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Abstract

Microwave plasma plays a vital role in various scientific and technological
applications due to its high efficiency and flexibility. The geometry of the
discharge tube, especially its cross-sectional area, significantly affects essential
plasma parameters such as electron density, ion density, and electron
temperature. These parameters directly influence plasma behaviour, including
energy absorption and electromagnetic field distribution. This study employs
COMSOL Multiphysics software to analyze how variations in the cross-
sectional area of the discharge tube impact plasma characteristics. The
objective is to identify patterns that could improve the design and performance
of plasma-based systems, with potential benefits in fields like medical tissue
purification, environmental applications, and manufacturing. The tube had a
constant length of 25 cm and varying widths between 1 and 14 c¢cm, resulting in
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cross-sectional areas from 25 to 350 cm?. The results revealed that increasing
the area notably affects thermal stability, energy distribution, and plasma
penetration. Electron density and temperature changed with the area; the
highest electron density was 2.05x10'" m™ at 175 cm?. Electron temperature
varied between 1.5 eV at 100 cm? and 1.75 eV at 25 cm?, peaking at 1.65 eV at
175 cm?.

1. Introduction

The efficiency, robustness, and versatility of microwave-generated plasma make
it widely used in many scientific and industrial fields. The discharge tube, which acts as
a gas ionization medium, is a major factor in determinng the properties and behavior of
these plasmas. The main plasma properties, such as electron density, ion density, and
electron temperature, are significantly affected by the geometrical aspects of the
microwave discharge cylindrical tube, especially its cross-sectional area [1,2]. A
comprehensive understanding of these properties is important for optimizing plasma
systems, which improve efficiency and effectiveness in various applications, including
materials processing, environmental remediation, and medical sterilization. In microwave
argon plasma discharges, the cross-section shape of the discharge tube and the
electromagnetic-field distribution are important factors influencing energy absorption and
the subsequent plasma formation processes like variations in cross sections [3,4].

This study used COMSOL Multiphysics software and finite difference method
calculations to investigate the effect of varying the cross-sectional area of the microwave
discharge tube on important plasma properties. This study examines various tube
geometries to identify patterns and interactions that facilitate the design of efficient and
high-quality plasma systems. The results of this work are expected to greatly improve the
practical application of microwave plasma devices by providing valuable insights into the
relationship between discharge tube geometry and plasma performance. These results
will provide understanding and knowledge of plasma energy which has been enhanced,
and laid the foundation for advanced plasma technology [5-7].

© 2026 The Author(s). Published by College of Science, University of Baghdad. This is an open-access
article distributed under the terms of the Creative Commons Attribution 4.0 International License
(https://creativecommons.org/licenses/by/4.0/).
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2. Theoretical Background
2.1. Plasma and its Properties

Plasma, often called the fourth state of matter, is a highly energized gas made up of
neutral particles, ions, and free electrons. In contrast to other states of matter, like solid,
liquid, and gas, plasma displays distinctive characteristics, including electrical
conductivity, composition, and electrochemical properties [8]. As a result, plasma is
important in many commercial and scientific applications. Electron density, ion density,
electron temperature and plasma frequency are the parameters that define the
physicochemical properties of plasma and govern its behaviour. These properties are
important in the interaction of plasma with the environment and have effective roles in
various fields [9].

Microwave plasma is a specific type of plasma generated by electromagnetic
radiation in the 2.45 GHz microwave frequency band. This plasma is ideal for
applications where plasma properties need to be accurately configured due to low ionic
strength and high electron density. These applications include environmental preparation,
surface modification and thin film deposition, where specific plasma properties are
necessary to achieve the desired results [10].

2.2. Role of Discharge Tube Geometry in Plasma Behavior

In a microwave plasma system, the discharge tube is the physical chamber
where gas ionization and plasma generation occur. The geometry of the tube, especially
its cross-sectional area, greatly influences the properties of the plasma. It affects
important plasma properties, such as cohesion, ionization efficiency, and energy
absorption, by affecting the potential density, electromagnetic dispersion, and charged
particles in the cavity [11]. With small cross-sectional area, the power density, the
electron temperature and ionization rate can be made high. In contrast, a large cross-
sectional area tends to distribute electromagnetic energy over a wider area and can
decrease temperature and electron density, promoting more uniform plasma formation.
Tube geometry and plasma dynamics can maximize plasma performance, ensuring
energy efficiency and achieving acceptable plasma characteristics for specific
applications and thorough analysis of the complex essential connections [12].

