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Abstract: Field emission limits the accelerating gradient increase in SRF cavities. In order to reduce
field emission of SRF cavities, the plasma processing experimental setup of a 1.3 GHz single-cell SRF
cavity is designed and built to carry out plasma processing discharge research at room temperature. The
electromagnetic field distribution is simulated and the external quality factor is optimized to provide a
suitable discharge condition using CST software. It is explored that the physical property of Ar/Ar-Oz
discharge and the variation trend of electron excitation temperature with the changes of pressure, forward
power and Oz content in experiment. The result of residual gas analysis indicates that Ar/O2 plasma

processing can eliminate the carbide of the inner surface of cavity.
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1 Introduction

High accelerating gradient is one of the main cri-
terions for the performance of superconducting radio-
frequency (SRF) particle ‘accelerator. In most cases,
field emission limits the increase of accelerating gra-
dient for SRF cavities!' Electrons are acceler-
ated and leave the inner surface of cavity beyond
the electric field threshold. The gained energy of
the electrons is deposited on the surface of SRF cav-
ity by collision, resulting in the increase of the local
temperature and the risk of thermal breakdown of
superconductivity.

Field emission in SRF cavities can be enhanced
by hydrocarbon contaminations usually accumulated
Some studies show that
plasma processing (plasma cleaning) is an effective
method to remove hydrocarbon contaminants in SRF
With plasma created, the ions bombard
and etch the inner surface of SRF cavities. With some
chemical and physical reactions, the contaminants are
transformed into volatile states, which can be easily

in a long-term operationm

cavities[4]
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pumped away. Plasma processing is safe, environment-
friendly, and economical, compared with traditional
processing methods of SRF cavities such as EP (Elec-
tric Polishing), BCP (Buffered Chemical Polishing),
HPR (High pressure rinsing). According to the experi-
ence of Institute of Modern Physics (IMP), the period
of processing SRF cavities with the traditional meth-
ods is relatively long (generally three month). How-
ever, plasma processing can be applied in situ, so the
processing period can be reduced greatly, which is sig-
nificant for ensuring the availability of the accelerator
facility.

In order to acquire the discharge conditions in
SRF cavities, studies of discharge with Ar and Ar-O»
mixture are performed on a 1.3 GHz single-cell SRF
cavity. And the characteristics of discharge are ob-
served as well. We will present the results of these
studies. Before launching the experiment, the elec-
tromagnetic field distribution is studied with cstTh!
so as to design the antenna structure and decide the
optimal coupling factor. The physical properties of
Ar/Ar-O2 plasma have direct impact on the perfor-
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mance of the SRF cavities after the plasma process-
ing. To study the Ar/Ar-Oz discharge conditions,
we mainly focus on the forward power of breakdown
point and the power reflection coefficient with different
pressure and oxygen content. The electron excitation
temperature is evaluated and the change of the tem-
perature is studied as functions of pressure, forward
power and O2 content by means of optical emission
diagnostics.

2 Experimental setup

Fig. 1 shows the schematic diagram of the exper-
imental setup for plasma discharge. As a whole the
setup is composed of a gas control system, a power
control system, a cavity system, a vacuum system and
an optical emission diagnostics system. The gas con-
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trol system includes three mass flow meters (ALICAT
SCIENTIFIC: 21-1-16-0-50-30-0.25VCRM), a gas mix-
ing chamber, vacuum gauge (PFEIFFER VACUUM:
PKR 361). The power control system consists of a
power generator (BBEF[G]: RF power generator), a sig-
nal generator (ROHDE SCHWARZ: Signal generator),
directional couplers and a power meter (BOONTON:
4531 RF power meter). The cavity system is made
up of a 1.3 GHz single-cell SRF cavity and a variable
coupler. The major parameters of the experimental
cavity are listed in Table 1. There is a mechanical
pump (PFEIFFER VACUUM: ACP 40) and a turbo
molecular pump (PFEIFFER VACUUM: HiPace 80)
in the vacuum system. The optical emission diag-
nostics system contains a spectrometer (AVANTES:
AvaSpec-2048FT-4-DT) and an optical fiber.
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Table 1 Main Parameters of the 1.3 GHz single-cell
SRF cavity at 2 K.

