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Numerical Model of an Argon Atmospheric
Pressure RF Discharge

N. Balcon, G. J. M. Hagelaar, and J. P. Boeuf

Abstract—Radio-frequency discharges are known to operate in
two different regimes. The α regime of low current density and
the γ regime with higher current density. Our recent simulation
results suggest that the formation of filaments observed in an
atmospheric pressure argon discharge under RF excitation could
be triggered by the regime transition α → γ . A unidimensional
fluid model taking into account the external circuit shows that
above 120 mA/cm2, the differential conductivity of the discharge
becomes negative with a rapid increase in density which can lead
to the formation of filaments. As the transition to the γ regime is
due to secondary electrons, this threshold value depends on the
secondary emission coefficient. In the γ regime, the instantaneous
cathode is sustained by secondary electron emission, which dras-
tically changes the behavior of the discharge. In this paper, we
present a numerical analysis of the transition between the two
regimes and discuss how this could result in the filamentary mode
observed in argon RF discharges.

Index Terms—Alpha and gamma regime, atmospheric pressure
discharges, fluid model, RF discharges, α → γ transition.

I. INTRODUCTION

A TMOSPHERIC pressure discharges in various gases have
recently received an increasing amount of attention due

to their ability to modify the surfaces of polymer films at low
cost [1]–[4]. The absence of vacuum systems and pumping
down time is very attractive for the plasma processing industry.
Open plasma reactors in which samples can be treated in line
have also been developed in order to further increase the time
efficiency of the surface treatment.

Most of atmospheric pressure discharges are dielectric bar-
rier discharges (DBDs) operating in the kilohertz region. In
helium, new sources running at much higher frequencies in
the RF range are currently under investigation [5], [6]. These
discharges are similar to lower pressure RF discharges with
capacitive sheaths. Many authors have pointed out the effect of
the transition of RF regime α → γ on the discharge parameters
[7]–[14]. They show that in helium, this transition occurs at
atmospheric pressure similarly to a low-pressure RF discharge.
The understanding of the mechanisms involved in this transition
is of great interest in order to maintain the discharge in a
homogeneous state.

In this paper, we will focus on the possibility of using argon
instead of helium with the same RF DBD configuration as
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reported in [15] and [16]. A localized filament is subjected to
a large current the associated gas heating can severely damage
the polymer film to treat. By limiting the current, the dielectric
layer greatly favors the glow mode.

There are very few reports on the α → γ transition in pure
argon. The regime transition has often been described in he-
lium, but its effects on the creation of filaments in argon has not
been investigated. In the α mode, the ionization in the sheaths
is mainly insured by the oscillating electric field. When the
discharge current exceeds a certain value, the production of
energetic electrons by secondary emission allows the cathode
sheath to be self-sustained. This corresponds to the γ mode of
the discharge. The regime transition α → γ could play a role
in the formation of filaments experimentally observed in argon
RF DBDs.

II. DESCRIPTION OF THE MODEL

A self-consistent unidimensional fluid model has been de-
veloped in order to investigate the mechanisms involved in
an argon atmospheric RF discharge. The plasma equations are
solved in the direction perpendicular to the electrode surface.
We use the classical fluid approach which consists in solving
the first moments of Boltzmann equation.

A. Governing Equations and Boundary Conditions

The continuity equation is solved for neutral atoms, ions,
and electrons

∂n

∂t
+ ∇ · Γ = S (1)

where n is the particle density, Γ the particle flux, and S is the
source term accounting for loss and creation. Using the drift-
diffusion approximation, the transport of particles is given by
the equation

Γ = ±nμE − D∇n (2)

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

At such high frequency, particular care must be taken
when neglecting the ion inertia term (∂/∂t)miniv. It is nec-
essary to quantitatively ensure that the ion-neutral collision
frequency ν is sufficient for the inertia term to be negligi-
ble. In our conditions, the ion mobility is around μi = 1.6 ×
10−4 m2 · V−1 · s−1 so the collision frequency is approximately
ν � 1.5 × 1010 s−1. This is three orders of magnitude higher
than the applied frequency (13.56 × 106 s−1). Hence, despite
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the high frequency the drift-diffusion approximation is still
valid.

The equation of energy (3) is solved for electrons

∂nε

∂t
+ ∇ · Γε = H − P (ε) (3)

where nε = εne is the energy density, Γε is the electron mean
energy flux, H is the heating term, P (ε) is the energy loss, and
ε is the electron mean energy.

