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Modeling of microwave-induced plasma in argon at atmospheric pressure
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A two-dimensional model of microwave-induced plasma (field frequency 2.45 GHz) in argon at atmospheric
pressure is presented. The model describes in a self-consistent manner the gas flow and heat transfer, the
in-coupling of the microwave energy into the plasma, and the reaction kinetics relevant to high-pressure argon
plasma including the contribution of molecular ion species. The model provides the gas and electron temperature
distributions, the electron, ion, and excited state number densities, and the power deposited into the plasma for
given gas flow rate and temperature at the inlet, and input power of the incoming TEM microwave. For flow rate
and absorbed microwave power typical for analytical applications (200–400 ml/min and 20 W), the plasma is far
from thermodynamic equilibrium. The gas temperature reaches values above 2000 K in the plasma region, while
the electron temperature is about 1 eV. The electron density reaches a maximum value of about 4 ×1021 m−3. The
balance of the charged particles is essentially controlled by the kinetics of the molecular ions. For temperatures
above 1200 K, quasineutrality of the plasma is provided by the atomic ions, and below 1200 K the molecular
ion density exceeds the atomic ion density and a contraction of the discharge is observed. Comparison with
experimental data is presented which demonstrates good quantitative and qualitative agreement.
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I. INTRODUCTION

Microwave plasmas are often of particular interest due to
their ability to provide a high density of charged particles and
active species. Oscillating electromagnetic fields make direct
measurements inside the microwave cavity unfeasible. Instead,
nonintrusive optical measurements and numerical modeling
are used to obtain the plasma parameters. Although microwave
plasmas have been widely used in industry and research, to
the best of our knowledge only a few two-dimensional (2D)
self-consistent models of microwave-induced plasma exist.
Calculation of the electromagnetic field applying frequency
domain algorithm has been used in Refs. [1,2] assuming
that the distributions of the plasma parameters are known. A
2D plasma model composed of a fluid model, a collisional
radiative model, and an electromagnetic model has been
presented in Ref. [3]. It describes microwave argon plasmas
at pressure of 5 Torr by an iterative coupling and a grid
interpolation. A 2D model of a low-pressure (100 Pa) linearly
extended plasma source is given in Ref. [4], solving for
the electromagnetic field, particle, and electron energy. An
equilibrium microwave atmospheric pressure argon discharge
in a coaxial waveguide with a truncated inner electrode has
been simulated in Ref. [5], where the species densities are
obtained from the Saha equation, the Dalton law, and the
condition of quasineutrality. A two-temperature modeling of
a microwave argon plasma jet has been reported in Ref. [6]
where the electromagnetic field has been solved in a part of the
computational domain and has been iteratively coupled to the
fluid model. Modular modeling strategy has been followed in
Refs. [7,8] to achieve an integrated description of a microwave-
driven axial injection torch operated at atmospheric pressure
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in different gases and a wide range of power and flow rate
values. To our knowledge, the most complete description of
an atmospheric pressure argon plasma sustained by surface
waves was given in Refs. [9,10]. The model provided the axial
and radial structure of the surface-wave plasma column and the
electromagnetic field. The model solved iteratively the mass,
momentum, and energy balance equations for neutral and
charged particles. Molecular ions were considered to enable
the description of the discharge contraction. In this paper,
we present a 2D fully coupled and self-consistent model of
argon plasma at atmospheric pressure. The plasma is induced
by coaxially fed microwaves under gas flow conditions. The
mass, momentum, and energy balance equations for the neutral
gas along with the energy balance for the electrons and the
transport of excited argon atoms and atomic and molecular
ions are solved to obtain the gas flow parameters as well as
the spatial distributions of the gas temperature, the electron
temperature, the species densities, and the electromagnetic
field in the entire computational domain. The kinetic scheme
accounts for elastic scattering, processes of excitation and
deexcitation in collisions with electrons, direct and stepwise
ionization of argon atoms, chemoionization, and production
of molecular ions due to the process of ion conversion, as
well as three-body and dissociative recombination due to
electron and atom impact. It has been successfully applied to
study deviations from thermal equilibrium in an atmospheric
pressure DC torch operated in argon [11]. The scheme enables
the description of the main plasma processes governing
the microwave discharge under consideration. The set of
partial differential equations is solved numerically using the
commercial package COMSOL Multiphysics [12] based on
finite-element methods. Details of the model are given, and
results of calculations are discussed for discharge parameters
typical for analytical applications. Experimental observations
concerning the gas temperature and the electron density are
presented for comparison. The calculated plasma parameters
are found to be in good agreement with the experimental data
available.
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FIG. 1. (Color online) View of the MW plasma source.

