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ABSTRACT

ARTICLE INFO

Local thermodynamic equilibrium is a foundational concept in plasma
physics and heat transfer, describing a state where each small region of a
system can be treated as if it is in thermodynamic equilibrium, even if
the whole system is not. However, achieving accurately perfect
thermodynamic equilibrium conditions in real-experiments is often
challenging. It often struggles for understanding phenomena like
excited states or specific Arrhenius-driven reactions. As a result, the
advantages of plasma modeling with simplifications can sometimes
overshadow the disadvantages of experiments. This study simulated the
ionization process of argon plasma using the 4th order Runge-Kutta
numerical method. The simulation, initiated with initial densities before
the simulation is run, each of them is electrons 2.6 x 10® m?3, neutral
argon (Ar) 2.6 x 10™® m?, positive argon ions (Ar*) 2.6 x 10® m?, and
positive diatomic argon ions (Ar,") 2.6 x 10"® m?, successfully obtained
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reaction rate equilibrium data at the 625th iteration. The final densities
observed were 2.46 x 10° m? for electrons, 2.27 x 10®® m? for neutral
argon, 6.4 x 10° m> for Ar’", and 4.34 x 107 m> for Ar,". These results
show the equilibrium reaction rate in argon plasma which provides
information that density of electron and Ar” species show a decreasing
trend while density of Ar and Ar," species shows an increasing trend
which are the result of ionization and recombination processes in the
entire plasma system.
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1. INTRODUCTION

Plasma is an interesting phenomenon especially in the applied fields in various industrial and
environmental applications [1-4]. At the same time, computational capabilities and numerical methods
have developed rapidly to open up the possibility of new plasma information, especially
complementing the model. Efforts to obtain a plasma model that is closer to the actual conditions,
implemented time integration in the Runge-Kutta numerical method [5]. The main idea is to combine
several procedures between plasma models.

Several studies have conducted plasma simulation studies, such as numerical modeling of
plasma jets [6, 7], dielectric barrier modeling for plasma [8], plasma simulation [9], low-pressure
kinetic plasma simulation [10], numerical solution of the impact of electron sparks on plasma [11],
two-dimensional numerical simulation of electron spark plasma [12], electron transport simulation
[13], numerical simulation of plasma in cold air [14] and others. The study used argon as a sample (or
one of its samples) for plasma modeling. Argon is an attractive choice as a base gas for plasma
because argon is quite good in stability [15], reproducibility [16] industrial significance, ease of
producing large volume plasma [17], high efficiency, non-toxic residues [18] and cost effectiveness
[19, 20] which are the basis for choosing Argon in many plasma applications. Research using
numerical methods for argon plasma has also been carried out for in-depth exploration of the
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continuity of argon density [21] and the completion of research like this is possible to be carried out
with a numerical approach whose operations are run through software [22].

2. RESEARCH METHODS

2.1. Argon Collision

Identification and determination of argon reactions obtained when conducting a literature
study based on the availability of reaction rate coefficient data (A, B, and C) in the Arrhenius equation
published by reference researchers, with A coefficient represents the effective frequency of successful
collisions between reactant molecules (cross section) [3], B coefficient indicates how the temperature
dependency of the rate constant, and C coefficient similar to activation energy, the parameter that
describes the energy barrier that must be overcome for the reaction to proceed. The parameters of the
Arrhenius equation are important for understanding how the rate of Argon reactions takes place.

Table 1. Argon plasma ionization and recombination reaction data.

Reaction A (m°/s) B C (K) References
e+ Ar— 2e + Ar’ 23x10™ 059 202,373 [23]
2e+Ar" —>e+Ar 317x10°  -45 0 [24]
Ar+Ar—e+Ar+Ar* 75.97 1.5 135,300 [24]
e+Ar+Ar-— Ar+Ar 12.6 0 -47,800 [24]
Ar+Ar+Arf > Ar+Ar,t  25x10% 0 0 [25]
Ar+An" — Ar+Ar+Art 522x107 1 15,131 [25]
e+ AR se+Ar+Ar' 1.11 x 10" 0 34,115 [25]

The Arrhenius constant of the Argon reaction is used for the simulation. The program functions
in visualizing the density of Argon changes during the reaction. Simulation or modelling of the study
will observe how the density of the Argon species changes. Reaction data and several physical
parameters that have been set at the limits of the research problem are used as constant values and as
reaction rate parameters.