In the local field approximation (LFA), it is assumed that
there is no transport of energy in the system other than col-
lisional processes. This hypothesis comes down to neglecting
the energy flux terms in the electron energy equation (3). In
particular, it implies that the energy of electrons is directly
linked, spatially and temporally to the electric field, and that
their heating is exactly balanced by the energy loss in collisions.
This hypothesis can be unsatisfied in the regions of fast electric
field variations. If the mean free path of electrons is not small
with respect to the characteristic distance of field variations,
electrons can gain energy at a particular position and dissipate
it somewhere else. In our conditions, the electron mean free
path is approximately 1 μm. Therefore, it is more appropriate
in our case to solve the equation of energy for the electrons (3).
In the case of helium, numerical solutions were found with the
LFA, but in the case of argon, the use the equation of energy
for electrons was necessary for the model to converge. In this
equation, the heating term H is calculated as follows:

H = −nee E · ve (4)

where ve is the electron mean velocity.
The energy loss is calculated as follows:

P (ε) = −neνeε (5)

where νe is the energy transfer frequency.
The energy flux is calculated as follows:

Γε = −nεμεE + Dε∇nε (6)

where με = 5/3μe the energy mobility and Dε = 5/3De its
diffusion coefficient.

The electric field is solved in Poison equation

∇ · E =
1
ε0

∑

s

qsns (7)

where ε0 is the vacuum permittivity, qs is the charge of the
particle of index s, and ns is their density.

The boundary conditions are imposed by the particle losses
at the walls. The thermal velocity (Te calculated by the model
for electrons and 300 K for ions) gives the particle flux due
to thermal motion nvt/4. These boundary conditions are also
applied to the mean electron energy which is treated as a
particle of thermal velocity vt,ε = (5/3)ve.

Secondary emission of electrons by ion impact on the walls
is also taken into account (the secondary emission coefficient is
set to 0.1 unless otherwise specified). An electrical model that
simulates the circuit behavior when the plasma is turned on is

Fig. 1. Electric model of the external circuit.

TABLE I
RATE COEFFICIENTS OF REACTIONS

added to the model. As the power supply is not an ideal voltage
generator, the potential across the gap drops when a conduction
current starts to pass through the discharge. To take this external
circuit property into account, a resistor in series with the gap is
added after the generator, as shown in Fig. 1. This electrical
model is necessary to observe the regime transition α → γ.
Without the resistor, the voltage applied to the left electrode
would stay constant regardless of the current increase. The
existence of the discharge at particular points of the I–V char-
acteristic would not be observed. The simulation is also more
stable with this external resistor. Indeed, the breakdown voltage
is around 1.4 kV which is too high to simulate the sustain of the
plasma.

B. Numerical Methods and Schemes

As described in [17], the loss term in (5) is linearized with
respect to the energy and treated semi-implicitly to prevent nu-
merical instabilities. The flux discretization of charged particles
(2) and energy (6) are performed with the exponential scheme
as described in [3]. It brings unconditional stability, and it is
exact for a constant flux. The coupling between the transport
of charged particles and the electric field solved in Poison
equation (7) is performed semi-implicitly in order to increase
the simulation time step. The transport coefficients and rate
coefficients are obtained from the Boltzmann solver BOLSIG+
[18] and from literature [19]–[21].

The model is applied to pure argon with a reduced kinetic
scheme containing five species and the seven reactions listed
in Table I. In case of argon, it is particularly delicate to take
into account excited atoms of the 4s system (which contains
a resonant and a metastable state). We chose to treat them
as a single compound state Ar� which groups the resonant
and metastable states of argon. Since the energy of metastable
and resonant states are very close, there is a large probability
for a metastable to turn into a resonant and for a resonant
to turn into metastable by electron collisions. Therefore, we
assume that they are in Boltzmann equilibrium with the electron
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Fig. 2. Particle densities averaged over one RF cycle in the α regime.

Fig. 3. Electron density evolution in the α regime.

temperature, and we assign to the compound state an average
decay frequency accounting for radiation trapping.

III. TRANSITION α–γ

The simulation results for a discharge gap of 2 mm are
presented in this section. The averaged particle densities in
the α regime (Fig. 2) show that this discharge is similar to a
lower pressure RF capacitive discharge. The particles densities
averaged over one RF cycle are constant in the middle of the
gap. Similar density profiles are obtained in the γ regime. As
seen in Fig. 3, the electron density is constant in the plasma and
is strongly modulated in the sheaths. Other species density are
constant in the sheaths. This behavior is common to the α and
γ regimes.

