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Abstract: This study represents a self-consistent three-dimensional (3D) fluid plasma model coupled
with Maxwell equations at an intermediate pressure between 1000 and 5000 Pa. The model was
established using the finite element method to analyze the effects of time–space characteristics,
which is the variation of plasma parameters with time and the 3D spatial distribution of plasma
parameters in the plasma torch at various times. The numerical modeling was demonstrated in three
different stages, where the growth of electron density is associated with time. From the distribution
characteristics of molecular ions, it can be concluded that they are distributed mainly at the port of the
quartz tube of the torch, which is larger than the center of the tube. The density ratio of molecular ion
to electron is decreased because of the reduction of pressure and distance, which has been calculated
from the port to the center of the quartz tube. The analysis of microwave plasma parameters indicated
that intermediate pressure is useful for modeling and plasma source designing, especially for carbon
dioxide conversion.
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1. Introduction

Microwave plasmas are extensively applied in various fields because of the advantages such
as high electron density, high efficiency, wide working pressure range, and no need for electrodes.
In particular, it is used to deal with gas pollution [1,2], plasma-enhanced chemical vapor deposition [3],
surface material treatment [4,5], plasma stealth [6,7], and hydrogen production [8].

Owing to the adverse effect of greenhouse gas on the modern world, the use of plasma to
decompose carbon dioxide (CO2) under intermediate pressure has become an attractive research
topic [9–12]. Methods involving the enrichment of plasma by a massive number of active particles can
reduce the threshold energy of the CO2 decomposition reaction that converts it into carbon monoxide
(CO), which has become a promising approach for decreasing CO2, as well as providing a new energy
source [13–15]. Argon (Ar) has a low threshold to produce energetic particles (electron/metastable);
thus, argon–plasma promotes the excitation and dissociation of CO2. In the process of CO2 dissociation
by Ar plasma excitation, first plasma energy is mainly reduced by ionization and excitation of the 99%
argon atoms in the plasma leading to exciting argon species (ion, excimer, metastable) and energetic
electrons. Second, exciting argon or energetic electrons or species transfers the plasma’s energy to
CO2 in a collision for making CO2 in an electronically excited state [16]. Thus, analysis of the electron
behavior over time and the spatial distribution of electrons in the excitation process is helpful for the
plasma sources design. Furthermore, the information obtained from the three-dimensional (3D) argon
model can be useful to have a spatial description of the microwave plasma. Hence, Ar can be used for
making efficient plasma technologies for CO2 conversion.
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Regarding the limitations of experimental techniques and plasma diagnostics [17], plasma modeling
has become a fruitful key method for plasma research. Plasma modeling must consider electromagnetic
effects, plasma dynamics, thermodynamics, chemical reaction, and equilibrium. Thus, among other
things, the inevitable simplified nature of the models leads to discrepancies between modeling results
and experimental results; hence, optimization and improvement of plasma models are of utmost
significance [18–20].

Models of low pressure [21–23] and atmospheric-pressure [24–26] microwave plasmas were
extensively studied; however, there remains demand to analyze plasma parameters in the
intermediate-pressure environment [27]. Bouherine et al. established a 3D model of a plasma-enhanced
chemical vapor deposition reactor at low pressure, based on which they analyzed the electron,
heavy-particle densities, electric field distribution, and electron heat discharge behavior [28].
A two-dimensional (2D) surface-wave plasma model at an intermediate pressure between 660 and
8800 Pa was simulated by Jimenez-Diaz et al., who demonstrated the reliability of the model and
wave plasma interconnection with the axial distribution of the power and electron density, at both
sides of the launcher [29]. By exploring the electric field distribution and the plasma parameters
of an atmospheric-pressure microwave plasma torch under both 2D and 3D conditions, Baeva et al.
demonstrated that the 2D model had certain limitations concerning its description of the spatial
distribution of plasma parameters [30].

In a previous study, a 3D waveguide plasma model with excitation by microwave at atmospheric
pressure was constructed [31,32]; it illustrated some properties of plasma factors such as electron
density, temperature, and gas temperature during excitation processing. However, it did not consider
the significant molecular ion recombination reaction at atmospheric pressure, which led to differences
between the results of modeling and those of experiments [33,34].

To overcome these problems, this study constructs a plasma model with Maxwell equations
by considering Ar atoms in the ground and metastable state, and as atomic and molecular ions,
by considering coupling with the flow, heat transfer, and microwave multi-physical fields. Simulations
based on this model are used to analyze the transient circulation of plasma parameters. In this study,
excitation characteristics of the microwave plasma torch in the range 1000–5000 Pa at intermediate
pressure are supplemented. The results obtained will be helpful in the construction of plasma sources
and specifically for applications to CO2 decomposition [15,35].

The remainder part of the paper is structured as follows: Section 2 describes the plasma model;
Section 3 explains the governing equations; Section 4 presents the results and analysis; finally,
Section 5 provides the conclusions.

