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ABSTRACT

ARTICLE INFO

Non-thermal Argon plasmas serve multiple functions, particularly in
healthcare and industrial applications. Numerous particles of the same
species exhibit varying velocities, referred to as a 'population’. The
distribution function is a standard method for characterizing a
population. The speed and energy distribution functions in the Maxwell-
Boltzmann equation are simulated utilizing MATLAB. The density of
each species was numerically calculated using the Runge-Kutta method.
This research reviews various Argon species, including Ar*, Ar*, Ar(iss),
Ar(is4), Ar(is3), Ar(is2), Ar, and electrons. The parameters utilized
include a pressure of 10 mTorr, an Argon temperature about 400 K, and
an electron temperature about 30,000 K. The maximum velocity
probability density value is observed in the Ar" species at 618 x 10’
(m/s)”, while the minimum value is found in electrons at 1.93 (m/s)™.
The maximum energy probability density value is observed in the Ar"
species at 2.13 x 10 (Joule)™, while the minimum value is found in the
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Ar(1s3) species at 1.40 x 10® (Joule)”. The time evolution of the
distribution function, independent of the coordinates r, is associated
with v, at t = 10° s. The velocity distribution function is significantly
affected by the density value, while the distribution function is
contingent upon the velocity.
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1. INTRODUCTION

Plasma is utilized in the textile sector, lighting, electronics, and various other applications [1-2].
Research in the health sector indicates that non-thermal plasma can inactivate airborne viruses and
generate sterile air. Industrial plasma technology employs a non-thermal plasma process that operates
by transmitting electrical energy between two electrodes at pressures ranging from 10 to 1000 Pascals
(Pa), far lower than the atmospheric pressure of 101325 Pa. This plasma, referred to as low-pressure
plasma, is essential for fundamental research in the advancement of plasma technology [3-5]. Non-
thermal plasma is a highly advanced technology now. This occurs because non-thermal plasma
employs the principle of reactive gas, which can alter the surface qualities of materials or products
without affecting their original bulk characteristics.

Plasma is a gas that is either partially or fully ionized, with its kinetic and potential energy
influenced by the plasma's density, temperature, and pressure. Plasma exists in several forms in nature
and can be categorized by temperature into thermal plasma and non-thermal plasma. Non-thermal
plasma is a low-pressure plasma characterized by elevated electron temperatures and reduced
temperatures of heavier particles (ions and neutral atoms) [6,7]. The temperature disparity between
electrons and heavier particles is significant. In non-thermal plasma, the electron temperature can
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attain 10,000-100,000 K (1-10eV), yet the gas temperature may approximate room temperature due to
little collisions between electrons and particles. Non-thermal plasmas exhibit a low energy density [8-
10].

Argon plasma is utilized for diverse applications, particularly in the healthcare and industrial
domains. Argon was selected in the healthcare sector due to its biological inertness, low breakdown
voltage, and cost-effectiveness [11,12]. In the industrial sector, Argon plasma was selected for its
prevalent usage in cleaning, attributed to its widespread availability, capacity to inhibit oxidation, and
cost-effectiveness [13,14].

In plasma, electrons exhibit a Maxwell distribution with varying Kinetic energies compared to
heavy particles, leading to the terms electron temperature (Te) for electrons and heavy particle
temperature (Tg) for heavy particles. Plasma typically contains numerous particles of the same species
exhibiting varying velocities, commonly referred to as a 'population’ [15]. A prevalent method to
characterize a population is by its distribution function f(x,v,t). The Maxwell-Boltzmann distribution
is intricately connected to particle dynamics in gaseous or plasma states, governed by temperature and
particle movement due to prevailing forces [16-18].

The Maxwell-Boltzmann Equation is employed to analyze particles in Argon plasma,
facilitating the determination of the distribution of plasma particles, encompassing particle velocity
distribution, particle energy distribution, and the temporal evolution of the distribution function. The
density values for each species were calculated numerically with the Runge-Kutta method and can be
computationally implemented using MATLAB software. The Runge-Kutta method yields solutions to
differential equations with significantly reduced truncation error escalation.

