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Abstract—A one-dimensional numerical simulation of a homo-
geneous dielectric barrier discharge has been carried out for a
nonequilibrium helium–oxygen mixture plasma to understand the
influences of oxygen additive on its discharge characteristics at
atmospheric pressure. The numerical results obtained by solving
continuity equations for plasma species and Poisson equation
show that, depending on the amount of oxygen added, the ho-
mogeneous barrier discharge turns out to have two fundamental
modes: glow and Townsend. When oxygen is rare, the discharge
has similar characteristics to the direct current glow discharge
at low pressure. As the oxygen additive increases, the discharge
characteristics of the glow mode are destroyed and changed into
the Townsend mode. The reason for this mode transition is due
to the fact that oxygen plays an important role both in quenching
helium metastables and in attaching electrons on it in the plasma.
As a practical method of sustaining the glow mode even with
high oxygen concentration in the discharge, adjustment of the
frequency of applied driving voltage is introduced. The numerical
simulation reveals that the glow mode recovers from the Townsend
mode by increasing the frequency while the amount of oxygen
is highly contained. Finally, discharge operation regimes for the
glow and Townsend modes are numerically obtained, which are
dependent on both oxygen additive and applied frequency.

Index Terms—Atmospheric helium, dielectric barrier dis-
charge, glow mode, numerical simulation, oxygen additive,
Townsend mode.

I. INTRODUCTION

THE DIELECTRIC barrier discharge (DBD), which has
been traditionally used for ozone generation, is one of the

most important nonequilibrium plasma sources at atmospheric
pressure [1]. Although the DBD usually generates spatially
nonuniform streamers [2], it has been reported that the DBD
could produce a homogeneous glow plasma experimentally
at certain conditions: with helium discharge gas and/or in
high frequency (a few kilohertz) discharge operation [3]–[5].
And some numerical studies on the homogeneous DBD have
been also carried out to understand its discharge mechanism
[5]–[8]. This homogeneous DBD is very useful especially for
the surface treatment of materials and the sterilization process
taking advantage of its uniform plasma characteristics [9]–[11].
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As for the discharge characteristics of DBD, recent numer-
ical work has reported that the homogeneous barrier discharge
in helium at atmospheric pressure has two different discharge
modes: glow mode and Townsend mode [6], [12], [13]. The ho-
mogeneous barrier discharge at the glow mode exhibits discrete
discharge structures that are similar to those of direct current
(dc) glow discharges at low pressures, and it is usually called
the atmospheric pressure glow discharge (APGD). On the other
hand, the barrier discharge at the Townsend mode does not have
a quasi-neutral region but a positively charged space region.
Electric field is not greatly changed within the discharge re-
gion and both current density and electron density are relatively
small compared with those of the glow mode [6]. Meanwhile,
lots of DBD applications require oxygen to produce its chemi-
cally active species (CAS), such as O and . However, oxygen
deteriorates sustenance of the glow mode because it quenches
helium metastables and tends to induce electron attachments.
Therefore, understanding of the influences of oxygen additive
to the helium discharge gas on the discharge mode is essen-
tially needed to sustain the glow mode which has strong electric
field, thick sheath region, and particle densities denser than the
Townsend mode has.

In this numerical work, a one-dimensional (1-D) numerical
model of the homogeneous DBD has been developed for the
nonequilibrium helium–oxygen mixture plasma at atmospheric
pressure. First, when the oxygen quantity added in helium is
very small (about a few ppm), discharge characteristics of the
helium APGD are investigated by solving continuity equations
and Poisson equation. Next, mode transition of the DBD from
the glow mode to the Townsend mode is illustrated by increasing
the amount of oxygen additive. Then, the dependence of mode
transition of the DBD on both oxygen quantity and driving fre-
quency is discussed for maintaining the glow mode.

II. NUMERICAL MODEL AND COMPUTATIONAL METHODS

A. Description of Modeling Geometry

A schematic diagram of the DBD reactor considered in this
numerical work is depicted in Fig. 1. In this DBD modeling, it is
assumed that the discharge region is filled with a helium–oxygen
mixture plasma distributed uniformly along the planes parallel
to the electrode surface [5], which enables a 1-D approach to
be used for the description of theoretical formulation. The 1-D
numerical simulation treats the parallel-plate DBD reactor with
double dielectric barriers of cm in thickness. The bar-
riers cover two electrodes at cm and cm,
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Fig. 1. Schematic diagram of the 1-D DBD simulation model for a
parallel-plate DBD reactor with double dielectric barriers.

respectively, and are separated by a plasma region of which gap
distance is 0.3 cm. The dielectric barrier material is alumina
( ) with a relative permittivity of 8.0.