2. Model Description

2.1. Microwave Plasma System

Figure 1 shows a schematic of the microwave excitation device; 2.45 GHz electromagnetic waves
enter the WR-430 waveguide from the right-hand side through a circulator, after which there are three
stub tuners, and there is a short-circuit board on the left side. Figure 2 represents the cutaway view of
the microwave plasma torch, and Figure 3 shows a 2D section along the central axis in the x–z plane,
which is the cross-sectional dimension of the rectangular excitation waveguide with AB = 54.6 mm,
length as AH = 218 mm, and width of the WR-430 rectangular waveguide in the x–y plane as 109.2 mm.
To prevent microwave leakage, the quartz tube is surrounded by a cylindrical metal cage, which is
modeled as a perfect electrical conductor. Ar was fed axially through the quartz tube at the flow rate of
1 L/min. The pressure in the quartz tube was 2000 Pa, initial gas temperatures was 293.15 K, the initial
electron density was 1016 m−3, the initial average electron energy ε was 4 eV, and the initial potential
was 0 V.
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Figure 3. Two-dimensional (2D) section of the model (y = 0), with dimensions.

In this study, the fluid approximation method was used to couple the Boltzmann equation to
the Maxwell equation for calculating the density of charged particles, electron temperature, and the
electromagnetic field. The Boltzmann equation embodies the change of ion velocity distribution
equation f (r,v,t) with time, where v is the velocity, r is the position, and t is time. The calculation
process was as follows: the energy distribution function of electrons was brought into the Boltzmann
equation to solve the electron transport coefficient through the BOLSIG+ solver. The electron transport
coefficient and the experimentally determined plasma chemical cross-section data were formed into the
continuous equation, momentum conservation equation, and the energy conservation equation. Then,
these three equations were coupled with the electromagnetic field to solve the electromagnetic field and
plasma characteristic parameters. As the Boltzmann equation is highly nonlinear, it is difficult to use
directly in the analytical solution. Thus, we used the finite element method and a numerical technique
to solve the equations. Before solving the finite element method, the space and time of the solution
target must be discretized. In this study, a tetrahedral mesh was used to divide the solution domain of
the 3D graphics, and a boundary layer was used to encrypt and divide the boundary. The total number
of the mesh elements was 183,448. The model was executed on a computer with an i9-9900U CPU and
64 GB RAM; the execution duration was approximately 101 min.
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2.2. Plasma Chemistry

When an electromagnetic wave propagates in the plasma, there will be some reactions between
the particles. The main reaction types include:

(1) Elastic collision and inelastic collision: such reactions will lead to energy exchange in particles;
the difference between them is that the elastic collision only leads to the transfer of kinetic energy
between the colliding particles, but does not change internal energy.

(2) Excitation and ionization: such reactions result in growth in the number of free electrons or a
change in the energy level of an atom. The probability of their counter occurrence is related to the
collision cross-section.

(3) Charge transfer: this type of reaction results in the equivalent transfer of charge between particles.
The kind of reaction mainly occurs in the collision process of ions and neutral particles.

(4) Charge recombination: there are two forms—diffusion and recombination. Diffusion is the process
by which the charged particle reaches the wall and electrode to disappear. Recombination is a
process by which positive ions capture a free electron and combine with electrons or negative
ions to form new neutral atoms.

Table 1 shows the main reaction and collision processes [30,35,36].

Table 1. Main chemical reactions and collision processes during argon discharge.

NO Process Reaction Rate Coefficient (m3/s) ∆E

1 Elastic scattering Ar + e→ Ar + e kes
2 Ground state excitation Ar + e→ Ar∗ + e kex 11.56
3 Ground state ionization Ar + e→ Ar+ + 2e ki 15.8
4 Step-wise ionization Ar∗ + e→ Ar+ + 2e ksi 4.24
5 Superelastic collision Ar∗ + e→ Ar + e ksc −11.56
6 Metastable pooling Ar∗ + Ar∗ → Ar+ + Ar + e 1.625× 10−16T0.5

7 Two-body quenching Ar∗ + Ar→ 2Ar 3× 10−21

8 Three-body recombination Ar+ + 2e→ e + Ar 8.75× 10−39T−4.5m6/s −15.76

9 Dissociative recombination Ar+2 + e→ Ar∗ + Ar 1.03× 10−12
(

0.026
Te

)0.67 1−exp(−418/T)
1−0.31 exp(−418/T)

10 Electron impact Ar+2 + e→ e + Ar+ + Ar 1.11× 10−12 exp
[
−2.94 + 3

(
T

11600 −
0.026

Te

)]
11 Atomic ions conversion Ar+ + 2Ar→ Ar + Ar+2 7.5× 10−41T−1m6/s

12 Molecular ions dissociation
atom impact

Ar+2 + Ar→ 2Ar + Ar+ 6.06× 10−12 exp
[
−

12580
T

]
13 Diffusion m→ wall(Ar, Ar+, e, Ar∗, Ar+2 )

2.3. Boundary Condition

Table 2 shows the boundary conditions.

