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Abstract

:

A numerical simulation of a pulsed floating electrode dielectric barrier discharge (FE-DBD) at atmospheric pressure, used for melanoma cancer cell therapy, is performed using a plasma model in COMSOL Multiphysics software. Distributions of electron density, space charge, and electric field are presented at different instants of the pulsed argon discharge. Significant results related to the characteristics of the plasma device used, the inter-electrodes distance, and the power supply are obtained to improve the efficiency of FE-DBD apparatus for melanoma cancer cell treatment. The FE-DBD presents a higher sensitivity to short pulse durations, related to the accumulated charge over the dielectric barrier around the powered electrode. At higher applied voltage, more energy is injected into the discharge channel and an increase in electron density and electric consumed power is noted. Anticancer activity provided by the FE-DBD plasma is improved using a small interelectrode distance with a high electron emission coefficient and a high dielectric constant with a small dielectric thickness, allowing higher electron density, generating reactive species responsible for the apoptosis of tumor cells.
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1. Introduction


In the past decades, cold plasma discharge generated at atmospheric pressure has received an increasing amount of attention due to the outstanding quality it offers and the vast range of applications in the medical field, such as bio-sterilization, skin regeneration, wound healing, teeth bleaching, blood coagulation, and engineering of biomaterial and tissues [1,2,3,4]. Recently, it was shown that this plasma-activated medium could be a potential anti-tumor drug for the treatment of cancer cells, and this treatment could be a promising approach to chemotherapy [5,6,7].



Most biomedical devices using cold plasma discharge implement dielectric barrier discharge (DBD) to provide a higher intensity and more adaptable and controlled discharge [8,9,10,11]. Accordingly, plasma is generated between a powered voltage electrode and a grounded one, separated by an insulating dielectric layer. DBD plasma could be ignited by an alternating or pulsed voltage with magnitudes in kilovolts and frequencies in kilohertz to ensure capacitive coupling.



The floating electrode dielectric barrier discharge (FE-DBD) presents a novel approach specially developed for biomedical applications, with a high practical potential for cancer cell treatment [12]. In this configuration, FE-DBD devices do not contain a grounded electrode, which is replaced by affected living tissue or organ and, technically, a sustained discharge is activated between a covered dielectric driven electrode and a specimen surface applied with a floating (free) potential. To ignite plasma, the distance between the working electrode and the surface being treated is approximately 3 mm, depending upon the form, polarity, and the applied voltage signal period.



The first interest in this type of discharge is to be able to place the smooth surfaces and biological living tissues to be treated in direct contact with the plasma volume while maintaining an important electric field and a continuous flow of charged particles, which makes a significant contribution during biomedical treatment and removes bacteria colonizing these surfaces [13]. The second interest is related to the dissipated energy, which results in a high chemical reactivity [14].



In the medical treatment of living tissue with FE-DBD plasma, three dispositions of electrodes devices were provided to accommodate the treatment of different sizes and configurations of samples that are clinically used and experimentally tested [15]. Experimentally, the floating electrodes, coupling with dielectric barrier discharge introduced into gas plasma sources development, have improved their performances.



This approach for novel cancer therapy is healthy and safe for animal and human tissue treatment, preventing any visible or microscopic tissue injury [16,17]. The ability of FE-DBD plasma to treat various types of cancer effectively by selectively killing cancer cells without deterioration of surrounding tissues was tested [18,19] and the dose plasma that caused minimal immediate toxicity was experimentally identified [20].



Subsequently, a comparative study of two plasma sources (floating-electrode dielectric barrier discharge and atmospheric pressure argon plasma jet) on cancer cell therapy performed by Bekeschus [21] illustrated that the plasma technique has genuine potential for practical cancer therapy, and the total number of tumor cells injected under the skin of mice decreased significantly after 24 h following treatment. Recently, Adil et al. [22] illustrated that breast cancer, which frequently develops drug resistance during chemotherapy, can be effectively treated by FE-DBD plasma in vivo and in vitro models.



