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Abstract
A fast-rising gas temperature is due to frequent collisions of the heavy particles in an atmospheric-
pressure dielectric barrier discharge. In this paper, a two-dimensional fluid model is applied to
investigate the influences of rising gas temperature on an atmospheric-pressure helium dielectric
barrier discharge. With the increase in the gas temperature, it is found that: (1) a helium discharge can
evolve from the discharge column to a homogeneous discharge; (2) the breakdown time is in advance
and the gas breakdown voltage decreases; (3) the spatial distribution evolution of the electron density
is similar to that of the helium atom density. The most significant discrepancy between them is that
the electron densities are high at some positions where the helium atom densities are nevertheless
low. Furthermore, the radial reduced electric fields are obtained under different gas temperatures. The
physical reasons for the gas temperature effects are discussed. The simulation results provide a better
understanding of the roles of the radial reduced electric field and the heavy particle.
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1. Introduction

Atmospheric-pressure dielectric barrier discharges (DBDs)
usually exhibit three different discharge modes: filamentary
mode, homogeneous mode and self-organized regular-dis-
charge pattern mode [1]. In practical applications, the non-
uniform filamentary DBDs cause likely local ablation or
perforation of dielectric material [2]. Homogeneous DBDs
can overcome these defects [3]. Therefore, homogeneous
DBDs have been paid attention to in recent years [4].

Numerical simulations and experiments have been car-
ried out to investigate homogeneous DBDs at least once
[5–8]. These papers show that DBD mode depends on many
factors, such as the working gas, driving frequency, electrode

voltage, electrode gap and dielectric layer structure [5–8].
However, reports are relatively rare regarding the role of gas
temperature in mode transition. Compared to a low-pressure
DBD, the collisions among the particles in an atmospheric-
pressure DBD are more frequent [9]. Therefore, the gas
temperature may play an important role in an atmospheric-
pressure DBD mode transition. Various discharge modes,
such as glow-like discharge, Townsend discharge and fila-
mentary discharge, have been studied under different gas
temperatures [10–12], but it is still not reported that the
transition is from the discharge column to a homogeneous
discharge by varying gas temperature, and the corresponding
physical mechanisms have not been fully elucidated.

In this paper, a two-dimensional (2D) fluid model is
applied to the research on the influences of gas temperature on
the characteristics of an atmospheric-pressure helium DBD.
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To gain a better understanding of the mode transition with gas
temperatures, we calculated the electron density, the helium
atom density and the radial reduced electric field, etc, and
gave the physical explanations.

2. Simulation model

A geometrical sketch of the 2D symmetric fluid model for this
study is shown in figure 1. An atmospheric-pressure helium
DBD is generated between two parallel metal plates, both of
which are covered with thin uniform dielectric barrier layers.
The upper electrode is driven by a sinusoidal alternating-cur-
rent (AC) high-voltage power supply, and the lower electrode
is grounded. The working gas is helium. In this simulation, six
species (electron e, helium atom He, helium atom metastable

⁎He , helium molecule metastable *He ,2 helium atom ion He+

and helium molecule ion He2
+) are used and 15 chemical

reactions are employed (shown in table 1). Both the species
and reactions are identical to those used in [13] and [14]. The
rate coefficient data of those reactions are determined by the
cross-section data [15]. The electron density and the electron
energy density are obtained by solving the continuity
equations with drift-diffusion approximation [16–19]:
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In formulas (1) and (2), ne and eG represent the electron
number density and the electron flux vector; Se is the sum of
the source and loss items of the electron number density
resulting from chemical reactions; em and De represent the
electron mobility and the electron diffusion coefficient, which
are obtained with the Bolsig+solver [16]; and E is the local
electric field vector.

In formulas (3) and (4), ne and Ge represent the electron
energy density and the electron energy flux vector,

respectively. The three terms on the right-hand side of
formula (3) represent the Joule heating and energy transfer
due to inelastic and elastic collisions, respectively [18]. The

Ei
eD and Ki are the energy loss during the inelastic collision

process and the corresponding reaction rate (shown in
table 1). Here, me and mHe refer to the masses of electrons and
helium atoms or ions; K T,B g and Te (= ,2

3
e e is the initial

average electron energy) indicate the Boltzmann constant, gas
temperature and electron temperature, respectively; en is the
momentum transfer rate between electrons and the back-
ground helium, which can also be obtained from the Bolsig
+solver [18, 20, 21].

