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Abstract

This study focused on plasma diffusion to understand how gas pressure
affects diffusion dynamics. Experimental measurements were carried out to
assess the electron temperature, electron number density, drift velocity,
particle flux, growth rate, diffusion coefficient, and constant time decay as a
function of gas pressure. The results showed that while the electron number
density (n.) grows with increased gas pressure, the electron temperature (T,)
of the plasma falls. The results indicated that gas pressure significantly
influences plasma behavior, with a notable decrease in diffusion coefficients
and constant time decay as gas pressure rises from 0.04 to 0.4 mbar. The
stability and diffusivity of the plasma are affected by bumping effects, which
are enhanced by increased gas pressure. This study advances our knowledge of
plasma behavior in DC glow-discharge systems by emphasising the
relationship between gas pressure and plasma dispersion.

Keywords: Glow discharge, EXB drift, Diffusion coefficient, Constant time
decay, Growth rate, Particle flux
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1 Introduction

DC (DC) glow discharge is usually considered a reliable source of plasma formation,
especially in applications that ask for accurate control over plasma properties, such as
electron temperature, electron density and symmetry [1]. The main purpose of the
ionization process is to induce an electric field in the chamber that accelerates free
electrons and affects gas atoms or molecules [2, 3]. For example, planar electrodes can
effectively spread plasma in large surface areas. Plasma diffusion refers to the process
where charged particles (electrons and ions) in a plasma move from a region of high
concentration (or density) to a region of lower concentration. This plays a crucial role in
maintaining uniformity, while also influencing the characteristics and density of all other
diffusion processes. For glow discharge systems, the diffusion process is highly
significant [4]. The planar electrodes' extremely high efficiency and ease of use make
them highly appealing for applications associated with a lot of plasma processing, such
as semiconductor fabrication and thin-film deposition. The complex growth behavior
results from the electric field generated by the externally applied DC voltage, combined
with the physical constraints imposed on the planar electrodes due to particle interactions
in the plasma [5, 6]. The characteristics of plasma discharge in a DC glow discharge
system are influenced by multiple factors, including gas quantity and voltage amplitude.
It is thus important to consider some mechanical operation parameters, such as pressure,
magnetic field strength, plasma density, electric field, temperature, and electrode
configuration, that contribute to a better understanding of the diffusion processes.
Increasing the plasma symmetry will also improve the efficiency of the DC glow
discharge system [7, 8].

The aim of this paper is to investigate and analyze plasma diffusion in a DC glow
discharge using optical emission spectroscopy, focusing on the spectral characteristics of
plasma behavior in such systems, including electron temperature, electron number
density, and Debye length.

2. Theoretical consideration
2.1 Plasma Parameters

Optical emission spectroscopy (OES) is the most sensitive method for plasma
detection. It stores plasma information, such as electron density and temperature [9]. The
Boltzmann plot technique is the most widely used method for determining the electron
temperature (T,). Local thermodynamic equilibrium (LTE) is assumed when the
Boltzmann distribution is satisfied. This approach is well-liked and simple for
spectroscopic measurements [10, 11]. Boltzmann plot is constructed from the following
equation:
The transition intensity, wavelength, and transition probability from level j to level i are
represented by the variables Ij;, Aj;, and Aj, respectively. Where g; is the statistical
weight, h is Planck's constant, ¢ is the speed of light, E; is the energy of the upper level j,
kg is Boltzmann’s constant, N is the numerical density of the emitting species, and U is
the partition function.

The electron number density (n.) is calculated by utilizing the Stark broadening
effect, which necessitates a spectral line unaffected by self-absorption[12, 13]:

ne = [z=| N, @)

2wg
The term AA refers to the Full Width at Half Maximum (FWHM) of the spectral line
while wg denotes the theoretical Stark broadening parameter corresponding to the
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reference electron density N, =10'® (cm™) [14]. The potential resulting from the thermal
oscillation of highly mobile electrons is shielded to a distance called the Debye length
(Ap). The Debye length in the plasma can be obtained by equality the kinetic energy of
the thermal electrons with resulting electrostatic potential as follows [15]:

kg Te
Ap = /— 3)

where g, is the permittivity of free space, kg is Boltzmann’s constant, and T, is the
temperature of the electrons, with other symbols having previous definitions. Such
quantification provides a clear overview of plasma electron heating mechanisms and
highlights the role of specific physical interactions, such as collisional energy transfer, in
the presence of external fields.