Theoretical Review

Plasma comprises neutral or charged particles that generate an electromagnetic field,
affecting the interactions among particles within the plasma system [19]. Plasma possesses distinct
features in comparison to other states of matter. Plasma is deemed macroscopically neutral when it is
unaffected by external influences, indicating that the plasma is in a state of equilibrium. A sufficiently
substantial volume of plasma encompasses several particles, yielding minimal values for density and
temperature. Measuring the electric field within the plasma yields a value of zero.

If macroscopic neutrality is not achieved, the potential energy contributed to the resultant
Coulomb force will be significantly more than the kinetic energy of heat particles [20-21]. Secondly,
the plasma temperature is directly proportional to the average kinetic energy of the particles [22]. The
energy of an individual particle in Kinetic or thermodynamic equilibrium arises from a Maxwell-
Boltzmann distribution. Low-pressure plasmas utilized for glow discharge in the industrial sector
frequently employ a non-Maxwellian electron energy distribution function. The average energy is
quantified in Joules per particle; in gases that do not adhere to a Maxwellian distribution, it is
equivalent to a Maxwellian distribution augmented by the effective Kinetic temperature. The overall
density of each particle species is only a function of time, independent of position [23], as seen in
Equation (1)

Ny = Ng(t) 1)

In the zero-dimensional framework, the continuity equation for the species reduces to the ordinary
differential equation shown in Equation (2).

ong
T =5, @

Equation (2) appears straightforward; however, it is important to note that the source term s, is
dependent on temperature and the total density of other particle species. The source term for an o
particle species is the aggregate of contributions from all reactions involving the species. The
contribution s, indicates the number of particles of a species produced or consumed in reaction r per
unit time [24].

Argon Plasma Characteristics and Interactions
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Argon is a chemical element represented by the symbol Ar. An octet (eight electrons) signifies that the
s and p subshells are fully occupied. Argon's complete outer electron shell renders it stable and highly
resistant to bonding with other elements. The first ionization energy of Argon is 1520.6 kJ/mol.

Argon plasma comprise electrons, ions, and neutral atoms and can be generated through the
ionization of gaseous particles [25]. lonization is the process of extracting electrons from an atom or
molecule, disrupting its bonds. The energy necessary to extract one or more electrons from their orbits
in an atom or molecule is termed ionization energy (Ei). Recombination is the converse of ionization;
during recombination, one or more electrons re-associate with atoms or molecules that are deficient in
electrons (ions). Upon the capture of the electron by the ion, the atom or molecule will revert to a
neutral state. In plasma, ionization and recombination occur rapidly and concurrently. The Kinetic
theory of gas posits that gas consists of a multitude of minute particles that exhibit random and
perpetual motion. The universal ideal gas Equation is expressed as follows [9].

p = nkgT 3)

The plasma state modifies the ideal gas laws. Global thermodynamic functions must be considered for
each particle type. Reactive collisions alter the quantity of n particles. Equation (3) can be modified as
given by

p = nkyT — 2T 4)

24723
Equation (4) indicates that the pressure of an ideal gas alters during its transition to plasma. The
pressure of plasma can be consistently lower than that of an ideal gas [16].
Plasma exists in several forms in nature and can be categorized by temperature into thermal

plasma and non-thermal plasma. Figure 1 illustrates the transition between thermal and non-thermal
plasma.
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Figure 1. Transition between thermal and non-thermal plasma as a function of pressure [20].

Under cold plasma or non-thermal plasma circumstances, a non-Maxwellian distribution is
applicable. Non-thermal plasma, or cold plasma, is a state of plasma characterized by a non-thermal
equilibrium between the temperatures of the electrons and the gas. Figure 1 illustrates that the electron
temperature is elevated, although the gas particle temperature remains comparatively low due to little
collisions between electrons and gas particles.

