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Plasma characteristics and broadband electromagnetic wave

absorption in argon and helium capacitively coupled plasma

*

Wen-Chong Ouyang (MK FH (), Qi Liu(XI¥), Tao Jin(4:¥%), and Zheng-Wei Wu( k&)
School of Nuclear Science and Technology, University of Science and Technology of China, Hefei 230026, China

(Received 1 December 2020; revised manuscript received 14 January 2021; accepted manuscript online 2 March 2021)

A one-dimensional self-consistent calculation model of capacitively coupled plasma (CCP) discharge and electromag-
netic wave propagation is developed to solve the plasma characteristics and electromagnetic wave transmission attenuation.
Numerical simulation results show that the peak electron number density of argon is about 12 times higher than that of
helium, and that the electron number density increases with the augment of pressure, radio frequency (RF) power, and RF
frequency. However, the electron number density first increases and then decreases as the discharge gap increases. The
transmission attenuation of electromagnetic wave in argon discharge plasma is 8.5-dB higher than that of helium. At the
same time, the transmission attenuation increases with the augment of the RF power and RF frequency, but it does not
increase or decrease monotonically with the increase of gas pressure and discharge gap. The electromagnetic wave absorp-
tion frequency band of the argon discharge plasma under the optimal parameters in this paper can reach the Ku band. It is
concluded that the argon CCP discharge under the optimal discharge parameters has great potential applications in plasma

stealth.

Keywords: capacitively coupled plasma, electron number density, absorption frequency, plasma stealth

PACS: 52.50.Qt, 52.65.—y, 41.20.Jb

1. Introduction

In recent years, the interaction between electromagnetic
wave and plasma has received wide attention, for it has impor-
tant applications in military, aeronautics, and industry, specif-
ically, in plasma stealth,!’"?) communication blackout dur-
ing atmospheric reentry,>*! and plasma diagnosis.!>% erc.
The methods of computing the interaction of electromagnetic
wave and plasma was developed by many researchers.!’~10]
Zhang et al. numerically analyzed the reflection and absorp-
tion characteristics of electromagnetic waves propagating in
a multilayer plasma plate by the wave impedance matching
method.!"!"! Chen et al. studied the scattering characteristics of
time-varying plasma at different incident angles and frequency
bands by using the finite-difference time-difference (FDTD)
method.l"”) Guo L J and Guo L X theoretically solved the
absorption coefficient of electromagnetic wave in a moving
non-uniform plasma plate based on the covariance of Maxwell
equations and the phase invariance of plane wave.[!3!

With the application of plasma to the discharge devices,
many researchers pay attention to the propagation characteris-
tics of electromagnetic waves in inductively coupled plasma
(ICP)[1*151 and capacitively coupled plasma.l'®!7! Li et al.
used the improved scattering matrix method (SMM) to study
the influence of collision frequency and incident angle on res-
onance absorption based on the plasma distribution of typical
inductively coupled plasma discharge.!'8] Wei et al. investi-
gated the influence of the power and atmospheric pressure pa-

DOI: 10.1088/1674-1056/abeb0d

rameters of ICP discharge on the attenuation of 4 GHz—5 GHz
electromagnetic waves.!!”) Zhang e al. studied the changes of
electromagnetic wave transmission attenuation with the pres-
sure and applied voltage parameters of CCP discharge, and
discussed the applications of helium CCP in absorbing elec-
tromagnetic waves.!?’! However, the parameters that affect the
attenuation of electromagnetic wave are not only the pressure
but also power. According to our previous research,!* the
electron number density and collision frequency are the main
factors that affect the attenuation of electromagnetic waves.
The difference in discharge gas, power frequency, discharge
gap, and other parameters will also change plasma parameters
(electron number density and collision frequency) and affect
the attenuation of electromagnetic wave. Therefore, it is nec-
essary to study the characteristics of CCP plasma discharge
under these conditions and further analyze their influence on
the electromagnetic wave propagation for plasma stealth ap-
plications.