B. Governing Equations

The physical properties of electrons, ions, and neutral species
of helium and oxygen are described by the following 1-D con-
tinuity equations [14]:

(1)

(2)

where , , and are the number density, drift velocity, and
source-sink term of the species, respectively. The drift mo-
tions of charged particles are determined mainly by their mo-
bility ( ) influenced by electric field since their diffusion
motions are relatively negligible in the direction of discharge.
In case of neutral particles (e.g., helium metastable), their drift
velocity is set to be zero. The electron mobility is obtained from
the electron energy distribution function (EEDF) [15]. In this
numerical work, the electron mobility is calculated in the range
of the reduced electric field from 1 to 100 Td, and its calculated
results show a rapid drop from 2100 to 850 cm for 1 –
10 Td while they gradually increase from 850 to 980 cm
for 10–100 Td. The mobilities of helium ions are chosen as

cm and cm [16],
[17]. For computing the source-sink term in possible reaction
processes, their reaction rate constants are listed in Tables I and
II. Elementary processes in the helium plasma given in Table I
are based mainly on [6]. In the tables, the rate constants related
to electron collision are also calculated from EEDF, which is
explained in Section II-D. In Table I, represents the ex-
cited helium combined in two metastable states of and

, and is a simplified form of the helium excimer
molecule . Initial values of electron density, helium
metastable density ( ), and helium excimer molecule density
( ) are all taken as cm as the seed particles for dis-
charge ignition. Initial densities of the two helium ions ( ,

) are half the value of the electron density for charge neu-
trality. Initial oxygen density is varied according to oxygen ad-
ditive conditions and other densities of the oxygen-related par-

TABLE I
ELEMENTARY REACTION PROCESSES IN HELIUM DISCHARGE

TABLE II
ADDITIONAL REACTION PROCESSES IN THE PRESENCE OF

OXYGEN ADDITIVE IN HELIUM DISCHARGE

* Reaction rate has to be calculated from the EEDF, but a constant value is
used in this work for the sake of simplicity.

ticles are set to vanish. All of these particles are assumed to be
distributed uniformly throughout the discharge region.

A rational cubic interpolated propagation (RCIP) scheme is
employed to solve the continuity equations numerically and to
minimize the numerical diffusions in their solutions [23]. The
following Poisson equation (3) for the electric potential is used
for calculation of the electric field and solved by the second-
order finite difference method (FDM) and the tridiagonal matrix
algorithm (TDMA):

(3)

(4)

where is the electron charge, and are the densities of
electron and positive ion, respectively, and means the dielec-
tric permittivity.

The electric current density in the discharge region is found
by Sato’s equation with the time-dependent applied voltage
[24]:

(5)

where is the permittivity of free space and is the applied
voltage. The contribution of negative ions to the current is not
included here.
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C. Boundary Conditions at the Plasma-Barrier Interfaces

The total electron flux coming out from the cathode bar-
rier can be assumed to be equal to the sum of secondary emis-
sion flux generated by incoming ions and electron desorption
flux from the barrier [25]:

(6)

where is the secondary emission coefficient on the barrier,
is the electron desorption frequency, and is the electron sur-
face charge density. In this numerical modeling, is assumed
to be 0.01 and is 10 [6]. Secondary emissions by the
photo-effect are not considered in this work where all the metal
electrodes are covered with dielectric barriers. The process of
photoemission from the dielectric surfaces is negligibly small
for atmospheric-pressure helium plasma, because most of the
photons are in the visible range, as in the case of nitrogen [25],
and their energy is too small to emit the electrons. Secondary
emissions by the metastables are also found to be unimportant
in the previous work [12], [25]. Therefore, secondary emissions
by the metastables and photon fluxes are neglected.

At the plasma-barrier interfaces, the surface charges of posi-
tive ion and electron are assumed to be accumulated by the in-
coming ion and electron fluxes from the plasma region and dis-
sipated by the recombination process between themselves [25].
And the electron desorption from the barrier to the plasma is
also suggested as a loss mechanism of electron surface charges.
As a result, the surface charge densities of electron and ion (
and ) are expressed as follows:

(7)

(8)

where ( ) is the ion-electron recombination coeffi-
cient. Charge losses to the electrodes through the barriers by
conduction are not considered here because the barrier material
we used is alumina which has an extremely low electrical con-
ductivity ( cm).