Despite the high level of interest, there are surprisingly few numerical reports dealing with FE-DBD discharge and analyzing the effect of various study parameters on this discharge behavior. Consequently, numerical studies of DBD discharge ignited by the pulsed voltage at atmospheric pressure were carried out to provide more details on the mechanism of discharge behavior and breakdown.



Simulations of nanosecond pulsed dielectric barriers discharge in atmospheric pressure air were presented by Bak et al. [23] where a reversal was predicted in gap potential due to the accumulated charge, even when there was no reversal in applied potential. Furthermore, the electrical characteristics of the atmospheric pulsed dielectric barrier discharges in different working gases and at varying frequencies was discussed based on a 1-D fluid model [24,25]. Subsequently, a fluid dynamic model of floating electrode was performed by Joo [26] and compared with three other boundary conditions: grounded, dielectric, and surface charge density to simulate a plasma processing system. More recently, the interaction of atmospheric He plasma jets, generated at kHz µs-pulsed voltage, with metallic targets was investigated by Viegas [27] through simulations and experiments, focused on the differences between floating and grounded targets. In addition, a numerical evaluation of the efficiency of a FE-DBD plasma intended for microbial inactivation was illustrated by Arserim [28], who described distribution of reactive species within the plasma system.



In this study, a two-dimensional (2D) simulation of the FE-DBD operated with argon gas for melanoma cancer cells therapy is developed using COMSOL Multiphysics 5.4 software to investigate the structure and the dynamics of the discharge. The simulated discharge is generated at atmospheric pressure and at room temperature between the surface treated and a powered electrode charged with high pulsed voltage (magnitudes in kilovolts and frequencies in kilohertz) and enveloped by a quartz dielectric barrier to significantly decrease the ignition voltage of nonthermal arc discharges.



The results are studied in terms of density of electrons, space charge distribution, and evolution of the electric field in the interelectrode space for plasma argon, chosen because of its broad use in biomedical applications and its role for killing bacteria [29]. The influence of various operating parameters, such as the pulse frequency, the magnitude of the high voltage, the secondary emission coefficient, the interelectrode distance, and the dielectric barrier capacity on the discharge behavior are discussed and analyzed to have a better understanding of the mechanism involved.




2. Configuration of Argon FE-DBD Plasma Generator


The device generating a FE-DBD argon plasma employed in this paper is presented in Figure 1. This configuration has been used other experimental research [30,31].



The present device is composed of a cylindrical copper rod (7 mm diameter) isolated in a quartz tube with an outer diameter of 8 mm and an inner diameter of 7 mm, to limit the risk of occurrence of an electric arc. This powered electrode is connecting to a high DC power supply capable of sending short and repeated voltage pulses, and the second electrode is connected to the ground of the latter. This leaves a gap of 2 mm where the argon carrier gas is injected. The voltage generator delivers high voltage pulses varying from 5 kV to 10 kV with a variable frequency and pulse duration (respectively, from 1 Hz to 10 kHz and from 250 ns to 1.75 μs). The repetitive monopolar rectangular voltage pulses operate with rise and fall times of approximately 80 ns [32].




3. Simulation Model


3.1. Elementary Process and Basic Equations


A two-dimensional, cylindrical symmetric coordinate system for modelling the pulsed FE-DBD in argon at atmospheric pressure is presented in this article using a self-consistent fluid approach in COMSOL Multiphysics 5.4 [33].



The simplest set of equations are the fluid equations with various constitutive relationships for the drift velocities, diffusion coefficients, ionization coefficient, and attachment coefficient, associated with Poisson’s equation for solving the electric field. The details for this model can be found elsewhere [34].



The 2D time-dependent continuity equation for analyzing the dynamic distribution of electrons, ions, and neutral particles defined by


   ∂  ∂ t    (   N *   )  + ∇ ·  Γ *  =  S *   



(1)




where N is the particle number density having a particle flux density  Γ  with subscript * specify e, i, and np, for electrons, ions, and neutral particles, respectively; S is the particle source term.