Table 2. Boundary conditions to the model equations.

Boundary
Physical Field

Plasma

KJ −n · Γe = 0 −n · Γ∆ = 0 nJk = 0 n · ε0εrpE = 0
DE −n · Γe = 0 −n · Γ∆ = 0 nJk = 0 n · ε0εrpE = 0

DK, EJ n · Γe =
ve,thne

2 n ·Γ∆ =
5ve,thn∆

6
Surface Reactions V = 0

Physical Field Boundary Electromagnetic Wave
GH Pin

BA, BC, FG, AL, IH, GH n× E = 0
Physical Field Boundary

Laminar Flow
KJ uin
DE P0

DK, EJ u = 0
Physical Field Boundary

Heat Transfer in Fluids
KJ T = T0
DE −n · q = q0, q0 = h(Text − T)

DK, EJ −n · q = 0
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3. Governing Equations

Generally, three approaches are used to model plasmas—the kinetic method, fluid approximation,
and hybrid approaches. Among the three, fluid approximation was used in this study for the simulation
of our model because of its efficiency in solving partial differential equations, modeling significant
arbitrarily complex plasma chemistry, and modeling electron dynamics to electromagnetic areas.
The fluid approximation method requires complex modeling to take account of gas discharge processes,
boundary conditions, thermodynamics, gas reactions, collision processes, electromagnetic phenomena,
plasma dynamics, and power conservation of electrons, as well as heavy particles. The absorption
of electromagnetic wave energy is the major cause of plasma excitation. Thus, it is necessary to
incorporate the dynamical changes of the electromagnetic waves involved in the effects of microwave
on the reaction process. The model is not time-independent and quasi-stationary accomplishment is
the expectation using the wave equations. Therefore, the electromagnetic wave formula in the plasma
needs to be established to perform cover analysis of the influence of various related plasma parameters
on electromagnetic wave propagation. Then, under the assumption of ambipolar diffusion, a fluid
equation for the plasma was established to analyze the changes in electron density with time, while the
Boltzmann equation was used to analyze the heating effect of strong electromagnetic pulses on the
electrons. The accelerated electrons transfer power to heavy particles via collisions. The heavy particles
are expected to be in thermal balance at a specific temperature T, and the electrons are categorized
by the Maxwellian power spreading with a specific temperature Te. The heat conduction formula
was used to compute the rate of change of particle energy, which is affected by the electromagnetic
field. Finally, an iterative approach was utilized to analyze the behavior of various parameters of the
plasma [34,35].

3.1. Wave Equation

The incident electromagnetic wave on the plasma satisfies Maxwell equations:

∇×H = iωε0εrE (1)

∇× E = −iωµ0H (2)

where E and H represent the electric and magnetic field strength vectors, respectively. In addition,
i is

√
(−1), ω signifies the angular wave frequency, and ε0 and µ0 denote the permittivity and

permeability of the vacuum, respectively. The symbols εr express the relative electric permittivity [30].
The substitution of Equation (1) into Equation (2) provides Equation (3) as follows:

∇×∇× E = ω2µ0ε0εrE (3)

The wavenumber in a vacuum is given by k0 = ω/c, c = ε0/µ0 thus, Equation (3) can be
rewritten as Equation (4):

∇×∇× E = k2εrE (4)

The relative permittivity of the plasma in Equation (4) is given by Equation (5):

εr = 1−
ω2

p

ω(ω− iυ)
(5)

where υ is used to express the electron elastic collision frequency; ωp =
√

nee2

ε0me
denotes the angular

frequency of the plasma; and the terms ne, me, and e stand for the electron density, electronic mass,
and fundamental charge, respectively. The electronic conductivity is given by Equation (6).

σ =
nee2

me

1
υ+ iω

(6)
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Now Equation (4) is rewritten as Equation (7):

∇×∇× E = k2εr

(
1− i

σ
ε0ω

)
E (7)

When the microwave directly incidents into plasma, according to Equation (5), we find that the
real part of εr becomes negative for the plasma, which is collisionless when ω2

p > ω
2. Thus, the electron

density ne has a critical number density of approximately 7.6 × 1016 m−3, which corresponds to
ω2

p = ω2 and εr = 0.
When a medium is present between the plasma and the incident wave, the plasma frequency is

expressed by Equation (8) [37].
ω2

p = (1 + εd)ω
2 (8)

In the model, the effective permittivity of the quartz tube is 4.0, and the incident wave operating
frequency is 2.45 GHz. Therefore, the cutoff electron density value of the collisionless plasma is
calculated to be 4 × 1017 m−3.