2.2 Plasma Diffusion
The combined influence of electric and magnetic fields on particle velocities in a
plasma gives the E X B drift velocity. It does not depend on the mass or charge of the

particle undergoing drift. The E' X B drift velocity is given by the equation [16]:
ExB _E _ kgTe

Vexe =57 =55 7.5 4)
Where E represents the electric field, measured in volts per meter (V /m), it is the force
per unit charge exerted on charged particles due to the electric field; B represents the
magnetic field, measured in Tesla (T); d is the distance at the central region between the
electrodes; and B? is the magnitude of the magnetic field squared. Collisions between
charged particles in a plasma are crucial for diffusion processes. These interactions
facilitate the transfer of momentum and energy, causing particles to shift and redistribute
throughout the plasma. Bohm diffusion refers to the diffusion of plasma across a

magnetic field (B), characterized by a diffusion coefficient given by [16]:

1 kpgTe

Dgonm = 16 eB ®)

Where kgT, is the thermal energy of electrons which drives diffusion, and eB is the
strength of the magnetic field, which opposes diffusion and confines the particles, and
the factor 1/16 i1s empirical, derived from experiments and simulations of plasma
diffusion.
In plasma studies, continuous matters often refer to specific time that occurs for a
particular feature, such as the intensity or electron number density of an emission line, to
decay a certain fraction of its original value. This decay is usually controlled by
procedures such as recreation or relaxation; It is important to understand the extent of
this time to analyze the behavior of plasma over time. The time constant for diffusion (7)
is given by:
d2

T = m (6)
Where D is the diffusion coefficient, and d is the distance from the cathode to the anode.
It is observed from this equation that, the constant time decay t is inversely proportional
to D. This means that, the constant time decay of plasma has high values in the region of
low diffusion coefficient and low in the high diffusion coefficient region [17, 18].
In the context of plasma diffusion and instabilities, the growth rate y can often be

expressed as:
D

Y== (7
The particle flux (I') per unit area per unit time (m2-s)"! is determined by multiplying the
particle density (n) by the mean velocity of the particles (< v >), according to the
equation [19]:
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8kpTe

TMe

'=n<v>=n (®)

Where: m,, is the electron mass.

3. Experimental Part

The experimental setup of a system of planar electrodes in a vacuum chamber is
illustrated in Fig. (1). The chamber, constructed from cylindrical Pyrex glass (37 cm in
length and 30 cm in diameter), was evacuated to a base pressure of about 2x1072 mbar
using a two-stage rotary pump, with the pressure monitored by a digital Pirani gauge.
The Argon gas was introduced via one of two small pipes. The planar electrodes, made
from aluminum (6 cm in diameter and 3 cm in length), were insulated with Teflon and
positioned 10 cm apart. A 4kV DC voltage was applied to generate a standard glow
discharge between the electrodes. Magnetic fields with strengths ranging from 1-3.4mT
were generated using circular and ring-shaped magnets arranged axially (parallel to the
plasma column). The distribution of these fields was measured using a Tesla meter. The
spatially integrated plasma light emission was analyzed with an optical emission
spectrometer (Thorlabs type- manufactured in Germany) to extract the parameters of the
plasma radiation in the 320-740 nm wavelength range. The distance between the plasma
and the spectrometer was 15 cm, with the spectrometer positioned at a 45-degree angle
relative to the plasma column.
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DC Power
Supply
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| Rotary Pump i—l
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Figure 1: Diagram of the DC planar electrodes setup.