Using the drift-diffusion equation approximation, the particle flux density can be determined by:


   Γ e  = − (  μ e  E )  N e  − ∇  (   D e   N e   )   



(2)






   Γ i  = −  (   μ i  E )  N i  − ∇ (  D i   N i   )   



(3)




where E is the electric field, D is the diffusion coefficient, and  μ  is the mobility.



Only the diffusion component must be considered in the flux for treating the neutral particles:


   Γ  n p   = − ∇ (  D  n p    N  n p   )  











The rate of change of the electron energy density is described by


   ∂  ∂ t    (   N ε   )  + ∇ ·  Γ ε  + E ·  Γ e  =  S  e n    



(4)






   Γ ε  = − (  μ ε  E )  N ε  − ∇  (   D ε   N ε   )   



(5)




where    N ε    is the electron energy density,    S  e n     is the energy loss or gain due to inelastic collisions, and    μ ε    and    D ε    are, respectively, the electron energy mobility and the electron energy diffusivity.



According to the Einstein formula, the electron mobility, the electron diffusivity, the electron energy mobility, and electron energy diffusivity satisfy the relationships:


    D e  =  μ e   T e    ,    μ ε  = ( 5 / 3 )  μ e      and    D ε  =  μ ε   T e    



(6)




where    T e    is the electron temperature and the relation between the mean electron energy    ε  a v g     and the electron temperature    T e    is:


   T e  = ( 2 / 3 )  ε  a v g    



(7)







These equations are coupled with Poisson’s equation for the calculation of the electric field. The Poisson equation and the electric field are given as follows:


  ∇ · (  ε 0   ε r  E ) = − e  (   N e  −  N p   )   



(8)






  E = − ∇ V  



(9)




where ε0 is the relative permeability of air, εr is the dielectric constant, V is the electric potential, and e is the electric charge.



The plasma chemistry used in the simulation study is given in Table 1. The rate coefficient of reactions 1–5 and the electron transport properties were calculated by the Boltzmann equation for free electrons in two-term approximations. The species in the reactions are indicated as the argon ground state (Ar), argon metastable state (Ars), argon ion (Ar+), exited argon dimer (Ar2), and argon dimer ion (Ar2+).



In addition to volumetric reactions, the following surface reactions, shown in Table 2, are implemented in the model.




3.2. Initial and Boundary Conditions


Initially, the atmospheric DBD plasma generated between two electrodes is considered. A dielectric thin film with a specific dielectric constant of 3.8 and a thickness of 0.5 mm is conformally deposited on the anode. The background gas is argon at ambient temperature (p = 760 Torr, T = 300 K, and gas density N = 2.45 × 1019·cm−3). The interelectrode distance is fixed at 2 mm and the electrode has a circular section with a radius of 3 mm.



A DC generator provides a high pulsed voltage to the powered electrode with rectangular signal of an amplitude of 10 KV, a pulse width adjusted to 1 μs, falling or rising time approximately 80 ns, and a repetition rate of 10 kHz, to apply a sufficient uniform discharge in the gap. This type of discharge enables a safe and healthy plasma treatment of the living tissue characterized by dirty, wet, and irregular surfaces.



Three initial Gaussian plasma spots in both radial and axial directions along the cylindrical anode are introduced:


   N e     (  r , z  )    t = 0   =  N 0  e x p  [  −    (   r   σ r     )   2  −    (    z −  z 0     σ z     )   2   ]     



(10)




where N0 = 1020 m−3, z0 = 1.8 mm, and σr = σz = 0, 1 mm for three radial positions r = 0; 0.5, and 1 mm.



The boundary conditions are shown for illustration:



Positive ions fluxes are fixed at zero and electron fluxes are evaluated according to the Newman boundary condition at the anode.



All positively and negatively charged fluxes are estimated using the Neumann boundary condition.



Each of the radially derivative densities are fixed at zero at the open boundaries.