Because there are k kinds of heavy species in the reaction
system, the transport properties are given by the following
multi-component diffusion equations [16, 22, 23]:
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In formula (5), r represents the mixture density; the
subscript k represents the kth species; w represents the mass
fraction of heavy species; J represents the heavy species
diffusive flux; S is the heavy species source term; Q is the
number of heavy species type.

In formula (6), M ,n P and R are the mean molar mass of
the mixture, gas pressure and gas constant, respectively. Note
that P in the gas gap is approximately constant due to a fixed
initial gas pressure of 760.0 Torr.

In formula (7), D ,k zk and km are the diffusion coefficient,
the charge number and the mobility of the kth heavy species,
respectively. The diffusion coefficient (Dk) is the same as that
in [24] and [25]. The mobility of the kth heavy species ( km ) is
calculated by formula (8). The background gas density is
obtained by the following equation [16, 17]
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In addition, the local electric field E is obtained by sol-
ving Poisson’s equation [16, 17],

· ( ) · ( ) ( )E V . 10V0 r 0 re e e e r = -  =

In formula (10), ,0e ,re V and Vr are the vacuum
permittivity, the relative permittivity, the electric potential and
the space charge density, respectively.

The simulation parameters are chosen as follows: the
discharge gap, the width of the electrode and the dielectric
barrier layer are fixed to 4.0 mm, 10.0 mm and 12.0 mm,
respectively. Both barrier layers are 1.0 mm thickness and the
relative permittivity constant is set to 7.5. The gas pressure is
760.0 Torr. The secondary electron emission coefficient is
assumed to be 0.01. For the initial charge balance over the

Figure 1. A schematic of the 2D fluid model.
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gap [17], the initial densities of uniform electrons, uniform
He+ and uniform He2

+ are 1 1013´ m−3, 5 1012´ m−3 and
5 1012´ m−3, respectively. The initial average electron
energy is set to 5 eV [16, 22, 26], while the measured average
electron energy is usually below 1 eV [27]. The initial time
step of the solution was 1 10 s.13´ -

In this model, the boundary conditions are the same as
those described in [14] and [17]. The accumulation of surface
charges (including electron and heavy species) together with
the quenching of excimers and the ion-induced secondary
electron emission is considered on the symmetry axis and the
solid surfaces between dielectrics and the gas gap. The
boundary conditions for the heavy particle flux on the di-
electric surfaces are as follows:

(i) Metastable species ( *He , *He2)
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where n and mg are the unit normal vector toward the surface
and the sticking coefficient accounting for the occurring
probability of the reaction. Here, ,G n and M are the flux term,
density and mass respectively, and the subscript m indicates
metastable species.
(ii) Ions (He ,+ He2
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where the subscript i indicates the ion, Ti refers to the ion
temperature (T Ti g» ) and im is the ion mobility coefficients.
Here, sa is a switching function, which is set to 1 if the drift
velocity is directed toward the wall and to 0 otherwise
[14, 19]. The electron flux and the electron energy flux on the
dielectric surfaces are described in detail in [14, 17]. Some
surface reactions are shown in table 2.

The above-mentioned equations (including the continuity
equation, the multi-component diffusion equation, the Pois-
son equation and other equations associated with the bound-
ary conditions, etc) are solved using multiphysics simulation
software (COMSOL Multiphysics) [17] and the numerical
results are obtained using the fast direct solver PARDISO
provided by the COMSOL Multiphysics software. A super-
fine mesh method is utilized and the total number of degrees
of freedom is 102515 in the calculation.

To evaluate the accuracy and applicability of this 2D
fluid model, when the simulation parameters (voltage ampl-
itude, voltage frequency, gas gap and relative dielectric
permittivity, etc) are exactly the same as the experiment
parameters in figure 2(a) of [33], the discharge current (Idis)
density, electrode voltage (Vappl) and gas voltage (Vgas) are
calculated using the above described 2D fluid model (see
figure 2). When comparing figure 2 to figure 2(a) of [33], the
simulation results (Idis density peak value, Idis density peak
phase and gas breakdown voltage, etc) are almost the same as
the presented experimental results in figure 2(a) of [33]. This
means that the above described 2D fluid model can be used to
study the characteristics of an atmospheric-pressure
helium DBD.