II. DESCRIPTION OF THE MODEL

A side view of the compact atmospheric pressure plasma
source is shown in Fig. 1. The microwave power of frequency
2.45 GHz is fed through a coaxial cable and a connector.
The plasma source is operated with a forwarded power in the
range from 20 to 200 W. A 2D axially symmetric schematic
view of the plasma source and the computational domain are
shown in Fig. 2. The microwave discharge is induced in a
ceramic tube (Al2O3) with an inner radius of R = 0.75 mm
and an outer radius of 1.5 mm. The length of the tube is much
larger than its radius and amounts to 31.2 mm. The microwave
power in the form of a TEM wave is supplied through the
entrance cross section “fg” and propagates along the coaxial
structure “defghj” having an inner radius of 5 mm and an
outer radius of 11 mm. The argon gas is fed through the cross
section “ab” with flow rates of typically 200–400 ml/min and
temperature of 300 K. The model is based on the hydrodynamic
approach assuming that the collision times of the particles in
the plasma are much shorter than the time constants of the

FIG. 2. Sketch of the computational domain. abklmn = fluid
region, cbkb = ceramic tube, cdef = inner conductor, defghj =
vacuum, hjkl = end part, outer conductor.

flow. The plasma behaves like a fluid which is considered
to contain electrons and heavy particles of argon [ground
state (Ar) and electronically excited atoms (Ar∗), atomic
(Ar+) and molecular (Ar+2 ) ions]. Ar∗ groups the resonant
and metastable 4s states of argon. The processes considered
in the model are summarized in Table I. They account for
elastic scattering, excitation and deexcitation, ionization by
electron impact, three-body and dissociative recombination,
conversion of atomic ions into molecular ions, and dissociation
of molecular ions. The heavy particles are assumed to be in
thermal equilibrium at a temperature T , and the electrons are
characterized by a Maxwellian energy distribution function
with a temperature Te (Te �= T ).

A. Microwave field equations

The electromagnetic field is described by the Maxwell
equations. Assuming that the time variation of the electric
and magnetic field components is harmonic and the medium
is nonmagnetic, we can write

−→∇ × −→
E = −jωμ0

−→
H ,

−→∇ × −→
H . = jωε0εpl

−→
E . (1)

Here ε0 and μ0 are the free space permittivity and permeability,
respectively,

−→
E and

−→
H are the electric and magnetic fields,

j = √−1, and ω is the angular field frequency. Introducing
the light velocity in vacuum c = 1/

√
ε0μ0 and the free-space

wave number k0 = ω/c, and replacing
−→
H from Eq. (1), we get

−→∇ × (
−→∇ × −→

E ) = k2
0εpl

−→
E . (2)

In a medium, where plasma can be present, the relative electric
permittivity εpl is given by the Lorentz formula

εpl = 1 − ω2
p

ω(ω − jνm)
, (3)

where νm is the electron collision frequency for momentum
transfer, ωp = ( nee

2

ε0me
)1/2 is the plasma frequency, ne denotes the

electron number density, e is the elementary charge, and me

is the electron mass. Introducing the electric conductivity

σ = nee
2

me

1

νm + jω
, (4)

and using Eq. (3), we rewrite Eq. (2) as

−→∇ × (
−→∇ × −→

E ) − k2
0

(
1 − j

σ

ε0ω

)−→
E = 0. (5)

Accounting for the axial symmetry and the TEM wave
form, the electromagnetic field has three axially symmetric
components: axial electric Ez, radial electric Er , and azimuthal
magnetic Hϕ . The microwave field provides the heat source
for the electrons in the plasma. The density of the absorbed
microwave power is obtained from

Qh = 1
2 Re(σ−→

E · −→
E

∗
). (6)

In Eq. (6), Re denotes the real part of the corresponding
expression, and

−→
E

∗
is the complex conjugate of

−→
E .
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TABLE I. List of the processes considered in the model.