In this paper, a self-consistent calculation model for CCP
discharge and electromagnetic wave propagation is developed.
Then the influence of difference in discharge gas, discharge
gap, power frequency, pressure, and power on the plasma
distribution and transmission attenuation are analyzed. Fi-
nally, the corresponding parameters of the best electromag-
netic wave absorption effect and the applications in plasma
stealth are discussed.
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2. Description of model
2.1. CCP discharge model
2.1.1. Equation of fluid model

The CCP is a classical plasma discharge device used to
study plasma diagnosis and electromagnetic wave propagation
characteristics. The numerical simulation methods of CCP
mainly include particle-in-cell (PIC) model, *!! fluid model>°!
and global model. Compared with the other two methods, the
fluid model is widely used due to the fast calculation speed
and better description of the plasma process.

In this paper, a one-dimensional drift diffusion fluid
model is used to investigate the CCP discharge characteris-
tics under different conditions (such as the discharge gas, RF
power, etc.). The electron density and electron energy density
are obtained by solving the drift diffusion equation

on
eV Le=s, (1)
%$+VIHJJR:&, )

where n, is the electron density, 7 is the electron energy den-
sity, E is the electric field, s, and s. represent the electron
source term and the electron energy source term produced, re-
spectively, by inelastic collision and elastic collision between
electrons and neutral particles, etc., I, and Iy are respectively
solved according to

I, = _(ueE)ne_Devnea 3)
I = _(u{?E)nS_ngné’v 4)
where U and U, represent the mobility coefficient of electron
and electron energy, respectively. According to the Surendra’s

conclusion,??! the electron mobility coefficient and neutral
density satisfy the following relationship:

nalle = 3.33 x 1022 (5)

The mobility coefficient of electron energy is calculated from

5

Ue = g.ue~ (6)
The diffusion coefficients is defined as
kT kgT:
De=""Cpe, De=—"Cp, (7)

where D, and D, represent the diffusion coefficient of electron
and electron energy, respectively, kg is the Boltzmann con-
stant, T¢ is the electron temperature.

The terms s, and s¢ are obtained from the following equa-
tions, respectively:

Se = kinenn, 3)
Se = _ZkanenaAea
o

m,
—2nckp —= (Te - Tg) Ven, 9
My

where k; is the ionization coefficient, ny is the density of
species a, Agy is the energy loss rate coefficient, m, is the
electron mass, mg, is the mass of heavy species a, Ty is the gas
temperature, and ve , represents the electron—neutral momen-
tum transfer collision frequency.

The electron temperature and the average electron energy
have the following relationship:

2
I=3-5, (10)
ne
where n. /n. represents the average electron energy.

For ions and other neutral particles, they are expressed by

solving the average diffusion model of the mixture!>3-24]
0wy .
p o1 +P(U'V)Wa:V'Ja+Ra7 (11)

where p is the density of mixed species, w, is the mass frac-
tion of species a, u is the average velocity of all species (can
be regarded as fluid), 7, represents the mass flux of species a,
and R, is the source term related to the reaction rate of species
a.

The density of mixed species and mass flux of species are
calculated from the following equations, respectively:

—pm.PA
p=Mpr 12)
Ja = PWaVa, (13)

where M, is the average molar mass, pa is the absolute pres-
sure, R is the gas constant, T is the gas temperature, and v, is
the velocity of species a.
The velocity of the species a is obtained by solving the
following equation:
Va :dam +d VM, +daTVTszauaE, (14)

a
Wa n

where d, is the diffusion coefficient, d; is the thermal diffu-
sion coefficient, z, is the charge of species a, and i, is the
particle mobility.

The electric field is calculated from the Poisson equation

V2y — q il
=— Zala — Ne | - (15)
a=1

& &r

2.1.2. Discharge parameters

The structure of the CCP discharge device is shown in
Fig. 1. It consists of two electrodes with 30 cm in length,
the two electrodes are parallel and have a certain interspace.
The upper electrode and the lower electrode are externally
connected by an RF power supply, and the lower electrode is
grounded.