The results also show that the dominant ions are the dimmers
Ar+

2 as expected at this high pressure. As previously reported
for atmospheric argon discharges [22], [23], the metastable

Fig. 4. Electron temperature in the α regime.

Fig. 5. I–V characteristic (amplitudes of the current and voltage sinelike
waveforms) and spatiotemporal average of the electron density.

atoms population is large and plays an important role in the
ionization processes.

The space and time variations of the electron temperature in
the α regime are shown in Fig. 4. The electron temperature in
the γ regime is of the same order. The temperature in the middle
of the gap is around 2.5 eV which is in good agreement with
experimental results obtained in the same conditions [24].

The relation between the discharge current and voltage
is studied for values up to 180 mA/cm2. Recent simulation
results obtained in pure helium [25] show that the regime
transition α → γ occurs for current density amplitude around
56 mA/cm2. In the same configuration, in pure argon, the
transition occurs at a much higher value of the current density
amplitude (∼120 mA/cm2). The I–V characteristic of Fig. 5
shows the evolution of the voltage amplitude and electron
density as a function of the current amplitude. Two main
regions of different conductivities are visible.
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The slope of the I–V characteristic, i.e., the differential
conductivity changes its sign when the current density reaches
∼120 mA/cm2. Each region corresponds to a regime in which
the discharge can operate. This characteristic is obtained by
increasing the RF voltage applied to the entire discharge
circuit composed of the serial resistor and serial dielectric
layer (Fig. 1).

In the first part of the I–V characteristic, for values of the
current density lower than 120 mA/cm2, the current linearly
increases with a rising voltage as in classical RF discharges.
The differential conductivity of the plasma is positive and fairly
constant. This behavior is typical of a normal radio-frequency
α regime [26], [27].

When the current density reaches 120 mA/cm2, the voltage is
maximum, at 507 V, and the differential conductivity becomes
negative. This corresponds to the beginning of the γ regime
of the discharge. There are no simulation results for current
densities above 180 mA/cm2 as the validity of the fluid model
is questionable in those conditions.

For certain values of the discharge voltage, the two different
plasma regimes are possible. For instance, at 500 V, the plasma
can exist with an electron density of 1.2 × 1012 cm−3 and a
current density of 128 mA/cm2 or with a higher electron density
of 1.85 × 1012 cm−3 and current density of 180 mA/cm2.

The electron density, also plotted as a function of the voltage
amplitude in Fig. 5, follows a curve similar to the current den-
sity. It increases piratically linearly with the voltage amplitude
for values below 1.2 × 1012 cm−3 and rapidly increases for
higher values in the transition region. In the γ regime region of
negative differential conductivity, the electron density increases
as the voltage decreases.

This transition from the α regime to the γ regime has first
been observed experimentally [28] and analyzed with fluid
models [29] for low-pressure conditions. It is due to the im-
portant production of electrons in the sheath region for large
current densities. When the electronic multiplication of the
avalanches generated by secondary electrons becomes suffi-
cient, the sheath becomes self-sustained as in a dc discharge.
As the ion density rises in the sheaths, the sheath voltage due to
the excess of positive space charge rises as well and eventually
reaches a threshold value sufficient to sustain the discharge.
After the transition to the γ regime, the initial thick ionic layer
in the sheath region becomes a normal cathode layer as in
the initiation of a normal dc discharge. The sheath region of
positive space charge contracts to an optimal value for self-
sustainment. The neutral plasma column acts as the anode of
a classical dc discharge. The electric field is redistributed in
the cathode sheath so that the ionization is more efficient. This
behavior is similar to the subnormal regime of dc discharge
in which the differential conductivity is negative. The voltage
necessary for the self-sustain is smaller than for the nonself-
sustained discharge. The present model is limited to current
densities lower than 200 mA/cm2, but we expect that a region
of positive differential conductivity will be reached for higher
current densities (∼20 A/cm2) in the filamentary mode as
reported experimentally in [30].