3.2. Equations of the Plasma Model

In plasma convection–diffusion and in the plasma reaction process, the electric field vector,
electron diffusion coefficient, and electron mobility affect the electron density and electron density
energy. Equations (9) and (10) describe the changes in the electron density with time and spatial
distribution, while Equations (11) and (12) describe the changes in the electron density energy with
time and spatial distribution. The electron density change rate can be described by the drift–diffusion
formula, as shown in Equations (9)–(12):

∂ne

∂t
+ (u·∇)ne +∇ · Γe = Re (9)

Γe = −(µe · E)ne −De · ∇ne (10)

and
∂
∂t
(nε) + ∇ · Γε + E · Γε = Rε − (u · ∇)nε (11)

Γε = −(µε · E)nε −Dε · ∇nε (12)

where symbols Γe and Γε express electron flux and electron energy flux, respectively; terms ne, µe,
nε, µε, and u denote the electron density, electron mobility, electron energy density, electron energy
mobility, and velocity vector of the fluid, respectively. Symbol De signifies the electron diffusion
coefficient, Dε denotes the electron energy diffusivity, and Re and Rε express the electron rate expression
and energy loss or gain, respectively, because of inelastic collisions [32].

3.3. Fluid Equation

The gas flow in the quartz tube can be defined by the mass continuity and Navier–Stokes with
respect to Equations (13) and (14):

∂ρ

∂t
+∇ · (ρu) = 0 (13)

ρ
∂u
∂t

+ ρ(u · ∇)u = −∇p +∇ · [µ(∇u + (∇u)T) −
2
3
µ(∇ · u)I] + F (14)

where p, ρ, µ, and I denote the pressure, mass density, dynamic viscosity, and unit tensor,
respectively [28]. The Lorentz force is F =

µ0
2 Re(σE×H∗), where H∗ expresses the complex conjugates

of H.
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3.4. Heat Transfer Equation

A common mixture-sharing temperature T was taken by the heavy species, including the ions
and neutral atoms which were taken as a mixture sharing with a common temperature T. The rate of
change of heavy-particle energy is described by Equation (15):

ρCp
∂T
∂t

+ ρCpu · ∇T = ∇ · (σk∇T) + Qel −Qw (15)

where Cp, σk, Qel, and Qw represent the specific heat capacity, thermal conductivity, the gain of
energy because of elastic collisions between heavy particles and electrons, and heat release because of
non-electronic collisions, respectively [20,38].

3.5. Ambipolar Diffusion

The particles of plasma diffusion were divided into two categories: ambipolar diffusion of charged
particles (electrons, ions) and the diffusion of neutral particles or atoms. Among them, ambipolar
diffusion is a unique characteristic of plasma; this movement occurs near the solid surface bordering
the plasma, which controls the disappearance process of charged particles. In the initial free diffusion
process, the electron diffuses much faster than the atom; thus, it reaches the vessel wall first and makes
it negatively charged. Therefore, there are an equal amount of positive space charges in the plasma,
causing charge separation. The positive and negative charges appear in pairs and produce a radial
electric field pointing to the wall of the container. The radial electric field can inhibit the flow of
electrons to the vessel wall and promote the ions to move toward the vessel wall, inhibiting the free
diffusion of electrons and ions.

The ambipolar diffusion coefficient is expressed by Equation (16):

Da =
µiDe + µeDi

µi + µe
(16)

where µi, µe, Di, and De denote the ion mobilities, electron mobilities, ion diffusion coefficients,
and electron diffusion coefficients, respectively. For a weakly ionized discharge, because µi<<µe, use
of the Einstein relation expressed by Equation (17):

Da ≈ Di(1 +
Te

Ti
) (17)

4. Results and Analysis

4.1. Analysis of Plasma Parameters at Different Times under the Same Pressure

Figure 4 demonstrates the spatial distribution of the electron density. If the electron density
increases from 1016 to 4 × 1017 m−3, it generates a surface wave [39], and the electrons start spreading
from the region CFIL, which is the mainly excited region of plasma shown in Figure 3, to the upper
and lower ends of the quartz tube. As the microwave is fed into the waveguide along the –z direction,
there is a radial heterogeneity of electric field modulus in the plasma torch, which causes electrons
to move toward the right side of the quartz tube, while the plasma torch discharges and contracts,
as shown in Figure 4c. Meanwhile, there will be a few excitations on the left side of the tube; there are
two reasons for this phenomenon. First, if the plasma forms a coaxial waveguide with the outer
metal wall, then a TE10 wave propagates along the –z direction, which changed into a transverse
electromagnetic (TEM) wave that propagated with the upper and lower sides of the quartz tube [40,41].
As shown in Figure 5, there is a nonzero electric field in the quartz tube outside the waveguide; thus,
some surface wave energy can be fed into the left side of the tube. Second, according to the results for
the electric field shown in Figure 5, even if the plasma fills the whole quartz tube, it is still only part of
the microwave transmission path. Owing to diffraction, a small portion of the microwave can still
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reach the other end of the waveguide. In the meantime, on that side, there will also be a standing wave,
from which energy is fed into the plasma. At the time of 10−5 s, on the one hand, the electron density
in the top and bottom parts of the quartz tube can increase owing to the effect of the surface wave.
On the other hand, it is different from the atmospheric-pressure plasma that is dominated by collisions,
as shown in Figure 6. At intermediate pressures, owing to the low collision frequency, the high particle
diffusion rate, the high mean free path, and electrons gathered at the edge of the quartz tube will
diffuse gradually to the middle of the tube. Moreover, the spatial distribution of electron density will
remain steady after the microwave plasma torch has been fully excited at 10−4 s.Appl. Sci. 2020, 10, x FOR PEER REVIEW 10 of 18 