Velocity distribution function
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When particles let to interact and reach equilibrium, their velocities, and energy are dispersed
throughout a spectrum of values characterized by the Maxwell-Boltzmann distribution function. In
Cartesian coordinates (x, y, z), the quantity of particles dny within the velocity range from vy to
vy +dvy, where n denotes the particle density, is described by the one-dimensional Maxwell-Boltzmann
distribution function [19].

1

fo) =G =5 w55 ©

where v represents the radius vector within the velocity space of the spherical coordinate system. The
velocity distribution dn, between v and v+dv is represented by the distribution function for velocity v,
ie.,

fl) = ddT;v = (ZkT) _rznTv; (6)

Given the symmetry f(v), we can integrate the solid angle to express the probability distribution of
velocity as a function [19].

3
TTLUZ

fw) = (—) 4mnv?e” 2kt (7)

2nkT

Energy Distribution Function
The energy of individual particles in a gas in Kinetic or thermodynamic equilibrium conforms
to the Maxwell-Boltzmann distribution. Kinetic energy E can be defined with speed v as

E= %mv2 (8)

dng 2n E2 E
E)=—"1=———exp|—— 9
fEO =G =Sew|- O

The energy distribution function of a particle is characterized by the Maxwell-Boltzmann
distribution when the particle is in thermodynamic or Kinetic equilibrium. Thermodynamic
equilibrium is the most rigorous condition, indicating that all energy transfers within the gas are
negligible, the mean free path of photons is considerably less than the gas dimensions, and the gas
emits radiation akin to a black body. Thermodynamic equilibrium is both a required and sufficient
condition for the effective application of traditional thermodynamic methods to gases. Kinetic
equilibrium is a more stringent condition that permits energy to transfer inside the medium without
necessitating that the medium emit radiation akin to a black body. Kinetic equilibrium necessitates
sufficient particle interaction to attain a Maxwell-Boltzmann velocity distribution [19].

The solution of the Maxwell-Boltzmann Kinetic Equation uses the 4th Order Runge-Kutta method.
This method provides solutions to differential Equations with much-reduced truncation error
accumulation. The Runge-Kutta method is commonly employed to address numerical calculation
issues [25]. The standard representation of the fourth-order Runge-Kutta technique is as follows:

Yier = Vi + h(arky + ak, + agks + asks) (10)
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where ay, a,, ..., an are constants, h represents the step size for each iteration, and n denotes the method
order. In the context of the 4th order Runge-Kutta method, the values of ki, ks, ks, and k4 are: [10,25]

ky = f(t,y) (11)
k, = f(ti + p1h,yi + q11k1h) (12)
ks = f(t; + p2h,yi + qz1k1h + g2k, h) (13)

ky = f(t;i + p3h,y; + qz1kih + q32k2h + q33k3h) (14)

1. Research Methods

The features of Argon plasma were modeled computationally using MATLAB software. The
process has three phases. The initial phase commences with a review encompassing plasma properties,
features of Argon gas, and a compilation of Argon plasma response data. The subsequent phase
involves constructing a model based on the employed mathematical formulae. The subsequent phase
involves developing a simulation utilizing Matrix Laboratory. The arrangement of plasma particle
interactions is determined by the Maxwell-Boltzmann distribution Equation. The Runge-Kutta method
will be employed for density calculations of each species. The mathematical Equation model will be
input into the MATLAB programming environment. Table 1 presents a compilation of Argon plasma
reaction data.