095203-2
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Fig. 1. Schematic diagram of CCP discharge device.

In order to study the influence of different discharge pa-
rameters on plasma discharge characteristics and electromag-
netic wave propagation characteristics, the discharge gap, RF
power, RF frequency and pressure in the cavity are set to be
5 cm—15 cm, 50 W=300 W, 13.56 MHz—45 MHz and 0.1 Torr—
0.5 Torr (1 Torr=1.33322x10? Pa) in this paper, respectively.
The specific conditions of each discharge parameter are shown
in Table 1.

Table 1. Specific values of discharge parameters.

Case Discharge RF RF frequency Pressure
gap (cm)  power (W) (MHz) (Torr)
! 5 50 13.56 0.1
10 150 27 0.3
3 15 300 45 05

2.1.3. Chemical reaction of gas discharge

In this model, the argon and helium are considered as
discharge gas. Four species and seven chemical reactions are
taken into account in the argon discharge model as shown in
Table 2. The four species are Ar (argon atom), Ar* (argon
metastable atom), Ar" (argon ion), and e (electron), respec-
tively.

Table 2. Chemical reactions in argon plasma discharge model.

Num. Reaction Type Rate Ae (eV)
R1 e+Ar=>e+Ar" excitation fle) 11.56
R2 e+Ar=>e+e+Ar" ionization f(e) 1580
R3 e+Ar- =>e+Ar superelastic f(e) -11.56
R4 e+Arf =>e+e+Ar" ionization fe) 424
R5 e+Ar=>e+Ar momentum f(e) -

R6 Ar*+Ar* =>e+Ar+Ar" penning ionization 2.3E7 -

R7 Ar+ Ar* = Ar+ Ar quenching 1807 -

Table 3. Chemical reaction in helium plasma discharge model.

Num. Reaction Type Rate  Ag (eV)
R1 e+He=>2e+He" ionization  f(¢) 24.5
R2 e+ He =>e+He* excitation  f(¢) 19.8
R3 e+He=>e+He elastic f(e) 0

For the helium plasma discharge model, four species in-
cluding He (helium atom), He* (helium metastable atom), He™
(helium ion), and e (electron) are considered in the chemical
reactions. The specific chemical reactions for yielding the four

species are shown in Table 3. The reaction coefficient indi-
cated by f(€) in argon and helium plasma discharge model
are computed by cross-section data and BOLSIG™.

2.1.4. Boundary conditions

The heat emission flux is approximately ignored in this
paper, and the boundary conditions of electron and electron
energy flux on the wall in the CCP discharge model are re-
spectively expressed by

1—re (1
n-I; £ (Ve,thne) —Z%:(Fa-n), (16)

T+ \2
n- I, _lzre év n —Zs (I,-m), A7)
£ — 1+re 6 e,thfle ~ a’}’a a )

where n represents the normal pointing towards the wall, 7.
is the reflection coefficient, ve ¢ is the thermal velocity of a
single electron, and 7, is the secondary electron emission co-
efficient.

In addition, the initial temperature in the discharge cavity
is set to be 300 K, the reflection coefficient of the wall bound-
ary is zero, the initial electron number density is 10'* m—3, and
the initial average electron energy is 4 eV. The input power is
expressed as

P = Pycoswt. (18)

The total time-average power density satisfies the following
relationship:

P:S/Wtdy7 (19)

where W, is the total time-average power density and S is the
parallel plate electrode areas. According to Eq. (18), the elec-

tric field can be solved by the total power density %]
W
E= 71; (20)
ele+ ) ely
a=1

The corresponding electric potential and current density are

obtained according to the following equations:?"]
E=VV, 21
JE Al
J=g5-+e ;Fa—Fe : (22)

where V is the electric potential, J is the current density, and
Iy is the flux of species a.