 
Figure 4. Slice plots of the distribution of the electron density (m−3) inside the quartz tube in the x–z 
(y = 0) plane under a pressure of 2000 Pa: (a) 10−12 s; (b) 10−7 s; (c) 10−6 s; (d) 10−5 s; (e) 10−4 s; (f) 1 s. 

 
Figure 5. Slice plots of the distribution of the microwave electric field module (V/m) in the x–z (y = 0) 
plane at 10−6 s under a pressure of 2000 Pa. 

 
Figure 6. Slice plots of the distribution of the electron density (m−3) inside the quartz tube at 
atmospheric pressure at 1 s in (a) the z–y plane (at x = 27.3 mm, i.e., CF in Figure 3) and (b) the x–z 
plane (at y = 0), the flow rate is 1 L/min. 

Because electrons are 1000–10,000 times lighter than the heavy particles, they can obtain more 
energy from the incident electromagnetic field. Electrons accelerated by the electromagnetic field 
transfer their energy to the heavy particles through collisions. Thus, energy can be transferred to the 
plasma. 

Figure 7 shows that the growth trend of the electron density in the quartz tube can be divided 
into three stages during the excitation process. In the first stage (10−12 s–5 × 10−7 s), owing to the 
existence of a potential barrier inside the plasma, interference from external factors can be hindered 
or suppressed, thereby allowing an internal balance. The applied electromagnetic field cannot change 

Figure 4. Slice plots of the distribution of the electron density (m−3) inside the quartz tube in the x–z
(y = 0) plane under a pressure of 2000 Pa: (a) 10−12 s; (b) 10−7 s; (c) 10−6 s; (d) 10−5 s; (e) 10−4 s; (f) 1 s.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 10 of 18 

 
Figure 4. Slice plots of the distribution of the electron density (m−3) inside the quartz tube in the x–z 
(y = 0) plane under a pressure of 2000 Pa: (a) 10−12 s; (b) 10−7 s; (c) 10−6 s; (d) 10−5 s; (e) 10−4 s; (f) 1 s. 

 
Figure 5. Slice plots of the distribution of the microwave electric field module (V/m) in the x–z (y = 0) 
plane at 10−6 s under a pressure of 2000 Pa. 

 
Figure 6. Slice plots of the distribution of the electron density (m−3) inside the quartz tube at 
atmospheric pressure at 1 s in (a) the z–y plane (at x = 27.3 mm, i.e., CF in Figure 3) and (b) the x–z 
plane (at y = 0), the flow rate is 1 L/min. 

Because electrons are 1000–10,000 times lighter than the heavy particles, they can obtain more 
energy from the incident electromagnetic field. Electrons accelerated by the electromagnetic field 
transfer their energy to the heavy particles through collisions. Thus, energy can be transferred to the 
plasma. 

Figure 7 shows that the growth trend of the electron density in the quartz tube can be divided 
into three stages during the excitation process. In the first stage (10−12 s–5 × 10−7 s), owing to the 
existence of a potential barrier inside the plasma, interference from external factors can be hindered 
or suppressed, thereby allowing an internal balance. The applied electromagnetic field cannot change 

Figure 5. Slice plots of the distribution of the microwave electric field module (V/m) in the x–z (y = 0)
plane at 10−6 s under a pressure of 2000 Pa.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 10 of 18 

 
Figure 4. Slice plots of the distribution of the electron density (m−3) inside the quartz tube in the x–z 
(y = 0) plane under a pressure of 2000 Pa: (a) 10−12 s; (b) 10−7 s; (c) 10−6 s; (d) 10−5 s; (e) 10−4 s; (f) 1 s. 

 
Figure 5. Slice plots of the distribution of the microwave electric field module (V/m) in the x–z (y = 0) 
plane at 10−6 s under a pressure of 2000 Pa. 

 
Figure 6. Slice plots of the distribution of the electron density (m−3) inside the quartz tube at 
atmospheric pressure at 1 s in (a) the z–y plane (at x = 27.3 mm, i.e., CF in Figure 3) and (b) the x–z 
plane (at y = 0), the flow rate is 1 L/min. 

