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ABSTRACT ARTICLE INFO

The recombination coefficient of hydrogen plasma using the six thermal Article history:
hydrogen species in the afterglow condition was analyzed through
MATLAB computational modeling to determine the logarithmic density,
and then to determine the difference between conduction and
convection. This study aims to model the dynamics of recombination
and determine the recombination coefficients of hydrogen species Keywords:
against temperature variations. This modeling was carried out using
zero-dimensional chemical kinetic equations derived from the
continuity equation, namely the reaction rate calculated using modified
Arrhenius. This modeling is integrated numerically using the Runge-
Kutta method. The density results of hydrogen species show a consistent
decrease in temperature variation related to the ideal gas law, but the
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recombination coefficient increases with increasing temperature. This This is an open access
upward trend indicates that there is a dominance of three-body article under the CC BY
recombination processes over atmospheric pressure and afterglow license.
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1. INTRODUCTION

Atmospheric pressure plasma is generated when electrical energy is converted into energetic
electrons that collide with neutral gas species. These collisions follow probabilistic mechanisms
consisting of elastic collisions, which do not alter the internal energy of neutral species, and inelastic
collisions, which modify the electronic structure of atoms and molecules, potentially creating excited
species when sufficient energy is transferred [1]. Excited species generally possess short lifetimes and
return to the ground state through photon emission, while metastable species exhibit longer lifetimes
due to inhibited radiative transitions.

Thermal plasma under local thermodynamic equilibrium (LTE) is characterized by equal
electron and heavy particle temperatures (T, = Ty), high electron densities ranging from 10* to 10%° m"
® and dominant collisional processes rather than radiative transitions [2]. In such systems, micro-
reversibility must be satisfied, meaning excitation is balanced by de-excitation and ionization by
recombination. The formation and maintenance of plasma jets at atmospheric pressure are governed by
breakdown conditions described by Paschen’s law, which relates discharge voltage to gas pressure and
electrode distance [3]. At sufficiently high pressures, frequent electron—gas collisions enable energy
transfer that leads to thermal plasma conditions with temperatures on the order of 10° — 10* K [4].

From the perspective of chemical kinetic theory, plasma behavior can be described using the
ideal gas relation = nkgT, where pressure is proportional to particle density and temperature [5].
Plasma thermodynamic equilibrium is achieved when density, temperature, mass, and pressure remain
balanced before and after collisions. This equilibrium can be classified into macroscopic and
microscopic equilibrium states.
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A key process governing plasma decay is recombination, defined as the interaction between
electrons and ions to form neutral atoms, often accompanied by photon emission [6]. Two primary
recombination mechanisms are recognized: three-body recombination, involving two electrons and
one ion [7], and radiative recombination, in which a free electron is captured while emitting photon
energy [8]. During the afterglow phase, plasma transitions into neutral gas as temperature gradually
decreases, often producing observable luminescence phenomena such as chemiluminescence or
phosphorescence [9].

The recombination coefficient represents the effectiveness of recombination processes and
depends on plasma parameters such as density, temperature, and pressure. Surface-related
recombination mechanisms include the Eley-Rideal and Langmuir-Hinshelwood models [10]. For
computational simplicity, zero-dimensional (OD) global models are frequently employed under the
assumption of spatially uniform radical density and simplified flux boundary conditions [11-13]. Such
modeling approaches enable the determination of radical densities and recombination coefficients
under varying plasma conditions, particularly in atmospheric-pressure afterglow systems.

2. LITERATURE REVIEW

2.1. Atmosphere Pressure Plasma

The atmospheric pressure plasma is referred to as the result of electrical energy converting the
electric field into gas electrons, which are then carried to neutral species in the form of collisions.
Collisions follow probabilistic laws, including: (1) elastic collisions that do not change the internal
energy of neutral species, and (2) inelastic collisions that change the electronic structure of neutral
species, creating excited species if the energy to perform the collision is sufficient [1].

Each excited species has a short lifetime and is in a ground state by emitting photon energy.
“Metastable species” include excited states, but with long lifetimes because decay by radiation
emission is inhibited due to the absence of possible transitions from each state: decay only occurs
when energy is transferred through collision.

Table 1. Main characteristics of LTE plasma.

Characteristics LTE plasma
Current name Thermal plasma
Properties o T, =T,

« High electron density: 10 —10% m?

e Inelastic collisions between electrons and heavy
particles create reactive plasma species, while
elastic plasma heats heavy particles.