2.2. Electromagnetic wave propagation model

Since the one-dimensional CCP discharge model in this
paper simulates the characteristics of plasma discharge from
anode to cathode, the multilayer transmission model!>! is
used to calculate the propagation characteristics of electro-
magnetic waves in plasma generated by CCP discharge. The
plasma between the anode and the cathode can be divided into
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! homogeneous layers, and electromagnetic waves propagate
through the plasma in the y-axis direction.
The electromagnetic wave propagation coefficient of the
[ layer is solved according to the following equation:
w

k= (&))",

(23)

where w is the angular frequency of electromagnetic wave, ¢
is the speed of light, & (I) is the relative dielectric constant of
plasma in the /-th layer.

The electric field of the [-th layer is expressed as

E = eZEOClefjk(l)(xsineﬁrycosei)

_’_eZE*ODZe*jk(l)()csil‘leify(ZOSei)7 (24)

where C; is the reflection coefficient, D; is the transmission
coefficient, and E is the electric field.

Since the electric field and magnetic field on the propa-
gation boundary meet the continuity of the tangential compo-
nent and phase matching, the relationship between reflection
coefficient and transmission coefficient can be expressed in the
matrix form as follows:

(Cl) =S, (C1—1> : (25)
D Dy
where §,, is expressed as
1 1
Si = (kl cos @ —k;cos 91)
e Hii- eHii-1
ki—1cosO_ye -1 —k;_jcos e H-1 )
(26)
H, =ik, (d[—dp)COSGP. 7)

By substituting the boundary conditions into Eq. (25), the fol-
lowing relationship is obtained

1
Sg (A) =V by,

impact of different
discharge parameters

(28)

CCP plasma |
discharge model |

discharge gas

1
]
: impact on plasma
1

. characteristics
discharge gap

where A is the total reflection coefficient, F' is the total trans-
mission coefficient, S, is expressed in the matrix form, V}, is
defined as follows:

1
Sg = H S = (Sgl Sg2)’
I=p—1

1 (kycos 6 + ky cos 6) e
= X
P 2k;cos 6 (kl cos 0 — kp cos Bp) efly

Finally, the total reflection coefficient and transmission coeffi-
cient are solved according to the following equation:

The attenuation of the electromagnetic wave through the CCP

3D

discharge plasma is obtained according to the transmission co-
efficient

Att = —201g(F), (32)

where Aft is the attenuation value.

Based on the CCP plasma discharge and electromagnetic
wave propagation model, a one-dimensional self-consistent
calculation model is proposed to investigate the propagation
characteristics of electromagnetic waves in the plasma dis-
charge device. The specific algorithm flow can be divided
into two steps as shown in Fig. 2. The first step is to use the
CCP discharge model established by COMSOL multiphysics
to study the effect of the difference in discharge gas, discharge
gap, RF power, RF frequency, and pressure on the character-
istics of the generated plasma. The second step is to take the
electron number density and collision frequency of the plasma
as inputs into the electromagnetic wave transmission model
established by MATLAB code, and the influence of difference
in discharge parameter and the discharge gas on the electro-
magnetic wave attenuation are obtained.

electromagnetic wave impact on transmission
propagation model characteristics

I
1
1
initial pressure ||
l
I

initial temperature

R ——

impact of different
discharge gases

| —,== 1 —— | —=

: I electron number || I scattering | transmission |

RF power | density matrix method|l : coefficient |l
A - |::>| [ m— |

RF frequency | electron collision | bout{d_al"y || attenuation I
L frequency | | conditions | | value |

______ - _—— e — — — _—_——

Fig. 2. Algorithm flowchart of self-consistent calculation model for CCP discharge and electromagnetic wave propagation.
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3. Simulation results and discussion

3.1. Plasma characteristics under different discharge
gases and parameters

In the process of numerical solution of CCP discharge
model, a large number of RF cycles (10°-107) are needed to
obtain a steady-state solution. In order to speed up the cal-
culation efficiency, the COMSOL plasma module introduces
periodic boundary conditions to quickly calculate the stable
state. Taking the metastable particles in the CCP discharge for
example, the evolution of the particles is described by using
Eq. (33), and the periodic boundary conditions are shown in
Eq. (34);

ldn . 2y 2
Far =a(sin(wt))” —bn—cn®, (33)
n(tzO)zn(tz%f), (34

where n is the number of metastable particles. The first term
on the right-hand side in Eq. (33) represents the periodic gen-
eration of metastable states and periodic oscillation in the
plasma sheath. The second term refers to the loss caused by
the collision with the background gas, and the third term is the
loss caused by the collision between metastable particles.

