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Based on the ﬂuid theory of plasma, a model is built to study the characteristics of nitrogen discharge at high
+
+
pressure with induced argon plasma. In the model, species such as electrons, N+
2 , N4 , Ar , and two metastable states
3 ∑+
1 ∑−
(N2 (A
u ), N2 (a
u )) are taken into account. The model includes the particle continuity equation, the electron
energy balance equation, and Poisson抯equation. The model is solved with a ﬁnite diﬀerence method. The numerical
results are obtained and used to investigate the eﬀect of time taken to add nitrogen gas and initially-induced argon
plasma pressure. It is found that lower speeds of adding the nitrogen gas and varying the gas pressure can induce higher
plasma density, and inversely lower electron temperature. At high-pressure discharge, the electron density increases
when the proportion of nitrogen component is below 40%, while the electron density will keep constant as the nitrogen
component further increases. It is also shown that with the increase of initially-induced argon plasma pressure, the
density of charged particles increases, and the electron temperature as well as the electric ﬁeld decreases.
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1. Introduction
Gas discharges are widely used in such various
ﬁelds as etching and deposition of ﬁlms,[1,2] surface
treatment,[3] ozone generation,[4] bio-sterilization,[5]
fusion,[6] and thrusters. [7] Currently, most of the
plasma sources are operated at low pressures for the
sake of the facility to generate a large-area, uniform
glow discharge plasma. The cold plasma is highly
nonequilibrium in that the electron temperature is
much higher than that of ions and neutral species.
However, the low-pressure discharge yields low-density
plasmas. Compared with the plasma sources originating from a low-pressure discharge, the plasmas
from a high-pressure discharge show outstanding features, especially for high-density plasmas. Traditional
high-pressure discharges usually rely on techniques
that avoid the instabilities which develop a glow-toarc transition. Only if the current density remains
below the threshold of the glow-to-arc transition, it is
possible to generate a stable glow discharge at both
high (up to atmospheric pressure) and low pressures
(< 10 Torr).[8−10] As an alternative technique for generating steady-state plasmas from a high-pressure dis-

charge, using dielectric barrier covered electrodes has
been reported in the last decade.[11−14] The dielectric
barrier can be considered as a capacitor in series with a
gas gap and its charge limits the voltage applied to the
gas avoiding the instability.[15] Another approach has
been put forward to operate a high-pressure discharge
in the pulsed discharge with current densities that exceed the threshold but the duration of the discharge
pulse is chosen to be shorter than the time scales for
causing instability.[16−18] Other approaches have also
been proposed, such as microwave-driven large-volume
high-pressure discharge.[19]
Recently, a kind of radiofrequency (RF) atmospheric-pressure glow discharge plasma of air, nitrogen, and oxygen operating steadily in a γ mode based
on an induced gas discharge approach was reported by
Li and co-authors.[20,21] They show that for a glow discharge plasma operating in α mode, the gas ionization
occurs throughout the electrode gap, driven mainly by
the oscillatory ﬁeld of the applied voltage; while operating in γ mode, the gas ionization is localized near the
boundary between the sheath and the plasma bulk,
largely driven by signiﬁcant secondary electrons after
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a breakdown with the plasma-induced gas (e.g., helium or argon), and then the discharge mode is transferred to the γ mode by adjusting the operating parameters. At last, the ﬂow rate of the plasma-formed
gas (e.g., air, nitrogen, and oxygen) is increased to
generate the γ mode discharge with a plasma-induced
gas mixture, and a stable glow discharge plasma operating in γ mode is obtained by decreasing the plasmainduced gas ﬂow rate. This approach can succeed in
generating cheap gas glow discharge plasma at atmospheric pressure. Yu et al. numerically studied the
characteristics of argon RF glow discharge plasma at
high pressure using a similar method.[22] In their work,
the gas pressure is increased up to 100 Torr. Subsequent to generating induced plasma at low pressure, a
stable glow argon discharge is operated at high pressure.
In this paper, a similar concept to the induced argon plasma approach for producing RF high pressure
discharge with nitrogen as working gas is described
in detail. This method makes the requirement of a
stable nitrogen discharge at high pressure relatively
easy to realize. It can be described in brief as follows:
ﬁrst, generating an argon plasma at a low pressure of
1 Torr; secondly, adding a nitrogen gas into the argon
plasma at a pressure up to 200 Torr; and at last, a stable argon-nitrogen mixture gas discharge is operated
at high pressure. Obviously, there are some diﬀerences
between our method and those proposed by Li et al.
and Yu et al. A ﬂuid model is built and solved numerically to describe this process. The inﬂuence of the
time the nitrogen gas is added to the induced argon
plasma and the pressure of the induced argon plasma
are also discussed in this paper. The numerical results

show that a nitrogen discharge with induced plasma
in high pressure in this work can be operated to obtain high-density plasma at low conditions compared
with a pure nitrogen discharge.