Because electrons are 1000–10,000 times lighter than the heavy particles, they can obtain more 
energy from the incident electromagnetic field. Electrons accelerated by the electromagnetic field 
transfer their energy to the heavy particles through collisions. Thus, energy can be transferred to the 
plasma. 

Figure 7 shows that the growth trend of the electron density in the quartz tube can be divided 
into three stages during the excitation process. In the first stage (10−12 s–5 × 10−7 s), owing to the 
existence of a potential barrier inside the plasma, interference from external factors can be hindered 
or suppressed, thereby allowing an internal balance. The applied electromagnetic field cannot change 

Figure 6. Slice plots of the distribution of the electron density (m−3) inside the quartz tube at atmospheric
pressure at 1 s in (a) the z–y plane (at x = 27.3 mm, i.e., CF in Figure 3) and (b) the x–z plane (at y = 0),
the flow rate is 1 L/min.



Appl. Sci. 2020, 10, 5393 9 of 16

Because electrons are 1000–10,000 times lighter than the heavy particles, they can obtain more
energy from the incident electromagnetic field. Electrons accelerated by the electromagnetic field
transfer their energy to the heavy particles through collisions. Thus, energy can be transferred to
the plasma.

Figure 7 shows that the growth trend of the electron density in the quartz tube can be divided
into three stages during the excitation process. In the first stage (10−12 s–5 × 10−7 s), owing to the
existence of a potential barrier inside the plasma, interference from external factors can be hindered or
suppressed, thereby allowing an internal balance. The applied electromagnetic field cannot change the
particle balance in the plasma. As sufficient power cannot be supplied over a short time for collisional
reactions to occur easily, such reactions within the plasma remain at a lower level, and electron density
remains at about 1016 m−3. As less energy is absorbed, even when a large amount of microwave passes
through the plasma, the electron density remains unchanged. In the second stage (5 × 10−7 s–10−4 s),
adequate energy is accumulated to disrupt the internal balance of the plasma, because of which there
are relatively strong collisions in the plasma. Thus, the electron density increases rapidly in a short
time; it exceeds the cutoff electron density 4 × 1017 m−3 for the collisionless regime, and causes an
effect of electron avalanche [42]. Owing to the effect of collisions, a microwave is not reflected and
can penetrate the region where the electron density is much higher compared with the critical value;
that area, thus, becomes the best microwave absorber, which can reduce undesirable radiation [43],
and the electron density continues to increase. In the third stage (10−4 s–1 s), with increasing electron
density, the plasma sheath becomes thicker and thicker, its ability to resist microwave is enhanced,
and the absorption energy is reduced. Finally, the loss of charged particles by diffusion to the wall
becomes basically the same as the gain of charged particles from the plasma sheath; thus the generation
and disappearance of electrons reach a dynamic balance, and the electron density becomes stable at
2.76 × 1018 m−3.
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Figure 8 shows that the conductivity is low at 10−12 s because the internal electrons are very
sparsely distributed. During the process of excitation, after the electron density increases to the cutoff

value, the relative permittivity of the plasma becomes negative because of strong internal collisions,
and with the increasing electron density, the tendency of the plasma to exhibit metal-like properties
becomes stronger. When the plasma starts behaving like a good conductor, and the maximum value
of conductivity increases suddenly to 12 S/m, a coaxial waveguide is formed with the outside metal
wall, thereby preventing leakage of the microwave. Consequently, surface waves are generated and
propagate the microwave energy to both ends of the quartz tube; this propagated energy excites the
plasma that has not been previously excited at each end. In turn, the upper and lower ends start
exhibiting metal-like properties that allow the surface waves to continue to propagate [24].



Appl. Sci. 2020, 10, 5393 10 of 16

Appl. Sci. 2020, 10, x FOR PEER REVIEW 12 of 18 

 
Figure 8. Slice plots of the distribution of conductivity (S/m) inside the quartz tube in the x–z (y = 0) 
plane under a pressure of 2000 Pa: (a) 10−12 s; (b) 10−7 s; (c) 10−6 s; (d) 10−5 s; (e) 10−4 s; (f) 1 s. 

Figure 9 reveals that the modulus of the electric field in the waveguide is greatest at 10–12 s. 
Owing to the influence of the sheath at 10–7 s, the modulus of the electric field at the center of the 
plasma torch starts to decrease. Over time, at 10–6 s, because the sheath resists most of the incoming 
microwave, surface waves start propagating along the plasma torch surface in both positive and 
negative x directions. At 10–4 s, the surface waves stop propagating and the conductivity becomes 
steady. 

 
Figure 9. Slice plots of the distribution of electric field (V/m) inside the quartz tube in the x–z (y = 0) 
plane under a pressure of 2000 Pa: (a) 10–12 s; (b) 10–7s; (c) 10–6 s; (d) 10–5 s; (e) 10–4 s; (f) 1 s. 