In order to verify the accuracy of the CCP discharge
model, figure 3 shows the comparison of electron number
density between CCP discharges of argon and helium, for
measurement results and simulation results obtained from the
present study and other researchers.?%2%! It can be seen from
Fig. 3(a) that the electron number density distribution of he-
lium discharge in this paper is in good agreement with the sim-

1.1291 The electron number

ulation results given by Zhang et a
density distribution in the argon discharge in this paper ac-
cords well with the simulation results and experimental results
reported by Pan et al.>) However, the electron number den-
sity distribution near the electrode is quite different, because
the edge effect is not considered in Ref. [26].

Figure 4 shows the electron density distribution of argon
discharge and helium discharge at gas pressure p = 0.5 Torr,
discharge gap L = 0.1 m, RF power P = 300 W, and RF fre-
quency f = 13.56 MHz. It is obvious that the electron number
density under argon discharge is higher than that under helium
discharge. And the maximum electron number density differs
by more than 10 times, which is consistent with the conclusion
drawn under the inductively coupled plasma (ICP) discharge
mode.?”) In addition, although the electron number density
of helium is lower than that of argon, the uniform range of
plasma in the central region is larger than the case of argon
discharge. The reason is that the degree of ionization of argon
gas is higher than that of helium gas. It is also verified from
the side that the electron number density and uniformity are
often mutually restricted.

1017

1016 F
T
E:‘/ 1015 F
s ——He: this paper “
- - -He: Ref. [20] 1
1014 |
1013 p p p p * :
0 0.02 0.04 0.06 0.08 0.10 0.12
y (m)
1018 .
L4
1017
|
?‘a\
é 1016 L
g
1015 | — Ar: this paper
- =+ Ar: simulation of Ref. [26]
® Ar: I/V method experiment of Ref. [26]
¢ Ar: spectroscopy experiment of Ref. [26]
1014 L L L
0 0.02 0.04 0.06 0.08
y (m)

Fig. 3. Comparison of electron number density distribution between argon
and helium CCP discharges, for measurement results and simulation results
obtained from the present research and other researches, showing (a) helium
discharge at gas pressure p = 0.5 Torr, discharge gap L = 0.123 m, paral-
lel plate length / = 0.28 m, input voltage V = 1000 V, and RF frequency
f=13.56 MHz, and (b) argon discharge at gas pressure p = 250 Pa, discharge
gap L = 0.078 m, parallel plate length / = 0.1 m, RF power P = 100 W, and
RF frequency f = 13.56 MHz.

1018

1017

1014

1013 | . . .
0 0.02 0.04 0.06 0.08 0.10
y (m)

Fig. 4. Electron number density distribution of argon discharge and helium
discharge at gas pressure p = 0.5 Torr, discharge gap L = 0.1 m, RF power
P =300 W, and RF frequency f = 13.56 MHz.

The electron number density distributions of argon dis-
charge under different gas pressures are shown in Fig. 5. It can
be concluded that the electron number density increases with
gas pressure increasing. The maximum electron density corre-
sponding to gas pressure p = 0.1 Torr, 0.3 Torr, and 0.5 Torr is
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471 x 10 m—3, 1.59 x 10! m~3, and 2.09 x 10! m—3, re-
spectively. The increase in gas pressure will intensify the colli-
sions between different particles, leading the electron number
density to increase.