2. Model
To study the characteristics of nitrogen discharge
with induced argon plasma, a ﬂuid model was used
for describing the plasma discharge. A schematic of
the discharge system is shown in Fig. 1 in Ref. [23],
where the right electrode is powered from RF voltage
and the left electrode is grounded. The electrode gap
is set to be 2.0 cm, the peak voltage is 300 V, and the
frequency of RF is 13.56 MHz. Since there are multiexcited-state nitrogen molecules, we must simplify the
model in our simulation. In our model, we consider the
+
+
particle species: e, N+
2 , N4 , Ar , and two low-energy
3 ∑+
1 ∑−
metastable states N2 (A
u ) and N2 (a
u ). For
3 ∑+
1 ∑−
simplicity, N2 (A
u ) and N2 (a
u ) are written as
N2 (A) and N2 (a), respectively.
The main reactions are presented in Table 1. The
basic assumptions of the model are listed as follows:
1) Since the electrode area is large and the parallel plate radius is much greater than electrode gap,
we assume that the discharge properties change along
the direction perpendicular to the electrodes (only the
x axis).
2) The charged particle ﬂux is described by the
drift/diﬀusion approximation.
3) The electron-energy distribution function is assumed to be Maxwellian.
4) The temperatures of ions and neutral species
are assumed to equal the gas temperature.

Table 1. Important collision processes in argon and nitrogen discharge.
No.
1
2
3
4
5
6
7
8
9
10
11a)
12
13
14
a)

Reaction
e + Ar → Ar+ + 2e
N+
2

e + N2 →
+ 2e
e + N2 → N2 (A) + e
e + N2 → N2 (a) + e
N2 (a) + N2 (A) → N+
4 + e
N2 (a) + N2 (a) → N+
4 + e
N2 (a) + N2 → N2 (B) + N2
N2 (A) + N2 → N2 + N2
e + N+
2 →N + N
+
N2 + N+
4 → 2N2 + N2
+
2N2 + N2 → N2 + N+
4
N2 (A) + N2 (A) → N2 (B) + N2
+
Ar+ + N→
2 N2 + Ar
+
Ar + N+
→
N
2 + Ar
2

Rate coeﬃcient/cm3 ·s−1
{
0, Te ≤ 5.3
√
k=
8.7 × 10−9 (Te − 5.3) exp(−4.9/ Te − 5.3),
−9
0.917
k = 5.9 × 10 Te
exp(−15.6/Te )
k = 4.05 × 10−9 exp(−5.36/Te )
k = 1.47 × 10−9 exp(−8.79/Te )
k = 5 × 10−11
k = 2 × 10−10
k = 3 × 10−16
k = 1.9 × 10−13
k = 4.8 × 10−7 (300/Te )0.5
k = 2.1 × 10−16 exp(Tg /121)
k = 6.8 × 10−29 exp(300/Tg )1.64
k = 7.7 × 10−11
k = 4.45 × 10−10
k = 2.81 × 10−10

Ref.
Te > 5.3

[22]
[24]
[24]
[24]
[24]
[24]
[24]
[24]
[25]
[24]
[24]
[24]
[25]
[25]

Rate coeﬃcient (in units of cm6 ) for reaction 11. Te is the electron temperature (in eV), and Tg is the gas temperature (in K).
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The continuity equations for particles can be written as
∂ne
+ ∇ · Je = Se ,
∂t
∂ni
+ ∇ · Ji = Si ,
∂t
∂n∗
+ ∇ · J∗ = S∗ .
∂t

(1)
(2)
(3)

The particle ﬂuxes under the drift/diﬀusion approximation are expressed as
Je = −µe ne E − De ∇ne ,

(4)

Ji = µi ni E − Di ∇ni ,

(5)

J∗ = −D∗ ∇n∗ .

