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Abstract

In this work, a fluid model of helium glow discharge at atmospheric pressure in a dielectric barrier discharge configuration
has been developed and the discharge was numerically simulated. The transport equations for charged and excited species
are self-consistent coupled to the Poisson equation for the electrical field calculation. A finite difference method technique
is adopted; a detailed numerical procedure modeling is given. The addition of some nitrogen impurities to the helium suc-
cessfully reproduced the discharge evolution during the breakdown. The numerical results showed that the discharge has
a structure similar to DC low-pressure glow discharges and confirms the establishment of the glow regime at atmospheric
pressure under very adequate conditions. The profiles of physical and electrical discharge parameters knowing that, particle
densities, electric field, drift velocity, voltages and discharge current are presented and analyzed. A detailed study was made
of the effect of nitrogen impurities on the stability of the glow mode of the discharge, and on the evolution of its parameters.

Keywords DBD - Glow discharge - Plasma - Fluid model - Helium - Nitrogen impurities

Introduction

Dielectric barrier discharges (DBDs) can be used for gen-
erating of low-temperature plasma under atmospheric pres-
sure. As compared to the other types of gas discharge, the
simplicity in the configuration and absence of the vacuum
system of the DBD are obvious advantages for consideration
of industrial applications. DBDs are used in many industrial
applications, such as ozone generation [1, 2], decontamina-
tion [3, 4], lighting especially of UV light generation by
means of DBD excimer lamps [5, 6], the manufacture of
plasma display cells [7], modification and surface treatment
[8—11] and semiconductor manufacturing. This type of dis-
charge can be produced when at least one of the electrodes is
covered by a dielectric layer, such as glass, quartz or ceram-
ics. An alternating voltage or a repetitively pulsed power
source can be used to power the DBD cell. The function of
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the dielectric layer between the electrodes is to prevent the
formation of arc discharge and to limit the current discharge.

A space gap of a few mm is commonly recommended
in this case. In order to generate the plasma, the minimum
peak-to-peak applied voltage must be higher than the break-
down voltage of the gas.

At atmospheric pressure, we distinguish two forms of
discharge:

The homogeneous discharge more precisely in glow
mode, the physical parameters of this type of discharges
can be controlled in space and in time which makes it
possible to treat the surface more uniformly.

Otherwise, the parameters of the filamentary discharge
are random and difficult to control. The filamentary and
the homogeneous modes can often be readily distin-
guished with the human eye, because the homogeneous
discharge forms are uniformly distributed over the elec-
trode area, whereas the filamentary discharge consists of
spatially divided filaments [12].

Due to small discharge geometries (the gap between
electrodes generally does not exceed a few millimeters), the
understanding of discharge physics is rather difficult, and
numerical modeling is therefore an important tool for plasma
discharge diagnostics.
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DBD modeling can be classified into physical modeling
and electrical modeling. Electrical modeling is the mode-
ling by constructing an electrical circuit to characterize the
overall discharge behavior of the DBD. The electrical mod-
eling can be used to predict the external quantities such as
external current and voltage [13—16]. On the other hand, the
physical modeling is based on theoretical model such as the
ionization and fluid models. The physical modeling is com-
monly used to predict the interaction phenomena between
the electrons, ions, molecules and metastables states in the
discharge [17].

In the case of a glow discharge where the radial structure
of the plasma parameters is homogeneous over the entire
volume, the 1D model is rather advisable and has the great
advantage of reducing the computation time unlike the two-
dimensional model.

With regard to the discharge characteristics of DBD,
numerical work shows that homogeneous DBD in helium
at atmospheric pressure has two different discharge modes:

The glow mode and the Townsend mode. Homogeneous
DBD in glow mode has discrete discharge structures simi-
lar to DC glow discharges at low pressures. On the other
hand, the DBD in Townsend mode has no quasi-neutral
region but a positively charged space region, the electric
field is not significantly altered in the discharge region,
and the current density and electron density are relatively
small compared to those of the glow mode [18, 19].

