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To study the impact of plasma generated by microwave breakdown on the propagation properties of microwave in high
power microwave (HPM) devices, a three-dimensional (3-D) fluid model of argon plasma slab in rectangular waveguide is
established and calculated by the finite-difference-time-domain (FDTD) method. A rectangular waveguide with a break-
down chamber filled with argon is set as the physics model, and HPM with frequency of 3—-50 GHz propagates through this
physics model. The time evolutions of the breakdown process are investigated, the reflection, transmission, and absorption
coefficients of HPM are calculated, and the influences of some important parameters, including the thickness of the plasma
slab and the microwave frequency on the propagation properties of the microwave are shown. Results of this work can offer
theoretical instructions for suppressing the influence of breakdown to the performance of HPM devices, and for the use of
microwave breakdown, such as the design of plasma limiter or absorber in HPM devices.

Keywords: high power microwave, argon plasma, propagation properties, finite-difference-time-domain

(FDTD) method
PACS: 52.80.Pi, 52.65.~y, 51.50.+v, 52.50.Sw

1. Introduction

With the development of high power microwave (HPM)
source technology, the strength of electric field transmitted in
microwave devices is getting closer and closer to the break-
down threshold of the background gas, and breakdown will
take place with a large probability. On one hand, plasma gen-
erated by microwave breakdown will become a dominant fac-
tor which influences the performance of HPM devices.!'™ On
the other hand, more works concerning the plasma generated
by microwave breakdown as absorbers or limiters of HPM in
microwave devices are reported, which can be seen as the ra-
tional use of the influence of plasma on the microwave propa-
gation properties.[>! No matter what we concern about, pre-
dicting and suppressing the influence of breakdown or making
use of breakdown, a realistic and accurate model is necessary
to obtain the accurate key parameters of the microwave plasma
and to study the propagation properties of HPM in the plasma
efficiently.

A number of investigations of the interaction between
plasma and the HPM transmitted through it have been pre-
sented. Laroussi and Roth investigated the electromagnetic
(EM) wave propagation through a non-uniform plasma slab

by using Fresnel reflection coefficients.!!"]

Using scatter-
ing matrix method (SMM), Tang et al. analyzed the broad-
band absorption characteristics of the magnetized non-uniform

plasma.!"! Jazi et al. provided an analytical method to study

DOI: 10.1088/1674-1056/28/3/035204

the reflection and absorption of EM waves in an inhomoge-
neous dissipative magnetized plasma slab, and also discussed
the effects of the external magnetic field, the frequency of
the incident wave, and the electron thermal velocity.['? Most
of these works considered only the steady-state plasmas with
constant collision frequency, constant electron frequency, and
certain distribution of electron density, and treated them as di-
electric slabs with specific parameters. Recently, Liao et al.
used the effective electron diffusion coefficient and empirical
time-varying frequency coefficients to improve the accuracy
of the fluid model and studied the interaction of high-power
microwave with air breakdown plasma.['3! In this paper, a
three-dimensional (3-D) time-varying plasma model based on
Ref. [13] is proposed for obtaining more accurate and factual
distributions of the key parameters, and studying the propagat-
ing properties of the HPM.

2. Model and method

Very detailed one-dimensional and two-dimensional fluid
models to study the propagation of HPM through gas have
been reported by Zhao et al.,[’"!3-13] which consist of elec-
tron fluid equations, Maxwell’s equations, and the definition
of transport coefficients. The 3-D fluid model in this paper is
a direct generalization of their models.
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2.1. Physics model

Figure 1 shows the 3-D schematic of waveguide and the
cross section of breakdown environment in yz plane. The
waveguide used in this paper is the standard BJ-22 type, whose
width and height are a = 108 mm and b = 54 mm, respectively.
The waveguide is assumed to be filled with three layers of me-
dia: an argon chamber sandwiched by two quartz walls, as
shown in Fig. 1(b). The argon is under atmospheric pressure,
and the length of the argon chamber is p = 15 mm in regular
study, and varies from 5 mm to 25 mm when studying the in-
fluence of the thickness of the plasma slab. For the incident
HPM, the amplitude of the electric field is set to 10® V/m, and
its frequency is 3 GHz in regular study, and ranges from 3 GHz
to 50 GHz when studying the influence of the microwave fre-
quency. The initial electron density and initial mean electron
energy are set to 10° m—> and 0 eV, respectively. HPM in-
cidents from the left port and propagates through the whole
waveguide, but discharge occurs only in the argon chamber
and plasma generated by HPM will be blocked in this cham-
ber.
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Fig. 1. Schematic of waveguide and breakdown area used in this paper:
(a) 3-D scheme, (b) cross section scheme of xz plane.