j Process Rate coefficient Kj �εj [eV] Reference

1 e + Ar → e + Ar∗ 4.9 × 10−15Te[eV]0.5 exp(−11.65/Te[eV]), m3/s 11.5 [13]
2 e + Ar∗ → e + Ar 4.8 × 10−16Te[eV]0.5, m3/s −11.5 [13]
3 e + Ar → 2e + Ar+ 1.27 × 10−14Te[eV]0.5 exp(−15.76/Te[eV]), m3/s 15.76 [13]
4 e + Ar∗ → 2e + Ar+ 1.37 × 10−13Te[eV]0.5 exp(−4.11/Te[eV]), m3/s 4.11 [13]
5 e + e + Ar+ → e + Ar 8.75 × 10−39Te[eV]−4.5,m6/s 1.5Te [14]

6 e + Ar+2 → Ar + Ar∗ 1.04 × 10−12(Te[K]/300)−0.67 1−exp(−418/T [K])
1−0.31 exp(−418/T [K]) , m3/s 1.5Te [15]

7 e + Ar+2 → e + Ar + Ar+ 1.11 × 10−12 exp[−(2.94 − 3 T [eV]−0.026
Te[eV] )], m3/s 1.25 [16]

8 Ar+ + 2Ar → Ar+2 + Ar 2.25 × 10−43(T [K]/300)−0.4,m6/s [16]
9 Ar+2 + Ar → Ar+ + 2Ar 0.522 × 10−15 exp(−1.304/T [eV])T −1, m3/s [16]
10 Ar∗ + Ar∗ → Ar+ + Ar + e 6.2 × 10−16, m3/s −1.5Te [17]
11 Ar∗ + Ar → Ar + Ar 3.0 × 10−21, m3/s [17]
12 e + M → e + M (M = Ar,Ar+,Ar+2 ) [18,19]

B. Continuity and momentum equations

The fluid flow is described by the Navier-Stokes equations,
which provide a solution for the total mass density ρ and the
velocity field

−→
V of the mass-averaged velocity:

∂ρ

∂t
+ −→∇ · (ρ

−→
V ) = 0, (7)

ρ
∂
−→
V

∂t
+ ρ(−→V · −→∇ )−→V = −→∇ · (−pÎ + τ̂ ) + −→

FL. (8)

In Eq. (8), p is the pressure given by the sum of the
partial pressures of all species, including the contribution
of the electron pressure, Î is the identity matrix, τ̂ denotes
the viscous stress tensor for Newtonian fluid, and

−→
FL =

1
2 Re(σ

−→
E × −→

B
∗
) is the Lorentz force, where

−→
B

∗
is the com-

plex conjugate of the magnetic induction. The mass density
ρ is expressed by ρ = M(N + ne + NAr+

2
) with densities of

atoms (N = NAr + NAr∗ ), ions (Ar+, NAr+
2

), and electrons
(ne) satisfying the Dalton’s law N = p/kBT − ne(1 + Te/T ),
and the quasineutrality condition ne = NAr+ + NAr+

2
. kB is the

Boltzmann constant.

C. Heavy particles’ energy balance

The gas energy balance reads

ρCp

∂T

∂t
+ ρCp

−→
V · −→∇ T = −→∇ · (λ

−→∇ T ) + Qel, (9)

where Qel accounts for energy transfer from the electrons to the
heavy particles. Viscous dissipation and pressure work terms
have been found to play a negligible role. The thermodynamic
and transport properties of the fluid such as heat capacity Cp

and heat conductivity λ, are taken in the form of look-up tables
as functions of the gas temperature [20,21].

D. General species equation

The equation describing the species transport in a general
form reads

Ni

∂

∂t
(ln Ni) + −→∇ · [ − DiNi

−→∇ (ln Ni) + Ni
−→
V ] = Si. (10)

In Eq. (10), Ni is the number density of the corresponding
species, Di is the ambipolar diffusion coefficient in case of

charged species (Ar+, Ar+2 ), and the diffusion coefficient in
case of excited argon atoms. The term Si results from reactions
of production and loss of the corresponding species (see Table
I). Equation (10) is solved for the dependent variable Li =
ln Ni and Ni is expressed as Ni = exp (Li).