In this paper and in the order of 1 atm of pressure, we
developed a 1D fluid model of a glow DBD in helium with
a certain level of nitrogen impurities, taking into account
the most significant chemical reactions. In fact, the amount
of nitrogen added in helium is very small (~ 100 ppm), but
its effect on the discharge behavior is very important, which
has not been discussed in previous work in 2013 and 2016
for researchers in the same context in the laboratory group of
electrical discharge and their applications in Oran. Algeria
[20, 21]. The goal therefore is the study of the spatiotempo-
ral evolution of the discharge parameters in a plane and par-
allel dielectric barrier configuration by means of numerical
simulation. By the use of the finites differences method, this
is adapted to the numerical processing of the model equa-
tions (already used in our preceding works [22-24]). The
parametric behavior of the discharge is analyzed according
to the optimization of the external parameters such as the
width of the discharge gap, the thickness of the dielectrics,
amplitude and frequency of the external voltage.

The paper is organized as follows: after a general intro-
duction, Sect. 2 describes the DBD geometry. Fluid model
descriptions, numerical procedure, simulation parameters
and initial-boundary conditions are introduced in Sects. 3,
4,5 and 6, respectively. Section 7 is devoted to interpretation
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of the results. The influence of the impurity rate on the dis-
charge physical parameters is presented in Section 8.1. Sec-
tion 8.2 is dedicated to the effect of impurity on the electrical
properties of the discharge, and Sect. 9 summarizes the main
conclusions and final remarks.

DBD geometry

A schema of the DBD reactor considered in this numeri-
cal work is depicted in Fig. 1. In this DBD modeling, it is
assumed that the discharge region is filled with He-plasma
distributed uniformly along the planes parallel to the elec-
trode surface, which enables a 1-D approach to be used for
the description of theoretical formulation. The numerical
simulation treats the parallel-plate DBD reactor with double
dielectric barriers of a=0.1 cm in thickness and are sepa-
rated by a plasma region of which gap distance d is 0.5 cm.
The relative permittivity of the dielectric barrier material
is £,=10.

Fluid model descriptions

A self-consistent fluid model is used for the description of
low-temperature plasma generated by a DBD at atmospheric
pressure, based on a set of balance equations derived from
the Boltzmann transport equation. The one-dimensional
description considering the axial component x of the plasma,
only, assumes in a first approach that the main characteristics
of the discharge are not influenced by radial effects.

The Poisson equation for the electric field and the equa-
tions of continuity and momentum for all the considered spe-
cies are solved in a self-consistent way [25]. The resolution
of our system of equations is to couple the Poisson equation
for the electric field to the transport equations for all species
of particles taken into account in our model (Table 1).

The momentum equations are simplified by using the
drift—diffusion flux approximation. The governing equations
for discharge are [27-29]:
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Fig.1 Schema a parallel-plate DBD reactor with double dielectric
barriers
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Table 1 List of chemical reactions considered for a He-N, discharge
and their rate coefficients [17, 26]

Reaction Coeff Value Ref
Direct ionization

He+e—He*+2e Qionis AE) [17]
Direct excitation

He+e—He +e Ay fE) [17]
Stepwise ionization

He"+He" —»He"+He+e kg, fE) [17]

Penning ionization
He'+N,—»He+N,"+e &
Radiative recombination

5%x107%cm’s  [26]

He"—He" +hv ke 7x10%s7! [26]
Conversion of metastables
He"+2He — He, +He kom 25x107 ¥ ecmbs  [26]

For electrons:

on(x,t) 9 _
—5 Tl =560 M

For positives ions:

on,(x,1) 4
p —
E” + afp(x, 1) =S8,(x,1) 2)

For the excited particles (helium metastables state):

on,(x,t) 9 e I

T + Ex m(-xs t) - m(xs t) - m(x’ t) (3)
ne(x, 1), ny(x, 1) and n,(x, 1) are electron, positive ion num-
ber and excited particles densities, respectively. I'.(x, ?),
I(x, 1) and I',(x, 1) are their flux. The flux densities for

electrons, ions and excited particles have the form:

I (x, 1) = —pn(x,)E(x, 1) — %(Dene(x, 1)) )

L (x, 1) = pyny(x, DE(x, 1) — %(Dpnp(x, 1)) 5)

I (x z)=—i(D Ny (x, 1)) (6)
m b ax m''m ’

E(x, 1) is the electric field, y, and y, are the mobility’s
of particles, and D, Dp, D, are diffusion coefficients for
each type of particle.