(6)

The electron-energy balance can be expressed as
(
)
∑
∂ 3
ne kTe = −∇ · qe − eEΓe −
Hj Rj , (7)
∂t 2
j
with the total electron-energy ﬂux being
5
5
qe = − De ne ∇Te + kTe Γe .
2
2
Finally, the Poisson equation reads
(
)
∂2V
e ∑
=
−
n
−
n
.
e
ij
∂x2
ε0
j

(8)

(9)

From the potential, we can derive the electric ﬁeld as
E = −∇V.

(10)

In Eqs. (1)–(9), nl , Jl , Dl , and µl (l = e, +, ∗)
are the densities of species, ﬂux, diﬀusion coeﬃcient,
and mobility, respectively. The parameters Dl and
µl can be found in Refs. [21] and [22]. The parameter Se,i,∗ denotes the source term. The subscripts (e, +, ∗) represent electrons, positive ions, and
metastable molecules, respectively. In addition, k is
the Boltzmann coeﬃcient, Te is the electron temperature, qe is the conductive heat ﬂux, e, ε0 , and V are
the element charge, the permittivity of free space, and
the potential, respectively.
It is assumed that the densities of species at the
electrode are zero. The electron temperature is a constant of 0.5 eV at the electrodes. The voltage used in
the simulation is a sinusoidal wave form and this form
on the driven electrode is V = Vp sin(2πf t), where Vp
is the peak voltage, and f is the ac frequency. The
other electrode is grounded.
The initial particle densities at low pressure are
small, ne = nAr+ = 107 cm−3 . Tests under diﬀerent

initial conditions show that the little inﬂuence of the
ﬁnal low-pressure glow discharge is the key point in
previous publications.[23,26] This system of equations
were discretized in space by using the center diﬀerence of an interlaced grid, and in time by using an
implicit scheme. The matrix equations were obtained
by discretizing and solved by a chase-after method.

3. Results and discussion
First, for the induced argon gas discharge at
1 Torr, we numerically calculate the distributions of
electron density, argon ion density, electron temperature, electric ﬁeld, and voltage. Using these results as
the initial conditions, we numerically solve the model
of the nitrogen discharge when adding nitrogen gas
into the induced argon plasma from 1 to 200 Torr.
The numerical results are shown in Fig. 1, where
the stable distributions of particle density and electron temperature in space at 200 Torr are presented.
It can be clearly seen that the N+
4 density is higher
than the other ions. It is three or four orders higher
+
than that of N+
2 , which is in the same order as Ar .
+
+
The peaks of Ar density and N2 density are near the
right electrode, where the electron density is smaller
than in the bulk plasma. The curve of N+
2 is similar to that of Ar+ . Because the pathways of electrons and N+
2 ions are fast in the reactions, when
the electron density is high, the density of N+
2 ions
will decrease by this loss mechanism. In Fig. 1, it is
evident that the electron curve overlaps with the N+
4
curve in the bulk plasma. The electron temperature
is nearly a constant of 5.4 eV in bulk plasma and it is
much smaller than that in the sheath. In this work,
due to the presence of the induced argon plasma,
the electron temperature increases to 5.4 eV in
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Fig. 1. (colour online) Distributions of particle density
under the following conditions: an induced argon gas pressure of 1 Torr, a ﬁnal mixture-gas pressure of 200 Torr, the
time when nitrogen gas was added is 0.1106 ms.
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nitrogen gas is added at diﬀerent times. Because the
rate of varying gas pressure equals (Pb − P0 )/T , a
longer time indicates a lower rate of varying gas pressure.
From Fig. 2(a), it can be seen that the electron
density increases with increasing T . Figure 2(b) shows
the distribution of N+
4 density when the nitrogen gas
is added at diﬀerent times. It can be seen that the
N+
4 density increases with T , and has the same trend
as the electron density. Figures 2(a) and 2(b) also
provide the electron density and N+
4 density at the
middle point between the electrodes with diﬀerent T .
It can be clearly seen that both of these densities increases with T . When the time nitrogen gas is added
is less than 0.06 ms, the charged particle densities increase quickly. However, when the time nitrogen gas
is added is more than 0.06 ms, the charged particle
densities almost remain unchanged.
7

Table 2. Comparison between the results under diﬀerent
conditions, i.e., with and without an induced argon plasma
in nitrogen discharge.
Voltage/V

Current/mA

Gap/cm

Pressure/Torr

300

–

2.3a)

200a)

8500

–

0.2b)

760b)

–

10c)

3.2c)

3.9c)

induced argon plasma,

1 (Ref. [27]),

c) without

b) without

5
4

ms
ms
ms
ms
ms
ms

3
2
1
0

induced argon plasma

0

induced argon plasma 2 (Ref. [28]).