The electron emission current from the cathode is proportional to the incoming positive ions current:


     Γ e   →  = γ ∑    Γ i   →   



(11)







The secondary electron emission by positive ions coefficient γ is equal to 0.02, whereas the secondary emissions by neutral particles and photons fluxes are neglected.



Gradient density of neutral particles ∇Nnp = 0 and gradient density of positive ions ∇Ni = 0 are set to zero at the surface of the dielectric.



Furthermore, charge accumulation on the insulating surface, which is adjacent to the gap, can be calculated through the equation:


    d σ   d t   = n ·  J i  + n ·  J e   



(12)




where σ is the surface charge densities accumulated on the dielectric barrier attached to the powered electrode, and n∙Ji and n∙Je represent the normal component of the total ion and electron current densities, respectively, at the surfaces of the dielectric barrier.




3.3. Computational Method


The numerical results obtained in this paper were calculated using the plasma module in COMSOL Multiphysics software 5.4. Differential equations were solved using the finite element method [35].



To simulate the evolution of discharge, a cylindrical domain of 10 mm radius and a height of 8 mm was selected. The computational domain is shown in Figure 2. The total number of grid cells is Nz × Nr = 1865 × 365 by taking special steps of 1 μm in the vicinity of the anode and the plane anode. Through the interelectrode space (discharge volume) variable steps are included in the radial direction, which vary from 2.5 μm to 200 μm, and a fixed step of 9 μm in the axial direction is used to reach a stable and accurate solution. The integration time step is fixed at 2.5 × 10−13 s, which is required to improve the convergence and the stability of the numerical model.





4. Results and Discussion


4.1. Electric Discharge Characteristics (Current-Voltage Waveform)


The instantaneous applied voltage pulse correlated with the current pulses in rise and fall times of the applied voltage, displayed in Figure 3, shows the standard behavior of a capacitive discharge signal [36,37].



The discharge current shows a first positive peak after the beginning of a high voltage pulse (at t = 50 ns), which corresponds to a first discharge in the reactor. A second current peak of negative polarity is observed at the end of the pulse, which indicates that a second discharge occurs in the reactor due to the accumulation of charged species on the dielectric during the first discharge. Furthermore, the high-frequency induction current generated in gas plasma can be divided into two components. The first one corresponds to the displacement current, produced by circuit capacitance during the rising or the falling of the supplied voltage, and the second one is the discharge current resulting from plasma generation.




4.2. Dynamic of the Discharge Formation


The electron density is among the main parameters in plasma study because it controls the physics and chemistry processes of the discharge. Figure 4 shows the distribution of electron density for different instants of pulse discharge during the rising and falling edges of the pulsed applied voltage.



At first, the initial electron density follows the Gaussian distribution model (t = 225 ns), then it is reproduced by ionization effect and therefore accumulates throughout the dielectric anode surface (t = 250 ns). This inhomogeneous charging causes a radial field to reach a peak value. Simultaneously, the number of positive ions dominate in the gap and a secondary electron emission provided by the cathode increases the electron density again, and an exponential growth of the electrons and ions densities extends over several nanoseconds. The nonlinear ionization potential wave comprises a plasma channel growing from the dielectric to the cathode (t = 500 ns). When the plasma reaches the cathode (t = 1100 ns), the gradient of the electron density distribution reaches its highest value. A secondary discharge appears at the end of the voltage pulse (falling edge) due to the accumulation of charged species on the dielectric during the first discharge [38].



Figure 5 shows that the plasma is dominated by the nonlinear space-charge effect. This causes a plain region around the density peak of electrons followed by steeper axial gradients than the diffusion dominated undistorted Gauss distribution.



The space charge dominates over all the gap area, leading to a development of a fast cathode directed discharge characterized by a large electron density and a high electric field in its front of ionization. The discharge is distinguished by a high and uniform electron concentration along the axis: the radius of the channel increases in the direction of the cathode and the cathode layer is restricted in the proximity of the cathode [39].