The source terms S,(x, f) and Sp(x, 1) for electrons and
ions are given by Radu and Bartnikas [17, 26] and [30]:
Se(x, 1) = S,(X, 1) = igis (X, DN pene (x, DE(x, 1)

7
+ ke (X, D116 (X, D1y (X, 1) + K1, (06, DN @

The generation term G, (x, f) and loss term L, (x, ¢) for
helium metastables atoms adoptees in our model according
the works of Radu and Bartnikas are:

G,(x, 1) = a.,(x, )Nu.n(x, )E(x, 1) (8)

Ly (x, 1) = ke (X, D1y, (X, 1) + Ky, (X, DNy

9
+ K (X, 1) + gy 110 (X, IN? ©)

For the calculation of electric potential, Poisson’s equa-
tion must be included in the model:
0? q
EV()C, nH= —% ("p(X, 1) — n(x, 1)) (10)
g=1602x 107" C is the elementary charge.
£o=38854x 107!* F/cm is the free space permittivity.
The electric field is the negative gradient of the electric
potential:

E(x,f) = —%V(x, ) (11)

The electrical properties, i.e., the applied voltage, the gas
voltage and the discharge current, are represented according
to the following equations:

Vapp() = Vi sin 2zf X 1) (12)
Knowing that V, is the amplitudes and fis the frequency
of the applied voltage.

t

Vg(t) = Vapp(t) - vsd(t) = Vapp(t) - CLsd / Id(x7 t) dr (13)

Ty

Note that:
t d
Id(x,t)=|q|-S//[Fe(x,t)—Fp(x,t)]dxdt (14)
fh 0

With Vi, () is the voltage of the solid dielectrics and Cgy
its capacitance, S is the area of the electrode.

Numerical procedure

Equations. (1), (2), (3) and (10) are partial differential equa-
tions, and the numerical procedure based on finite difference
method with an implicit scheme of time [31] is used in their
discretization (Fig. 2).

The inter-electrode space is divided into N+ 1 equal spa-
tial intervals in x direction, where i =0 is the boundary point
at the left position and i =N+ 1 is the boundary point at the
right position, Ax the spacial steps along the x axis and At
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Fig. 2 Gird for 1-D finite difference scheme

being the time step; superscripts k and k+ 1 refer to time
# and !, respectively (#*'=r*+ Ar). Knowing that k=1
means the initial time and k=N is the final time.

After discretization, Eqs. (1) and (2) have the form:

qoktt _ ek T ekl _ pek+l
i i 3 T _ gk (15)
At Ax i
1 1
gt _ ok T Pl _ prkt
i - i+3 T _ gk (16)
At Ax !

The 1-D numerical processing of the excited particles
equation and Poisson equation Egs. (3) and (10) according
to the centered finite difference method is given as follows:

mk+l _ mk mk+1 _ mk+1 mk+1
" " _p Mgy AT g = G
At m Ax2 L
a7
K+l Akt k1
Vi+1 2‘/, + ‘/[—1 _ _i(np,k _ e,k) (18)
Ax? g\ ! i

Vk+l V((+l Vk Vk+l
Ek+1 - _ i+1 i EfL = i
l+- ( Ax ’ i—% Ax (19)

The superscripts e, p, m in Egs. (15), (16) and (17) repre-
sent the species of electrons, positive ions and metastables
state.

After implementation of exponential form for fluxes of
electron and ion densities (Scheme of Scharfetter and Gum-
mel) [32], the relations (4) and (5) become:

For flux of electron:

1 1 ekl k1 et Z
reftt = — [ pett Z,) —nSSH Do | ————
i+% Ax [nl i €xp ( 1) nH—l i+1 exp (Zl) -1

(20)
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zZ
1:‘1:/{;1 _ Aix [nf,k+1Df,k+l exp (7,) - ”ﬁleDﬁklﬂ]'eXp (ZI) —
(21
where
ek+1 ek+1
= (- v i
DS+ DY

e,k+1 ek+1
”l’ +Hl’1 k+1 k+1
z2=( e (A o)

Dek+1 + De k+1
i

Flux for ion density has the same form like flux for electron
density.