In this paper, we also discuss the eﬀects of the
time when the nitrogen gas is added and initial argon
plasma pressure P0 on the nitrogen discharge. The
initial induced argon plasma pressure increases from
P0 (0.5–2 Torr) to Pb (200 Torr). As mentioned above,
+
the number of N+
4 ions is much greater than N2 and
+
Ar in Fig. 1. In what follows, the electron density,
N+
4 density, electron temperature, and electric ﬁeld
are discussed in detail.

7
N4+ density/1010 cm-3

5
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2
1

0

3.1. Eﬀect of the time when the nitrogen gas is added on the nitrogen discharge
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The inﬂuence of the time the nitrogen gas is added
is investigated. The initial induced argon plasma
pressure is 1 Torr. Here we assume that the variation of gas pressure is linear with time. That is,
P (t) = (Pb − P0 )T −1 t + P0 , where T is the time of
adding the nitrogen gas and P (t) is the pressure of
the mixture gas. We calculate the discharge when the
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Electron density/1010 cm-3

the bulk region. As time goes, the electron temperature is always greater than 5.3 eV in the bulk region. The argon ionization coeﬃcient implies that
there is no appreciable ionization for an electron temperature below 5.3 eV. When the electron temperature
is greater than 5.3 eV, argon ionization occurs and
produces electron seeds to maintain the gas ionization
in high pressure. Therefore, the nitrogen discharge
with induced argon plasma can raise the electron temperature and create nitrogen plasmas in high pressure
under these conditions.
Based on the comparison between the results under diﬀerent conditions, i.e., with and without induced
argon plasma, as shown in Table 2, it can be seen that
the nitrogen discharge with induced plasma in high
pressure in this work can be operated at low conditions, such as a comparatively small applied voltage,
high pressure, and large gap. Moreover, it can create
relatively high-density plasma.
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Fig. 2. (colour online) (a) Electron density distribution and (b) N+
4 density distribution when nitrogen gas
is added at diﬀerent times.

The electron temperature and electric ﬁeld at different T are plotted in Fig. 3. It can be seen that the
electron temperature and electric ﬁeld have a small
variation with T . In order to see more clearly, the
electron temperature and electric ﬁeld at the middle
point between the electrodes at diﬀerent T are also
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Figure 4 shows the charged species density distribution at diﬀerent induced argon plasma pressures
P0 (0.5–2 Torr). The time nitrogen gas was added is
0.11 ms. We can see that the electron density and N4+
density increase with increasing P0 , and they almost
have the same value in the plasma, which satisﬁes
charge neutrality. Since the electron density increases
with P0 , the reactions of e + N2 → N2 (A) + e and
e + N2 → N2 (a) + e are enhanced, and thus the densities of N2 (A) and N2 (a) increase. For the processes
of N2 (A) + N2 (a) → N+
4 + e and N2 (a) + N2 (a) →
N+
+
e,
these
reactions
are enhanced to produce elec4
trons. It is a positive feedback process to produce
more electrons. Since the induced argon plasma exists,
the inelastic collisions between electrons and neutral
gas are enhanced.
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3.2. Eﬀect of the initial induced argon
plasma pressure P0 on the nitrogen
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lower rate of varying gas pressure leads to a higher
electron density. The results of the eﬀect of the time
nitrogen gas is added are in agreement with that in
Ref. [21].
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Fig. 3. (colour online) (a) Electron temperature distribution and (b) electric ﬁeld distribution for diﬀerent velocities of adding nitrogen gas.