1018
1017F

1010}

o"?
E
® 10154
=10 ! ==p=20.5 Torr
— p=0.3 Torr
--.p=0.1 Torr
1014
1013 ' L L L
0 0.02 0.04 0.06 0.08 0.10

y (m)

Fig. 5. Electron number density distributions of argon under different gas
pressures at discharge gap L = 0.1 m, RF power P = 300 W, and RF fre-
quency f = 13.56 MHz.

1018

1017

E 10
g
101
1014 ‘ ‘ ‘ ‘
0 0.03 0.06 0.09 012 0.15
y (m)

Fig. 6. Electron number density distributions of argon discharge under dif-
ferent discharge gaps at gas pressure p = 0.5 Torr, RF power P =300 W, and
RF frequency f = 13.56 MHz.

Figure 6 shows the electron number density distributions
under different discharge gaps. It is obvious that the elec-
tron number density first increases and then decreases with
discharge gap increasing, and the maximum appears in the
case L = 0.1 m. The results show that the maximum electron
densities are 6.81 x 10'® m™3, 2.09 x 10!7 m~3, and 1.88 x
107 m~3, corresponding to the discharge gap of 0.05 m,
0.1 m, and 0.15 m, respectively. As the discharge gap de-
creases exponentially, the uniform range of the plasma density
in the central area decreases more than the discharge gap does.
Figures 7 and 8 respectively show the electron number den-
sity distribution under different values of RF power and RF
frequency. It can be seen from Figs. 7 and 8§ that the elec-
tron number density increases with the augment of RF power
and frequency. The increase of the input power will make the
electrons gain more energies in the electrode sheath, and more
high-energy particles will collide with the background gas in

the cavity to generate more electrons. The increase of the
RF frequency will cause the RF frequency and the oscillation
frequency of the electrons to increase, thereby increasing the
collision between the electrons and the particles in the back-
ground gas. On the other hand, the induced component, as a
factor that affects the electron number density, also increases
with RF frequency rising./?®! In addition, the influence of RF
power on the electron number density is greater than that of
RF frequency.

1018 T T T T

1017¢

1014

1013 . . . .
0 0.02 0.04 0.06 0.08 0.10

y (m)
Fig. 7. Electron number density distributions of argon discharge under differ-

ent values of RF power at gas pressure p = 0.5 Torr, discharge gap L =0.1 m,
and RF frequency f = 13.56 MHz.

1018

1017

1016

- -f=13.56 MHz
—¥=27 MHz
- - f=145 MHz

ne (m=3)

1015

1014 . . . .
0 0.02 0.04 0.06 0.08 0.10

y (m)

Fig. 8. Electron number density distributions of argon discharge under dif-
ferent RF frequencies at gas pressure p = 0.5 Torr, discharge gap L = 0.1 m,
and RF frequency f = 13.56 MHz.

3.2. Electromagnetic wave attenuation for different dis-
charge gases and parameters
The self-consistent simulation model of CCP discharge
and electromagnetic wave is based on the electron number
density and collision frequency data in CCP discharge to
study the attenuation of electromagnetic wave propagation in
plasma. The electron collision frequency can be estimated by

the following equation: >!

Ve = 2.6 x 10472, T2, (35)

where v, is the electron collision frequency, r is the sum of
electron—neutral collisional radius (According to Refs. [30]
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and [31] the average cross section of helium satisfies =
7.63 x 1072 m?, the average cross section of argon follows
wrr =232 %x 10712 m?).

sults in this paper, the periodic average values of the elec-

According to the simulation re-

tron temperatures of helium and argon are about 5 eV and
10 eV (1 eV=11300 K), respectively. Combining Zhang’s
estimation!?’! of the electron collision frequency under CCP
discharge, the final formulas for collision frequency of helium
and argon are obtained, respectively,

vie =3.02 x p, (36)
VAT =13 x p, (37)

where v, and p are measured in units GHz and Torr, respec-
tively.

