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Mode transition in homogenous dielectric barrier discharge in
argon at atmospheric pressure∗
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The influence of driving frequency on the discharge regime of a homogenous dielectric barrier discharge in argon at
atmospheric pressure is studied through a one-dimensional self-consistent fluid model. The simulation results show that the
discharge exhibits five notable discharge modes, namely the Townsend mode, stable glow mode, chaotic mode, asymmetric
glow, and multiple period glow mode in a broad frequency range. The transition mechanisms of these modes should be
attributed to the competition between the applied voltage and the memory voltage induced by the surface charges.
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1. Introduction
In recent years, non-equilibrium atmospheric pressure

plasmas have attracted much attention due to their unique fea-
tures including chamber-free operation and enhanced chem-
istry without elevated gas temperature.[1,2] These attractive
features make them suitable for a broad prospect in indus-
trial and biomedical applications, such as thin film deposi-
tion, surface modification, ozone generation, bio-sterilization,
and so on.[3–5] One of the promising non-equilibrium plasma
sources is the dielectric barrier discharge (DBD). Although
DBD usually operate in a filamentary form at atmospheric
pressure, however, it also can exhibit a homogeneous dif-
fuse mode under certain conditions, which is called the at-
mospheric pressure glow discharge (APGD).[6] During the
past decades, the homogenous DBDs at atmospheric pressure
have been obtained in helium, argon, nitrogen, neon, and their
mixtures.[7–10]

There have been a great number of papers concerning
the characteristics of APGDs, especially the discharge modes
and their transitions.[6,10–16] Two homogenous modes, named
as the Townsend mode and glow mode, were discovered in
helium.[6] Radu et al.[11] experimentally showed that the dis-
charge mode is related directly to the power frequency. Lee
et al.[12] studied the mode transition between these two modes
in helium and oxygen mixture using a one-dimensional (1D)
fluid model and found that it was a Townsend discharge for
low frequency but a glow discharge for the higher frequency.
Similar simulation results have been also found in pure he-
lium by two-dimensional fluid models.[13] It is experimen-
tally observed that asymmetric pulsed phenomena were pre-
sented in the dielectric barrier glow discharge in helium.[5,14]

Ha et al.[15] found that the glow mode and the Townsend
mode could coexist in the asymmetric discharge. Wang and
collaborators[16] demonstrated that a glow discharge can tran-
sit into a chaotic mode or a periodic mode with multiple peri-
ods by double period bifurcation. Zhang et al.[17] found that
an asymmetric mode exists between the symmetric glow mode
and the period-two glow mode. In spite of the great efforts
that have been made on these problems, studies of the transi-
tion mechanisms among these discharge modes have so far not
been systematic.

Most numerical modeling work has concentrated on the
mode transitions in helium gas discharge while attention on
the argon discharge is not as extensive.[18,19] Thus, the aim
of this paper is to develop a self-consistent 1D fluid model
for the mode transitions in homogenous dielectric barrier dis-
charge in argon at atmospheric pressure. Our simulation re-
sults show that the discharge transits from the Townsend dis-
charge to the glow discharge, and then to the chaotic mode,
asymmetric glow mode, symmetric glow mode, and multiple
period glow mode by increasing the external frequency in a
broad range (from kHz to MHz).

2. Model description
The discharge occurs between two parallel-plate elec-

trodes covered by dielectric layers (εr = 9) of 1-mm thick-
ness. One electrode is grounded and the other is driven by a
sinusoidal excitation voltage, whose repetitive frequency can
range from 1 kHz to several tens of MHz. The width of the
electrodes is fixed, while their length is assumed to be infinite.
No external circuit is included.

Pure argon is taken as the working gas. Five chemical
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species are considered: electrons (e); argon atom metastable
(Ar∗); argon molecule metastable (Ar∗2); singly charged ar-
gon positive ion (Ar+); and argon molecular ion (Ar+2 ). The
pressure and the temperature of the background argon gas are
assumed to be 1 atm and 300 K, respectively. We employed
a one-dimensional fluid model with the local field approxima-
tion (LFA). The continuity equations for electron, ions, and
metastables are

∂ni

∂ t
+

∂Γi

∂x
= Si, (1)

Γi = sgn(qi)µiniE−Di
∂ni

∂x
, (2)

where subscript i indicates the i-th species, ni is the density,

Γi is the flux in the drift-diffusion approximation, Si is the net
creation rate for species i, qi is the charge, µi and Di are the
mobility and diffusion coefficients, whose values are identical
to those used in Refs. [20] and [21], and E is the electric field.
The equations system is closed by Poisson’s equation

ε0∇2V =−ε0∇ ·𝐸 =−e∑
i

qini, (3)

where V , ε0, and e are the potential, permittivity in a vac-
uum, and electron charge, respectively. All the chemical
reactions and reaction rate coefficients used in the present
model are listed in Table 1, most of which are taken from the
literature.[22–25]