Parameter Value
Frequency/GHz 1.3
Unload factor (Qo) 1.5x1010
Ep/Eace 1.84
G/Q 277.8
R/Qo 104.6

Fig. 2 exhibits the exact experimental setup. RF
power, generated from the solid amplifier, is feed to the
cavity with the transmission line and the coupler. On
one of the beam pipe flanges, the variable coupler is
mounted, on which the gas input port is located. On

Optical emission

Computer diagnostics system

(color online) Schematic diagram of the setup for Ar/Ar-O, plasma discharge experiment.

the other beam pipe flange, there is a three-channel
pipe which provides the vacuum port and the view
port. On one hand, a vacuum port of three-channel
pipe is connected to the pump system (a mechanical
pump and a turbo molecular pump). One vacuum
gauge is used to measure the gas pressure of the cav-
ity. Three mass flow meters are used to monitor the
gas flow of pure Ar, pure Oz and Ar-Oz mixture. On
the other hand, through the view port, the Ar/Ar-O2
plasma optical emission spectrum is detected by the
spectrometer. In addition, the forward power and re-
flected power signals are picked up with the directional
couplers.
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Fig. 2 (color online) The details of the 1.3 GHz single-

cell SRF cavity plasma processing experimental
setup.

3 Electromagnetic field mode and the
external quality factor for ignition

In our case, plasma is believed to be created by
the ionization of gas molecules with the presence of in-
tense RF fields, which cause electrical insulation bro-
ken down. Such a process eventually brings about
plenty of charged particles, electron/ ions!™. Generally,
the plasma is only generated in the E-field (electric
field) region, rather than in the magnetic region[s]. So
E-field distributions affect the distributions of plasma
greatly. The ideal discharge for processing is that
plasma distributes uniformly on the inner surface of
the cavity. In the experiment, the fundamental mode
(TMO010) is utilized, whose E-field distribution is sim-
ulated with CST and is presented in Fig. 3. Judging
from Fig. 3, it seems difficult to realize ideal discharge
due to the non-uniform E-field distribution. However,
we find TMO010 mode is the lowest mode that can be
used to generated strong electrical field rightly located
on iris region. And, the iris region is where field emis-
sion happens most frequently, which should be pro-
cessed with special attention. As a result, the iris re-
gion will be particularly processed using TMO010 as the
ignition RF mode. Although uniformly processing is
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0

Fig. 3 (color online) The electric field distribution

simulated by CST in the experimental cavity.

not achieved, the processing effect is expected to be
good.

The RF power is feed to the cavity with the vari-
able coupler. The input power is consumed by the
cavity wall and the plasma. Precisely measuring the
power loss by plasma has not been achieved by far.
The eigen quality factor (Qo) is approximately 8838,
measured by a Vector Network Analyzer in room tem-
perature. To minimize the reflected power, the cou-
pling of about 1 is chosen. Therefore, a suitable ex-
ternal quality factor (Qe) should be acquired, which
is decided by the length of the antenna for the chosen
straight antenna (copper or niobium), as shown in Fig.
4. Fig. 5 shows the distribution of the external quality
factor with varying antenna length inside the cavity.
The length of the antenna inside the cavity is chosen
as 90 mm so as to get the desired Qe.

—

Fig. 4 (color online) A diagram of the coupling straight

antenna.

10® 3
107 '
10° -'

10

External quality facto O,

10°

102 i 1 . 1 . 1 . 1 . 1 . 1
20 40 60 80 100 120

Antenna length L/mm

Fig. 5 (color online) The external quality factor changes

with the length of the antenna inside the cavity.

4 Method for electron excitation tem-
perature measurement

In plasma discharge, there is an important physi-
cal quantities called ion energy (&wan) in inner surface
of cavity. We can get its value from the potential of
presheath to boundary (¢pd)[9],

T’;"C {ln<2ﬁ;e>+1] (1)

Texc is electron excitation temperature. M; is the mass
of ion, and me is the mass of electron. With Ar as dis-
charge gas, we can get &wa1=5.2 Texc in inner surface
of cavity. Thus, it is necessary for us to measure Texc.

We employ the optical emission diagnostics
method to obtain the electron excitation temperature.
The state of plasma can be determined by measuring

¢pd:_
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its optical emission spectroscopy, the most reliable no-
intruding technique[lo}. If the upper levels of the se-
lected atomic transitions reach the LTE (local ther-
modynamic equilibrium) state, then the conventional
Boltzmann plot technique can be employed to acquire
the excitation temperature!'"). Ref. [12] has elucidated
the fundamental principles of the conventional Boltz-
mann plot method in detail.