By inserting the relations (19), (20) and (21) into Egs. (15),
(16), we get:

AtAlnEk“ + (Ax + Aty ) + ArAsn Ot

“+ AxAtaf Npn EF 22)

Kk 4 AxAtk,,n"

= xnl.

+ AxAik: n

AByA 4 (Ax + ABy ) 4+ AtBynl !
*+ AxAta®

1omsN”€ ekEk (23)
+ AxAKE n*n* 4+ AxAtk,,n!"

emz mp

= Axn

where

e.k+1
—Z ( Ax )Di+1
'Toexpz) -1

s

Z, <Ax >Dek+1

Z2<$)Df,k+1
27 Texp(z) - 1

. y4
) ez T

e.k+1
_ZZ<AX)D1 1

= . Z,).
3 xpZy) — 1 exp(Zy)

The coefficients B;, B,, B; for ions have the same form as
A, A,, A; for electrons.

After arranging, the equation for excited particles (17) and
Poisson’s Eq. (18) take the form:

— AtD nm k41

mi—1
Atszkk e, k m k

k k
- AtAk,,n - Amxzkz,,,n;” N?
(24)

— AtD, 1+ (AX? + 241D, )0
= szn;”k + AtAx*al Nypgn ekEk

2 m,k
— AtAxky,,n." Ny,
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k1 k+1 k 29 ( pk ek
ViR =2t v = —an L (- et
€ (25)

The iteration procedure for equations of the electrical
properties in the points of the grid (Fig. 2) is presented as

follows:

ko_ ~ k
Vi = Var sin (2nf x ") (26)
1 [<
k_yk _yk —yk _ L
Ve = Vo = Vsa = Vap C Z Ly 11 At 27
sd | k=1 #2432
with
(k=N i=N-+1 1
Ip =lql-S <F:.kl - F,Ti)“” (28)
"3 | k=1 =0 2 2 |
[k=N i=N+1 7
Ly =lal-S| X (Ff_”i —F{i’i)Axm 29)
2 == 2 2 |

Equations (22), (23), (24) and (25) are the system of
linear equations which are solved by Thomas’s algorithm.
Details will be given in literature [33, 34].

Simulation parameters

All constants and coefficients necessary to carry out the cal-
culations have been taken from the work on atmospheric
pressure helium discharges presented by Radu and Bartnikas
[17,26]:

The electron diffusion coefficient is a function of electric
field given by the relationships:

if E <3040 V/cm
if E > 3040 V/cm

— 3( 1ECeD]
D) = 5,43 x 10° (L2221 ) oy
D,(x,1) = 5,43 X 10° cm?/s
The ionization coefficient and the excitation coefficients
are, respectively, represented in function of electric field by
the relationships:

Naionis(xs t) =0
Naonis(x,1) = 9.32 X 1075 (|E(x, 1) - 2280)“em™!

for E <2280 V/cm
for E > 2280 V/cm

and

Nag (x,1) =0
Natg, (x,1) = 1.54 x (|E(x, )] — 2280)*6cm™!

for E <2280 V/cm
for E > 2280 V/cm

The stepwise ionization coefficient is defined as:

for £ <380V/cm

Ko (6, 1) = 0
Ko (6, 1) = 3.03 x 1079(|E(x, )| = 380)%* cm3/s  for E > 380 V/cm

Table 2 gathers the simulation parameters which are neces-
sary in our modeling.

Boundary and initial conditions

Because the discharge under study is a DBD, the effect of
the dielectrics covering the electrodes needs to be taken into
account in the model. On the interface between the dielectric
and the plasma, the influence of charge accumulation on the
dielectric material o is considered using Gauss’s law:

-

=
. >
£DielEDiel cUy — £gasEgas ‘U, =0

It is the boundary conditions for the electric field in Pois-
son’s equation, where Ep,; and E,,, are the electric field inside
the dielectric and in the gas discharge, respectively, u, is the
unit vector pointing normal to the wall, where the charge
accumulation takes place [35]. o is the surface charge den-
sity on the dielectric, calculated from the charged particle flux

directed to the surface at cathode and anode, respectively, by:

06()|cy

——C0 = g (L1 + 7o)
ot

aG(l‘)lAnod

— = =la(r,-T,)

The boundary values of electric potential at the two elec-
trodes are:

At the left electrode: V=V,

At the right electrode: V=0 V.