E. Electron energy equation

The energy conservation equation for the electron fluid has
the form [14,18]

∂

∂t

(
3

2
nekBTe

)
+ −→∇ · (

−→
F ) = Qh − Qel − Qin, (11)

where the flux density of the electron energy
−→
F = 5

2kBTe
−→

e −

λe
−→∇ Te contains the hydrodynamic flux of enthalpy and the

heat conduction flux. λe = 5
2neDe is the electron thermal

conductivity. The term Qh describes the rate of increase of
electron energy per unit volume by the electromagnetic field
[see Eq. (6)]. Qel is the rate of electron energy loss per unit
volume as result of elastic collisions with heavy particles, and
Qin denotes the net rate per unit volume of inelastic energy
loss from the electrons. The drift-diffusion approximation for
the electron-directed velocity [22]

−→

e = ne

−→
V − μene

−→
E − De

−→∇ ne, (12)

and quasineutrality is assumed. Then, the electron flux can be
expressed as [23,24]

−→

e = −(−→
 Ar+ + −→


 Ar+2 )

= −DaAr+
−→∇ NAr+ + DaAr+2

−→∇ NAr+2 + ne
−→
V (13)

with DaAr+ = DAr+ + μAr+/μeDe = DAr+(1 + Te/T ) and
DaAr+2 = DAr+2 + μAr+2 /μeDe = DAr+2 (1 + Te/T ) being the
ambipolar diffusion coefficient in case of charged species
(Ar+, Ar+2 ). In the latter, the Einstein relation with ion temper-
atures equal to the gas temperature was applied. Equation (11)
is rewritten in terms of electron energy density ε = 3

2e
nekBTe
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in eV/m3 as

∂ε

∂t
+ −→∇ ·

{
− 5

3

ε

ne

[�j (Daj − De)
−→∇ Nj − �jNj

−→
V ]

− 5

3
De

−→∇ ε

}
= (Qh − Qel − Qin)/e (14)

with j = Ar+ and Ar+2 . Similarly to Eq. (10), Eq. (14) is
solved for the dependent variables ε = ln ε. The right-hand
side of Eq. (14) contains the net gain due to microwave heating
[Eq. (6)], and losses due to elastic and inelastic collisions. The
energy loss due to elastic collisions with heavy particles is
obtained from

Qel = 3
me

M
kBνm(Te − T ), (15)

where the frequency for momentum transfer in elastic colli-
sions νm is given by

νm = (NaQea + neQei)v
e
th. (16)

The cross sections for collisions of electrons with atoms Qea

and ions Qei, respectively, read [18,19]

Qea = (3.6 × 10−4Te − 0.1) × 10−20[m2] (17)

and

Qei = e4

24π (kBε0)2
ln

(
1.2384 × 107

√
T 3

e

ne

)
1

T 2
e

[m2], (18)

where Te is given in degrees Kelvin and ve
th is the mean thermal

velocity of electrons. The term Qin accounts for energy losses
due to inelastic processes (Table I), and it is expressed as

Qin = ne�jNjKj�εj + N2
Ar∗K10�ε10. (19)

Nj is the number density of the corresponding species,
respectively, and Kj and �εj are the rate coefficient and
amount of energy loss of reaction j , respectively.

F. Heat transfer in solid

The heat transfer in the ceramic tube wall and the space
between the inner and outer conductors (denoted as vacuum
in Fig. 2) is described by the equation

ρsCps

∂T

∂t
= −→∇ · (λs

−→∇ T ), (20)

where ρs , Cps , and λs are the mass density, the heat conduc-
tivity, and the thermal conductivity of the corresponding solid
domain. In the model, the material properties for solids are
assumed constant.

G. Boundary conditions

The boundary conditions of the primary variables are
defined as follows. The derivatives of the particle number
densities, the gas temperature, and the axial velocity along
the axis of symmetry are set to zero. At the gas inlet “ab,” the
gas velocity has a uniform profile and a value obtained from a
given flow rate (200–400 ml/min). The inflow temperature is
set to 300 K. The gas pressure at the outlet cross sections
“mn” and “lm” is set to 101 325 Pa. The velocity for
interfaces between solid and fluid (“ak”) is specified to be

zero. The temperature on the metal boundaries “bdef” and
“ghjkl” and on the microwave power input “fg” is set to
300 K. On the outlet, −−→n · (−λ

−→∇ T ) = 0, where −→n is the
normal unit vector to the boundary. For the electromagnetic
field, a boundary condition consistent with a perfect electric
conductor (zero tangential component of the electric field)
is assumed on the metallic walls, absorbing condition on
the outlet part “lm,” and continuous tangential components
at material interfaces. At the gas inlet, the magnetic field
component is set to zero. At the excitation surface “fg,” and
the upper open surface “mn,” absorbing boundary conditions,
which eliminate nonphysical reflections, are assumed [1,5,7].
Surface reactions are considered at the ceramic tube walls “ak”
and the metallic surface “kl” with particle fluxes given by [25]
−→n · −→


j = 1
4Njvth,j , with vth,j being the thermal velocity of

species j . At open boundaries we set
−→∇ Nj = 0. The electron

energy flux is set to zero along the axis of symmetry and

−→n · −→
F = 5

3

ε

ne

−→n · −→

e, (21)

along material boundaries, and along open boundaries−→∇ ε = 0.