Table 1. Elementary reaction processes with their reaction rate coefficients in argon discharge. The first three reactions are all
calculated using the external Boltzmann solver Bolsig+.[22]

Number Reaction Reaction coefficient Ref.
R1 e+Ar→ e+Ar∗ f (E/N) [22]
R2 e+Ar→ 2e+Ar+ f (E/N) [22]
R3 e+Ar∗→ 2e+Ar+ f (E/N) [22]
R4 e+Ar∗→ e+Ar 4.3×10−10T 0.74

e [23]
R5 Ar∗+Ar∗→ e+Ar++Ar 5.0×10−10 [24]
R6 e+Ar+→ Ar∗ 4.0×10−13T−0.5

e [25]
R7 2e+Ar+→ e+Ar∗ 5.0×10−27T−4.7

e [25]
R8 e+Ar+2 → Ar∗+Ar 5.38×10−8T−0.66

e [25]
R9 Ar∗2+Ar∗2→ e+2Ar+Ar+2 5.0×10−10 [25]
R10 Ar∗+2Ar→ Ar+2 +Ar 1.14×10−32 [25]
R11 Ar++2Ar→ Ar+2 +Ar 2.5×10−31 [25]
R12 Ar∗2→ 2Ar+hv 6.0×107s−1 [25]
R13 e+Ar∗2→ 2e+Ar+2 9.0×10−8T 0.7

e exp(−3.66/Te) [25]
R14 e+Ar∗2→ e+2Ar 1.0×10−7 [25]

Note: two-body reactions are in units of cm3 · s−1; three-body rates are in units of cm6 · s−1.

The total electric current density j0 in the discharge re-
gion is found by Sato’s equation with the time-dependent ap-
plied voltage

j0 =
(

2dm

εr
+dg

)−1 [∫ dg

0
ic(x, t)dx− ε0

∂Va

∂ t

]
, (4)

where dg and dm are the thickness values of the discharge gap
and the dielectric barrier layer; Va is the applied voltage, and
ic(x, t) is the conduction current density.

The boundary conditions for Eqs. (1) and (2) used in this
study is that at the anode, the ion density should be zero while
at the cathode, the secondary electron emission γe = 0.01 from
the dielectrics through ion impact was taken into account. As
for the boundary condition for Poisson’ equation, it is given in
terms of the electric fields at the interface between the gas gap
and the dielectric barrier

εrε0Edielec +σ0 = ε0Eplasma, (5)

where εr is the relative dielectric constant of the dielectrics and
σ0 is the surface charge density accumulated on the dielectric
barriers.

3. Results and discussion
The simulation parameters are chosen as follows: the

discharge gap dg is fixed to 1 mm; the amplitude of the ap-
plied voltage is 1.5 kV; the gas pressure is 105 Pa; the gas
temperature is set to 300 K while the electron temperature is
set to 1.5 eV; the initial value of electron density is taken as
107 cm−3, and argon metastable density and argon excimer
molecule density are 102 cm−3; and the initial densities of
the two argon ions are half of the value of electron density
for charge neutrality. Under these conditions, the discharge
is uniform and only one current pulse can be formed in every
half-cycle in all cases. It should be noted that the initial par-
ticle densities just affect the onset time of the first gas break-
down. A smaller initial density requires a longer time to build
up sufficient electrons for the initiation of the discharge. A
stable discharge is reached typically 5–10 ac cycles after the
first breakdown.

In order to check the validation of our model, in Fig. 1, we
present a direct comparison between the experimental data[26]

and our simulation results for V –I characteristics of a 1.1-mm
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gap APGD with a 5.2-kHz driving frequency and a 2.25-kV
peak external voltage. The amplitude of the current pulse peak
is about 6 mA in the experiment and is well predicted by the
computational model. This indicates that our model is capable
of accurately capturing the main features of APGDs in argon
at atmospheric pressure.
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Fig. 1. (color online) Comparison of experimental data and simulation
results for atmospheric pressure glow discharge V –I waveforms in pure
argon for a 1.1-mm gap with 5.2 kHz and 2.25 kV driving amplitude.
The thickness of dielectric layers (εr = 4) are 2.1 mm.
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Fig. 2. (color online) Peak current density of discharge pulses as a func-
tion of the driving frequency. Number 1 means Townsend mode; num-
ber 2: stable glow mode; number 3: chaotic mode; number 4: asym-
metric mode; number 5: multiple period mode.

Taking the driving frequency as the control parameter, we
investigate the discharge characteristics and mode transitions
in the homogenous dielectric barrier discharge in argon at at-
mospheric pressure. Figure 2 gives the peak current as a func-

tion of the driving frequency. It is demonstrated that the vari-
ation of peak current exhibits different behaviors in different
ranges of frequency. There are five distinct frequency ranges
in which the discharge operates in different modes. As will be
described in more detail below, the five discharge modes are
the Townsend mode, stable glow mode, chaotic mode, asym-
metric glow mode, and multiple-period glow mode, respec-
tively.