The boundary values of space density and flux particles at
cathode are:

I, = —yml"p, Vnp =0,Vn, =0
At anode:
Vn,=Vn, =Vn, =0

As an initial condition for the simulation, electrons, ions,
metastables state and surface charge are uniformly distrib-
uted in the discharge gap with an initial density [36, 37]:

Table 2 Definition of constants and coefficients for simulation

Parameter Symbol  Value Ref
Pressure P 760 torr

Electron mobility He 987 cm*V's  [26]
Ton mobility Hp 14 cm?V s [26]
Ion diffusion coefficient D 0.354 cm?s  [26]

0.6 cm?/s [26]
12.56 cm?

Secondary emission coefficient Vsec 0.1

Metastable diffusion coefficient D
Electrode surface S
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ne(t =0) = n,(t = 0) = 10°(cm™)
n, (t = 0) = 10°(cm™>)
o(t = 0) = 107%(C/em?)

Results and discussion

The DBD simulation conditions in He—N, mixture with a
rate of N, is 100 ppm at atmospheric pressure are considered
as follows: the discharge gap is d=0.5 cm, the amplitude V,,
of the voltage source is 1.3 kV, while the frequency is fixed
at 10 kHz. The dielectric thickness is a=0.1 cm. The time
step is 107 s.

The value of gas capacitance and equivalent capacitance
of two dielectric barriers were calculated, respectively,
according to these equations [38]:

g+ S
C,= 2 =222pF
co= %S o R
sd — 2a - . p

The profiles of the applied voltage V,, (1), the gas volt-
age V, (#) and the discharge current /; (1) during one cycle
of applied voltage are illustrated in Fig. 3.

The duration of the discharge is about 5 ps (time interval
t,—t,) for the positive half cycle of the applied voltage, in
this time interval, there is a sudden increase in the current
from 1 to a maximum of 32.1 mA for the positive peak of
the I;, in the negative alternation of V., the discharge cur-
rent keeps its behavior but in the sign (—) and the peak value
of the negative peak reaches 33 mA, and the profile of the
discharge current remains exactly the same from one cycle
to another, i.e., it has the same periodicity as the external
voltage. In our case, this behavior of the discharge current
shows that there is only one breakdown per half cycle of the
applied voltage, and this is the most important feature of the
glow regime of DBD under atmospheric pressure.

For the temporal variation of the gas voltage V, during
one period of V. the voltage V, increases from 705.3 V
at time =0 s to 1.2 kV for =9 ps, which corresponds at
the instant just before the first discharge appears. A value of
1.2 kV of voltage sufficient to maintain the breakdown of the
gas, the fall of V,, after the moment of the peak of the current
causes the extinction of the discharge and during the next
half cycle of V., a new negative voltage V, will trigger the
ignition of the second discharge and so on for the cycles Fol-
lowing, the profile of the gas voltage during the time interval
of the discharge follows the profile of the discharge current.

Therefore, at each half cycle of the discharge, the accu-
mulation of charges in the inner layers of the dielectric bar-
riers generates an opposite voltage called dielectric voltage

@ Springer
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Fig.3 Time variation of the calculated values of applied voltage
VApp(t), gas voltage Vg(z) and discharge current /4(f) during one cycle
of applied voltage

Via which in turn reduces the voltage V, and causes the
extinction of the discharge avoiding the formation of the
electric arc and consequently the generation of cold plasma.

When the calculation of the electric field is directly pro-
portional to the electron and ion densities, we have cho-
sen to represent the characteristics of the discharge for the
helium—nitrogen impurities at atmospheric pressure in only
one figure.

Figure 4 shows the numerical results of the spatial dis-
tribution of the electric field as well as the electron and ion
densities obtained at the time when the discharge current is
maximal (at =10 ps).

The discharge characteristics have similarities to those
appeared in the dc glow discharge at low pressure, and they
are distinguished by four discharge regions featuring the
typical glow mode.