III. RESULTS AND DISCUSSION

Model calculations have been performed at atmospheric
pressure for given gas flow rate and gas temperature (300 K)
at the inlet surface “ab” and microwave power input at port
“fg.” Typical operating conditions for analytical applications
are gas flow rates of 200–400 ml/min and absorbed microwave
power of about 20 W. The calculated electric field distribution
in the computational domain is shown in Fig. 3, where the
field lines are presented in logarithmic scale. The schematic
view of the plasma source is given again [Fig. 3(a)] with the
corresponding notations for the sake of convenience. The plot
in Fig. 3(b) represents the case when the plasma is still not
ignited. The electromagnetic wave is guided to the upper end

FIG. 3. (Color online) Electric field without (b) and in a presence
of plasma (c) and a sketch of the computational domain (a).
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FIG. 4. Total power dissipation density along the z-axis at a gas
flow rate of 200 ml/min and absorbed microwave power of 20 W.

(seen from the point of view of the sketch) of the metal source
head so that almost no radiation leaves the plasma source. A
maximum electric field of about 50 kV/m (for 32 W forward
power) is located close to the corner “e” of the inner conductor.
In front of the excitation surface “dj,” the electric field has
a hill-like profile along the direction of the z axis, with a
maximum value of about 25 kV/m. Electromagnetic wave
propagation in direction opposite to the incoming TEM wave
can be seen inside the ceramic tube and tube walls. The electric
field decreases by three orders of magnitude over a length of
5 mm.

In the presence of plasma [Fig. 3(c)], the electromagnetic
wave is guided along the plasma boundary and propagates
deeper in the computational domain in both the positive and
negative direction of the z axis. Inside the tube wall, the electric
field peaks twice, with maxima located on both sides of the
excitation surface “dj.” Inside the plasma column, the electric
field decreases strongly. The power dissipation density along
the z axis is shown in Fig. 4 for a gas flow rate of 200 ml/min
and absorbed microwave power of 20 W. The main power
in-coupling region has a length of about 13 mm. The power
density reaches its maximum value upstream and decreases
downstream the gas flow.

Figure 5 shows (a) the distribution of the axial component
Vz of the flow velocity and the gas temperature T along
the z axis, as well as (b) the spatial distribution of the gas
temperature in the entire computational domain is depicted
for a gas flow rate of 200 ml/min and absorbed microwave
power of 20 W. The gas temperature increases in z direction
from 300 K at the gas inlet to about 2130 K in the plasma
region, where the temperature reaches its plateau. The axial
distribution of the temperature is steeper in the upstream and
shallower in the downstream direction. Accordingly, the flow
is accelerated to velocities of about 11 m/s in the forepart part
of the ceramic tube (the upper part in the picture view). The
gas temperature and the axial velocity of the plasma jet outside
the tube decrease monotonically, while the radial distribution
is broadened. In the small recirculation area close to the upper
end of the tube, the gas temperature increases to about 900 K.

The corresponding spatial distributions of the charged
particles Ar+ and Ar+2 and of the excited argon atoms are
shown in Fig. 6. The microwave comes through between axial
positions with coordinates z = 0.02 and 0.0242 m. The plasma

FIG. 5. (Color online) (a) Axial flow velocity Vz (dashed) and
gas temperature T (solid) along the z axis, and (b) 2D plot of the
gas temperature distribution at a gas flow rate of 200 ml/min and
absorbed microwave power of 20 W.

column extends over a length that exceeds by a factor of about
3 to 4 the length of the excitation area, corresponding to the
propagating microwave field (Fig. 3, right part). The atomic
ions [Fig. 6(a)] are distributed mainly around the axis, while
the distribution of their density along the axis of symmetry is
asymmetric and peaked around z = 0.0175 m. There it reaches
a value of about 4 × 1021 m−3. The distribution is bell shaped
in the radial direction with density decreasing by an order of
magnitude within a distance of 0.4 mm. Until about halfway
in the tube radius, quasineutrality is essentially preserved by
the atomic ions. Beyond the molecular ion density [Fig. 6(b)]
grows and becomes larger than the atomic ion density, reaching
its maximum value of about 8 × 1019 m−3.