1.2

The above-mentioned results indicate that a high
rate of varying gas pressure results in short time of
species reactions, and the reactions among species are
not suﬃcient. The long time of adding nitrogen gas
can make the reactions between particles suﬃcient.
Thus, the densities of electron and N+
4 increase with
increasing time of adding the nitrogen gas. The electrons gain energy from the electric ﬁeld. When the
electric ﬁeld decreases with T , the electron temperature also decreases. In Ref. [21], it is stated that a
075202-5
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given. It is shown in Fig. 3(a) that the electron temperature at the middle point between the electrodes
decreases with increasing time. When the time nitrogen gas is added is less than 0.06 ms, the electron
density increases quickly and the electron temperature
also decreases quickly. When the time the nitrogen gas
is added is more than 0.06 ms, the electron density
is nearly kept constant and the electron temperature
is also nearly kept constant. The electron temperature has an opposite variation to the electron density.
From Fig. 3(b), we can see that the electric ﬁeld almost decreases with increasing T . However, when the
time nitrogen gasis added is above 0.06 ms, the electric ﬁeld does not remain constant like the electron
temperature.
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Fig. 4. (colour online) (a) Electron density distribution
and (b) N+
4 density distribution for diﬀerent initial argon
plasma pressure P0 .
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The sheath region decreases and the bulk plasma region increases. Therefore, more particles are bonded
into the bulk plasma and more particles participate in
the reactions.
Our results show that the density of plasma increases with the increase of the initial induced argon
plasma pressure from 0.5 to 2 Torr. With the increase
of the initial induced argon plasma pressure, the electron seeds increase, and the collision frequency among
electrons and argon atoms increases. More ionization
occurs and the plasma density increases. The induced
argon plasma pressure provides active species for nitrogen discharge, and a higher induced argon plasma
pressure can provide more active species. In our results, the RF induced plasma discharge can produce
more plasma, whose density is about 1011 cm−3 . Comparison with available experimental data suggests that
the plasma density obtained in this work is higher than
that reported in Ref. [29].
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At high pressure, it is shown in Fig. 5 that with
as nitrogen gas is added to the argon plasma, the
electron density increases when the constituent of the
nitrogen gas exceeds 40%. This is diﬀerent from a
low-pressure argon–nitrogen gas discharge. Gao et al.
have reported that in RF inductively coupled Ar–N2
plasma, the electron density drops substantially at a
pressure above 1.3 Pa when a small amount of N2 is
added to the gas mixture because of the dissociative
recombination of electrons and argon ions or nitrogen ions.[26] In our model, we neglect the reaction of
electrons and argon ions. However, the dissociative recombination of electrons and N+
2 ions is taken into account. The mechanisms of the increase of the electron
density due to nitrogen addition are associative ionization processes, and these processes reverse the dissociative recombination of electrons and N+
2 ions. The
electron density with nitrogen addition proﬁles shows
signiﬁcant diﬀerences from Ref. [26] due to diﬀerent
mechanisms of generating electrons. The larger induced argon plasma pressure in the low-pressure glow
discharge can provide more active species for the highpressure nitrogen glow discharge.
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Fig. 5. Maximum electron density under diﬀerent proportions of nitrogen gas.

Figure 6 presents the electron temperature and
electric ﬁeld under diﬀerent induced argon plasma
pressures. In Fig. 6(a), the electron temperature decreases with the initial induced argon plasma pressure
P0 . In the bulk plasma, the electron temperature decreases from 5.67 to 5.22 eV. As the electron density
increases, the electron-impact ionizations of neutral
atoms and molecules increase, and the increase of loss
∑
energy term
Hi,j ki,j ne N is faster than that of the

(b)

3
1
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0.6
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0.8
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Fig. 6. (colour online) (a) Electron temperature distribution and (b) electric ﬁeld distribution at diﬀerent initial
argon plasma pressure P0 .

4. Conclusions

j

Ohmic heating term eEΓe . We can also see that the
sheath thickness decreases with the increase of the initial induced argon plasma pressure. It can also be seen
in Fig. 6(b) that electric ﬁeld is between electrodes.

A numerical model is adopted to simulate the nitrogen discharge at high pressure with argon induced
plasma. The numerical results are obtained from the
model. Through analyzing the results, it is found that,
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ﬁrstly, the induced argon plasma can provide highenergy electrons and it is favorable to ionize the gas.
It also can support high electron temperatures and
produce nitrogen plasma at high pressure when the
applied voltage is relatively low. Secondly, the electron density and N+
4 density increase with the increase
in the time the nitrogen gas is added, the electron temperature and the electric ﬁeld decrease under the same
conditions. Finally, with the increase of the initial induced argon plasma pressure, the charged particles increase, and the electron temperature and electric ﬁeld
decrease. Since the initial induced argon plasma pressure can provide active species for nitrogen discharge,
and a higher induced argon plasma pressure will provide more active species, it is concluded that highdensity plasma can be obtained with this method, in
which the induced gas discharge is used under low
pressure and then the pressure is increased to some
extent.
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