First, a cathode fall region exists where the electric field
drops drastically from a maximum value of about 16.5 kV/
cm to nearly zero because of large positive space charges
near the cathode; in this region the density of ions reaches
a maximum value of 4.7 x 10'! cm™ and a maximum of
3.6x 10" cm™ for the electrons. Thickness of the cathode
fall is about 0.29 mm. At the cathode, the ions are the major-
ity with respect to the electrons, because the electrons leave
this region quickly under the effect of drift in the presence
of a strong electric field and leaving behind them a quantity
of the positive ions. Near the cathode, the electron density is
small but never zeros (n,~2 X 107 cm™) because the cathode
region is the source of electron generation by the second-
ary emission process, which is taken into account in our
modeling.

The second region that corresponds to negative glow
extends to 0.73 mm in thickness, where the electron and
ion densities are equal and the electric field remains low.
Then, the electric field increases and the electron and ion
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Fig.4 Spatial distributions of electric field, electron density and ion
density at the maximum of the discharge current. The cathode is on
the left side and the anode on the right side

densities are very close: it is the Faraday dark space. Its
thickness is of the order of 1.4 mm. In this zone, a small
negative space charge is formed.

The 4th observed zone occupies the most space: it is the
positive column, a region of electrically neutral plasma.
Its width is 2.58 mm, and the electric field is constant. The
value of this field is relatively low and close to 2 kV/cm.
The electron and ion densities are equal; with a density is
approximately 2 x 10' cm™. In this region, the mobility
of the electrons is reduced because of their interaction
with the ions.

In our case, the helium metastables are included in
the model; the spatial distribution of the density of these
excited particles at the moment when the discharge current
is maximal is shown in Fig. 5

The distribution profile of the metastables density is
very similar to the profiles of the electron and ion den-
sities; with a maximum density calculated in the region
of cathode fall is reached 6.3 x 10" cm™3, it is constant
in the area of the positive column and its value is about
1.2x10" ecm™.

In terms of validation, our numerical simulation results of
the discharge parameters were very similar to the results of
the work in the same context, namely the result of literature
[39-44].

In this paragraph, we present a study on the kinetics of
electrons and ions in helium in a glow discharge at atmos-
pheric pressure.

The mobility of electrons and ions characterizes the speed
with which an electron or ion can move through a medium,
when driven by an electric field, while we find that the neu-
tral and excited metastables particles tend to diffuse by the
influence of the diffusion coefficient since their mobility is
null.

Discharge gap (cm)

Fig.5 Spatial distribution of the Helium metastables density at the
moment when the discharge current is maximal

When an electric field E is applied, electrons and ions
respond by moving with a mean velocity called drift velocity.

The drift velocity is a parameter defined by the product
of the mobility and the electric field W,=sy; E, with y; is the
mobility of the particles of type i and s is a parameter which
is 1 for the positive ions and — 1 for the electrons, the drift
velocity closely depends on the value of the electric field.

Figure 6 shows the variation of electron drift velocity W,
and ion drift velocity W), as a function of the electric field at
an impurity rate of 100 ppm of N,. The electron and ion drift
velocities vary linearly with the electric field, the electrons
move with a much greater velocity than ions under the effect
of the electric field, drift velocities reach up to 3.4 X 107 cm/s
for electrons and 4.8 x 10° cm/s for the positive ions when
the electric field is maximum, the electrons are about 71
times faster than the positive ions, this is due to the fact
that the electrons are very light because of the difference
in mass between them and the ions, they quickly acquired
kinetic energy in the presence of an intense electric field
which is responsible for their very fast movement, while the
very heavy ions remain almost immobile compared to the
electrons.

Influence of the impurity rate

Impurity effect on physical properties

In this part of work, we have varied the concentration rate
of nitrogen as an impurity present in the gas with rates,
respectively, 150 ppm, 100 ppm, 70 ppm, 50 ppm and

10 ppm; under the same previous conditions of the dis-
charge, we will study the influence of the impurity rate

@ Springer
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Fig.6 Evolution of the electron and ion drift velocity as a function of
the electric field

on the evolution of charged and excited particles, as well
as the spatial distribution of the electric field at the time
when the discharge current is maximal.