The density of the excited atoms [Fig. 6(c)] demonstrates a
behavior similar to that of the molecular ion density, with
a maximal value of about 7.3 × 1020 m−3, reached in the
upstream part of the plasma region. In the recirculation region,
an enhancement of the molecular ion density as well as of the
density of the excited atoms is observed.

In order to explain this behavior, the radial distributions of
the densities of charged particle and of the gas temperature at
z = 0.025 m are considered in Fig. 7. This figure demonstrates
the nonlinear dependence of the molecular ion density from the
gas temperature. Above gas temperatures of about 1200 K, the
molecular ion density is significantly lower than the atomic ion
density due to the electron impact dissociation of Ar+2 (process
7) and the dissociative recombination of the molecular ion
(process 6) in collisions with electrons. The excited atoms
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FIG. 6. (Color online) Spatial distributions of the atomic ion
density (a), the molecular ion density (b), and the excited atom density
(c) for a gas flow rate of 200 ml/min and absorbed microwave power
of 20 W.

produced by the latter process contribute additionally to the
production of atomic ions due to chemoionization (process
10), which occurs in the central plasma region. Toward the

FIG. 7. (Color online) Radial distribution of the charged particle
densities (solid lines with symbols) and the gas temperature (dashed
curve). Cut at axial position z = 0.025 m. Operating conditions: gas
flow rate 200 ml/min, absorbed microwave power 20 W.

FIG. 8. (Color online) Radial distribution of the charged particle
densities (solid lines with symbols) and the gas temperature (dashed
curve). Cut at axial position z = 0.025 m. Operating conditions: gas
flow rate 200 ml/min, absorbed microwave power 2 W.

tube wall, however, the gas temperature decreases and the
molecular ion density increases as a result of the process of
ion conversion (process 8) and the larger neutral atom density.
For temperatures of about 1200 K, the molecular and atomic
ion densities become almost equal; however, near the walls,
where the temperature gradients are steep, the molecular ion
density becomes the dominant ionic species. Similarly, for
positions characterized by temperatures below 1200 K, i.e.,
near the edges of the plasma column, the molecular ion density
exceeds the atomic ion density [Fig. 6(a)].

In order to study the impact of the plasma parameters in
more detail, the gas flow rate and the absorbed microwave
power, which are directly related to the gas temperature, are
varied. By reducing the absorbed microwave power to 2 W,
while keeping the gas flow rate constant at 200 ml/min, a
maximum gas temperature of about 530 K is obtained. The
radial distributions of the gas temperature, and the densities
of charged particles are shown in Fig. 8. The molecular
ions dominate the overall balance of charged particles in
the entire plasma region in contrast to the case considered
above. This behavior results from the reaction kinetics and
the characteristic temperature values. The atomic ions are
efficiently converted to molecular ions. The rate of production
of atomic ions in reactions of electron impact dissociation of
molecular ions is just about of the half of the rate of conversion.

In what follows, the proportionality assumption of Ar+ and
Ar+2 ion densities which was used in Eq. (13) and its validity
for the present model is briefly discussed. The proportionality
assumption is strongly valid for the fundamental mode of
diffusion [24]. This is roughly the case if one considers the
radial distribution of the electron density (Fig. 7). The ion
densities demonstrate a deviation from it in their profiles.
An enhancement in the ion densities close to the tube wall
is observed which results from the chemoionization (process
10). Since the ambipolar electric field in the active discharge
zone is mainly determined by the electrons [23], the error in
the discharge model can be considered as small. Notice also
that a logarithmic representation for the number densities was
used in Figs. 7 and 8 to enable more plot details. Moreover, a
detailed consideration of the source terms in Eq. (10) for Ar+
resulting from the plasma reactions and the loss terms due to
diffusion shows that the maximum contribution of the diffusion
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FIG. 9. (Color online) Comparison of plasma and flow parameters
along the z axis for gas flow rate 200 ml/min and absorbed microwave
power 2 W (dashed curves) and 20 W (solid curves).

losses of about 4×1024 m−3 s−1 appears at radial position
r = 0.3 mm, and it is more than two orders of magnitude
smaller as compared to the value of 1×1027 m−3 s−1, which
corresponds to the total losses due to ion conversion (process
8) and recombination (processes 5). For the ion Ar+2 , the
diffusion loss term has a maximum of about 2×1023 m−3 s−1

near r = 0.65 mm, which is significantly lower than the value
of 1×1026 m−3 s−1 representing the losses due to processes
6 and 7. In the low-power case (Fig. 8), the diffusion losses
are also more than two orders of magnitude smaller than the
corresponding collisional losses mentioned above.