Figures 3(a)–3(c) show voltage–current characteristics
and the corresponding distributions of the charged particles
and the electric field at the peak current for 10 kHz, 29 kHz,
and 40 kHz external driving frequencies. It is clearly seen
that the magnitude of the current density increases as the
driving frequency increases. When the driving frequency is
set to 10 kHz, the peak current density is very small (about
0.28 mA/cm2), and the current profile is not peaked, rather it
spreads broadly, as in Fig. 3(a). The full width at half max-
imum of this current pulse is about 13.2 µs. Note that the
instantaneous cathode locates at x = 0 mm and the anode lo-
cates at x = 1 mm. The electron density rises monotonously
from the cathode to the anode and its highest value is on the
order of 108 cm−3, while the highest ion density is about
3.9×1010 cm−3. The electric field is increased almost linearly
and no quasi-neutral plasma region is formed. These behav-
iors indicate that this discharge is operating in the Townsend
mode.[27] As the driving frequency is increased to 29 kHz, the
peak current density is gradually increased to 2.31 mA/cm2

and the current profile becomes pulsed. The maximal elec-
tron density is located near the anode, but the maximal ion
density is located slightly apart from the cathode, as shown in
Fig. 3(b). When the driving frequency is larger than 29.1 kHz,
the peak current density increases dramatically and the dis-
charge transits from the Townsend mode to a glow mode. The
major feature of this discharge mode is the formation of the
cathode fall region and a positive column region, as shown
in Fig. 3(c). Similar results have also been found both in
experiments[11] and in simulations.[12,13]

When the driving frequency exceeds 51 kHz, the stable
glow discharge becomes unstable and transits into a chaotic
discharge mode. In Fig. 4, we present the current character-
istics and its corresponding current–voltage relationship for a
slightly higher driving frequency, which leads to the appear-
ance of the chaotic mode. One can see that the discharge cur-
rent pulses in this mode are no longer periodic and the current
peak fluctuates stochastically. It is worth pointing out that the
phase space in Fig. 4(b) contains data of 50 cycles of the ap-
plied voltage and each discharge in the half cycle has its own
trajectory. The effects of the frequency increase on the mode
transition from the glow mode to a chaotic mode can be inter-
preted in terms of the competition between the applied voltage
Va and the memory voltage Vm induced by charge accumula-
tion on the dielectric surface. The gas voltage Vg across the gas
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gap is determined by these two voltages, i.e., Vg = Va−Vm.
Once the gas voltage reaches the breakdown voltage Vb, the
gas is ignited. The produced electrons accumulating on the di-
electric result in the increase of the memory voltage and make
the gas voltage collapse abruptly to some residual voltage Vr,
as shown in Fig. 4(c). When the driving frequency is low, there
is enough time for electrons to drift to the anode and accumu-
late on the dielectric surface. As the frequency is increased,
the increase of applied voltage becomes faster while the mem-

ory voltage becomes slower because the drift time of electrons

becomes shorter, resulting in the increase of the gas voltage

that determines the ionization level. This is the reason why

the discharge current increases as the driving frequency is in-

creased. When the frequency is too high, it is possible that

some electrons will be unable to reach the electrodes and the

memory voltage cannot be increased adequately. This makes

it impossible to sustain a stable glow discharge.
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Fig. 3. (color online) Simulation results for voltage–current characteristics and the corresponding distributions of charged particles
and electric field at the peak current for different external driving frequencies. (a) f = 10 kHz; (b) f = 29 kHz; and (c) f = 40 kHz.
Instantaneous cathode locates at x = 0 mm.

In order to evaluate this hypothesis, the breakdown volt-
age Vb, residual voltage Vr, as well as the corresponding volt-
age difference ∆V =Vb−Vr in the stable glow mode as a func-
tion of the excitation frequency is presented in Fig. 5. It is
found that the breakdown voltage remains unchanged while
the residual voltage decreases as the frequency increases. The
corresponding voltage difference gradually increases when
the surface charges can alter the memory voltage adequately.

However, if the frequency is large enough, the short drift time
of electrons makes the memory voltage unable to change suffi-
ciently. In addition, the quasi-neutral plasma produced during
the previous breakdown is not completely destructed because
of the higher frequency.[27] The abundant residual charged par-
ticles can serve as the seed electron and give rise to a lower
breakdown voltage in the successive discharge. Therefore, the
voltage difference begins to decrease, as shown in the inset
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enlarged photograph in Fig. 5.
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Fig. 6. (color online) (a) Voltage–current characteristics for asymmet-
ric modes and the corresponding distributions of charged particles and
electric field at the peak current for the positive pulse (b) and the neg-
ative pulse (c), respectively. The driving frequency is 90 kHz. The
instantaneous cathode locates at x = 0 mm in panel (b) and at x = 1 mm
in panel (c).

