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ABSTRACT

This study presents a numerical investigation of dielectrique barrier discharge (DBD) at atmospheric pressure,
focusing on two gas mixture: Ar/He and Ar/O,. The objective is to analyse the impact of dielectric permittivity on the
plasma behavior in the Ar/He mixture, and the influence of the gas temperature in the Ar/O2 mixture. For the Ar/He case,
the relative permittivity of the dielectric is varied from 2 to 12, considering 7 species and 10 chemical reactions. In the
Ar/O: case, the gas temperature is increased from 350 K to 600 K, with 9 species and 24 chemical reactions taken into
account. Key plasma parameters such as species number densities (both neutral and charged), electron temperature, and
electron density are evaluated for each scenario. Simulation results for the Ar/He mixture show that increasing dielectric
permittivity does not affect the number densities of Ar, He, He*, or Hes, but leads to increased densities of electrons, Ars,
Ar', and a rise in electron temperature. For the Ar/O- mixture, increasing gas temperature causes a reduction in all species
densities, while simultaniously increasing the electron temperature.
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Recent years have witnessed growing interest in various plasma
generation techniques!'*. Among these, dielectric barrier discharge
(DBD) has emerged as a prominent method due to its unique
advantages and its substantial contributions to plasma physics and
chemistry!®®. DBD occurs between two electrodes separated by an
insulating layer and facilitates the transition of a neutral gas or gas
mixture into a plasma state, where diverse active species such as ions,

excited atoms/molecules, and radicals are generated?® ',

In addition to experimental work!!?, numerical simulations play a
critical role in predicting and analyzing the complex dynamics of
plasma systems!'®. Modeling plasma discharges, especially DBDs,
requires a comprehensive understanding of the microscopic processes
and chemical reactions involved. These reactions depend on
parameters such as electron temperature, gas temperature, and
reaction-specific rate coefficients.

Numerical studies offer a valuable framework to assess the
influence of various physical and operational parameters on DBD
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performance. For instance, in one-dimensional simulations of DBDs for hydrogen and hydrocarbon production
from pure methane, parameters like applied voltage, frequency, gas pressure, and dielectric capacitance were
investigated. Considering 17 species and 46 reactions, it was shown that applied voltage and dielectric
capacitance are key to optimizing methane conversion and hydrogen yield!'*. Another study, involving 20
species and 37 reactions, demonstrated that increasing voltage, pressure, dielectric capacitance, and the
secondary electron emission coefficient significantly contributes to gas heating in methane-fed DBDs!'%,

Furthermore, DBD studies are not limited to common gases. There is increasing interest in using noble
gases or their mixtures with reactive gases as working media. For example, numerical simulations of
atmospheric-pressure argon DBDs (considering 6 species and 8 reactions) have shown that increasing gas
temperature decreases peak ionization rates, induces a shift from alpha to alpha-gamma discharge modes, and

highlights the relevance of ground-state ionization, excitation, and three-body quenching processes!!'®l.

The paper is organized as follows: Section 2 outlines the discharge model and simulation approach.
Section 3 presents and discusses the simulation results. The concluding section summarizes the findings and
contributions of the study. This work aims to enrich the numerical literature on dielectric barrier discharges by
offering a comparative analysis of two different gas mixtures—an area still underrepresented in current
research.

2. Materials and Methods

2.1. Schematic of dielectric barrier discharge

Figure 1 shows the schematic of the barrier discharge reactor modelled in this study. It consists of: two
electrodes, one of which is connected to a sinusoidal voltage and the other to ground, a discharge gap between
two insulating layers. The insulating layer covered by the high-voltage electrode is called the high-voltage
dielectric, and the insulating layer connected to the ground electrode is called the grounded dielectric.
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Figure 1. Schematic of dielectric barrier discharge.

Grounded electrode

The 1D model of the dielectric barrier discharge reactor is shown in Figure 2. Where 1 is the outer
boundary of the powered electrode to which the sinusoidal voltage is applied, 2 is the inner boundary of the
powered electrode, 3 is the internal boundary of the grounded electrode, 4 is the outer boundary of the grounded
electrode, 5 is the distance between the powered electrode boundaries of 0.1 mm, 6 is the discharge gap
distance between the inner powered electrode boundary and inner grounded electrode boundary of 0.1 mm , 7
is the distance between the grounded electrode boundaries of 0.1 mm. The 1D model has the advantage of
shorter computation time compared to the 2D model"®!”), in addition to the possibility of accessing important
information about the properties of the plasma, including the densities of species. However, information about



the fluxes of species towards the electrodes as a function of radial distance remains inaccessible, which is one

of the most significant drawbacks of the 1D model, as pointed out in?%,

Figure 2. 1D model of dielectric barrier discharge.