2.3. Microwave Argon Discharge

Argon is commonly used in plasma systems due to its low ionization energy, inert
nature, and stable plasma generation. Energy absorbed in a microwave field ionizes air in
microwave argon discharges, generating plasma with improved electron density and
customizable properties. The microwave energy distribution is greatly affected by the
cross-sectional area of the discharge tube. Therefore, how the ionization effectively works
determines the properties of the resulting plasma, such as electron density, cohesion, and
stability [13,14].

2.4. Simulation of Plasma Behavior Using COMSOL Multiphysics

The main method for investigating plasma dynamics is to simulate plasma systems
using computer tools such as COMSOL Multiphysics [15,16]. COMSOL is an excellent
tool for measuring the effects of geometrical changes in the drainage system while
facilitating the description of coupled electromagnetic plasma dynamics [17,18]. This
study used the COMSOL Multiphysics plasma module to evaluate the effects of
variations in the cross-sectional area of the discharge tube on some important plasma
properties, including electron temperature, electron density, and ionization rate [19,20].
These examples elucidate the basic principles governing plasma behavior in geometrical
systems [21].
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2.5. Relevance of the Study

Understanding the effect of the discharge tube cross-sectional area on plasma
properties is vital to improve microwave plasma equipment performance. Accurate
plasma properties protocols are essential for applications such as surface treatment, thin
film deposition, and plasma-enhanced chemical processing [22]. This ensures that
changes in plasma properties, such as temperature, cohesion, and electron density, match
the specific requirements of each application [23]. This work seeks to reconcile
theoretical predictions with actual experiments by providing a better understanding of
how discharge tube geometry affects plasma behavior. The results of this research will
facilitate the creation and operationalization of microwave plasma systems well and
versatile [24].

2.6. Model Definition
The electron and average electron energies are obtained by solving two drift
diffusion equations [25]

%(ne) +V. [_ne(.ue ) E) - De ) Vne] = Re (1)
= () + V- [-ng(ue-E) =D, -Vn,] +E T, = R, @

where ne is the electron density, D is the electron diffusion, n; is the energy density, and
D is the energy diffusion.

The electron source R and the energy loss from inelastic collisions R, are specified.
Electron diffusivity, energy mobility, and energy diffusivity are derived from electron
mobility by the following equations

5
De = HeTe, e = (E) He, De = peTe 3
Using rate coefficients, plasma chemistry determines the source coefficients in the
aforementioned equations. The electron source term for rate coefficients is [25]

Re = Z]l\il Xjijnne 4

where x; represents the mole fraction of the target species for reaction j, k; denotes the
rate coefficient for reaction j (in SI unit of m%/s), and N,, signifies the total neutral number
density (in SI unit of 1/m?). The electron energy loss is calculated by aggregating the
collisional energy loss across all processes

RS = Z]le X]-k]-NnneAaj (5)

where Ag; is the energy loss from reaction j The rate coefficients can be computed from
cross section data by the following integral

k=Y, eo(®)f(e)de ©6)

where y = (2q/m,)"/? (in SI unit of C*/2/kg!/? ), m, is the electron mass, € is energy,
oy, 1s the collision cross section, and f'is the electron energy distribution function. In this
case, a Maxwellian EEDF is assumed.

In a microwave reactor the high frequency electric field is computed in the
frequency domain using the following equation [25]
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_ jo
vX(uerE)—kg(er—w—%)E:o 7)
with a DC magnetic field present, the electric field-plasma current density connection
gets knottier. An equation describing this connection is as follows

o 1.J=E 8)

where ¢ is the plasma conductivity tensor, which is a function of the electron density,
collision frequency, and magnetic flux density. Using the definitions [25]

a=—"="— B =n.qa )

N Me(Vetjw) ’

where q represents the charge of the electron, m. denotes the mass of the electron, ne
indicates the frequency of collisions, and signifies the angular frequency of the
electromagnetic field. In the absence of an external DC magnetic field, the inverse of the
plasma conductivity here is represented in a diagonal form

1
[E 0 0]
a—1=|0 5 0| (10)
1
[0 0 3

The gas flow is represented with the premise of a steady speed in the x-direction [25].