Figure 10 shows the spatial distribution of Ar2+ under intermediate pressure; Ar2+ is concentrated 
outside the waveguide, contrary to the electron density, which is concentrated in the region CFIL (see 
Figure 3) inside the plasma torch. Owing to the intense reactions, the gas temperature inside the 
waveguide is higher than the outside temperature. On the one hand, the high gas temperature will 
reduce the rate of the atom–ion recombination (Table 1), thereby inhibiting the formation of 
molecular ions. On the other hand, the rate of dissociation of molecular ions (Table 1) will increase 
with increasing temperature. Thus, an increase in temperature will lead to a decrease in the number 
of molecular ions and an increase in the number of atomic ions, so the uneven heating of the gas 
would affect molecular ion dynamics [25]. In addition, as shown in Figure 11, the electrons transfer 
their power to the Ar species through elastic and inelastic collisions, which ultimately increases the 
gas temperature in the high electron densities region. However, the gas temperature and electron 
density show similar trends, but the electron density drops by two levels of magnitude from the 
inside to the outside part of the waveguide. 

Figure 8. Slice plots of the distribution of conductivity (S/m) inside the quartz tube in the x–z (y = 0)
plane under a pressure of 2000 Pa: (a) 10−12 s; (b) 10−7 s; (c) 10−6 s; (d) 10−5 s; (e) 10−4 s; (f) 1 s.

Figure 9 reveals that the modulus of the electric field in the waveguide is greatest at 10–12 s.
Owing to the influence of the sheath at 10–7 s, the modulus of the electric field at the center of the plasma
torch starts to decrease. Over time, at 10–6 s, because the sheath resists most of the incoming microwave,
surface waves start propagating along the plasma torch surface in both positive and negative x
directions. At 10–4 s, the surface waves stop propagating and the conductivity becomes steady.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 12 of 18 

 
Figure 8. Slice plots of the distribution of conductivity (S/m) inside the quartz tube in the x–z (y = 0) 
plane under a pressure of 2000 Pa: (a) 10−12 s; (b) 10−7 s; (c) 10−6 s; (d) 10−5 s; (e) 10−4 s; (f) 1 s. 

Figure 9 reveals that the modulus of the electric field in the waveguide is greatest at 10–12 s. 
Owing to the influence of the sheath at 10–7 s, the modulus of the electric field at the center of the 
plasma torch starts to decrease. Over time, at 10–6 s, because the sheath resists most of the incoming 
microwave, surface waves start propagating along the plasma torch surface in both positive and 
negative x directions. At 10–4 s, the surface waves stop propagating and the conductivity becomes 
steady. 

 
Figure 9. Slice plots of the distribution of electric field (V/m) inside the quartz tube in the x–z (y = 0) 
plane under a pressure of 2000 Pa: (a) 10–12 s; (b) 10–7s; (c) 10–6 s; (d) 10–5 s; (e) 10–4 s; (f) 1 s. 

Figure 10 shows the spatial distribution of Ar2+ under intermediate pressure; Ar2+ is concentrated 
outside the waveguide, contrary to the electron density, which is concentrated in the region CFIL (see 
Figure 3) inside the plasma torch. Owing to the intense reactions, the gas temperature inside the 
waveguide is higher than the outside temperature. On the one hand, the high gas temperature will 
reduce the rate of the atom–ion recombination (Table 1), thereby inhibiting the formation of 
molecular ions. On the other hand, the rate of dissociation of molecular ions (Table 1) will increase 
with increasing temperature. Thus, an increase in temperature will lead to a decrease in the number 
of molecular ions and an increase in the number of atomic ions, so the uneven heating of the gas 
would affect molecular ion dynamics [25]. In addition, as shown in Figure 11, the electrons transfer 
their power to the Ar species through elastic and inelastic collisions, which ultimately increases the 
gas temperature in the high electron densities region. However, the gas temperature and electron 
density show similar trends, but the electron density drops by two levels of magnitude from the 
inside to the outside part of the waveguide. 

Figure 9. Slice plots of the distribution of electric field (V/m) inside the quartz tube in the x–z (y = 0)
plane under a pressure of 2000 Pa: (a) 10−12 s; (b) 10−7 s; (c) 10−6 s; (d) 10−5 s; (e) 10−4 s; (f) 1 s.

Figure 10 shows the spatial distribution of Ar2
+ under intermediate pressure; Ar2

+ is concentrated
outside the waveguide, contrary to the electron density, which is concentrated in the region CFIL
(see Figure 3) inside the plasma torch. Owing to the intense reactions, the gas temperature inside the
waveguide is higher than the outside temperature. On the one hand, the high gas temperature will
reduce the rate of the atom–ion recombination (Table 1), thereby inhibiting the formation of molecular
ions. On the other hand, the rate of dissociation of molecular ions (Table 1) will increase with increasing
temperature. Thus, an increase in temperature will lead to a decrease in the number of molecular
ions and an increase in the number of atomic ions, so the uneven heating of the gas would affect
molecular ion dynamics [25]. In addition, as shown in Figure 11, the electrons transfer their power to
the Ar species through elastic and inelastic collisions, which ultimately increases the gas temperature
in the high electron densities region. However, the gas temperature and electron density show similar
trends, but the electron density drops by two levels of magnitude from the inside to the outside part of
the waveguide.
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Figure 11. Distributions of electron density, gas temperature (K), and Ar2
+ at MN (see Figure 3) at 1 s

under a pressure of 2000 Pa.