2.2. Chemical reactions for Ar/He and Ar/O2 mixtures

The chemical reactions that occur during the discharge phenomena in the Ar/He and Ar/O, mixtures are
listed in Table 1 and Table 2, respectively. The rate coefficients of the reactions, for which cross section data
are used, are denoted as fu(CS) and are calculated by a convolution of the cross section with a Maxwellian
electron velocity distribution function. T is the gas temperature and T, is the electron temperature with units
of K and eV, respectively. The number of species are 7 and 9, and the number of chemical reactions are 10
and 24 for Ar/He and Ar/O, mixtures, respectively. Some chemical species are not considered in both gas
mixtures, such as: He, , Hex" , Ar, A", Oz, Ox(aAg) and O, , in addition to the absence of some other
possible chemical reactions and collisions pathways such as: metastable pooling (Hes + Hes), penning
ionization (Hes + Ar) and ozone production (O + Oz + O, — O3 + O3 ). Although some particles and chemical
reactions may play an important role in plasma chemistry, they are sometimes deliberately ignored due to their
limited impact on the desired results, even when they occur in reality. This makes the poverty of chemical
reactions data a theoretical necessity in some simulation cases.

Table 1. List of chemical reactions for Ar/He mixture model.

Reactions Rate coefficients Reference

e+ He—e+He fu(CS) [21,22]

e+ He — e+ Hes fm(CS) [21,22]

e+He —>e+e+He" fm(CS) [21,22]
e+ Ar— e+ Ar fm(CS) [23]
e+ Ar— e+ Ars m(CS) [23]
e+ Ars — e+ Ar fm(CS) [23]
etAr—et+e+Art fm(CS) [23]
et+tArs > e+et Art fm(CS) [23]

Ars + Ars — e + Ar + Ar" 6.2x10710 m3s’! [24,25]

Ars + Ar — Ar+ Ar 3x10715 m3s! [24,25]




Table 2. List of chemical reaction for Ar/O> mixture model.

Reactions Rate coefficients References
Ar+e — e+ Ar fm(CS) [23]
Ar+e— e+ Ars fm(CS) [23]
Ars+e— e+ Ar fm(CS) [23]

Ar+e— Ar"+e+e m(CS) [23]
Ars+e— Arf+e+e m(CS) [23]
Ars + Ars — Ar+ Ar* + ¢ 6.2x10716 m3s! [24,25]
Ars + Ar —Ar + Ar 3x102! mis’! [24,25]
Arf+e+e— Ar+e 8.75x10¥T*° mds! [26]
O+e—0O2+e 4.7x104T 05 mPs™! [26]
O:+e—0+0+e 6.86x10"%exp(-6.29/Te) m3s™! [27]
O +e—O+e+e 5.47x10714 T32* exp(-2.98/Te) m’s’! (28]
O+e—O'+e+e 9x10715 T%7 exp(-13.6/Te) ms™! [28]
O2+e— O +e+e 2.34x10715 T exp(-12.29/Te) m3s™! (28]
O2+e—>0+0 1.07x10"5 T 1391 exp(-6.26/T¢) m3s™! [28]
O2+e—>0"+0+e+e 1.88x10710 T!19% exp(-16.81/T) m3s’! [28]
0" +02— 0+0s" 2x1077(300/T)%3 m3s! [26]
O +0"->0+0 4x10714(300/T)%44 m3s™! [28]
0 +0:*->0+0+0 2.6x1074(300/T)*4 m3s™! (28]
0O +02"—>0+0; 2.6x10714(300/T)4 m3s’! (28]
O +0—02+e 3x10716 ms’! [26]
0+0+0:— 02+02 3.81x10*2exp(-177/T)/T mSs™! [29]
O +Ar" — O+Ar 4x1074(300/T)%4* m3s! [30]
Ar+02" — Oz + Art 2.1x10717 m3s! [30]
Art+ 02 — Oz + Ar 4.9x10°7(300/T)* 8 + exp(-5027.6/T) m3s’! [31]
2.3. Model equations