The basic reactions of argon breakdown in the cham-
ber include:[16-18] (R1, elastic collision) e+ Ar => e+ Ar,
(R2, excitation) e + Ar => e + Ar*
collision) e + Ar => 2e + Ar", and (R4, stepwise ionization)
e+ Ar* => 2e+ Ar™, of which the different excited levels of
argon atoms are combined for simplicity.

, (R3, ionization by single

2.2. Fluid model of plasma

The equations of the electron fluid model for plasma can

be written as!413]
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where Ey, Ey, and E, are the electric field components along
the x, y, and z axes, H,, Hy, and H;, are the magnetic field
components along the x, y, and z axes, uy, uy, and u; are the
electron velocities along the x, y, and z axes, respectively, N
is the electron density, g. and m, are the charge and mass of
one electron, respectively, & and [y are the permittivity and
permeability of free space, respectively, and v, v,, vy, and
O are the ionization frequency, attachment frequency, colli-
sion frequency , and energy loss frequency, respectively, & is
the mean electron energy. The finite-difference-time-domain
(FDTD) numerical scheme proposed in Refs. [13] and [14] is
employed to solve the equations above.

The electron energy-dependent transport coefficients are
defined as!'¥

o 2¢
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V] = Vel + Vinel,

where €5, and Oa;—, are the energy threshold and cross sec-
tion data of the n-th reaction of the reaction list of argon, v
and vjye| are the energy loss coefficients caused by elastic col-
lisions and inelastic collisions, respectively, and are defined
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Ny, is the density of argon and is given by

Nar (Ini

f(&) is the reduced electron energy distribution function
(EEDF) for argon, and k, T, and p are the Boltzmann con-
stant, temperature of gas, and pressure of gas, respectively. All
the transport coefficients above will update with the changing
electron energy.

The modified EEDF used in this paper can be written
a519:201

. It T e
f(se)m"msé/zexp{ e } (18)
Ee [F %) (2){) €
M) = [ lexp(-0dt, £ >0, (19)

where x has been calculated to be 6.5 for argon at atmosphere

pressure by particle in cell (PIC) simulation. ']

2.3. The 3-D difference iteration scheme of FDTD method

The 3-D FDTD scheme is expanded from the 2-D scheme
proposed in Ref. [13] and is employed in this paper to calcu-
late all the unknowns in Egs. (1)-(19). For the convenient cal-
culation of parameters uy, uy, u;, and u., replacement factors
are defined in this paper as U, = Neuy, Uy = Neuty, U, = Neu,
Ue = N.&.. Components E,, Ey, E;, Ne, and U, are set at the
integral grids, and H,, Hy, H;, Uy, Uy, and U, are set at the half
integral-grids.

Taking equations of partial E,, Hy, N., &, and u, as the
example, the difference iteration scheme of the FDTD method
can be written as

1
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With the introduction of the replacement factors, & and

L, can be calculated by
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qelo , pv1,m+1/2  Gelo ;ppy1, 0012
——H!"U, ———H!"'U, . (31
+ 2me, 2m, * D
Electron energy & calculated by Eq. (23) on every step
is substituted into Egs. (12)-(19) to update the transmission
coefficients and EEDF.

3. Results and discussion
3.1. Validation of the model and method

To validate the proposed fluid model, the comparison of
breakdown thresholds between experimental data and the pre-
dictions of our work at 3 GHz is shown in Fig. 2. It is ob-
served that the breakdown thresholds calculated by this work
are quite close to Krasik’s experimental data at 3 GHz?>! and
MacDonald’s experimental data at 2.85 GHz.!??!

-~ 2.2
\
g 2.0p0 o Krasik’s experimental data
S 1.8p MacDonald’s experimental data
< 1L = fluid model results
o
< 1.4l
7 12}
= |
< 1.0F o
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= 08F " o'
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& 04rp ] R om ©®
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Pressure/Torr

Fig. 2. Comparison between experimental data and results of our work.