A comparison of the axial distributions of the gas tem-
perature, the axial flow velocity, the electron density, and
the temperature for absorbed microwave power of 2 and
20 W is shown in Fig. 9. The profiles along the z axis
are asymmetric: steep upstream and shallower downstream
the gas flow. Note that even for the lower value of the
in-coupled microwave power the maximum electron number
density of about 2.5 × 1019 m−3 is well above the cutoff
value 7.4 × 1016 m−3 corresponding to the field frequency of
2.45 GHz cutoff value. The mean electron temperature along
the z axis is about 1.04 eV for absorbed power of 2 W being
slightly higher than for 20 W due to the lower electron density.

The 2D spatial distribution of the electron number density is
presented in Fig. 10 as a contour plot for the cases of absorbed
microwave power of 2 (a) and 20 W (b). In the low-power
case, the discharge fills the tube in radial direction, whereas
it is constricted for the 20 W case. Consequently, the part of
the total power dissipation corresponding to the central part
of the plasma (r � R/2) is 0.55 for a total power dissipation
of 20 W, whereas it is just 0.25 in the case of absorbed power
of 2 W.

As is shown in Fig. 11, an increase of the gas flow
rate from 200 ml/min up to 400 ml/min while keeping the
in-coupled power level constant results in reduction of the
maximum temperature by about 250 K. The plasma region
shrinks downstream the gas flow, while the axial profiles of the
gas temperature and axial component of the velocity become
more extended. The in-coupling of microwave energy into
the plasma, the distribution of the electron density and the
gas temperature and the gas flow are involved in a complex
interplay between each other. The increase of the gas flow

FIG. 10. (Color online) 2D spatial distribution of the electron
density for absorbed microwave power of 2 W (left-hand side) and
20 W (right-hand side). Gas flow rate in both cases is 200 ml/min.

rate from 200 to 400 ml/min leads to a certain broadening
of the plasma in the radial direction so that the amount of
absorbed microwave power can be maintained at the same
level although the plasma length is decreasing. Thereby, the
plasma contraction is still evident. At the same time, the gas
temperature is lower, which affects the total atom density and
the rates of the chemical processes. These in turn determine
the gas heating resulting from elastic collisions with electrons.
Consequently, the gas flow velocity has values that ensure
conservation of the mass flow.

IV. COMPARISON WITH EXPERIMENTS

Optical emission spectroscopy was applied in order to
measure the average electron density and gas temperature.
In the following, main aspects of the experimental procedure

FIG. 11. (Color online) Comparison of plasma and flow param-
eters along the z axis absorbed microwave power 20 W and for gas
flow rate 200 ml/min (solid curves) and 400 ml/min (dashed curves).
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FIG. 12. (Color online) Experimental setup. LC = line camera,
GM = grating monochromator, GF = glass fiber, OS = optical
system, P = plasma, CT = ceramic tube, D1, D2 = diodes, CR
= circulator, MG = magnetron, CC = coaxial cable, G = gas flow.

are given, and results of the comparison between experiment
and model are reported.

The experimental setup is shown in Fig. 12. The radiation
from the plasma is collected using an optical system (OS),
which consists of two achromatic lenses (f = 99.6 mm) for
visible light, an aperture of 15 mm diameter, a nontransparent
plate of 10 mm diameter, and a further aperture of 20 μm
diameter placed in the image plane of the lenses. From the
image plane, the plasma radiation is conducted through an
optical fiber (GF) to a 50 cm Czerny Turner spectrograph
(GM) with a 2400 lines/mm grating. The entrance slit of
100 μm enables a spectral resolution of 0.09 nm. Directing
this system along the z axis allows for spatial resolution of
about 0.5 mm in the axial and 50 μm in the radial direction.
The optical system can be adjusted in z direction by a stepper
motor and translated manually in the perpendicular direction
by a movable mounting.