Example Plasma arc (core)

TC = Th

10,000 K

Table 1 shows the properties of LTE plasma, currently referred to as thermal plasma. Thermal
plasma has the same cold temperature properties as hot temperatures. The electron density in thermal
plasma is between 10% and 10%° m®, which is a high electron density. Thermal plasma involves
inelastic collisions between electrons and heavy particles, resulting in reactive species in the plasma.
Meanwhile, elastic collisions can heat heavy particles.

LTE plasma requires transitions and chemical reactions governed by collisions rather than by
radiative processes. In addition, collision phenomena must be microreversible. This means that each
type of collision must be balanced by its opposite (excitation/de-excitation; ionization/recombination;
kinetic equilibrium) [2].

Plasma jet discharge can be ignited and plasma can be maintained if the DC voltage applied to
the gas medium is higher than the breakdown voltage and product if the DC voltage is applied through
the electrodes — where p is the gas pressure and d is the distance between the electrodes referred to as
Paschen's law [3].
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Figure 1. Evolution of electron temperature and heavy particle plasma with pressure in plasma.

Figure 1 shows a graph of pressure versus temperature, illustrating the effect of pressure on
the transition from light emission (T, > T,) to arc emission. At high pressures, electrons and gas
collide with each other until the electrons transfer energy to the gas. Thus, when the temperature is at a
pressure of 10 kPa, a thermal plasma occurs in a state of equilibrium with temperatures of 10 and 10*
K [4].

1.2. Chemical Kinetic Theory

The kinetic theory of gases describes gases as a large collection of small particles that move
randomly and constantly. These gas atoms collide with each other and with the walls of the container.
This explains the macroscopic properties of gases, such as pressure, temperature, and volume.

The general equation for ideal gases in statistical mechanics is generally formulated as [5]:

p = nkgT (1)

where p is pressure, n is number density, kg is the Boltzmann constant equal to 1.3807 x 102 J/K,
and T is temperature. According to the Compendium of Chemical Terminology, published by IUPAC
in 1997, number density is the number of particles per unit volume, with the unit m™. In plasma, there
are two types of charged particles, namely light electrons and heavy ions.

Thermodynamic equilibrium of plasma will be achieved when the particle density,
temperature, mass, and pressure of the plasma system before and after collision are the same. When
the density of plasma species before and after collision is the same, it is called density equilibrium.
Thermodynamic equilibrium of plasma consists of two types: macroscopic and microscopic
equilibrium.

1.3. Recombination Process

Recombination is the process of combining electrons and ions to form neutral atoms in the
form of gas. This recombination process was first studied by researching atoms and ions from
hydrogen species. Recombination also occurs when electrons and ions collide to form neutral atoms
with the emission of photon energy [6]. There are two methods of plasma recombination: (1) three-
body recombination, where ions, electrons, and neutral atoms are in the same process, with the
recombination of three objects which involves two electrons and an ion forming a neutral atom
through the formation of ion molecules and molecules [7]. Meanwhile, (2) radiative recombination
refers to the capture of free electrons in releasing one or more photon energies [8].

Recombination that converts plasma into neutral gas will cause decay, whereby the gas
temperature gradually cools down following the cessation of high-energy release, known as the
afterglow condition. When gas undergoes decay, plasma often emits light, which is found, for
example, in the chemiluminescence or phosphorescence of certain chemical elements [9].

Next, the recombination coefficient is defined as the ratio of atoms that are prominent on the
surface and react to form molecules to the total number of atoms that are prominent on the surface,
which is referred to as the Haftungskoefficient defined by Paneth and Herzfeld. Currently, two
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recombination mechanisms are considered, namely Eley-Rideal (ER) and Langmuir-Hinshelwood
(LT). ER states that the absorption reaction of atoms on the surface occurs directly with atoms from
the gas phase. Meanwhile, LT states that recombination only occurs on the adatom surface [10].