Figures 7 and 8 show, respectively, the spatial evolu-
tion of the electron and ion densities for different impu-
rity rates. These figures clearly show that the densities of
electrons and ions increase with increase in impurity rates,
for example at 150 ppm of nitrogen impurities, a peak of
about 7x 10'! cm™ for electron density and 8 x 10! cm™
for ions in the cathode fall region. A growth in the genera-
tion of charged particles almost two times compared to
100 ppm and more than seven times compared to 50 ppm,
this increase in densities continues in Faraday dark space
and positive column zones. This increase at the level of the
charged particles is due to the penning effect, as an indica-
tion, the percentage of the presence of the N, molecules
in gas promotes the generation of the electrons in more
and consequently of the positive ions He* following the
reaction of ionization penning:

He* + N, — He + Nj +e.

For 150 ppm, 100 ppm, 70 ppm and 50 ppm, the dis-
charge keeps its glow regime and at a rate less than or equal
to 10 ppm, the densities of electron and ion are very low,
and its profiles do not correspond to glow mode of the dis-
charge at atmospheric pressure. Note that this difference in
discharge behavior at < 10 ppm is attributed to the fact that
the contribution of the Penning effect to electron production
is lower when the nitrogen concentration is decreased. The
loss of electrons by recombination becomes predominant
and is no longer compensated by the electronic production
by the process of ionization and direct excitation.
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Fig. 7 Spatial distribution of the electron densities for various nitro-
gen impurities level

The influence of impurity rates on the spatial distribution
of the electric field (Fig. 9) appears mainly in the regions of
cathode fall and positive column. At 100 and 150 ppm, there
is a contraction in the area of the cathode fall (< 0.3 mm),
while the area of the positive column widens (>2.5 cm). The
electric field is very intense near the cathode due to the high
space charge in the area of the cathode fall, low and constant
in the positive column. On the other hand, at 70 and 50 ppm
of N, the positive column decreases and the length of the
cathode fall increases.

At arate= 10 ppm, the electric field is very weak and no
distinct zone of the glow discharge appears.
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Fig.8 Spatial distribution of the ion densities for various nitrogen
impurities level
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Contrary to what is observed in Figs. 7 and 8, Fig. 10
shows that the densities of metastables increase when the
concentration of N, molecules in the gas is decreased, and a
density peak close to 2.5x 102 cm™ is observed for 10 ppm,
which is almost 13 times larger than the maximum density
recorded at 150 ppm; this shows that the effect of Penning
ionization at high impurity levels dominates the other pro-
cesses in terms of generation and loss of metastables and
accelerates the rate of its destruction.

Figure 11a—d, respectively, shows the effect of the N,
impurity at concentrations of 150 ppm, 100 ppm, 50 ppm
and in the case of without impurity on the evolution of drift
velocities of electrons and ions. The variations of the drift
velocities are very different in all cases between electrons
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Fig. 10 Spatial distribution of the metastables densities for various
nitrogen impurities level
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Fig. 11 Evolution of the electron and ion drift velocity for various
nitrogen impurities level and without impurity

and positive ions. They increase gradually with the increase
in the electric field values in the case of concentrations of
150 ppm, 100 ppm and 50 ppm. At a maximum electric
field of 17.4 kV/cm, they reach a maximum value estimated
at 4x 10" cm/s for W, and 5.6 x 10° cm/s for W, at a con-
centration of 150 ppm and do not exceed a maximum of
1.8 x 107 cm/s and 2.7 x 10° cm/s for W, and W, respec-
tively, at a concentration of 50 ppm. At case without impu-
rity, W, and W, are very slow and constant because the elec-
tric field is weak and almost invariable and their maximum
values do not exceed 4.4 x 10° cm/s for the electrons and
6.3 % 10* cm/s for ions. As an indication, W, and Wp in the
case of 150 ppm are about 9 times larger than W, and W,
in the case of without impurity. This confirms the appar-
ent effect of the N, impurity concentration in the gas on
the electrically charged particle drift velocities, since the
high concentrations of impurities increase the electric field
values as previously demonstrated in (Figs. 7 and 8), which
increases the velocity of plasma species because of its strong
coupling to the electric field.

Impurity effect on electrical properties

Let us discuss in this part the influence of the N, concen-
tration on the electrical properties of the discharge, in par-
ticular the gas voltage, i.e., the discharge voltage and the
discharge current. We chose to plot the results for a three
different levels of nitrogen impurities: 150 ppm, 100 ppm
and without impurity (0 ppm).