4. Results and Discussion
4.1 Emission Plasma Intensity

To analyze the emission spectrum of argon (Ar) plasma, spatially integrated light
emission in the 320-740 nm wavelength range was examined with an optical emission
spectrometer. This study provides valuable insights into the properties and behavior of
plasma. Figure (2) shows the argon plasma emission spectrum at different gas pressures
(0.04, 0.06, 0.08, 0.2, and 0.4 mbar) in a planar magnetron sputtering system. The figure
reveals several peaks corresponding to the neutral Arl atom, observed at wavelengths of
357.69150, 419.15760, 486.13637, 549.58730, 603.21270, 617.30960, 656.51368,
675.28340, 696.53400, 706.87350, and 738.39800 nm. Additionally, ionic emission lines
of AIl were detected at wavelengths of 391.15760 and 427.75280 nm. The intensity of
each peak increased as the gas pressure increased from 0.04 to 0.4 mbar. The reason for
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this is a rise in the electron number density, which speeds up the rate at which electrons
collide with the gas atoms, providing sufficient excitation. This result agrees with that
reported by Bellan [20].
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Figure 2: The optical emission spectra of argon plasma at various gas pressures.

4.2 Plasma Parameters

The slope of the best-fitting line of the Boltzmann plot, which is derived by plotting
ln(AjiI]-i /hc g]-A]-i) versus surface energy (E;), according to Equation (1), can be used to
calculate Te. This approach requires data from the NIST database and peaks from the
same atomic species, which are presented in Table (1). Figure (3) illustrates the
Boltzmann plots with selected atomic argon lines (Arl) of a planar magnetron sputtering
system at various gas pressures. The electron number density (n.) was computed by
Equation (2), with high accuracy using the spectral lines emitted by the atoms and ions in
the plasma, as shown in Fig. (4), also known as the Stark broadening effect [21].

Table 1: Arl standard line characteristics used to determine T, [22].

A(nm) Aji X g; E;(eV) E;(eV)
549.58730 152x10° 13.07571571 15.3310400
603.21270 221x10° 13.07571571 15.13054437
617.30960 34x10° 13.15314387 15.1610486
656.42224 7.7x10° 13.07571571 14.97152236
706.87350 60x10° 13.09487256 14.84836899
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Figure 3: Boltzmann plot of Arl peaks for a magnetron sputtering system at various gas

pressures.
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Figure 4: Stark broadening for 656.51368 nm at different gas pressures.

In a planar magnetron sputtering system, Figure (5) shows how the electron
temperature (T,) and electron density (n.) change as the gas pressure changes. According
to the findings, as the gas pressure rose from 0.04 to 0.4mbar, the electron temperature
decreased, but the electron number density increased. At low gas pressures, electrons
have long electron mean free paths, described by the equation A = v/no (where A is the
mean free path, v is the average electron velocity, n is the gas atom number density, and
o is the collision cross-section), which leads to fewer collisions and higher electron
temperatures. As pressure increases, more collisions occur, causing energy loss and
lowering electron temperatures [21]. Concurrently, these inelastic collisions increase
ionization, thus increasing the electron number density. Therefore, high gas pressure
increases electron number density from ionization while electron temperature decreases
due to the higher collision rate [23].
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Figure 5: The variation of T, and n. with working pressure in planar magnetron
sputtering system.
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The Debye length (Ap) was calculated and displayed in Figure (6) using Equation (3)
and Figure (5). The findings demonstrated that the Debye length decreased when gas
pressure increased from 0.04 to 0.4 mbar. These characteristics indicate that the decrease
in Debye length results from increased electron number density with a rise in gas
pressure. Consequently, the cathode sheaths become more confined. This directly
impacts the plasma's ability to screen electric fields. As the Debye length decreases, the
plasma becomes more efficient at neutralizing electric potentials within shorter distances,
leading to enhanced electrostatic interactions between charged particles [24].
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Figure 6: The variation of Ap with working pressure in planar magnetron sputtering.

4.3 Plasma Diffusion
4.3.1 ExB Drift Velocity (Drift Wave Instability)

The drift velocity of charged particles in plasma is affected by gas pressure,
which influences the mean free path of these particles. The drift velocity can be
determined using Equation (4). Figure (7) illustrates the effect of gas pressure on drift
velocity. The data showed that the drift velocity decreases as the gas pressure increases.
This reduction can be attributed to the influence of the space charge formed near the
electrode surface, which leads to a decrease in the value of Vg g. The space charge
modifies the local electric field, reducing the drift velocity of charged particles and thus
lowering the magnitude of Vi g, which represents the electric field associated with the
ion drift in the presence of a magnetic field. Ions and electrons drift along the magnetic
field dueto VB || B. Charge separation caused by azimuthal electron drift in a planar
magnetron can lead to plasma oscillations. This interaction with the magnetic field
creates a radial drift, resulting in drift wave instability, where the perturbation electric
field and magnetic field interact, destabilizing the plasma [25].
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Figure 7: dritt velocity versus working pressure.