4.3. Electric Field Distribution


The contours of electric field for different instants of pulse discharge are shown in Figure 6. At the beginning, the distortion of the electrical field by space charges is negligible. At t = 400 ns, the field in front of the dielectric is reduced by absorbed electrons on the dielectric from the primary avalanche. A radial field reaching a peak value of approximately 1 kV/mm is created due to the non-uniform charging area.



The heavy and slow positive ions remaining in the gap leads to an intensified field enhancement with a peak value of 1.8 kV/mm at z = 1 mm (t = 500 ns). Because of multiplication of the delayed electrons from secondary processes, the field enhancement due to positive ions increases until the ionization rate overcompensates the electron loss due to drift and discharge is initiated. The nonlinear ionization potential wave forms a plasma channel, which grows from the dielectric to the cathode. The dynamic of the discharge is determined by the current continuity, the displacement current outside the plasma is transformed into the convection current inside [40,41]. The value of the electric field in the bulk is approximately 3–4 kV/mm (t = 800 ns).



When the discharge reaches the cathode, a glow discharge with a voltage drop (cathode fall) is established with constant value of the electric field of approximately 16 kV/mm (t = 1100 ns) in front of the cathode. The field enhancement shows a slow radial expansion.




4.4. Effects of Model Parameters


The average electric power consumed during discharge to generate plasma is a characteristic quantity generally used to characterize the plasma device. Its value is obtained by averaging over a period T of the product of instantaneous current and voltage [42]:


   P  a v g   =  1 T    ∫  0 T  i  ( t )  × u  ( t )    d t  



(13)







The averaged electron density Ne and the averaged dissipated power density    P  a v g     are investigated under different operating conditions to have a better understanding of the mechanism involved and to improve the efficiency of the plasma system.



The evolution of the average electric power and the electron density close to the cathode with different pulse durations is presented in Figure 7. This figure shows that this power is very dependent on the duration of the pulse when the latter is less than 1 µs. If the pulse duration is too short, the discharge occurring on the falling edge (approximately 80 ns) of the pulsed voltage interferes with the discharge initiated during the preceding rising edge, which increases the volume recombination in the interelectrode gap while reducing the intensity of the conduction current as well as the power consumed.



The behavior of the average electric power consumed and the electron density close to the cathode as a function of the amplitude of the voltage pulse is presented in Figure 8. The average power increases gradually from 0.8 to 7 W, with the applied voltage with the applied frequency fixed at 10 kHz. As shown in the figure, the electron density increases fairly with increasing voltage. The increase in the electron density with the applied voltage is due to the injection of more energy into the discharge channel at higher applied voltage. The electron density ranges from 5 × 1019 m−3 to 1.5 × 1020 m−3. This result is in accordance with the previous study [43].



As shown in Figure 9, with the increase in the secondary electron emission coefficient (γ), the electron number density increases, and the power consumed decreases, which means that for large γ more electrons are generated in the gap during the discharge and flows into the cathode sheath, resulting in the increase in electron number density Ne.



Hence, the secondary electron emission coefficient has a clear effect on improving the electrical characteristics of the pulse discharge to reduce power consumed and on a higher peak value of Ne. These results are in accordance with the previous studies, presenting a development of the argon discharges driven by a supplying high-voltage nanosecond pulse [44].



To investigate the dependence of the electrical characteristics of pulse discharges on different gap widths (dg), the powered electrode covered by 0.5 mm quartz dielectric thickness is considered, and the dg from 1 to 3 mm is used. Figure 10 shows the evolution of electron number density Ne and the consumed power as functions of dg. Indeed, with increasing dg, the quasi-neutral plasma area increases, and a peak value of Ne is obtained. In addition, for large dg, the consumed pressure decreases. The value of Ne reaches its maximum at approximately dg of 3 mm, and P keeps decreasing with increasing dg.



Figure 11 shows the electron density and the consumed power versus the dielectric constant εr for discharge to explore its influence on pulse discharges and electron number.