3.2. Time evolution of breakdown process

The time evolutions of the electric field and electron den-
sity at the center of the plasma slab (x = 54 mm, y = 27 mm,

z =15 mm) are shown in Fig. 3. HPM with power higher than
the threshold of argon breakdown brings up the gas discharge,
the electron density keeps growing and gets steady at around
16 ns, and reaches the peak value of 4.21 x 10'® m=3 . Tak-
ing the electron density 10® times higher than the initial value
as the criterion, then the breakdown time is 14 ns. From the
curve of the electric field, it can be observed that the increased
electron density in the chamber leads to the obvious reduction
of the electric field.

1020 j j » electron density
! —— electric field 410
To1018 ! guEEEEEEEEEEEEE \E
E { 15 Q
2 1016} >
7 | =
5 1014 i‘ HHM ‘H 0 =
2 o IR 3
g | il o
1012 o
£ | 0=
% 1010 I &
—10 *
108 1 1 1 1
0 5 10 15 20 25

Time/ns

Fig. 3. Time evolutions of the electric field and electron density in the
center of the plasma slab.

Benefiting from the establishment of this model, 3-
D distributions of electron density and electric field can
be shown. The results at different breakdown stages are
It is observed that before the

breakdown (0.1 ns), few argon atoms are ionized, and the

shown in Figs. 4 and 5.

maximum electron density is around 1.16 x 10° m—3. The
distribution of the electric field is not affected and the
waveguide works in TEjp mode. At the beginning of the

breakdown process (10 ns), plasma with density around

(al) (a2) (a3)
100 1.16 100 100
1.14 % 7 "
80 112 E e i 80 g
£ 60 L1005 £ ¢ E £ 60 2
40 1.82 é S 40 § S 40 ‘E
20 1.02 A 20 A 20 §
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0.1 ns 0 0 6 12
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(b3)
1.18 12 50 9
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110 S = E 10 5 S
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1.06 % 4 = = 20 3 &
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1.02 & 2 A 10 ? £
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0 6 12 0.1 ns 0 6 12 10 ns 0 6 12 25 ns
p/mm p/mm p/mm

Fig. 4. Distributions of electron density in breakdown area at different time: (a) on xz plane, y =27 mm, (b) on yz plane, x = 54 mm.
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Fig. 5. Distributions of electric field in breakdown area at different time: (a) on xz plane, y = 27 mm, (b) on yz plane, x = 54 mm.

1 x 10" m~3 is generated in the high electric field region. The
maximum electric field is reduced from about 1 x 10® V/m to
about 6 x 103 V/m, which means that the plasma begins to re-
flect and absorb the microwave. At the late stage of breakdown
(25 ns), the argon plasma is concentrated to the incident termi-
nal of the waveguide and becomes steady. When the density
of plasma reaches around 9 x 10'° m—3 | the plasma frequency
is higher than the frequency of the incident HPM, so the real
part of plasma’s permittivity becomes negative, HPM can no
longer propagate through plasma and the incident energy is
blocked at the input terminal of the waveguide. As a result,
argon atoms in the rest part of the waveguide only obtain very
limited energy, and cannot be ionized.

3.3. Propagation properties of microwave in plasma

The transmission coefficient C;, reflection coefficient C,
and absorption coefficient C, in one period are calculated by

G = 7 Jir g5, (|E1])>dSy o

% ftzT fsl (|Eref|)2d51 7
T
C = %sz—T g5, (| Ex|)?dS, ’ a3
Fhiir s, (| Eret])>dS2
C.=1-G—-GC, (34)

where F; and E; are the reflected and transmitted electric
fields on surfaces S; and Sy, and S; and S, are the waveg-
uide cross sections in front of and behind the argon cham-
ber, respectively. E is the electric field for reference, which
is the electric field on the corresponding surfaces when the
same incident microwave is fed into the waveguide but with-
out plasma.

Figure 6 shows the propagation properties of HPM in
plasma and the mean electron density on the incident surface
of the breakdown region, which indicates the performance of
the plasma to HPM. Using the electron density in this figure
as the judgement basis, before the gas discharge occurs (before
12 ns), most of the energy passes through the gas chamber, and
about 28% of the energy is absorbed, which provides energy
to accelerate the electrons. Through the collision between the
accelerated electrons and other particles, these absorbed mi-
crowave energy is transferred into the mean electron energy
to provide energy for the reactions in breakdown, and the re-
flection at this time is quite weak, this can be explained by the

following equation: >3]

w? w?-v
_ P _J P
2+ To(er+v?)’