For two energy levels in their thermal equilibrium
state, the relation between their energy levels and
atomic densities can be express by Boltzmann distri-
bution

Nk gk Ek — Ei
= exp|———2 2
Ni gi exp‘ KTexc ’ ( )

E; and Fx are the lower and upper energy level, respec-
tively. N; and Ny denote the corresponding atomic
densities, gi and gx represent the statistical weights
for the corresponding states, and K is Boltzmann con-
stant. Assuming the total population density is N, the
Boltzmann relation for a given atomic state can be
given by applying equation (2)

Ne g« Eyx — E;

N = Z(1) P KTexe |’ 3)

Z(T) is partition function given by
Z(T) =S gmexp | ——=m|. 4
(T)=>_gmexp L (4)

m

indicating the sum of the weighted Boltzmann func-
tion of all the discrete energy levels. When the plasma
atom gets de-exited and comes back to F; from Ej,
then we can obtain the emission coefficient of spectral
line (ex;)by using the equation

hco
Eki

zziA iNa
47‘[)\]”‘ k k (5)

Ak; is the wavelength of the emitted light. h is Planck
constant. cg is the velocity of light in vacuum. Ag;
is the transition probability (the probability that an
atom in k state emits spontaneously in a random di-
rection and gets de-excited to state 7). Combining
equations (5) and (3), we get

Ekidki _ hco ‘ Ey

Akigk N Z(T) P _KTexc

: (6)
Appling the logarithm to both sides of (6), we get

EkiAki Ex
1 =—
" ( Akigk ) KTexc + C, (7)

in which C is a constant.
As stated above, according to the equation (7),
we can fit a straight line with Eyx in the horizontal

axis and In (%) in the vertical axis. And by find-
ing the inverse of the slope of the fitting line, we can
get the electron excitation temperature (Texc). In our
study, the upper energy levels of the selected atomic
transitions are assumed to be in LTE. Hence, the spec-
troscopic data used for measurement of the electron
excitation temperature for the observed Ar-I emission
lines are selected in Table 2. A Boltzmann plot of the
chosen Ar-I lines is presented in Fig. 6.

Table 2 Parameters of Ar-I spectral lines for fitting elec-

tron excitation temperature[lg] .

6.—1 Number of
A/nm Ei/eV  Agi/(10°7%) gy radiative transition
696.54 13.33 6.39 3 5
703.03 14.84 2.67 5 5
720.70 15.02 2.48 3 5
750.39 13.48 44.5 1 3
751.47 13.27 40.2 1 2
763.51 13.17 24.5 5 4
—21
- 0, (3%, 4 Pa, 250 W)
722 L
= 23}
=
85
S 4t
W
261
_27 1 1 1 1
13.0 13.5 14.0 14.5 15.0

E./eV

(color online) Boltzmann plot obtained from
Ar-I lines selected in table 2 at 3% Oa, pressure of
4 Pa and forward power of 250 W.

Fig. 6

5 Results and discussion
5.1 Ar/Ar-O, discharge condition

For the experiment, we take Ar as discharge gas
and O2 as reaction gas. In plasma processing, Ar ion
bombardments via inert gas RF discharge can be used
to etch hydrocarbon contaminants, and chemical re-
actions via an appropriate amount of Oz in discharge
can be used to oxidize hydrocarbon contaminants and
produce volatile oxides. Presumably, argon is prone to
be ignited because of its lower ionization energy (15.76
eV) compared with neon (21.56 eV) and helium (24.59
eV). In the experiment, the coupling factor is adjusted
to 1 and TMO10 electromagnetic mode is excited to
induce Ar/Ar-O2 plasma discharge. Under such a cir-
cumstance, the lowest pressure for plasma discharge is
found to be 2 Pa. With further experiment, we observe
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the colors of plasma varying from red to grey with the
change of the input RF power and gas pressure, as
shown in Fig. 7
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Fig. 7 (color online) The discharge drawings with

different forward power and pressure in pure Ar.