For solving the Poisson equation (3), the boundary condi-
tion at the plasma-barrier interfaces needs to be carefully exer-
cised because of variance in the dielectric constant and surface
charges accumulated on the barriers. Applying the Gauss the-
orem to (3) at the interface, the boundary condition is derived in
the following 1-D form:

(9)

where and are the electric potentials on the plasma and
dielectric barrier sides, respectively. Initial values of the surface
charge densities ( and ) are taken as cm at the both
sides of the barriers.

D. Boltzmann Equation Solver for EEDF

In weakly ionized gases, some reaction coefficients, like ion-
ization rate and excitation rate, are not constant values, but are
dependent on electric field as electron mobility and diffusion

coefficients are. In high-pressure discharges, electrons and ions
are assumed to be in equilibrium depending only on the re-
duced electric field , where is the neutral particle den-
sity, and the equilibrium is directly related to the distribution
function of electron energy . This hydrodynamic
assumption has been typically used for nonthermal atmospheric
plasmas [5], [7], but the general need for taking into account
the nonequilibrium nature in the cathode fall region has been
recently raised where the electrons have small kinetic energy
(about 0.5 eV) that is not enough to reach equilibrium with the
high electric field [26], [27]. However, this nonequilibrium na-
ture of the cathode fall region is not included in this study for
simplicity. The field-dependent physical coefficients are calcu-
lated by using EEDF obtained from the solution of the spa-
tially homogeneous Boltzmann equation:

(10)

The EEDF in this equation is easily found from a numer-
ical Boltzmann equation solver, BOLSIG [15]. The field-depen-
dent reaction coefficients are then evaluated from the following
integrals including the electron distribution function :

(11)

(12)

where and are the rate coefficient and cross section of
reaction. The evaluated coefficients have been listed in a tabular
form according to values, and used for the calculations
during the present discharge modeling.

III. SIMULATION RESULTS AND DISCUSSIONS

A. Helium–Oxygen Atmospheric Pressure Glow Discharge
(He- APGD)

Fig. 2 describes the time evolution of the calculated discharge
current density and gas voltage during one and a half cycles of
an applied voltage. The figure shows a steady-state situation and
it takes three cycles of the applied voltage, i.e., the transient time
is 300 , to reach this state at 10 kHz. The amount of oxygen
concentration is 5 ppm added in helium at atmospheric pressure,
which is a very rare additive, and a sinusoidal voltage of 10 kHz
with a peak value of 1.5 kV is applied to the DBD reactor. These
current and voltage curves show the typical discharge pattern of
helium APGD, which has a single current peak in every half
cycle of the applied voltage. The present simulation results, a
peak current density of 6.4 mA cm and a rapid drop of gas
voltage at the current peak, are very analogous to those obtained
in the others’ numerical work and experiments on DBD [5]–[7].

The spatial distributions of electric field, electron density,
and ion density are plotted in Fig. 3 when the discharge current
is in its maximum state at . The discharge charac-
teristics shown in Fig. 3 for the He- APGD 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
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Fig. 2. Time evolution of the calculated discharge current density and gas voltage during one and a half cycles of an applied filed in the helium–oxygen glow
mode for oxygen density of 5 ppm and frequency of 10 kHz.

Fig. 3. Spatial distributions of electric field, electron density, and ion density for a phase of maximal current in the glow mode appearing in Fig. 2 (
 : cathode
fall, b
: negative glow, c
: Faraday dark space, d
: positive column).

the electric field drops drastically from a maximum value
of about 21 kV/cm to nearly zero because of large positive
space charges near the cathode. Thickness of the cathode fall
is about 0.6 mm and the ion density reaches up to the largest
value of 2.9 cm . Second, a negative glow region
extends to 0.3 mm in thickness. In this region, the plasma is
nearly quasi-neutral and electron density has its highest value
of 1.1 cm . Third, a Faraday dark space grows to a
thickness of 1.6 mm. Electron is more abundant than ion and
both electron and ion densities are distributed with low values
over the discharge region. Lastly, there is a relatively narrow
positive column of 0.5 mm from the anode with electron and
ion densities of about 2.0 cm in a nearly constant
field of 3 kV/cm. The origin of the positive column formation
in the APGD by an ac voltage operation differs from that in the
dc glow discharge in a cylindrical tube reactor at low pressure.

The former origin is due to the finite time of the field shielding
[6], while the latter is generated because of the recombination
of charged particles at the wall of discharge tube [28].