Fixing the gap width at 2 mm and changing the dielectric constant of the dielectric covering the powered electrode from 4 to 8 with a thickness of 0.5 mm show that increasing the capacitance of dielectrics leads to an obvious rise of the electron density created in the first discharge. Therefore, electrons flow increasingly toward the powered electrode and accumulate on the dielectrics.



As a result of simulation, a large dielectric constant requires more generation of charged particles in the gap, and the consumed power increases.



In addition, the effect of dielectric thickness on pulse discharges is analyzed, dg is fixed at 2 mm, and the powered electrode is covered by a quartz dielectric surface. The thickness ds of the dielectric varies from 0.05 to 0.2 cm.



According to Figure 12, when increasing ds, the variation of all characteristic quantities is the same as when decreasing εr, (Figure 11). This resemblance can be explained by the decrease in the capacitance of dielectrics for lower εr or higher ds, and the decrease in the charged-particle density generated in the gap during the discharges. Consequently, the net charged-particle density accumulated on dielectrics decreases, and then the consumed power decreases.




4.5. Discussion


In the current study the FE-DBD plasma is investigated as a cold atmospheric plasma source used for melanoma cancer cell treatment. The FE-DBD plasma treatment initiates a complex cascade of biochemical processes leading to cell death many hours and even days following the treatment. The increase in reactive oxygen species (ROS) and reactive nitrogen species (RNS) is the main trigger that initiates tumor cell death. The specific responses here are apoptosis, growth inhibition, cell cycle arrest, DNA and mitochondrial damage, and even immunogenic cell death [45].



Thus, the anticancer effect generated by the FE-DBD plasma is mediated by reactive species that are produced by the cold atmospheric plasma and can be improved with higher electron density and less consumed power [46].



First, the study results show that the pulse duration has a great impact on plasma during cancer treatment, and the optimal pulse width used for the power supply is approximately 1 µs. Second, a small interelectrode distance, a higher dielectric constant, and a small dielectric thickness are recommended to achieve a higher value of electron density responsible for generating reactive species that initiate the apoptosis of tumor cells. In addition, increasing the secondary electron emission coefficient enhances the electron number density and then anticancer effect with less consumed power.





5. Conclusions


In this paper, numerical investigation of low temperature FE-DBD plasma excited by voltage pulses used for melanoma cancer cell treatment was performed. The distribution of electron density in the FE-BDB discharge consists of a plasma channel growing from the dielectric to the floating electrode during the rising and falling edges of the pulsed applied voltage.



Moreover, the influence of operating conditions on the characteristics of the plasma discharge is discussed and analyzed to prevent unwanted arcing during plasma treatment, improve efficiency of FE-DBD plasma device, and stimulate the antiproliferative effect of plasma on melanoma cancer cells therapy. The results show that the following:




	–

	
The electrical diagnostics revealed a higher consumed power with higher applied voltage.




	–

	
The pulse width plays a crucial role in the development of the discharge due to the charge accumulation over the dielectric barrier covering the high voltage rod electrode.




	–

	
The large electron number density with small-consumed power is obtained through the increasing of the secondary electron emission coefficient.




	–

	
For small interelectrode distance, the breakdown of the gap occurs earlier, thus a wide area of the quasi-neutral plasma bulk is obtained, and a peak value of electron density is achieved.




	–

	
The production of electrons is proportional to the barrier capacity, whereas the influence of the capacity on the dynamics of the discharge is negligible small: when εr decreases or ds increases, or V and Ne decrease, the peak value of electron density nearby the cathode gets smaller.