The discharge transits into an asymmetric glow mode if
the driving frequency is further increased. Figures 6(a)–6(c)
show the discharge properties in the asymmetric mode with
the driving frequency f = 90 kHz. In Fig. 6(a), the discharge
current and the gas voltage across the gas gap are plotted as a
function of time. One can see that the amplitude of the current
pulse in the positive half cycle is much larger than that in the
negative half cycle. It should be noted that the choice of larger
pulse depends on the initial phase of the applied voltage and
reverses if the initial phase shifts half cycle. Figures 6(b) and
6(c) present the spatial distributions of electron density, ion
density, as well as electric field at the peak current for the pos-
itive and the negative pulses, respectively. The instantaneous
cathode locates at x = 0 mm in Fig. 6(b) and at x = 1 mm in
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Fig. 6(c). It is obvious that both of the discharges are operat-

ing in the glow mode for the formation of the cathode fall and

the positive column region. The biggest difference between

these two patterns is that the residual charged particles in the

negative discharge pulse still remains 3.2× 1011 cm−3 near

the momentary anode. These high concentrations of ions and

electrons result mainly from the positive discharge pulse. Such

spatial density distributions would influence the characteristics

of the negative discharge. The dependence of the peak current

density for both discharge pulses on the driving frequency is

shown in Fig. 2. It is seen that the peak current of positive

and negative discharge vary with frequency quite differently.

While at positive polarity, the amplitude changes rather slowly,

at negative polarity, a dramatic increase with frequency takes

place. When the two peak current densities become nearly

equal, the asymmetric discharge undergoes a transition into a

multiple period discharge mode.

Figures 7(a)–7(c) show the time evolutions of the dis-

charge current and the gas voltage for 200 kHz, 400 kHz, and

10 MHz external driving frequencies. Figure 7(a) shows the

discharge bifurcates into a period-3 state, in which the dis-

charge current pulses repeat every three cycle of the applied

voltage. In Fig. 7(b), the discharge operates in a period-2

state. The maximum of the peak current density increase as

the frequency is increasing. The intrinsic feature of multiple-

period discharge has been confirmed experimentally in a he-

lium discharge.[28] When the frequency is high enough, a sta-

ble symmetric discharge with similar characteristics to the ra-

diofrequency discharge takes place, as shown in Fig. 7(c). The

formation of this symmetric discharge can be interpreted by

the electron trapping mechanism. At atmospheric pressure,

the amplitude of electron oscillatory displacement rmax can

be approximated by rmax = eEa/meωvm because vm� ω .[29]

Here, ω = 2π f is the angular frequency, Ea is the amplitude

of the electric field, me is the electron mass, and vm is the

effective collision frequency of electrons. It can be reduced

to rmax = 〈µe〉Ea/ω in terms of the average electron mobility

〈µe〉 over the time varying electric field. If this displacement is

less than dg/2, few electrons can reach the dielectric surface.

In other words, electrons are trapped in the gas gap. In this

situation, the effects of the memory voltage can be negligible

and the discharge is mainly determined by the applied volt-

age. In our simulations, 〈µe〉 is equal to 394 cm2 ·V−1 · s−1,

Ea = 6.5 kV/cm, so the corresponding frequency is 8 MHz.

This value is comparable to the simulated value of 10 MHz.
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Fig. 7. (color online) Time evolutions of the current density and the
gas voltage at different driving frequencies. (a) f = 200 kHz; (b)
f = 400 kHz; (c) f = 10 MHz.

4. Conclusions
In this paper, we presented a numerical description of the

discharge characteristics and mode transitions of homogenous
dielectric barrier discharge in argon at atmospheric pressure.
Five operating modes, namely Townsend, stable glow, chaotic
mode, asymmetric glow, and multiple-period glow mode, have
been observed under different frequency ranges. The compe-
tition between the applied voltage and the memory voltage is
responsible for the mode transitions. When the driving fre-
quency is very low, the discharge operates in the Townsend
mode. As the frequency is increasing, the increase of the ap-
plied voltage becomes faster while the memory voltage be-
comes slower because the drift time of electrons becomes
shorter. The mismatch between these two voltages gives rise
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to the higher ionization level and larger current density. The
discharge gradually transits into a glow mode. When the mem-
ory voltage cannot be changed adequately because of the short
transiting time, the glow mode becomes unstable and transits
into an asymmetric glow mode through a chaotic stage. When
the two peak current densities become nearly equal, the asym-
metric discharge undergoes a transition into a multiple-period
discharge mode. If all electrons are trapped in the gas gap, a
symmetric glow discharge with a single period takes place.
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