4.3.2 Diffusion Coefficient and Constant Time Decay

The diffusion coefficients of drift wave turbulence can be influenced by several
factors, including gas pressure. The diffusion coefficient measures how quickly particles
or perturbations spread due to random motion or turbulence. Figure (8) presents the
experimental values for the diffusion coefficient (calculated using Equation (5)) and the
constant time decay (calculated using Equation (6)) as a function of working pressure.
The data revealed that the diffusion coefficient decreased with rising gas pressure. As gas
pressure increases, the density of the gas increases because the number of gas molecules
per unit volume rises. This increase in density leads to more frequent collisions involving
charged particles (electrons, ions, and neutrals), which can impede the motion of
individual particles. Therefore, as pressure increases, the mean free path decreases,
reducing the diffusion coefficient because particles have shorter distances to travel before
colliding with others [26]. Additionally, the constant time decay increases with
increasing gas pressure. This means that as the density of charged particles in the plasma
increases with increases in gas pressure, collisions among particles become more
frequent. This can lead to faster redistribution of momentum and energy, thereby
decreasing the time decay constant. In general, increased density promotes quicker
relaxation processes due to the higher likelihood of collisions [27].

1596



Kadhim and Abbas Iraqi Journal of Science, 2026, Vol. 67, No. 3, pp: 1588-1599

4777777 7T 7 71125

i Diffusion Coefficient
52 Constant Time Decay 41.20

-~ (4]
-] o
T T T

P
(-
—T

F
X}
—

4 0.95

a
o
—

Constant Time Decay x 10° (sec)

Diffusion Coefficient x 10° (m%/sec)
-y
s
T

- 0.90

@
o
T

36 - - 0.85

L 1 " L L 1 " 1 " 1 " 1 " 1 L 1 " L L 1

0.00 0.04 0.08 0.12 0.16 0.20 0.24 0.28 0.32 0.36 0.40 0.44

Working Pressure (mbar)

Figure 8: Diftusion coetficient and constant time decay of plasma as a function of
working pressure.

4.3.3 Growth Rate and Particle Flux

The growth rate of drift wave instability as a function of working pressure depends on
various factors, such as plasma parameters. The growth rate was calculated according to
Equation (7). In addition, gas pressure can impact the particle flux related to drift wave
instabilities by affecting the plasma density profile and the nature of the instability.
Particle flux was calculated using Equation (8). Figure (9) shows how gas pressure
influences growth rate and particle flux. The data showed a decrease in growth rate and
particle flux with increasing gas pressure. This means that the growth rate decreases due
to increased damping from more frequent collisions and reduced ability to sustain
perturbations [28]. In addition, the particle flow decreases as a result of increased
collision, which reduces efficient transport and spread in plasma. As the pressure on the
gas increases, the increased density and frequency of conflict provide a more viscous
environment for particles, slows the speed and reduces both growth and particle flow in
the plasma [29].
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Figure 9: Growth rate and particle flux of drift wave instability as a function of working
pressure.
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Conclusions

The main conclusion of the study is that the gas pressure has a significant effect on the
properties of plasma in a DC glow discharge system. As gas pressure increases, the
electron temperature (T,) and Debye length (Ap) decrease while the electron number
density (n.) increases. The emission strength of Arl and Arll lines also increases with
higher gas pressure. Plasma diffusion is strongly influenced by gas pressure, with
parameters such as drift velocity, diffusion coefficient, growth rate, and particle flux
decreasing, while the time decay constant increases. The optimum conditions for plasma
diffusion can be observed at the lowest gas pressure (0.04 Torr), where diffusion and
other related parameters are more favorable. This work can be used in areas where
precise control of plasma properties is required, such as material processing (e.g. etching,
deposition), plasma therapy, and plasma-based diagnostics and is also useful in
applications requiring plasma dynamics well, such as semiconductor manufacturing and
surface treatment methods.
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