&=1 (35
where & is the complex relative permittivity of plasma, @,
is the plasma frequency, f is the microwave frequency, and
v is the plasma collision frequency. Before the occurrence of

19
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Fig. 6. Propagation properties of HPM in plasma.
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discharge, the value of @y is quite small with a low electron
density, and & ~ 1. During the breakdown process (12-20 ns),
the mean electron energy gets higher, which increases the ion-
ization and results in higher electron density. The plasma gen-
erated in this process reflects and absorbs the incident power.
Finally (after 20 ns), the high-density plasma is generated, the
transmission and absorption coefficients become very low, and
the HPM is almost totally reflected.

3.4. The influence of the frequency of microwave

Figure 7 shows the influence of the microwave frequency
on the propagation properties of microwave in plasma. Com-
paring the curves in Fig. 5, it can be observed that the reflec-
tion coefficient at f = 3 GHz is larger than those at other fre-
quencies after 15 ns, which means that high density plasma

has been generated. The maximum absorption coefficient oc-
curs during 14-22 ns when f = 10 GHz, as shown in Fig. 5(c),
which can be explained by the equation of plasma frequency
fp = (ne€®/mego)'/? /21, where f, is the plasma frequency
which is calculated to be approximately 10 GHz in this model
when the mean electron density is about 1.2 x 108 m~3.
So when the frequency of the incident microwave is around
10 GHz, the particles of plasma will resonate with the mi-
crowave, and the energy of the microwave will be transferred
into the kinetic energy of the particles very quickly, leading
to the maximum absorption coefficient. With the frequency
increasing, the reflection and absorption decrease, when f =
50 GHz, the frequency of the incident microwave is consider-
ably higher than the plasma frequency, and then most of the
energy passing through the plasma.

2 1.0 2

T 1.0} Aasassasasassasassassasasasassasan i b 2 1.0 —— f=3 GHz (c)

R .. 5 08l o fo3cH (b) g ——f=10 GHz # %

£ 0.8 ccnmmumsomammnal, £ o =10 GHz g 08 = /=50 CHs

S 06 g 06F 4 f=50GHz S 0.6 [

g - 5

7 0.4 § 045 S 0.4}

2 —u—f:3 GHz R & = E ....................

g} 0.2F ——f=10 GHz 4 O oo é 0.2F g 0.2

: +f:50 GHZ o) 4 E ................

S o é) 0 m E O PAMAAMMAMMMANAMAMANNMINANNNNNNEY
0 5 10 15 20 25 0 5 5 20 25 0 5 10 15 20 25

Time/ns Time/ns Time/ns

Fig. 7. Influence of the microwave frequency on the propagation properties of HPM in plasma: (a) transmission coefficients, (b) reflection coefficients,

(c) absorption coefficients.

3.5. The influence of the thickness of plasma slab

In Fig. 8, the influence of the thickness of the plasma slab
on the propagation properties of HPM in plasma is shown.
From this figure, we can see that when the plasma slab is only

5 mm in thickness, the mean electron density of the whole

plasma slab is about 1 x 10'® m=3, and only 18% energy can
be transmitted, when the plasma slab is only 25 mm in thick-
ness, nearly all the energy is reflected and absorbed. These
results show the possibility and the efficiency of making use
of the microwave plasma as limiter or absorber in HPM de-

vices.

2 1.0 T o 0 0
3 =70 mm (@) 2 osl 21200 5
% 0.8 F ——[=25m 5 . —— =25 mm §
o) 3 & | &
S 06 g 0.6 g
=} °© 0.4 :
s) 4t
% 04 5 S
o= - =
0 0.2} o
§ 0.2 = 3
< &:0 0 o
O . il = N
0 5 10 15 20 25 0 5 15 20 25 0 5 10 15 20 25
Time/ns Time/ns Time/ns

Fig. 8. Influence of the thickness of the plasma slab on the propagation properties of HPM in plasma: (a) transmission coefficients, (b) reflection

coefficients, (c) absorption coefficients.
4. Conclusion

In this paper, a 3-D fluid model of plasma slab in rectan-
gular waveguide is proposed and solved by the FDTD method.
The detailed breakdown process can be shown and the accu-

rate distributions of all important parameters of plasma can

be obtained by this 3-D model. The influences of microwave
frequency and the thickness of plasma slab on the propagation
properties are also studied. This work can not only provide a 3-
D model for studying the breakdown process, but can also of-

fer instructions for the design of plasma-based HPM devices,

035204-6



Chin. Phys. B  Vol. 28, No. 3 (2019) 035204

such as the limiters and the absorbers.
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