2.6. Plasma Chemistry

The chemical process of plasma comprises three species and seven reactions,
including electron impact cross-sections essential for sustaining low-pressure argon
discharges, such as elastic scattering, excitation, superelastic ionization, Penning
ionization (the process where two metastable argon atoms combine to yield a neutral
argon atom, an argon ion, and an electron), and metastable quenching. Superelastic
collisions with electrons, deactivation by neutral argon atoms, ionization, or Penning
ionization reduce the presence of excited argon atoms. The gas is activated by heat as a
result of metastable quenching. As the excited metastable state deteriorates, the 11.5 eV
of energy used to create the electrically excited argon atom is released into the
surroundings as heat. Surface reactions have volumetric reactions. The sticking
coefficient quantifies the likelihood that a metastable argon atom will transit to a ground
state argon atom upon colliding with the wall [25].

3. Results and Discussion
3.1. Work Procedure
Changing the cross-sectional area of an Ar gas discharge tube when the absorbed power
(Po) is constant at 100W, the following steps was done:
1- Go to model builder
2- From the global definition option and parameterl.
3- From the settings window, we fix the value po=100w.
4- We change the cross-sectional area of the gas tube in two dimensions by going to
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Component] —Rectangle2 (r2), from the properties setting window in the size and shape
box, we fix the width at 25cm and the height, we change it according to the required area
from 25 to 350cm? and an increase of 25 cm?.

5- Press the compute button.

6- We also go to the results box in the model builder and click on the plasma variables
such as electron density (plas) 1 and electron temperature (plas) 1. electric potential (plas)
1 and electric field (emw) 1.

7- The results will appear in the form of graphs on the right side of the program and we
will save them on the laptop to discuss and analyze them later.

The absorbed power from the waveguide was in the TE mode and maintained at
Po=100W. The cross-sectional area of the discharge tube was rectangular in shape, with
a fixed length of 25 cm and different widths from 1 to 14 cm. The area(A) of the discharge
tube was varied from 25 to 300 cm? in increments of 25 cm? This was conducted to
investigate the influence of the area on the properties and variables of plasma generated
by the microwave discharge, including electron temperature and density, electric field,
and potential.

3.2. Microwave system Description
In this basic microwave apparatus, the microwave at a frequency of 2.45 GHz is
sent from the base of the plasma discharge tube through a waveguide, where it interacts
with the Ar flowing gas, under a pressure of 1 Torr, leading to its heating and ionization
and the formation of plasma, as seen in Fig.1.
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Figure 1: Diagram of a geometric structure of the discharge system. Microwave comes in
from the top port and interacts with the gas flow, resulting in the creation of plasma [23].

3.3. Electron Density (ne)

Fig.2 represents the spatial distribution of the density of electrons when increasing
the cross-sectional area (A) of the discharge tube from (25-150 cm?).

In Fig.2(a), for the area A = 25 cm?, it is observed that the electron density
concentration in the center of the discharge tube decreases progressively as moving away
from the center. Specifically, the electron density at the center of the discharge was 7 x
10" m=3. At a distance of 7.5 cm from the center along the negative x-axis, the density
was approximately 2 x 10" m~. Furthermore, at the tube walls on the positive x-axis side,
25 cm from the center, the electron density was measured to be 4 x 10'” m™. The electron
density distribution at the center was represented as a contour, specifically resembling a
concentric ellipse. The reduction in electron density as one moves away from the center
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can be attributed to the migration of electrons from regions of high pressure to those of
low pressure. The peak electron density at the center resulted from direct exposure to the
microwave source, which enhanced ionization and consequently increased the ionization
ratio, increasing electron density. Fig.2(b) illustrates the absence of low-density electron
regions observed in the preceding figure, with the electron gradient concentrated solely
at the center of the tube. This phenomenon is attributed to the increase in cross-sectional
area; in the prior figure, where the area was 25 cm?, electrons were densely packed within
a limited space. Analysis of the Figs. 3-4 reveals that the electron density at the center
exhibited an elliptical shape, which became less flattened as the area increased.

m

m

m

Time:

0.2
0.18
0.16
0.14
0.12

0.1
0.08
0.06
0.04
0.02

Time:

0.24
0.22
0.2
0.18
0.16
0.14
012
0.1
0.08
0.06
0.04
0.02
0

Time:

0.24
0.22
0.2
0.18
0.16
0.14
0.12
0.1
0.08
0.06
0.04
0.02
0

=0.01s Surface: Electron density (1m”)
T T T T T T
(@
L -
[ 1 I I I 1 I I
0.15 0.1 0.05 0 0.05 01 015 0.2m
=0.01¢ Surface: Electron density (1/m®)
T T T T T T
I (c)
L L 1 L 1 L L 1 L
0.15 0.1 0.05 0 0.05 0.1 0.15 0.2 m
=0.01s Surface: Electron density (1/m?)
i (e
_I L  § 1 1 L 1 1 1 I-
0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2 m

(i}
m
x107
3

4

2

x108 m
2

Time=0.01s Surface: Electron density (1/m®)
T T T T T
022+ x10
2l (b)
0181 !
0.16F
0.141 o
012+
- 0.6
0.1r
0.08-
0.4
0.06F
0.041
02
0.02F
0F
Il Il Il 1 Il 1 Il Il -
0.15 0.1 -0.05 0 0.05 01 0.15 02 m
Time=0.01s Surface: Electron density (1/m*)
T T T T
18
0.22 d e
021 ( ) L4
0.18f
0.16F 1.2
0141 1
0.12f
- ‘ 08
0.1
0.08 0.6
0.06
0.4
0.04
0.021 02
ok
Il Il 1 Il Il Il Il Il _
0.15 0.1 0.05 0 0.05 0.1 0.15 0.2 m
Time=0.01 s Surface: Electron density (1/m?)
0.26 ' 4 1 ' x1018
0.24 (f) 2
0.22

0.2
0.18
0.16
0.14
0.12

0.1
0.08
0.06
0.04
0.02

0

T T4 T 1 T T —T—T T T

1.8
1.6
14

1.2

0.8
0.6
0.4
0.2

I L L

L
-0.2

-0.15

L
0.1

L L
-0.05 0 0.05 0.1

0.15 0.2 m

Figure 2: Electron density spatial distributions at a fixed microwave absorbed power Py of
100 W when A: (a) 25, (b) 50, (c) 75, (d) 100, (e) 125, and () 150 cm.’

Additionally, the electron density at the center increased with the cross-sectional
area of the discharge tube, reaching a limit of A=200 cm?. In Fig.2(f), when the value of
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A was 150 cm?, the electron density exhibited an almost circular shape. In Fig.4(m), when
the area was adjusted to 325 cm?, it was observed that the electron density was low,
ranging from (2-4) x 107 m™, particularly at the boundaries and edges of the tube. This
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phenomenon results from the increased area, which facilitates greater electron
propagation, aligning with the findings presented in the COMSOL multiphysics user’s
manual [22]. As indicated in Table 1, a larger cross-sectional area of the discharge tube
correlates with a tendency for the electron density shapes to approach circularity.
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Figure 3: Electron density spatial distributions at a fixed microwave absorbed power Py when
(A): (2) 75, (h) 200,(i) 225, (j) 250, (k) 275, and (1) 300 cm’
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Figure 4: Electron density spatial distributions at a fixed microwave absorbed power Py of

100 W when (A): (m) 325, and (n) 350 cm’

Table 1: Variations of electron density and temperature against cross sectional area of Ar gas
discharge tube (A) at a fixed microwave absorbed power Py of 100 W.

A (cm?) Nemax (m?)  x10" Te max (€V)
25 7 1.75
50 11 1.65
75 15 1.55
100 18 1.5
125 20 1.57
150 20.25 1.6
175 20.5 1.65
200 20 1.6
225 19.5 1.6
250 19 1.6
275 18.5 1.61
300 18 1.62
325 17.5 1.625
350 17 1.63