Tabel 1. Rection for Argon plasma

Reaksi Cross AE
Section  (eV)
(m?)
e+Ar—e+Ar* 543 1155 [7]
X102
e+ Ar—2e+Ar" 2,02 1576 [7]
x10%
e+Ar—e+Ar(ls5) 5916 11,54 [14]
x102
e+Ar—e+Ar(ls4) 4,648 11,62 [14]
x10%
e+Ar—e+Ar(ls3) 845 11,78 [14]
x102*
e+Ar—e+Ar(1s2) 4,225 11,87 [14]
x10%
e+Ar—e+Ar 7,5 13,6 [7]
x10%  x10°

The simulation program script comprises kreaksi.m, ndensitas.m, odefun.m, xkecepatan.m,
xenergi.m, and xtimeev.m. Kreaksi.m calculates coefficients for each reaction, ndensitas.m and
odefun.m compute density for each species based on the derived coefficients, xkecepatan.m and
xenergi.m analyze speed and energy distributions according to Maxwell-Boltzmann Equations, and
xtimeev.m facilitates the time evolution of the distribution function.

The reaction data program comprises a compilation of cross-section and energy values for
each reaction, which will be automatically accessed by Matlab using the 'Import Data' function. The
data will be analyzed to ascertain the reaction coefficient, subsequently yielding the density value for
each species. The distribution function software comprises two components: xkecepatan.m and
xenergi.m. Both distribution function algorithms commence with the input of the physical constant
values, specifically the particle mass, Boltzmann constant, Argon temperature, electron temperature,
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and pressure. The initial input data comprises boundary conditions represented by speed or energy
values and density input values for each species. The time evolution program commences with the
input of physical constants, specifically the particle mass, Boltzmann constant, and collision
frequency. The first input data comprises boundary conditions represented by time interval and speed
interval values.

2. Results And Discussion

Non-Termal Argon Species
The coefficient values for each reaction based on cross-section and energy data can be seen
in Table 2.

Tabel 2. Coefficient values for each reaction

Reaction Reaction
Coefficient (m*/s)

e+Ar—e+Ar* 3,68x 107"
e+Ar—2e+Ar 1,17 x 10
e + Ar — e + Ar(1s5) 1,29 x 107
e+ Ar — e+ Ar(1s4) 2,72 x10%
e + Ar — e + Ar(1s3) 6,20 x 10
e+ Ar — e+ Ar(1s2) 1,11 x 10
e+Ar—e+Ar 4,41 x10%

The density value for each species is calculated based on the reaction coefficient value of
each reaction. The values of parameters used in this modeling are presented in Table 3.
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Figure 2. Particle speed distribution Ar*dan Ar.
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Tabel 3. Density and mass values of each species.

Spesies
ar’ Ar* 111;5 1?2 1/;2 f;; Ar €
S e 10° 10 | eoac® | e o5 | sxa0®
(m’L) 170’§ ?Igﬁx 107 | 9,7x10° 120’§ fl'%g 5,11x10° 61'8170"
(k’g) 6,63 x 102 ) £1)61'31

Velocity distribution of Argon particles from the Maxwell-Boltzmann kinetic Equation

The constituent particles of standard plasma do not exhibit uniform velocities. When particles
are let to interact and equilibrate, their velocities are dispersed across a spectrum of values
characterized by the Maxwell-Boltzmann distribution function. The area beneath each velocity
distribution curve corresponds to the particle density. The velocity distribution is contingent upon the
gas temperature and the response coefficient. Figure 2 illustrates the velocity distribution for Ar* and
Ar.
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Figure 3. Velocity distribution of particle Ar(1s5), Ar(1s4), Ar(1s3), dan Ar(1s2).

Figure 2 indicates that the probability value of the speed density for the species Ar* is 1.42 x
10° (m/s)™, whereas the probability value for the species Ar is 1.04 x 10° (m/s)™. The disparity in value
among species is 3.84 x 10° (m/s)™. The elevated maximum value of the probability density speed of
the Ar* species results from these particles transitioning to a higher shell and absorbing Kinetic energy
due to temperature, resulting in a significantly high speed of the Ar* particles. The excited state will
revert to its original state by emitting photons, resulting in a decline of the curve. Concurrently, Ar
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particles possess a lower density than Ar*, which corroborates the assertion that the area beneath each
velocity distribution curve is equivalent to the particle density.