In conclusion, the optimal pulse duration used for the power supply is approximately 1 µs. In addition, a small interelectrode distance with high electron emission coefficient and a higher dielectric constant with a small dielectric thickness are recommended to achieve a peak value of electron density in order to generate reactive species that are responsible for initiating the apoptosis of tumor cells.
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Figure 1. (a) Photograph of the plasma device of floating electrode dielectric barrier discharge (FE-DBD) and (b) schematic sectional representation of the FE-DBD treatment electrode operating with argon. 
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Figure 2. Computational domain of simulation. 
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Figure 3. Typical waveforms of the applied voltage and the anode current measurement of the FE-DBD argon plasma supplied at a frequency of 10 kHz, pulse duration 1 µs, and an applied voltage of 10 kV. 
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Figure 4. Distribution of electron density between the electrodes of the FE-DBD argon plasma for different instants of pulse discharge supplied at an applied voltage of 10 kV, a frequency of 10 kHz, and pulse duration 1 µs: (a) voltage rising edge (t = 225 ns, 250 ns, 305 ns, 400 ns, 500 ns, 700 ns, 800 ns, 1000 ns, and 1100 ns) and (b) voltage falling edge (t = 1280 ns, 1305 ns, 1330 ns, 1355 ns, 1400 ns, 1500 ns, 1600 ns, 1700 ns, and 1800 ns). 
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Figure 5. Space charge between the electrodes of the FE-DBD argon plasma for different instants of the rising edge of pulse discharge supplied at an applied voltage of 10 kV, a frequency of 10 kHz, and pulse duration 1 µs (t = 305 ns, 400 ns, 500 ns, 800 ns, 1000 ns, and 1100 ns). 
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Figure 6. Electric field strength distribution between the electrodes of the FE-DBD argon plasma for different instants of the rising edge of pulse discharge supplied at an applied voltage of 10 kV, a frequency of 10 kHz, and pulse duration 1 µs (t = 305 ns, 400 ns, 500 ns, 800 ns, 1000 ns, and 1100 ns). 
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Figure 7. Evolution of electric power consumption and electron number density with different pulse duration. Voltage magnitude of 10 kV, pulse duration of 1 µs with repetition rate of 10 kHz. 






Figure 7. Evolution of electric power consumption and electron number density with different pulse duration. Voltage magnitude of 10 kV, pulse duration of 1 µs with repetition rate of 10 kHz.



[image: Coatings 11 01405 g007]







[image: Coatings 11 01405 g008 550] 





Figure 8. Evolution of the electron density and the electric power consumption with different pulse duration. Voltage magnitude of 10 kV, pulse duration of 1 µs with repetition rate of 10 kHz. 
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Figure 9. Evolution of electron number density Ne and consumed power P with different secondary emission coefficients. 
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Figure 10. Evolution of electron number density Ne and consumed power P with different interelectrode distance dg. 
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Figure 11. Evolution of electron number density Ne and consumed power P with different εr. 
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Figure 12. Evolution of electron number density Ne and consumed power P with different dielectric thickness ds. 
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Table 1. Reactions induced in the model along with their rate coefficients.
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	R. No
	Formula
	Rate Coefficient
	Ref





	1
	e + Ar → e + Ar
	Boltzmann equation
	[32]



	2
	e + Ar → e + Ars
	Boltzmann equation
	[32]



	3
	e + Ars → e + Ar
	Boltzmann equation
	[32]



	4
	e + Ar → 2e + Ar+
	Boltzmann equation
	[32]



	5
	e + Ars → 2e + Ar+
	Boltzmann equation
	[32]



	6
	Ars + Ars → e + Ar + Ar+
	5 × 10−10 cm3 s−1
	[33]



	7
	Ars + Ar → Ar + Ar
	3 × 10−15 cm3 s−1
	[33]



	8
	Ar+ + 2Ar → Ar2+ + Ar
	2.5 × 10−31 cm3 s−1
	[33]



	9
	e + Ar2+ → 2Ars
	5.4 × 10−8 Te0.66 cm3 s−1
	[33]



	10
	2e + Ar+ → Ars + e
	5 × 10−27 Te4.5 cm6 s−1
	[33]



	11
	Ar2 + Ar → 3Ar
	10−14 cm3 s−1
	[33]



	12
	Ars + 2Ar → Ar2 + Ar
	10−31 cm6 s−1
	[33]
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Table 2. Surface reactions.






Table 2. Surface reactions.





	R. No
	Formula
	Sticking Coefficient





	1
	Ars ⇒ Ar
	1



	2
	Ar+ ⇒ Ar
	1
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