3.4. Electron Temperature (Te)
Fig. 5 illustrates the spatial distribution of electron temperature within the discharge

tube under a constant microwave absorbed power Po of 100 W while varying the cross-
sectional area of the tube. Fig.6 indicates a gradual decrease in temperature at the top of
the cylindrical tube. The gas thermal equilibrium equation should be applied alongside
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the equations of particle motion in quasi-isobaric conditions. The maximum value
attained was 1.7 eV, as observed in Fig.6, where a decrease occurred, followed by a return
to the peak value at the top of the tube wall. The tube wall typically served as the primary
cooling mechanism for the gas, with the wall temperature provided as an input parameter.
The axial distribution of the wall temperature was effectively modelled using a semi-
empirical formula: Ty, = To + ¢c(WR)B [1], where (To) represents the room temperature in
Kelvin (K), W denotes the specific discharge power in watt per cubic centimeter
(watt/cm?®), and (R) indicates the tube radius in centimeters (cm), and (c) and () represent
the relevant parameters, while WR denotes the total net energy transferred per unit
volume to the transition states from the heat sources within the volume and the wall. Upon
the abrupt cessation of the electromagnetic energy sustaining the discharge, the electrons

will rapidly cool towards the final electron temperature value.
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Figure 5: Electron temperature spatial distributions at a fixed microwave absorbed power Py
of 100 W when (A): (a) 25,(b) 50, (c) 75,
(d) 100, (e) 125, and (f) 150cm’.

Figs. 6-7 illustrate the impact of altering the cross-sectional area of the discharge
tube on the electron temperatures within the produced plasma. The predominant pattern
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seen is a drop in the electron temperature down to 125 cm? with an increase in the cross-
sectional area of the discharge cylinder, followed by a general increase until it reaches Te
= 1.63 eV at an area of 350 cm? The increase is attributed to the acquisition of extra
energy via ionization and collisions among charged particles, as well as between charged

and neutral particles.

Fig. 8 depicts the fluctuation in electron density according to alterations in the
cross-sectional area of the discharge tube, while maintaining a constant absorbed power

in the argon gas microwave discharge plasma.
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Figure 6: Electron temperature spatial distributions at a fixed microwave absorbed power Py
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Figure 8: The effect of the cross-sectional area of the discharge tube on the electron density

at a constant microwave absorbed power by the argon gas microwave discharge plasma
particles.
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As the cross-sectional area increases, the electron density increases from zero to
an increase of 2.3x10'® m. These observations suggest that larger absorption areas of
the plasma to the microwave lead to higher electron densities, possibly due to improved
plasma confinement, and better energy absorption per unit volume. The observations
suggest that an increase in sectional area increases the conditions for storing the electron
population in a plasma to reach a certain ionization level. For plasma symmetry, the
relationship between electrons density and cross-sectional area highlights the importance
of discharge geometry influencing plasma properties, especially in applications such as
microwave-driven plasma processes that require stable controlled electron density.

Fig. 9 shows the effect of the cross-sectional area of the discharge tube on the
electron temperature at a constant microwave absorbed power.

1.80
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1.65

Te (eV)

1.60

1.55

(0] 50 100 150 200 250 300
A (cm2)
Figure 9: The effect of the cross-sectional area of the discharge tube on the electron

temperature when the power absorbed by the argon gas microwave discharge plasma
particles is constant.

Initially, the electron temperature attains a maximum of 1.75 eV at a cross-sectional
area of 25 cm?, although it exhibits a non-uniform trend with increasing cross-sectional
area. Subsequent to the apex, the electron temperature diminishes till around 100 cm?, at
this point it commences to increase once more. Beyond this threshold, from 200 to 300
cm?, the temperature becomes stable. The uneven pattern indicates that variations in
cross-sectional area influence the energy distribution and confinement properties inside
the plasma. The first temperature decline may stem from energy distribution over an
expanded volume, but the following rise might signify an area of energy re-concentration,
potentially due to spatial discrepancies in wave absorption. The stabilization phase
presumably signifies a balanced energy distribution throughout the plasma cross-section,
highlighting the critical role of discharge tube design in preserving electron temperature
stability in designated areas.

4. Conclusions

The findings illustrate the significant influence of the discharge tube's cross-
sectional area on the plasma properties in microwave-induced argon discharges.
Increased energy and particle concentration due to reduced cross-sectional areas elevate
peak electron densities and temperatures. Larger regions, conversely, promote a more
uniform distribution of energy, enhancing confinement and plasma uniformity. Material
processing, ionization systems, and plasma-assisted technologies represent merely a
fraction of the commercial and scientific applications where these insights are essential
for enhancing the design and optimisation of plasma systems.
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