The sinusoidal applied voltage is imposed by the exter-
nal supply of the discharge at an amplitude is fixed at
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Fig. 12 Impurity influence on the temporal variation of the gas volt-
age

1.3 kV. In Fig. 12, a remarkable influence of the nitro-
gen impurities is observed on the time profile of the dis-
charge voltages. For the positive half cycle of the applied
voltage, the onset discharge voltage is 810 V at 150 ppm
which is higher than the onset voltage of the discharge for
100 ppm (~705 V), while it does not exceed 117 V in the
case of without impurities; then, they increase steeply up
to a maximum value of 1436 V for 150 ppm and 1115 V
at 100 ppm which correspond to the moment of the first
breakdown of the gas and the ignition of the discharge,
but the voltage in the case of without impurities remains
very low (~ 195 V) and much lower than the voltage of the
breakdown of the gas, which never leads to the appearance
of the discharge. For the next half cycle of the applied
voltage, the same process is repeated for the values and
forms of the voltages but with an opposite sign.

Therefore, the effect of increase in the impurity concen-
tration is directly proportional to the increase in the dis-
charge voltages, which in turn accelerates the appearance
of the discharge.

The results obtained confirm that the absence of impuri-
ties in the gas does not lead to any discharge (Fig. 13).

The influence of the impurities is manifested on the posi-
tive and negative peaks of the discharge current; for exam-
ple, a value of (44.3 mA and —49.1 mA), respectively, for
+ and — peaks recorded at 150 ppm of nitrogen and (32 mA
and —33.2 mA) recorded per 100 ppm of N,, On the other
hand, a zero current is observed for the whole of time in the
case without impurities due to the impossibility to reach the
minimum value of the breakdown voltage in this case.

The increase in current intensity is due to the abun-
dance of electrons and positive ions (electric charge car-
riers), whenever the concentration of impurities is large
(demonstrated results in Figs. 7 and 8). The increase in the
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Fig. 13 Influence of impurity on the temporal variation of the dis-
charge current

concentration of impurities somewhat accelerates the onset
of the first discharge and reduces its duration.

Conclusions and final remarks

A 1-D fluid simulation of homogeneous dielectric barrier
discharge at atmospheric pressure in He—N, mixture has
been developed in a parallel-plate geometry, while adopt-
ing the assumption of the approximation of the local electric
field.

Due to the rapid evolution of physical phenomena in the
plasma and the strong coupling between the particle trans-
port equations and the Poisson’s equation, we must adopt
a very adequate computation time step. These calculations
were made possible in a reasonable computation time using
a very efficient implicit numerical scheme ‘unconditionally
stable’ of the finite difference method for the momentum and
momentum transfer equations.

The simulation results for the variation of the discharge
current well reflect the behavior of a glow discharge (pres-
ence a single peak of current per half period) and a spatial
structure of the electric field; electron and ion density are
similar to that for an ordinary DC glow discharge a low pres-
sure is formed during the breakdown. This confirms that
the uniform DBD in atmospheric helium is a glow type
discharge.

At atmospheric pressure condition, glow discharge can
be stable and dependent on the external parameters of dis-
charge, i.e., the amplitude and frequency of external voltage,
width of the discharge gap and thickness of the dielectric
barriers. The values of these external parameters have been
mentioned in the “Results and discussion” section.

Our model indicates that Penning ionization of nitrogen
impurities by helium metastables plays a major role; it is



Journal of Theoretical and Applied Physics (2019) 13:179-190

189

the dominant ionization mechanism in the discharge which
strongly exceeds direct ionization, direct excitation and step-
wise ionization. The effect of increasing the level of impu-
rities is evident in increasing the velocity of the charged
particles, in the discharge current peaks and the discharge
voltage.

Without the addition of nitrogen impurities, no gas break-
down occurred and the simulation gave no results. As well,
this type of ionization can occur at low electric field levels,
which helps to maintain the discharge under these condi-
tions and to produce more charged particles. We therefore
conclude that Penning ionization is a necessary mechanism
for obtaining a glow discharge at atmospheric pressure.
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