The effective lifetime of Argon atoms in metastable states, 1s5 and 1s3 (in Paschen notation),
in non-thermal plasmas is significantly influenced by their collisional transfer to resonant states (1s2
and 1s4) [4,8]. Figure 3 illustrates the velocity patterns of Ar(1s5), Ar(1s4), Ar(1s3), and Ar(1s2).

Figure 3 presents the probability values of the velocity density for the species Ar(1s5) at 2.03
x 10*(m/s)™, Ar(1s4) at 1.97 x 10*(m/s)™, Ar(1s3) at 4.07 x 10°(m/s)™, and Ar(1s2) at 1.4 x 10*(m/s)™.
The peak values of the probability density of speed differ as follows: 6.00 x 10*(m/s)™, 5.75 x
103(m/s)™!, and 9.93 x10%(m/s)'. The graph illustrates the correlation between speed density
probability and the density of individual particles. The species Ar(1s3) is obtained from the density of
states Ar(1s5), and the species Ar(1s2) is derived from Ar(1s4) according to the ratios of nAr(1s3) =
nAr(1s5)/10 and nAr(1s2) = nAr(1s4)/4.

Low-pressure plasma, density is low, resulting in infrequent heavy particle collisions, while
electron collisions are significant [4]. Figure 4 illustrates the velocity distribution of Ar* ions and
electrons.
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Figure 4. Velocity distribution of particle (a) Ar* and (b) electron

Figure 4 indicates that the probability value of the speed density for Ar* species is 6.18
x10°(m/s)™, whereas the probability value for the speed density of electrons is 1.93 (m/s)™. The
electron speed distribution graph exhibits an exponential form, indicating that an increase in speed
results in minimal changes to the probability density, primarily due to the influence of other significant
factors. The value of significant disparity results in the probability of the electron velocity density
approaching a constant state. Compared to Ar and Ar*, the species Ar® exhibits a relatively high
probability. The recombination process occurs during collisions, enabling Ar* to merge with other
particles, which leads to a reduction in the curve.

Argon plasma energy distribution from the Maxwell-Boltzmann Equation

The energy distribution of individual particles in a gas adheres to the Maxwell-Boltzmann
distribution. The energy density probability is affected by the particle's density, velocity, and mass.
Figure 5 illustrates the energy distribution function for Ar* and Ar.

Figure 5 indicates that the probability value of the energy density for the species Ar* is 4.91 x
10%" (Joule)™, whereas the probability value for the species Ar is 3.59 x 10% (Joule)™. The value
difference between species is 1.32 x 10%" Joule™. The elevated maximum value of the probability
energy density of Ar* is attributed to the energy of these particles to their velocity. The excited state
will revert to its ground state through the emission of photons, resulting in a decline of the curve. In
contrast, Ar particles exhibit a lower velocity compared to Ar*. Excitation refers to the process in
which electrons transition from a lower energy level to a higher energy level resulting in energy
absorption during a collision with another electron. The event opposite to excitation is termed
relaxation or deexcitation, which is associated with the emission of photons. lonized gas does not
necessarily qualify as plasma. Figure 6 illustrates the energy distribution graph for Ar(1s5), Ar(1s4),
Ar(1s3), and Ar(1s2).

Science, Technology and Communication Journal, 5(1), 1-12, October 2024




4.5

I
|

35¢

5]

&)

-
w

=

o
I3

Probabilitas Kerapatan Energi, dn/dE [1 / Joule]
ha
w

=]

0.5 1 1.5 2 25 3 35 4 45
Energi, E[Joule] « 10719
Figure 5. Energy distribution of species Ar* and Ar.

