 <0.02 >99% 

PLANS MOVING FORWARD 
 We will be remeasuring the field emission onset and de-
termining Qo values in early July 2023. These results will 
be compared to the field emission radiation data that was 
acquired in March 2023 so as to evaluate the effects of 
plasma processing of the 32 cavities. We are currently in 
the middle of the process of determining how we might ig-
nite and control a plasma in C75 cavities. We will follow 
this by using the plasma processing vertical test stand and 
determine that it is an effective means of mitigating [6] the 
multipactor problem [7]. Based on these results we will 
modify a C75 production test-stand so that plasma pro-
cessing can be implemented prior to the vertical test. Since 
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C75 cavities are handled hermetic pairs during the produc-
tion process this should insure that they are free of multi-
pactors once they are assembled into a cryomodule. The 
plan is to continue to process multiple cryomodules in-situ 
during the next extended accelerator maintenance period 
which is currently scheduled for the spring of 2024.  

CONCLUSION 
 Plasma processing of SRF cavities continues to be an ac-
tive program at Jefferson Lab. There is a robust vertical test 
program that will continue for at least the next year. The 
protocols and processes that were developed in the vertical 
test program have been adapted and used for processing 
C100 cryomodules. To date we have processed 6-1/2 
C100-style cryomodules. 2-1/2 were processed in the off-
line cryomodule test facility as part of a process develop-
ment and validation program. Four were processed in-situ 
in the CEBAF accelerator. Cryomodule C100-5 was pro-
cessed using an argon/oxygen gas mixture. The average 
improvement in field emission free gradients in this cry-
omodule was 1.5 MV/m. Four of the cavities in cryomod-
ule C100-10R were processed with a helium/oxygen gas 
mixture. The average improvement in field emission free 
gradients for those cavities was 3.5 MV/m. The results for 
the 32 cavities that were processed in-situ in the CEBAF 
accelerator will be available in the summer of 2023. The 
current plan is to determine methods to process C75 cavi-
ties which have waveguide coupled lossy ceramic HOM 
loads and to develop processing protocols in the vertical 
test area. This will be followed by more in-situ processing 
of C100 and C75 cryomodules in the spring of 2024. 

ACKNOWLEDGEMENTS 
 The author would like to acknowledge the support and 
effort of the technical staff from many departments that 
supported this effort especially the work that went into pre-
paring the cryomodules for in-situ processing and perform-
ing all of the clean assembly work in the accelerator tunnel. 

REFERENCES 
[1] M. Martinello et al., “Plasma Processing for in-Situ Field 

Emission Mitigation of Superconducting Radiofrequency 
(SRF) Cryomodules”, 2021.  
doi:10.48550/arXiv.2203.12442 

[2] S.-H. Kim et al., “Evolution of the Superconducting Linac 
Output Energy at the Spallation Neutron Source”, in Proc. 
IPAC'18, Vancouver, Canada, Apr.-May 2018, pp. 73-75.  
doi:10.18429/JACoW-IPAC2018-MOZGBF4 

[3] M. Doleans, ORNL, personal communication, July 2019. 

[4] T. Powers, N. C. Brock, and T. D. Ganey, “In Situ Plasma 
Processing of Superconducting Cavities at JLab”, in Proc. 
NAPAC'22, Albuquerque, NM, USA, Aug. 2022, pp. 22-25. 
doi:10.18429/JACoW-NAPAC2022-MOYE5 

[5] T. Powers, N. C. Brock, and T. D. Ganey, “In Situ Plasma 
Processing of Superconducting Cavities at Jefferson Lab”, in 
Proc. SRF'21, East Lansing, MI, USA, Jun.-Jul. 2021, pp. 
485. doi:10.18429/JACoW-SRF2021-TUPTEV004 

[6] B. Giaccone, “LCLS-II HE vCM Test Results: Newly Devel-
oped N-Doping Treatment and Plasma Processing”, pre-
sented at the NAPAC'22, Albuquerque, NM, USA, Aug. 
2022, paper MOYE2, unpublished. 

[7] G. Ciovati et al., “Multipacting in C75 Cavities”, presented 
at SRF’23, Grand Rapids, MI, USA, Jun. 2023, paper 
WEPWB049, this conference. 

 

 

21th Int. Conf. RF Supercond. SRF2023, Grand Rapids, MI, USA JACoW Publishing

ISBN: 9 7 8 - 3 - 9 5 4 5 0 - 2 3 4 - 9 ISSN: 2 6 7 3 - 5 5 0 4 d o i : 1 0 . 1 8 4 2 9 / J A C o W - S R F 2 0 2 3 - W E P W B 0 5 4

SRF Technology

Cavity design/fabrication/preparation/tuning

WEPWB054

705

Co
n
te
n
t
fr
o
m

th
is

w
o
rk

m
ay

b
e
u
se
d
u
n
d
er

th
e
te
rm

s
o
f
th
e
CC

B
Y
4
.0

li
ce
n
ce

(©
20

23
).
A
n
y
d
is
tr
ib
u
ti
o
n
o
f
th
is

w
o
rk

m
u
st

m
ai
n
ta
in

at
tr
ib
u
ti
o
n
to

th
e
au

th
o
r(
s)
,t
it
le

o
f
th
e
w
o
rk
,p

u
b
li
sh

er
,a
n
d
D
O
I