The electron density was determined from the Stark
broadening of the Hβ line at 486.1 nm. The line broadening of
Hβ due to the linear Stark effect can be related to the electron
density according to Ref. [26]. Hydrogen atoms were provided
in the discharge by introducing water vapor into the carrier
gas in such a small amount that the line emission of Ar does
not change. The experimentally observed Stark broadening

FIG. 13. (Color online) Comparison of experimental and calcu-
lated averaged electron density along the z axis. Absorbed microwave
power 20 W, gas flow rate 200 ml/min.

FIG. 14. (Color online) Comparison of measured (symbols)
and calculated (line) gas temperature along the z axis. Absorbed
microwave power 20 W, gas flow rate 200 ml/min (solid line,
rectangles), and 400 ml/min (dashed line and circles).

was determined by unfolding the recorded line profile from
the Doppler, the instrumental broadening, and the van der
Waals broadening. In order to obtain a radial distribution of
the electron density, the optical system was adjusted for various
axial and radial positions in the plasma region. A drawback of
this “top view” arrangement is the large background. Since
temperature measurements in the plasma region were not
available, the evaluation of the van der Waals broadening was
done using temperature values from the model. Furthermore,
in order to account for the limited spatial resolution of the
experiment, the results from the model were averaged within
a cylindrical volume of radius 50 μm along the z axis, and a
ring of thickness 50 μm in the radial direction.

Figure 13 present the electron density obtained as a function
of the radial position r at z = 0.02 m (a) and the axial position
z (b). It can be seen that the maximum values agree within
40%. In the axial direction downstream the gas flow, the
experimental values are lower by about a factor of six. This
is the region close to the upper end of the tube and outside,
where the deviations from axial symmetry in the experiment
become considerable.

The gas temperature has been determined from the
OH emission spectra from the transition OH(A2�+, v =
0)→OH(X2�+, v′ = 0) at 306.3 nm. Indeed, the rotational
temperature of the OH radical can be assumed to represent the
gas temperature; i.e., the OH radicals are in collisional equi-
librium with the carrier gas. The measurements in the plume
of the plasma jet have been performed looking perpendicular
to the z axis and using a single quartz lens. In this “side view”
arrangement, the background emission is low, at the cost of a
weaker signal due to the measurement in the plasma afterglow.
After excluding the background, the recorded spectra are fitted
using LIFbase [27].

The results obtained for gas flow rates of 200 and
400 ml/min are presented in Fig. 14 together with the cor-
responding modeling results. The comparison demonstrates a
good quantitative and the qualitative agreement.

V. CONCLUSION

A fully coupled 2D model of an argon plasma induced by
microwave field at 2.45 GHz at atmospheric pressure has been
presented. The model allows for self-consistent description of
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processes of gas flow and heat transfer in the plasma source,
the in-coupling of electromagnetic energy into the plasma, as
well as the chemical kinetics that takes place in the plasma.
The computational domain includes the region of the gas inlet,
the port of the in-coming microwaves, the plasma region,
where the gas is heated and the gas flow is accelerated due to
the gas expansion, as well as the plume of the plasma jet. Such
a description allows for a complete picture of the complex
interaction between gas flow, plasma, and electromagnetic
field. Since the plasma source was aimed at analytical
applications, the typical operation conditions were chosen with
gas flow rates of 200-400 ml/min and absorbed microwave
power of 20 W. Under these conditions, the plasma was found
to be far from thermodynamic equilibrium with a maximum
heavy particle temperature of about 2100 K and electron
temperature of about 1 eV. The electron density reaches values
slightly above 4×1021 m−3. A contraction of the discharge
has been observed and explained based on the processes
involved. The reaction kinetics of charged particles is related to
the gas dynamics through the strongly nonlinear temperature

dependence of the reaction rates. The model shows that in the
plasma region, where the gas temperature comes over 1200 K,
the molecular ion density is significantly lower than the atomic
ion density due to the electron impact dissociation and the
dissociative recombination of the molecular ions. Toward the
walls and in regions, where steep temperature gradients appear,
so that the gas temperature decreases rapidly below 1200 K,
the molecular ion density increases due to the process of ion
conversion and the higher neutral atom density. The molecular
ion becomes the dominant ionic species.

Results obtained by the model are compared with exper-
imental values from emission spectroscopy measurements,
demonstrating a good agreement. The model allows for
completeness of the plasma source characterization in regions
where experimental observations are difficult to access.
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