The drift-diffusion equation!*! for electron density and mean electron energy are given by Eq.(1), where
n is the electron density, L. is the electron mobility , D. is the electron diffusivity and R.is the electron source
term.
Me | rn (E) — _ (1)
at e IJ'EE) Devne] - Re
The electron diffusivity D, , the energy mobility . and the energy diffusivity D, are given by Eq.(2),
Eq.(3) and Eq.(4), respectively:

De = peTe ()
5

he = S He 3)

De = peTe 4

The electron source term is given by Eq.(5), where x; is the mole fraction of the target species for reaction
j» kj is the rate coefficient for reaction j , and N, is the total neutral number density.



M
R, = Z x;kiNan, 5)
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The electron energy loss is obtained by summing the collision energy loss over all reactions as given by
Eq.(6), where Ag; is the energy loss of reaction.

P

RS = ijijnneAej (6)

j=1
For the dielectrics, the electric field, the electric displacement, and charge conservation laws are given by
Eq.(7), Eq.(8), and Eq.(9) respectively:

E=-VV 7N
D = gy¢.E (8)
V:-D=p 9)

Where E is the electric field, D is the electric displacement, € and & are the vacuum permittivity and dielectric
relative permittivity, respectively, and p is the surface charge density.

The boundary conditions for the electron flux and electron energy are given by Eq.(10) and Eq.(11),
respectively, where vy, is the threshold electron energy and v is the secondary electron emission coefficient.

n-T,= ( Vethne) (Zy] (T - n)) (10)
n- T, = ( Vethn) (Zy] &(T; n)> (11)

At the outer grounded electrode boundary, the electrical potential must be zero according to Eq.(12):

At the outer high-voltage electrode boundary the applied voltage is given by Eq.(13), where Vi, 54 is the
amplitude of the applied voltage and f'is the frequency:

V = —Vpax sin(2mft) (13)

3. Results and Discussion

3.1. Results of Ar/He mixture model: The role of dielectric relative permittivity

The behavior of Ar/He plasma mixture is analyzed under a 1 kV peak sinusoidal voltage at 13.56 MHz
frequency, at a gas temperature of 400 K and atmospheric pressure. The initial values of the electron, He" and

Ar* densities are taken as 2 x 10 m=, 1 x 10 m> and 1 x 10" m? respectively.

The influence of dielectric relative permittivity & on the electric field distribution is shown in Figure 3(a)
for & =2 and Figure 3(b) for & =12. In both cases, the spatiotemporal electric field shows double-peaked
structure with a positive peak near the right boundary and negative peak near the left boundary due to the
alternating nature of the applied RF voltage. These peaks reflect the local enhancement of the sheath fields
during different half-cycles of the RF waveform.

Interestingly, the peak values of the electric field are strongly affected by &,. For & =2, the positive electric
field peak reaches 12.2kV/mm, while the peak is much higher 41.8 kV/mm for & =12. This is consistent with
the dielectric effect on voltage drop: higher permittivity concentrates more of the voltage across the plasma



bulk, increasing the field strength inside it. Although the spatial spread of the field is more pronounced for &;
=2, the magnitude is significantly higher for £=12, leading to enhanced energy transfer to electrons.
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Figure 3. Spatiotemporal distribution of electric field strength for : (a) & =2; (b) & =12.

Since the electron temperature is directly linked to the local electric field through the energy gained from
the RF oscillations, the increased electric field at & =12 results in a higher electron temperature. The data in
Figure 4(a) confirm this, showing an increase in the electron temperature from 7.2 eV for & =2 to 19.1 eV for
e =12. As a consequence, the more energetic electrons enhance ionization rates, increasing the electron density
from 1.84x10" to 1.96x10* m=, as shown in Figure 4(b) this underlines the strong impact of dielectric

permittivity on the power deposition into the plasma via the modulation of the internal electric field.

Results of electron temperature (Ar/He) mixture

Results of electron density (Ar/He) mixture
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Figure 4. The effect of dielectric permittivity on Ar/He mixture characteristics: (a) Electron temperature; (b) Electron number. Density.