The different mechanisms of electron production are shown
in Fig. 6(a) for the α regime and Fig. 6(b) for the γ regime. In

Fig. 6. Electron source in the (a) α regime for a current density of
120 mA/cm2 and in the (b) γ regime for a current density of 180 mA/cm2.

the α regime, the electrons created in the sheath (approximately
0.2 mm wide) by the oscillating electric field are not sufficient
to sustain it. Electron production by ionization in the sheaths
region occurs during the whole RF cycle, and with a larger
intensity during sheath expansion, as shown in Fig. 6(a). In
the γ regime, the generation in the sheaths is much more
important (by one order of magnitude) and occurs mainly at
the instantaneous cathode as in a classical dc discharge. The
sheath region in this regime is sustained by secondary electrons
(“γ electrons,” hence the name “γ regime”). In the γ regime, the
contribution of secondary emission to the total electron creation
is ∼17%, whereas it is only ∼3% in the α regime.

In the γ mode, the sheath region shrinks, and the averaged
plasma potential decreases (because the discharge voltage de-
creases). The shrink of the sheath results in an increase of
the electric field in this region. In Fig. 7, the electron density
profiles exhibit the sheath contraction when the current and the
electron density rise.
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Fig. 7. Density profiles for different regions of the I–V characteristic.

Fig. 8. I–V characteristic for different value of the secondary emission
coefficient.

The influence of the secondary emission coefficient on the
I–V characteristic is shown in Fig. 8. Its value strongly affects
the transition between the two regimes. With a low secondary
emission (γ = 0.01), the α regime can be sustained for higher
current densities. At 150 mA/cm2, the discharge is still in an
α regime when the secondary emission coefficient is 0.01, but
for a higher secondary emission coefficient of 0.1, the transition
to the γ regime already starts. With a greater secondary emis-
sion coefficient, the transition α → γ with sheath contractions
occurs for lower values of the current density.

For the same current density of 200 mA/cm2, the electron
density profiles obtained with γ = 0.1 and γ = 0.01 are shown
in Fig. 9. On each profile, the electron density in the bulk of the
plasma is approximately 2 × 1012 cm−3 but the sheaths size is
smaller with a larger secondary emission coefficient when the
discharge is in the γ regime.

The glow mode experimentally observed [24] corresponds
to the normal α regime of the discharge. The experimen-
tally measured current densities for the glow mode is around
100 mA/cm2 with an electron density of 5 × 1011 cm−3 which

Fig. 9. Electron density for two values of the secondary emission coefficient.
Current density = 200 mA/cm2.

corresponds to the simulation results of the α regime. The total
current experimentally measured for the filamentary mode is
similar to the glow mode current (identical peak value) but
filaments cover a much smaller area of the electrode surface.
Hence, the current density in filaments is estimated to be around
20 A/cm2, and the electron density is measured from Stark
broadening to be approximately 1015 cm−3 [24].

These values are much greater than the current and den-
sity values found for the α and γ regimes of the simulation.
However, the regime transition α → γ obtained with the fluid
model is possibly responsible for the ignition of the filamentary
discharge. The γ part of the I–V curve having a negative
differential conductivity makes the discharge electrically un-
stable. The sudden increase of the plasma density due to the
regime transition could also trigger the filament formation in
3-D. If the current density increases up to several amperes
per square centimeter, the filamentary mode of much greater
density (1015 cm−3) can be reached. In this, the filamentary
mode the differential conductivity becomes positive again [30]
which makes the discharge electrically more stable.

IV. CONCLUSION

A unidimensional fluid model was used to investigate the
transition α → γ occurring in an atmospheric argon RF dis-
charge. This transition has already been observed both experi-
mentally and numerically in the case of helium but not of argon.
As for helium, in the γ regime, the discharge is sustained in
the sheath by electrons emitted by the cathode avalanching.
However, in argon, the α → γ transition occurs for current
densities higher than in helium (around 120 mA/cm2 instead
of 56 mA/cm2 for helium). We have only described in this
paper the onset of the γ regime, where the sheath becomes
self-sustained and the I–V characteristics presents a negative
slope, as in the subnormal regime of a dc glow discharge. In
this regime, the sheath is still collisional, and its length is much
larger than the electron mean free path (and our fluid model
with a simple energy equation is valid).
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The I–V characteristic of the γ regime with negative dif-
ferential conductivity and rapid increase of the plasma density
corresponds to an unstable state of the discharge. The discharge
has a tendency to evolve into another state which can be found
in the filamentary mode of much greater density. Although
the fluid model does not account for the complex 3-D effects
occurring in the gas gap, the α → γ regime transition observed
in simulations could play a role in the formation of filaments
experimentally witnessed.

Further work is needed to better understand the formation
of filaments at higher current densities in the experiments [24],
and to confirm the role of the negative differential conductivity
of the discharge in the transition to this regime.
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