The initial stage involves a comprehensive literature review covering relevant scientific
databases on argon reactions. Precise determination of specific argon reactions identifying all
ionization, excitation, recombination, and other important chemical or physical processes involving
argon atoms, ions, and electrons in the plasma environment. Development of computational scripts,
i.e., translating the defined reaction mechanisms and associated governing equations (e.g., rate
equations, transport equations) into a programmable format used for numerical simulations, including
the algorithms and data structures required to process input parameters, define the system, and perform
calculations required for plasma density integration. The core computational stage initiates the entire
simulation. The output of this step is the temporal and/or spatial changes in plasma density, which
provide quantitative data for subsequent analysis. Based on this comprehensive analysis, scientific
conclusions are drawn regarding the behavior of argon plasma under the studied conditions,
contributing to a deeper understanding of the underlying physical and chemical phenomena.

3. RESULTS AND DISCUSSIONS

This Argon plasma modeling involves the reaction of species, namely electrons, neutral Argon
(Ar), positive Argon ions (Ar"), and positive diatomic Argon ions (Ar,"). The initial input data for the
argon plasma simulation run with initial values for each species. For electrons (e), the initial density
was set to 2.66x10™ m™ and a temperature of 3 eV. Electrons with sufficiently high temperatures will
significantly make collisions between species easier to occur so that heavy particles will experience
excitation, ionization, and so on [26]. Meanwhile, the neutral argon species (Ar) had an initial density
of 2.66x10" m™ and a temperature of 0.2 eV. Similarly, the single argon ion species (Ar*) and the
diatomic argon ion species (Ar,") both had densities of 2.66x10'" m™ and a temperature of 0.2 eV. The
Arrhenius parameter is one of the factors that influences the species density value depending on
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temperature [27] and after the program is finished running, the final density results are obtained as
shown in Table 2.

Tabel 2. Density of argon after reaction.
Parameter e Ar Ar* Ar,*
Density (m”) 246x10%  227x10®  6.4x10°  4.34x 10"
Density Iogarithm (m-3) 1018.3812 1018.3569 1015.8061 1017.6379

This modeling also produces a graph of the density changes of each Argon plasma species to
achieve thermodynamic equilibrium, as presented in Figure 1.
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Figure 1. Density changes of argon plasma species.

The density of Ar species in Figure 1 shows an increase which means that there is a
recombination process and this is in accordance with the results obtained by Zakky et al. (2023) [21].
The Ar” species decreased while the Ar," species increased although less than the Ar* species. This
happens because after the collision in the reactions in the plasma, some of the Ar* species undergo a
series of processes which eventually form into Ar," species at equilibrium and also recombine into Ar
species. Electron species generally do not experience many changes compared to the Ar® species
which appear significant because in the overall reaction there is more restructuring of Ar* to Ar,".

Figure 2, it can also be seen that the electron density graph shows a decreasing trend that has
the same pattern as the results of the research by Zakky et al. (2023) whose electron density decreased
throughout the reaction process until it finally reached equilibrium as indicated at the end of the
species graph showing a flat trend indicating that equilibrium has been reached [21]. Figure 3 shows
the amount of density throughout the iteration. This modeling seeks the equilibrium density of the
argon species until the 625th iteration with the largest reaction rate of 7.75 x 10° m%/s and the smallest
reaction rate value of 5.95 x 10™® m*/s,
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Figure 2. Changes in density of (a) electrons, (b) Ar, (c) Ar", and (d) Ar.".

4. CONCLUSION
The research has been successfully conducted and conclusions have been obtained. The

conclusions obtained include that in plasma equilibrium conditions, the density of each species shows
significant differences. The electron density (e) was recorded as the highest with a value of 2.46 x 10'®
m*, followed by neutral argon atoms (Ar) with a density of 2.27 x 10" m™. The density of single
argon ions (Ar") is much lower, which is 6.4 x 10" m™, while molecular argon ions (Ar,") have an
intermediate density of 4.34 x 10" m™. This indicates that in equilibrium conditions, the population of
electrons and neutral argon atoms dominate the plasma, while the formation of molecular ions is also
significant although not as much as neutral species and electrons. Single argon ions are present in
relatively small concentrations. Analysis of the reaction rates that occur in argon plasma shows a very
wide range of values. The largest reaction rate recorded was 7.75 x 10 m%s and the smallest reaction
rate was 5.95 x 10™'® m¥s and the species in the argon plasma reached equilibrium at the 625th
iteration. For further work to involve various argon species in larger quantities of spesies so that the
observation simulation becomes broader.
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