3.3. Transmission attenuation of different discharge gases

Figure 9 shows the transmission attenuation in argon dis-
charge plasma and helium discharge plasma at the same dis-
charge parameters. It is obvious that the attenuation of elec-
tromagnetic wave in argon discharge is greater than that in he-
lium discharge. The reason is that although the electron col-
lision frequency of argon discharge is higher than that of he-
lium discharge, the electron number density of argon discharge
is much higher than that of helium discharge. It is generally
believed that the normal communication cannot be achieved if
the signal attenuation exceeds —5 dB. The plasma produced by
helium discharge has little absorption of electromagnetic wave
energy and weaker interference to signal communication. The
plasma produced by argon discharge has significant absorp-
tion of electromagnetic wave energy in a frequency range from
0.01 GHz to 10 GHz, and the absorption peak reaches —13 dB
at 2.41 GHz. Therefore, the plasma generated by argon dis-
charge is more suitable for the research of plasma stealth ap-
plications.

Att (dB)

0 3 6 9 12 15
f (GHz)
Fig. 9. Plots of transmission attenuation of electromagnetic wave in argon
discharge and helium discharge.
In addition, it can be seen from Fig. 9 that the transmis-
sion attenuation curve under argon discharge can be divided

into two parts. The electromagnetic wave frequency range of
part 1 is 0.01 GHz-2.41 GHz, and the transmission attenua-
tion decreases significantly with frequency increasing. At this
time, the wavelength is greater than the thickness of the plasma
layer, the diffraction effect is dominant, and the penetration
effect is not obvious. The electromagnetic wave frequency of
part 2 is greater than 2.41 GHz, and the transmission attenua-
tion increases significantly with the frequency increasing. The
corresponding wavelength is close to and slowly far below the
thickness of the plasma layer. At this time, the penetration
effect is dominant and the diffraction effect can be ignored.

3.4. Transmission attenuation of different discharge pa-
rameters

Figure 10 shows the attenuation of electromagnetic waves
in plasma generated by argon discharge at different pressures.
The transmission attenuation decreases with the increase of
pressure, because the increase in pressure causes the electron
density in the discharge plasma to increase. However, this
trend will not always be maintained. It can be seen from
Fig. 10 that the maximum transmission attenuation under a
pressure of 0.3 Torr is higher than 0.5 Torr. The reason is
that the increase in pressure leads the mean free path of elec-
trons to decrease, which increases the frequency of electron
collisions. At this time, the influence of electron collision fre-
quency is higher than that of the change of electron number
density. Therefore, the gas pressure needs to be carefully se-
lected according to actual influence.

O ——====== e
73»
m—6f
A
+
-
< —9¢
; =.=p=0.5 Torr
: —p=0.3 Torr
---p=0.1 Torr
_12,
10 3 6 9 12 15
f (GHz)

Fig. 10. Plots of transmission attenuation of electromagnetic waves in argon
discharges at different gas pressures.

As the discharge gap increases, the thickness of the
plasma sheath increases, while the electron number density
first increases and then decreases. Therefore, the transmis-
sion attenuation of electromagnetic waves does not change
monotonically with the discharge gap increasing. Figure 11
shows the transmission attenuation in plasma generated by dif-
ferent discharge gaps. The peaks of transmission attenuation
are —3.8 dB, —12.9 dB, and —12.8 dB, corresponding to the

discharge gaps of 0.05 m, 0.1 m, and 0.15 m, respectively.
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The transmission attenuation of electromagnetic waves first in-
creases and then decreases with the discharge gap inceasing,
and the attenuation reaches a maximum value at L = 0.1 m.
The transmission attenuation is within —5 dB when the dis-
charge gap is 0.05 m, which shows that the plasma generated
at this time has little interference to the signal.

3 6 9 12 15
f (GHz)
Fig. 11. Plots of transmission attenuation of electromagnetic waves in argon
discharges of different discharge gaps.