To study the Ar/Ar-Oz discharge condition, we
explore the forward power of breakdown point and
the power reflection coefficient in diverse pressure and
oxygen content. In Fig. 8 and Fig. 9, the variation
in forward power and power reflection coefficient of
breakdown point for different pressure with pure ar-
gon is shown. It can be seen in Fig. 8 that the for-
ward power of breakdown point decreases from 350 to
21 W as the pressure increases from 3 to 45 Pa. In
the meantime, the power: reflection coefficient tends
to be a constant value with about 0.35. On the con-
trary, the forward power of breakdown point increases
from 16 to 366 W and the power reflection coefficient
decreases from 0.345 to 0.23 when the pressure in-
creases from 50 to 650 Pa. We discover that the break-
down point decreases in the relative low pressure range
(3~45 Pa) and increases in the relative high pressure
range (50~650 Pa) with the gradual increase of pres-
sure. Such results can be ascribed to the mean free

path of electron (A¢), which can be written asMl
3
Ae = —5—,
167tr2ng (8)

where r is the effective molecular radius, Ae is the
mean free path of electron, and ng is the initial total
On one hand, Ao increases
with the pressure going down. In the relative low pres-

particle number density.

sure range, thus there will be less collisions, which is
the major factor that’s responsible for breakdown en-
ergy rising up with the decrease of the pressure. On
the other hand, A decreases with the pressure going
up. Consequently, in the relative high pressure range,
electron can’t be accelerated for an adequate distance,

which becomes the major factor that leads to the in-
crease of breakdown energy with the pressure going up.
Therefore there is a minimum breakdown energy with
a suitable pressure.

400 1.0
t —s=—Foward power E
= 300 1 —e— Power reflection coefficient | 038 ,é’
S~ Q
B <]
g 10.6 2
2 200} S
kel 31
g o—e — o —0o— o —"— o o o 10.4 !.?:
£ 100} 5
102 2
S
—u A

O 1 1 1 1 00

0 10 20 30 40 50

Pressure/Pa
Fig. 8 (color online) Variation in forward power of
breakdown point and power reflection coefficient

for the low pressure of 3~45 Pa with pure argon.
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Fig. 9 (color online) Variation in forward power of

breakdown point and power reflection coefficient
for the low pressure of 50~650 Pa with pure argon.

Fig. 10 and Fig. 11 show the forward power and
power reflection coefficient of breakdown point for the
low pressure of 2~30 Pa in diverse O2 content. It can
be seen in Fig. 10 that the forward power of breakdown
points are almost the same for the same pressure of
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Fig. 10 (color online) The forward power of breakdown

point for the low pressure of 2~30 Pa in diverse
> content.
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Fig. 11 (color online) The power reflection coefficient of

breakdown point for the low pressure of 2~30 Pa
in diverse O2 content.

different O2 content. we can obtain from Fig. 11 that
the power reflection coefficient of breakdown point de-
creases with the increase of pressure in the same O3
content. In addition, the power reflection coeflicient
decreases with the increase of O2 content in the same
pressure.

5.2 Electron excitation temperature

Fig. 12 presents a typical optical emission spec-
trum from Ar(95%)/02(5%) plasma with a pressure
of 2 Pa and a forward power of 150 W in the 1.3
GHz single-cell SRF cavity. Considering the the op-
tical emission spectrum lines of interest, they can be
categorized into three groups by the range of wave-
length. The argon peaks are shown in 696.54, 703.03,
720.70, 750.39, 751.47 and 763.51 nm. The emission
lines from Ar ion are presented at 450.99, 471.08 and
686.92 nm. In addition, The O peaks are shown in
615.67, 645.59 and 794.71 nm. In Ar/Ar-O» discharge,
the emission intensity of 650~900 nm is stronger than
other wavelength range in optical emission spectrum.

In order to characterize the optical emission, elec-
tron excitation temperature is calculated with the use
of Ar lines(Table 2) and conventional Boltzmann plot
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Fig. 12 (color online) A typical optical emission spec-
trum from Ar(95%)/02(5%) plasma at 2 Pa and
150 W in the 1.3 GHz single-cell SRF cavity.