The simple zero-dimensional model is used to determine the radical density measurements of
each gas. The model is simulated by four different powers for all pressure points. There are necessary
assumptions regarding the zero-dimensional model. First, the radical density is uniform in a given
space [11]. Second, the charge density is assumed to be parabolic [12]. Furthermore, constructing a
model that predicts density on the surface wall would increase the complexity even further; Thus, a
simple spatial geometry is used to calculate the flux boundary [13], so that the model considers a small
box as the geometric domain in the space between the radical probe and Langmuir. In a small domain,
the plasma is considered uniform and the net flux across the box surface is set to zero, so that there is
no net flux across the surface and the nonaxial dimensions are variable. However, the size of the
domain can be calculated using the area-to-volume ratio AT/V.

3. RESEARCH METHODS

This study uses quantitative research conducted computationally using MATLAB software
with the Runge-Kutta method. The Runge-Kutta method is used to solve the continuity of ordinary
differential equation systems mathematically using numerical integrators to handle nonlinear, coupled,
and time-dependent systems. The MATLAB solver ode45 was used to handle stiff computational
problems.

The continuity equation describes the chemical kinetic model applied to each chemical
species, including hydrogen. The continuity equation can be formulated from Ismail et al. (2011) [14]:

on
P V() =S (D)

where, n is the density, v is the velocity depending on position, and S is the production rate of the
species per unit volume (m?/s).
The reaction of a species can be shown by the following equation [15]:

aA+bB - cC+dD + - (2)
meanwhile, the forward reaction rate is given by:
Rf = kf(nA)a(nB)b ®)
and the reverse reaction rate is given by:

R, = kr(nc)c(nD)d (4)

where, A, B, C, and D are the species involved in the reaction, and n indicates the density of the
species. Meanwhile, a, b, c, and d are the coefficients of each particle in a reaction.

The Arrhenius equation has only a temperature function. The higher the temperature, the
faster the collision speed. Meanwhile, the lower the temperature, the slower the collision speed. The
factor that causes the speed of collisions in each reaction depends on the values of the parameters «,
B, and y shown in the modified Arrhenius equation.

The modified Arrhenius equation is defined as an explanation of the dependence of the pre-
exponential factor on temperature. The modified Arrhenius equation can be written in the form:

k = aT# e# 5)

where, a is the value of the ability of the number of particles colliding per second. The value of g is
the effect of the function of the number of particles colliding. Meanwhile, the value of y is the effect
of the activation energy of each particle collision.
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4. RESULTS AND DISCUSSION

4.1. Density Variation of Hydrogen Plasma Species

Computational modeling using MATLAB with the ode45 solver then determines the density
and logarithmic density results for the species €', H, H*, H,", Hs", and H, with temperature variations
ranging from 0.001 eV (equivalent to 11.6 K) to 0.009 eV; 0.01 eV (equivalent to 116 K) to 0.09 eV;
and 0.1 eV (equivalent to 1,160 K) to 0.9 eV. Each of these temperature groups has different density
and logarithmic density values for each hydrogen species as the temperature of the released plasma jet
increases.

Figure 2. (a) Launch of a hydrogen plasma jet with recombination radiation distances between temperatures of
0.001 and 0.009 eV, and (b) End of the process when the plasma cools and the radiation level decreases.

Figure 2 shows the launch of a plasma jet until it releases radiation from hydrogen plasma.
After the launched plasma undergoes recombination, the radiation from the plasma gradually cools
with increasing distance from the plasma jet source. However, despite the cooling temperature
between 0.001 and 0.009 eV that is recombined, the density of each hydrogen species has a very large
density value which then decreases slowly with increasing temperature.
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Figure 3. Hydrogen logarithmic density at temperatures ranging from 0.001 to 0.009 eV.

Figure 3 shows a decrease in logarithmic density at temperatures of 0.001 to 0.009 eV, with
the highest logarithmic density values found in atomic species H, ranging from 26.7885 to 25.9342,
while the lowest values are found in electron ion species, ranging from 22.0895 to 21.1353. This is
related to the ideal gas law, where a decrease in total density must be balanced by an increase in
temperature at high pressure, including atmospheric pressure. Figure 3 also shows a decrease in
density that appears to flatten out near zero. This is related to the integration of density over time to
ensure that the density integration is in equilibrium, or reaches a state of thermodynamic equilibrium.
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Figure 4. (a) Launch of a hydrogen plasma jet with recombination radiation distances between temperatures of
0.01 and 0.09 eV, and (b) End of the process when the plasma cools and the radiation level decreases.