While &, has a clear influence on the plasma’s charged particle behavior, it does not affect the neutral gas
densities, since it does not alter the gas temperature. The densities of Argon and Helium gases remain constant,
governed solely by the fixed operating temperature and pressure. As shown in Figure (5a), the argon gas
density remain 1.83x10% m, which is orders of magnitude higher than the electron density. This abundance
of neutral Ar atoms provides a rich reservoir for electron impact reactions, particularly ionization and
excitation.

Due to the increased electron density and energy at higher &, the production of Ar" and excited argon Ars
increases. This is evident in Figure (6a) and Figure (7a) , where Ar™ density rises from 2.85x10'" to 2.33x10%
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m, and the excited species Ars increases from 1.54x10% to 1.37x10?! m?. These changes confirm that the
energy gain by electrons due to stronger fields significantly enhances the overall argon plasma chemistry.

On the other hand, helium behaves differently do to its low neutral gas density, which remains at 3.65x10'7
m, as shown in Figure (5b). This density is much lower than the electron density, meaning that helium species
are not dominant player in the plasma chemistry under the given conditions. As a result the densities of He"
and excited helium Hes show negligible variation with &, maintaining values around 1.12x10'"* m> and
1.83x10' m™ respectively, as seen in Figures (6b) and (7b). This indicates that although the electric field and
electron temperature increase, the scarcity of helium atoms prevents significant changes in their associated
reaction rates.
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Figure 5. The effect of dielectric permittivity on Ar/He mixture characteristics: (a) Ar number density; (b) He number density.
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Figure 6. The effect of dielectric permittivity on Ar/He mixture characteristics: (a) Ar" number density; (b) He" number density.



Results of Ars density (Ar/He) mixture

Results of Hes density (Ar/He) mixture
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Figure 7. The effect of dielectric permittivity on Ar/He mixture characteristics: (a) Ars number density; (b) Hes number density.

In conclusion, the dielectric relative permittivity significantly alters the internal electric field distribution,
which in turn affects the energy and density of electrons. These changes drive ionization and excitation
processes, particularly for argon due to its high neutral density. However species like helium, which are present
in much lower quantities, do not respond strongly to the same field changes. This analyses highlights the
importance of considering both plasma energy dynamics and neutral species availability in understanding the
effects of dielectric properties on plasma behavior. This can be seen in the experimental work of [**!, where
Norberg, S. A et al, evaluated how different dielectric substrates with permittivity in range 2—80 affect electric
fields, ionization waves, and electron temperatures in atmospheric-pressure argon plasmas. It showed that
higher &, increases electric field strength and ionization wave speed mirroring your observations relating & to
electron heating.

3.2. Results of Ar/O2 mixture model: The role of gas temperature

The influence of gas temperature on the plasma behavior in an Ar/O; mixture is investigated under 700
V peak sinusoidal voltage at 13.56 MHz, with a dielectric relative permittivity of 10, at atmospheric pressure.
The initial particle densities-electrons, Ar, O,*, O*, and O are 20 x 10'°m=, 10 x 10" m=, 10 x 10" m™,

10 x 10" m™ and 10 x 10' m respectively.

At constant atmospheric pressure; increasing the gas temperature reduces the total number density of
neutral particles, as described by the relation n, = 7.3416 x 10?! / T, 18], where n,and T, are the gas density
and gas temperature, respectively. This leads to a clear reduction in both argon and oxygen neutral gas densities.

As shown in Figure 7(a), the argon density decreases from 21x10%* to 12.2x10** m~, while Figure 7(b).
shows the oxygen density decreases from 32.1x10'¢to 18.6x10'® m. This decline in neutral species impacts
the frequency of electron-neutral collisions, reducing the number of inelastic interactions in the plasma.



Results of Ar density (Ar/02) mixture Results of 02 density (Ar/02) mixture
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Figure 8. The effect of gas temperature on Ar/O2 mixture characteristics: (a) Ar number density; (b) O2 number density.

The reduced collisions rate means that electrons lose less energy in each cycle of the RF field, causing an
increase in their average energy. This is illustrated in Figure 8(a), where the electron temperature rises from
13.3 eV to 19.2 eV as the gas temperature increases. However, the elevated electron energy does not lead to a
higher electron density. On the contrary, as shown in Figure 8(b), the electron density decreases from
16.1x10" to 13.5x10 m™. This seemingly paradoxical result can be explained by the strong dependence of
ionization rates not only on electron energy, but also on the availability of neutral gas targets. While energetic
electrons are more capable of inducing ionization, the lack of neutral atoms limits the overall rate of electron
production.