The content mentioned above shows the changes in electron density, conductivity, and electric
field modulus with time. In this section, overall results represent the changes in electron density with
time and space in the case of intermediate pressure.

4.2. Analysis of the Effect of Different Pressures on Plasma Parameters

As shown in Figure 12, the ratio of molecular ion density to electron density on MN (Figure 3) in
the axial direction of the plasma torch exhibits different trends at different pressures. Owing to a large
number of molecular ions and the small electron density at the quartz tube port, the ratio near the port
is far greater than that near the center of the tube. The ratio of the molecular ion density to electron
density increases gradually with respect to the pressure increases, with the ratio near the port being
close to 1 when the pressure reaches 5000 Pa.
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Figure 12. Axial profiles of the ratio of molecular ion density to electron density at 1 s under
different pressures.

Figures 13 and 14 show the temporal and spatial changes in electron density at different pressures.
In Figure 13, with increasing pressure, the overall electron density in the plasma torch increases from
2.75 × 1018 to 4 × 1018 m–3. The radial profile of the electron density is shown in Figure 14 at CH (see
Figure 3), and it can be seen that when the pressure is 1000 Pa, the electron density at the plasma
location has a Gaussian-like distribution, decreasing toward both sides from a maximum value at the
center. With increasing pressure, the electron distribution changes—the maximum moves along the
central axis away from the center, the peak becomes sharper, and the plasma becomes inhomogeneous;
the reason for this phenomenon is that the increase in pressure results in a decrease in the mean free path
and an increase in the operating frequency of collisions among particles, as shown in Figure 15. Thus,
many particles have already collided before moving to the low-concentration region, which directly
leads to an uneven distribution of electrons in the quartz tube, which can also be explained from the
perspective of the electron temperature. According to Equation (17), the ambipolar diffusion coefficient
is co-related to the ion diffusion coefficient and the electron and ion temperatures. The microwave
plasma torch is in a non-thermal equilibrium state under intermediate pressure, with Te >> Ti>> Tg,
which implies that the ambipolar diffusion coefficient is determined mainly by the electron temperature.
With increasing pressure, the electron temperature in the quartz tube will decrease and, thus, so will
the ambipolar diffusion coefficient; that is, with increasing pressure, the speed of plasma diffusion
from the boundary to the middle will slow down, which will increase the inhomogeneity.
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This section explains the effect of different pressures on plasma parameters. With the increase of
pressure, the collision frequency and the electron density increase, but the uniformity of the electron
density will also become worse.

5. Conclusions

The temporal and spatial variations in the electron density during the excitation of a
microwave-induced argon plasma were studied by simulations based on a self-consistent 3D fluid
plasma model with Maxwell equations at intermediate pressures. The growth over time of the
plasma electron density can be divided into three stages. In the first stage, there is an equilibrium
potential barrier in the plasma. Consequently, the electron density remains unchanged and the
interference by external factors over short time scales is suppressed. In the second stage, an avalanche
effect occurs, and the electron density increases rapidly to exceed its cutoff value. In the third
stage, the increasing electron density boosts up the ability that make plasma microwaves resistant,
and finally achieves a dynamic balance that assists in the growth of the electron density. The simulation
results demonstrate that the permittivity becomes negative when the electron density of the plasma
exceeds the cutoff value in the second stage, and the plasma then exhibits metal-like characteristics.
The resulting higher conductivity allows the formation of a coaxial waveguide with the external metal
wall, and surface waves then propagate and excite previously unexcited regions at the two ends of the
plasma. In this circumstance, the electron density increases consistently. The spatial distribution of
electron density in the case of intermediate pressure is different from that in the case of atmospheric
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pressure. The highest electron density is concentrated on the side of the quartz tube near the wave
feed port. Owing to diffusion, electrons will move toward the middle of the quartz tube, and the
diffusion will become stronger with decreasing pressure. Thus, a decrease in pressure can improve the
uniformity of the plasma, but a decrease of pressure will also cause the electron density to decrease.
A reduction in electron density is not helpful to the decomposition of CO2. In addition, owing to the
strong interaction between the microwaves and the plasma, the temperature of the gas will increase,
and a high gas temperature will reduce the production rate of Ar2

+ and increase the consumption rate,
thereby reducing the number of Ar2

+ ions. Electrons will then become concentrated mainly inside the
waveguide, and Ar2

+ will become concentrated mainly outside the waveguide in the quartz tube.
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