Figure 4 shows the launch of a plasma jet until it releases radiation from hydrogen plasma.
After the launched plasma undergoes recombination, the radiation from the plasma gradually cools
down with increasing distance from the plasma jet source. However, despite the cooling temperature
between 0.01 and 0.09 eV that is recombined, the density of each hydrogen species decreases due to
the increasing temperature, which widens the distance between ions and atoms, thereby reducing the
density of each species.

@

E 2

s

2 35

é e E—

g2

k=

g 2 ———

)

5]

— 19

0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09
Temperature (eV)

w |ogarithmic density (electrons) we | ogarithmic density (H)
we | ogarithmic density (H") Logarithmic density (H,")
wLogarithmic density (H,") === Logarithmic density (H,)

Figure 5. Hydrogen logarithmic density at temperatures ranging from 0.01 to 0.09 eV.

Figure 5 above shows the results of the logarithmic density of hydrogen plasma species
between 0.01 and 0.09 eV, which experiences a decrease in density as the temperature increases for
each species. Figure 5 shows that plasma density at higher temperatures will decrease rapidly.

Figure 6. (a) Hydrogen plasma jet launch with radiation—recombination distances between 0.1 and 0.9 eV, and
(b) End of the process when the plasma cools and the radiation level decreases.
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Figure 6 shows a plasma jet emitting plasma that cools to 0.1 — 0.9 eV. At this temperature
range, recombination occurs after the plasma becomes gas, affecting the density of hydrogen species
and causing it to decrease rapidly. This density decrease affects the recombination coefficient, leading
to faster decay. The logarithmic density for temperatures of 0.1 — 0.9 eV is shown in Figure 7.
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Figure 7. Logarithmic density at temperatures of 0.1t0 0.9 eV.

From the Figure 7 showing the density and logarithmic density of each hydrogen species at
thermodynamic equilibrium, there is a decrease in density, where as the temperature increases, the
density and logarithmic density decrease. The decrease in hydrogen species density is related to the
ideal gas law (Saha equation). At constant pressure, increasing temperature reduces total density.

Recombination in the afterglow state must have low densities of electrons and hydrogen ions
(e, H', Hy', Hs"), while neutral atoms must have high densities (H and H,). Meanwhile, the total
density of heavy particles for ions and neutral atoms remains at a constant point in a closed system.
However, the density of each hydrogen species has a higher density value than the initial electron
density of 10" m™®, so this can be included in the recombination reaction process in the afterglow state.

3.2. Determination for the Recombination Coefficients of Hydrogen
To calculate the recombination coefficients of hydrogen species as the temperature increases
(in eV), the following recombination coefficient equation is used:

8 Sx
Y = [TX (Tcold - Thot) - th(Thot - cold)] (6)

T nugpWpA

where y is the recombination coefficient of hydrogen species with respect to temperature variation,
expressed in volumetric form (m%/s). Meanwhile, R, combines S,, x, and L (conductor parameters),
h. and S (convection parameters), and Ty, and T,,;4, the temperatures measured near the probe.

Recombination coefficient (particles/m?)
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Figure 8. Graph of hydrogen recombination coefficients between 0.001 and 0.9 eV.
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Figure 8 shows different recombination coefficients obtained through radical density with
changes in plasma temperature. This indicates that large temperature changes increase the
recombination coefficient of hydrogen species, depending on the radical density.

The increase in the recombination coefficient of each species is an effective coefficient that
depends on plasma conditions. Generally, recombination processes, such as radiative recombination,
decrease with increasing temperature, making hot electrons more difficult to capture. However, at high
pressures (including atmospheric pressure) and high density of hydrogen species, the dominant
recombination mechanism is the three-body process, which is radiative collision recombination.

5. CONCLUSION

This study has investigated that the recombination model under afterglow conditions has been
determined through the plasma diffusion process. Furthermore, this study has successfully determined
the plasma recombination coefficient under afterglow conditions for atmospheric pressure. Among
them, the hydrogen plasma density from a temperature of 0.001 to 0.9 eV shows that the hydrogen
plasma density decreases as the temperature increases. Meanwhile, for the recombination coefficient
obtained from the radical density of each species, it was noted that the hydrogen plasma recombination
coefficient increases as the temperature of a species increases, where the recombination coefficient is
predominantly at temperatures below 0.1 eV. If the recombination coefficient value of each species is
higher, the plasma density will quickly decays due to the diffusion process. Thus, it will emit light
induced by recombination that is brighter, but with a shorter duration.
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