method(Eq. (7)). The electron excitation tempera-
ture as functions of pressure and forward power are
shown in Fig. 13(a) and Fig. 13(b). It should be
emphasized that the plots present variation trend of
the electron excitation temperature. Fig. 14 presents
the variation of. the electron excitation temperature
with the variation of forward power and pressure
in Ar(100%)/02(0%), Ar(99%)/02(1%), Ar(97%)/
02(3%) and Ar(95%)/02(5%). It can be distinctly
seen in Fig. 14 that the electron excitation temper-
ature increases with decrease of pressure in identical
forward power and O2 content, while, the electron exci-
tation temperature remains unchanged basically with
increase of forward power in identical pressure and Oz
content. We can obtain from Eq. (8) that the mean
free path of electron is inversely proportional to total
particle number density. As a result, if the pressure
is increased, then the mean free path of electron de-
creases, which results in a shorter distance for acceler-
ating in the electric field and hence less average kinetic
energy and lower electron excitation temperature[u].
The electron oscillation frequency, denoted by wp, is
given by[15]
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Fig. 13 Variation of the electron excitation temperature as a function of the pressure and forward power in

Ar(99%)/02(1%)/250 W (a), Ar(99%)/02(1%)/10 Pa (b).
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o\ L
nee“\ 2
wp = 9
o= (2)) o)
in frequency units, this gives approximately
fo=9

where ne is the electron number density and the unit
of ne is 10'% em ™3

ne(102cm—3)GHz. (10)

, Me is the electron mass, e is elec-
tron charge and ¢q is dielectric constant. f, is called
the plasma frequency (also called electron oscillation
frequency or Langmuir frequency), and it depends only
on the plasma density. A typical plasma density is 10°
cm ™3, thus, the plasma frequency is 0.9 GHz. On ac-
count of the low pressure and low temperature plasma,
in our research, it is assumed that the plasma density
is less than 10'© cm™3 so that the plasma frequency
is also less than 0.9 GHz.
frequency in our experiments is less than the RF fre-

As a result, the plasma

quency (1.3 GHz). Hence, the electron excitation tem-
perature has changed hardly with increase of forward
power in identical pressure and Oz content.

5.3 Residual gas analysis

Based on the above discussion, the Ar/O2 plasma
processing is carried out with the O2(3% or 5%), for-
ward power (50~250 W) and pressure (2~16 Pa) in

the 1.3 GHz single-cell SRF cavity. In order to avoid
excessive heat accumulation in the inner surface of the
cavity, a pulse power is adopted in the Ar/O2 plasma
processing. A quadrupole mass spectrometer is used
to analyze the residual gas during Ar/O2 plasma dis-
charge. In the Fig. 15, it can be seen that the CO
peak and the downward Oz peak are detected in the
plasma processing and there are no the CO peak and
the downward Oz peak in the not discharge. Therefore,
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Fig. 15 (color online) Residual gas analysis of Ar/O»

plasma processing in the 1.3 GHz single-cell SRF
cavity.
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in the plasma processing, Oz is used to oxidize the car-
bide of the cavity inner surface so that CO is produced.
It can be deduced that Ar/O2 plasma processing can
eliminate the carbide in the 1.3 GHz single-cell SRF
cavity with the result of residual gas analysis.

6 Conclusions

In this paper, the plasma processing research ex-
perimental setup has been designed for a 1.3 GHz
single-cell SRF cavity at room temperature. Ar/Ar-O2
plasma is produced in the cavity with different forward
power, gas pressure and Oz content with the TM010
electromagnetic field mode and 1.0 coupling factor. It
can be found that the forward power of breakdown
point decreases from 350 to 21 W as the pressure in-
creases from 3 to 45 Pa. In the meantime, the power
reflection coefficient tends to be a constant value with
about 0.35. On the contrary, the forward power of
breakdown point increases from 16 W to 366 W and
the power reflection coefficient decreases from 0.345
to 0.23 when the pressure increases from 50 to 650
Pa. In Ar-O2 mixture discharge, the forward power
of breakdown point can not be distinguished in the
same pressure of different Oz content. The power re-
flection coefficient of breakdown point decreases with
the increase of pressure in the same O3 content. In ad-
dition, the power reflection coefficient decreases with
the increase of Oz content in the same pressure. With
the conventional Boltzmann plot method, the electron
excitation temperature is evaluated and the change of
the temperature is studied as functions of pressure, for-
ward power and Oz content. We discover that the elec-
tron excitation temperature increases with decrease of
pressure in identical forward power and O content,
while, the electron excitation temperature remains un-
changed basically with increase of forward power in
identical pressure and Os content.

According to the result of residual gas analysis,
O3 is used to oxidize the carbide of the cavity inner

surface so that CO is produced and it can be deduced
that Ar/Og2 plasma processing can eliminate the car-
bide in the 1.3 GHz single-cell SRF cavity.
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