After passing the current peak where the electric field has
its highest value during the discharge, the electric field begins
to rapidly decrease and the electrons created during this pulse
discharge are trapped in the positive column between two major
pulse discharges because of the low accelerating field in it.
When the polarity of field is reversed, these trapped electrons
begin to flow suddenly and induce a small current peak, called
“residual current peak” [5]. This residual current peak is also
identified by the present numerical work and shown in Fig. 4.
This current is a trace of the positive column and an indication
that lots of electrons in the discharge gap are reserved suffi-
ciently for producing the next breakdown under the low electric
field, and thus for sustaining the APGD.
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Fig. 4. Residual current peak due to the trapped electrons between two major single discharges. This graph is a magnified figure of Fig. 2.

Fig. 5. Time evolution of the calculated discharge current density and gas voltage during one and a half cycles of an applied voltage in the helium–oxygen
Townsend mode for oxygen density of 20 ppm and frequency of 10 kHz.

To sum up, the atmospheric pressure helium DBD in the
glow mode is considered as a glow discharge in a sense that it
has the four distinguishable discharge regions, a large positive
space charge exists near the cathode, and secondary electrons
are emitted by the cathode-directed ion flux. It is very analo-
gous to the normal dc glow discharge in spite of its operation
at atmospheric pressure. Besides, the maximum densities of
electron and ion are of the same order as those of the dc glow
discharge at low pressure.

B. Effect of Oxygen Additive on DBD Mode Transition

In a pure helium atmosphere, main mechanisms of electron
production in the DBD are electron impact ionization and step-
wise ionization by the metastable helium. The chemoioniza-
tion, caused by helium metastable ( ) and excimer molecule
( ) in Table I, also provides considerable electrons kept in
the positive column when the electric field remains low for a
period between two major discharges. But in the real discharge

situation, there inevitably exist small quantities of other gases
in helium because of various causes: impure helium gas supply,
imperfect sealing of discharge chamber, etching from the bar-
rier, or intentional addition of reactive gas for effective pro-
cessing. Thus, impurity effects should be taken into account,
and oxygen additive effects among them have been focused in
this numerical simulation. Oxygen is known as a very efficient
quencher of helium metastables [21], [22], and it destructs he-
lium metastables which play an important role in generating
seed electrons by chemoionization to sustain the glow mode.
Moreover, oxygen has high electron affinity and attaches elec-
trons easily on it. Therefore, if there is a large amount of oxygen
additive, the electrons become deficient in maintaining the glow
mode, which will be changed into another discharge mode.

Fig. 5 shows the current and voltage characteristics in the
helium–oxygen DBD when oxygen additive is increased to
20 ppm from the previous 5 ppm in Fig. 2 for the glow mode.
The frequency of external voltage is kept the same 10 kHz,
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Fig. 6. Spatial distributions of electric field, electron density, and ion density for a phase of maximal current in the Townsend mode appearing in Fig. 5.

Fig. 7. Time evolution of the calculated discharge current density and gas voltage during two cycles of an applied voltage in the helium–oxygen glow mode for
oxygen density of 20 ppm and frequency of 20 kHz.

as in Fig. 2. In this case with increased oxygen content, the
gas voltage drops slightly, but the current peak decreases
drastically below 1 mA cm from the previous 6 mA cm in
5 ppm oxygen. The current profile is not peaked, rather spreads
broadly, and the residual current peak is not observed in this
case of 20 ppm oxygen.

In order to explain such different discharge characteristics
that might be resulted from a transition of the discharge mode,
the discharge structures of particles and electric field illustrated
in Fig. 6 are analyzed. It is seen from the figure that electron
density rises monotonously from the cathode to the anode and
its values are about one-tenth of those in the glow mode. On the
other hand, ion density exhibits a similar pattern in its spatial
distribution to that in the glow mode, but its absolute values are
too small to disturb the electric field distribution greatly by the
net space charge resulted. All over the discharge region, the ion
density exceeds the electron density, so there is no quasi-neu-
tral plasma region like the positive column. The electric field

strength is less intense than that of the glow mode and increases
gradually from the anode to the cathode. Such physical features
can be ascribed to a Townsend discharge and allow to name the
mode of this discharge as the Townsend mode [6]. The absence
of quasi-neutral region prevents electrons from being trapped in
the discharge gas gap, thus the glow mode is not sustained and
changed into the Townsend mode. This kind of discharge mode
was also predicted in a homogeneous nitrogen DBD at atmo-
spheric pressure [29].