Results of electron temperature (Ar/O2) mixture

Results of electron density (Ar/O2) mixture
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Figure 9. The effect of gas temperature on Ar/O2 mixture characteristics: (a) Electron temperature; (b) Electron number density.

For argon-related reactions; this phenomenon is clearly observed. The ionization of argon (e + Ar — e +
e + Ar') and the excitation process (¢ + Ar — ¢ + Ars) both depend heavily on the density of neutral argon
atoms. As the argon density decreases, the rates of these reactions also decline. As a result, Figure 9(b) shows
the Ar* ion density decreasing from 31.5x10" to 23.7x10" m, while Figure 10(a) reveals a decrease in the
excited argon species Ars from 11.7x10% to 8.88x10% m=. These trends confirm that the reduction in neutral
gas density suppresses argon plasma chemistry, despite increased electron temperatures.



Results of Ars density (Ar/O2) mixture Results of Ar+ density (Ar/02) mixture
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Figure 10. The effect of gas temperature on Ar/O2 mixture characteristics: (a) Ars number density; (b) Ar* number density.

Oxygen-related reactions are similarly affected. The ionization of molecular oxygen (O, +e — O;" + e +
¢ ) leads to a decrease in O," ion density from 32.6x10'! to 18.1x10!" m, as shown in Figure 10(a). The
dissociative ionization process (O, + e — O" + O + e + ¢) is also limited, with Figure 10(b) showing a drop
in O" density from 46.2x10"" to 34.1x10'"" m-*. The reduced O, density weakens the formation of atomic
oxygen through the dissociation process (0> + e — O + O + ¢), and as seen in Figure 11(a) the O atom density
falls from 21x10'¢ to 12.3x10'® m=. Moreover, the dissociative attachment reaction (O, + ¢ — O + Q")
becomes less significant, leading to a reduction in O~ ion density from 49.3x10' to 32.3x10'> m>, as shown
in Figure 12(b).

Results of O+ density (Ar/O2) mixture

Results of 02+ density (Ar/O2) mixture
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Figure 11. The effect of gas temperature on Ar/O2 mixture characteristics: (a) O2" number density; (b) O" number density.
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Results of O density (Ar/O2) mixture Results of O- density (Ar/O2) mixture
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Figure 12. The effect of gas temperature on Ar/O2 mixture characteristics: (a) O number density; (b) O” number density.

Overall, these results illustrate that gas temperature significantly influences the plasma characteristics
through its control over neutral particle density. Although higher gas temperatures increase the energy of
electrons, they simultaneously reduce the number of collision partners. Consequently, the formation rates of
charged and excited species decline. This highlights the complex interplay between energy input and gas phase
composition in determining plasma behavior, and underscores the importance of neutral density as a
controlling parameter in high frequency atmospheric pressure discharges. The study of Zhang et all'), using
fluid simulations analyzed how neutral gas temperature alters plasma properties in argon DBD at atmospheric
pressure. This aligns closely with our findings on how gas temperature reduces neutral density and affects
electron behavior.

4. Conclusion

The comparative study of Ar/He and Ar/O, plasma mixture highlights the distinct yet complementary
roles of dielectric relative permittivity and gas temperature in shaping plasma characteristics under RF
excitation at atmospheric pressure. In the Ar/He mixture, increasing the dielectric constant significantly
modifies the internal electric field distribution, thereby enhancing electron heating and promoting ionization
and excitation particularly for Argon, which is present in high neutral density. Helium, due to its much lower
density, contributes minimally to plasma chemistry under these conditions.

In contrast, the Ar/O, mixture reveals how increasing the gas temperature reduces the neutral particle
density, which in turn limits electron-neutral collisions despite a rise in electron temperature. This results in
lower ionization and dissociation rates for both argon and oxygen; underscoring the dominant role of target
availability in sustaining plasma reactions.

Together these results emphasis the important of carefully controlling both dielectric properties and gas
thermodynamic conditions to optimize plasma performance. A strong electric field may increase electron
energy; but without sufficient neutral reactants, the plasma cannot sustain high levels of charged or excited
species. This interdependence between energy transfer and species availability must be considered in the
design and control of RF-driven plasma, especially for applications in atmospheric pressure environments.
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