[

Figure 6 presents the probability values of the energy density for the species Ar(1s5) at
7.01x10% (Joule)?, Ar(1s4) at 6.81 x 10%° (Joule)?, Ar(1s3) at 1.40 x 10% (Joule)?, and Ar(1s2) at
4.82 x 10* (Joule)™. The variation in the peak value of the energy density probability from the highest
value is 2.07x10%* (Joule)™, 1.98x10% (Joule)™, and 3.42x10% (Joule)™. Argon absorbs energy until it
reaches a specific threshold. Upon reaching this maximum, it can no longer absorb external energy and
begins to emit photons, resulting in a decline in the energy function.
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Figure 6. Energy distribution of spesies Ar(1s5), Ar(1s4), Ar(1s3), dan Ar(1s2).

In low-pressure plasma, the density is low, resulting in infrequent heavy particle collisions,
while electron collisions are significant [4]. Figure 7 illustrates the energy distribution graph for Ar*
ions and electrons.
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Figure 7. Energy distribution of spesies Ar™* and electron.

Figure 7 indicates that the probability value of the energy density for the species Ar* is 2.13 x
10%° (Joule) ™, whereas the probability value for the energy density of electrons is 7.10 x 10°(Joule)™.
The electron energy distribution function remains relatively constant, as the electrons are external to
the Argon group and can be classified as free electrons. When the energy of the electrons is
maximized, external energy will seek to stabilize the heavier particles, specifically Argon, resulting in
energy absorption by these particles.

Time evolution over the velocity distribution function

In the time evolution program of the distribution function, it is assumed that space is
homogeneous, meaning the distribution function is independent of the coordinate r. However, the
distribution function may also exhibit anisotropy, indicating that it can depend on the velocity vector
v, rather than solely on its magnitude. The program utilizes the fundamental non-equilibrium
formulation of the kinetic Boltzmann equation. Figure 8 illustrates the time evolution of the speed
distribution function.
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Figure 8. Time evolution over velocity distribution function

Figure 8 indicates that this approach presumes the external force acting on the particle is null. The
program does not solve the differential Equation; it merely provides a visual representation of the
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solution [17]. At 10°® seconds, the Argon plasma is in a state of nonequilibrium and is approaching its
equilibrium condition.

3. Conclusion

The research and analysis derived from simulations of particle velocity and energy distribution
in non-thermal plasma indicate a strong correlation between particle velocity density and the density,
mass, and temperature of each species. The species Ar* and Ar exhibited peak values of
1.42x10°(m/s)* and 1.04x10°(m/s)™, respectively. The elevated value for both species can be
attributed to their density. The peak values for the species Ar(1s5), Ar(1s4), Ar(1s3), and Ar(1s2) are
2.03 x 10* (m/s)™, 1.97 x 10" (m/s)?, 4.07 x 10°(m/s)™, and 1.4 x 10*(m/s)™, respectively. This
phenomenon is attributed to the density relationship Ar(1s5) > Ar(1s4), with n Ar(1s3) equating to n
Ar(1s5)/10, and n Ar(1s2) corresponding to n Ar(1s4)/4. In the species Ar™ and electrons, the
respective velocities are 6.18 x 10’ m/s and 1.93 m/s. The probability of particle energy density is
intricately linked to the velocity and density of each species. The species Ar* and Ar exhibited peak
values of 4.91x10%(Joule)™ and 3.59x10%" (Joule)?, respectively. The peak values for the species
Ar(1s5), Ar(1s4), Ar(1s3), and Ar(1s2 are 7.01 x 10% Joule™, 6.81 x 10% Joule™, 1.40 x 10% Joule™,
and 4.82 x 10%° Joule™, respectively. For the species Ar* and electrons, the respective values are 2.13 x
10% (Joule)™ and 7.10 x 10”®(Joule)™. The time evolution of the distribution function in non-thermal
Argon plasma is independent of the coordinate r and is associated with v, with a value of t = 10%s.
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