C. Influence of Frequency on DBD Mode Transition

It was pointed out in the previous section that when a large
amount of oxygen additive is intentionally added to helium
gas, the Townsend mode occurs on account of shortage of the
enough electrons trapped in the discharge gas gap during the
period between two major discharges where the electric field
level is lowered. Helium metastable reduction and electron
attachment by the oxygen additive were suggested as the mode
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Fig. 8. Spatial distributions of electric field, electron density, and ion density for a phase of maximal current in the glow mode appearing in Fig. 7.

transition mechanism. Then, the glow mode will not be changed
into the Townsend mode if it is possible to preserve enough
electrons during the nondischarge period. As an approach to the
survival of the glow mode, adjustment of the driving voltage
frequency for DBD is taken into account in this section. In
case the frequency increases or the period between discharges
becomes short, the reduction time of helium metastables and
the direct attachment of electrons will decrease between the
discharge period. Then the electron density will remain suffi-
cient for maintaining the glow mode and the current density
will rise again.

The effects of frequency increase on the discharge current and
voltage in the He– DBD are presented in Fig. 7, where the
frequency is doubled to 20 kHz from 10 kHz for the Townsend
mode in Fig. 5, and the oxygen concentration level still remains
at 20 ppm. As the numerical results exhibit in Fig. 7, the dis-
charge current density becomes to have a sharp profile again and
its peak value reaches up to about 2.8 mA cm . Furthermore,
the residual current peaks appear again. Judging from these cur-
rent and voltage curves, it is considered that the glow mode is
recovered from the Townsend mode by raising the frequency as
expected.

To identify the exact mode of this DBD discharge, the spa-
tial structures of particles and field are also analyzed at a cur-
rent peak. Fig. 8 shows the spatial distributions of particles and
field, which have the nearly similar trend to those of the glow
mode seen in Fig. 3. The electric field is somewhat differently
disturbed by the net space charge and rises up to 14 kV/cm.
On the whole, the densities of ion and electron become of the
order of cm again. The electron density distribution has
the largest value at cm without growing monoto-
nously from the cathode to the anode, which is apparently dif-
ferent from that in the Townsend mode. And there also exists
a quasi-neutral plasma region in the discharge gap. Then, it is
summarized from this numerical simulation that the increment
of driving frequency reduces the amount of lost electrons which
would have collided with the wall or electrodes at low frequen-

Fig. 9. Discharge mode diagram for identifying the glow (�) and Townsend
(4) modes in the helium–oxygen DBD depending on the operation conditions
of driving frequency and oxygen additive concentration.

cies, and thus enables the He– DBD to stay in the glow mode
in spite of the higher oxygen concentration.

Lastly, the present 1-D numerical simulation has found a dis-
charge operation diagram as given in Fig. 9 for identifying the
glow and Townsend modes depending on oxygen additive quan-
tity and driving frequency. The oxygen additive range is varied
from 5 to 40 ppm and the frequency range from 5 to 35 kHz.
The glow and Townsend mode regions are separated and marked
with circles and triangles, respectively. Each discharge mode
has been determined from the criteria for the current density pro-
file, the existence of the residual current peak, and the electric
field distortion. As revealed in Fig. 9, the minimum frequency
for sustaining the glow mode increases linearly with the amount
of oxygen additive. But, at more than 25 ppm of oxygen, the
glow mode is not obtainable and only Townsend modes exist at
any frequencies.
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IV. CONCLUSION

The numerical simulation of homogeneous dielectric barrier
discharge in atmospheric pressure helium–oxygen mixture has
been performed to analyze its discharge mode transition. The
numerical results show that the helium DBD at atmospheric
pressure with negligible oxygen additive has similarities to the
low-pressure dc glow discharge, and that the helium DBD is,
however, transformed into the Townsend mode by increasing
the oxygen concentration. As the oxygen additive increases, the
discharge characteristics of the glow mode are destroyed and
changed into the Townsend mode. This is because oxygen plays
an important role both in quenching helium metastables and in
attaching electrons on it in the discharge. In order to control this
DBD mode transition, the adjustment of driving frequency is
suggested in this numerical work as a practical means to sustain
the glow mode by suppressing the Townsend mode. The glow
mode turns out to be maintained by increasing the applied fre-
quency without changing into the Townsend mode even in the
higher oxygen additive concentration. Moreover, from the nu-
merical simulation, a diagram of operating regimes of the glow
and Townsend modes is obtained depending on both oxygen
concentration and driving frequency. According to this diagram,
the maximum oxygen additive to sustain the glow mode is about
25 ppm at 20 kHz. The discharge structures analyzed from the
present simulation results reveal that the glow mode has higher
electron density, stronger electric field, and thicker sheath region
than the Townsend mode. Therefore, the homogeneous helium
DBD operated with the glow mode will be very effective for the
plasma processing and treatment in its application fields.
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