Figures 12 and 13 respectively illustrate the transmis-
sion attenuation of plasma generated by different values of RF
power and RF frequency. It is obvious that the transmission
attenuation of electromagnetic waves increases with the aug-
ment of RF power and RF frequency. The reason is that the
increase of RF power and RF frequency have no effect on the
electron collision frequency, but it will increase the electron
number density.

f (GHz)

Fig. 12. Plots of transmission attenuation of electromagnetic waves in argon
discharges of different values of RF power.

One can observe that higher RF power and RF frequency
have a wider strong absorption frequency band for electro-
magnetic waves. The peaks of transmission attenuation are
—3.7 dB, —7.8 dB, and —12.9 dB, corresponding to the RF
power of 50 W, 150 W, and 300 W, respectively. The plasma
generated at power of 50 W has almost no interference to elec-
tromagnetic wave transmission in any frequency band. But
when the power is increased to 300 W, the wave frequency

range that can be absorbed is 0.01 GHZ-9.1 GHz, which in-
cludes L-band, S-band, and C-band. When the RF frequency
increases from 13.56 MHz to 45 MHz, the transmission at-
tenuation increases from —12.9 dB to —22.5 dB. Meanwhile,
the maximum frequency of electromagnetic wave absorption
ranges from 9.1 GHz to 13.7 GHz, and the frequency band
for electromagnetic wave absorption expands from C-band to
X-band, and even Ku-band.

0
_5 ’,¢’:’,":,,"
— \\ ,/’ /’ /’
m —10 R‘\\ , e e
E \\\‘ \\_’l, ,' "
ﬁ [ S0
—15F v © . 4 1
VN ’,' ,, =---f=13.56 MHz
“ = ’ -=-=-f=27 MHz
\ , --=-f=45 MHz
—20r1 A ’
\ ’,
—25 3 6 9 12 15
f (GHz)

Fig. 13. Plots of transmission attenuation of electromagnetic waves in argon
discharges of different RF frequencies.

4. Conclusions and perspectives

Based on the CCP discharge method, the effects of dif-
ferent gases and discharge parameters on the electron num-
ber density and transmission attenuation are studied in this
paper. A large amount of helium and argon plasma are gen-
erated between two 30-cm-long parallel rectangular plates
where gas pressure is p = 0.1 Torr—0.5 Torr, discharge gap
is L =0.025 m—0.1 m, RF power is P = 50 W-300 W, RF fre-
quency is f = 13.56 MHz—45 MHz. The CCP discharge char-
acteristics and electromagnetic wave transmission attenuation
under different discharge gases and parameters are obtained
by a self-consistent calculation model combining the drift dif-
fusion fluid model and the improved scattering matrix method.
Conclusions are summarized below.

(i) The electron number density increases with the aug-
ment of gas pressure, RF power, and RF frequency, while
it first increases and then decreases with the increase of dis-
charge gap. In addition, the electron density of argon plasma
discharge is much higher than that of helium plasma discharge.

(ii) The absorption effect of argon discharge plasma on
electromagnetic waves is much greater than that of helium dis-
charge plasma, so it will be prioritized as the discharge gas for
plasma stealth. Meanwhile, transmission attenuation increases
with the augment of RF power and RF frequency. So the RF
power and RF frequency should be increased as much as possi-
ble without affecting the normal discharge of CCP. However,
the choice of gas pressure and discharge gap should be con-
sidered based on the actual situation, because the transmission
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attenuation does not increase or decrease monotonically with
the increase of pressure and discharge gap.

(iii) The maximum transmission attenuation of CCP dis-
charge plasma to electromagnetic waves under the best param-
eters in this paper is —22.5 dB. The maximum frequency of
electromagnetic wave absorption is 13.7 GHz, and the corre-
sponding absorption electromagnetic wave band ranges from
S band to Ku band.

The discharge characteristics of CCP and the correspond-
ing transmission attenuation are of great significance in plasma
stealth applications. The experimental platform of microwave
chamber for CCP discharge and electromagnetic wave propa-
gation is currently being built. And the two-dimensional and
three-dimensional self-consistent models combining CCP dis-
charge and electromagnetic wave propagation will be studied
in our future work.
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