3. Results and discussion

3.1. Effects of gas temperature on the spatial distribution of
electron density

In the following simulations, both Vappl and the frequency are
fixed at 2.0 kV and 20.0 kHz, respectively, and the gas
temperature increases from 375.0 to 475.0 K (close to the gas
temperature of atmospheric-pressure DBD [34]). When the
steady state is reached, the electron density is averaged over
one electrode voltage cycle, and then the spatial profiles of the

Table 1. Chemical reactions considered in the model. The units of the reaction rate coefficient for two body reactions and three body reactions
are m3/s and m6/s. The units for Te and ne are eV and m−3, respectively. Here, (¯ )f 0e represents the coefficient rate with the Maxwellian
electron energy distribution.

No. Reaction Rate coefficient Energy (eV) References

1 e He e He+  + (¯ )f 0e / [20]
2 *e He e He+  + (¯ )f 0e 19.82 [20]
3 e He 2e He+  + + (¯ )f 0e 25.60 [20]
4 *e He 2e He+  + + (¯ )f 0e 4.78 [20]
5 *e He e He+  + 4.2 10 15´ - −19.82 [28]
6 e He He+ + n T1.327 10 27

e e
4.4´ ´ ´- - −25.60 [29]

7 *e He He2 2+ + 5 10 22´ - −3.40 [30]
8 *e He He He He+ +  ++ 1 10 39´ - 0 [28]
9 *e He He He2+  ++ T5.386 10 13

e
0.5´ ´- - 0 [28]

10 *2e He He e2 2+  ++ 7.1 10 32´ - 0 [28]
11 *e He He He He2 2+ +  ++ 5 10 39´ - 0 [31]
12 *e He 2e He2 2+  + + ( )/T T9.75 10 exp 3.416

e
0.71

e
4.4´ ´ ´ -- - 3.40 [28]

13 * *He He e He He+  + + + 2.9 10 15´ - / [28]
14 * *He 2He He He2+  + 1.9 10 46´ - / [28]
15 He 2He He He2+  ++ + 6.3 10 44´ - / [28]
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averaged electron density (log10(ne)) are obtained under dif-
ferent gas temperatures (see figure 3).

For the discharge operated at the 375.0 K gas temper-
ature, one local discharge column occurs at the electrode
center, the other two occur symmetrically near the electrode
edge (see figure 3(a1)) and a typical concentric-ring plasma
discharge can be observed (see figure 3(a2)). The reason for
this is that the electric field is stronger in the center of the
overall discharge region and at the edge of the electrode than
that in other positions [17]. The averaged electron densities
between the central discharge column and the outer discharge
columns (or outer discharge ring) are lower than those in the
central discharge column or outer discharge ring. To facilitate
the description, the region between the central discharge
column and the outer discharge columns (or outer discharge
ring) is defined as the weak discharge region. When the gas
temperature is increased to 400.0 K, the outer discharge
column (or discharge ring) width becomes broad and moves
slightly toward the electrode edge, but the position of the
central discharge column remains unchanged. In addition, the
averaged electron densities increase in the weak discharge
region but decrease in the central discharge column (see
figures 3(b1) and (b2)).

With the further increase in the gas temperature to
412.5 K, the central discharge column disappears and two
new discrete discharge columns (denoted as the inner dis-
charge column hereafter) occur symmetrically around the
position of the central discharge column (see figure 3(c1)), or
a new ring plasma discharge is generated (see figure 3(c2)).
The averaged electron densities decrease in the outer

discharge columns but increase in the weak discharge region,
which implies that the difference in the averaged electron
density decreases between the discharge column and the weak
discharge region and the discharge gradually becomes uni-
form (see figures 3(c1) and (c2)). As the gas temperature
continues to rise, the inner discharge column gradually dis-
appears (see figures 3(d2)–(f2)), mainly because the differ-
ence in the averaged electron density decreases further
between the discharge column and the weak discharge region
(see figures 3(d1) and (e1)), and the averaged electron density
is almost uniform in the whole gas gap (see figure 3(f1)). The
evolution of the averaged electron density shows that an
atmospheric-pressure helium DBD can transit from the dis-
charge column (or ring plasma discharge) at some local
locations to a homogeneous discharge in the whole gas gap
only by increasing the gas temperature. Some experimental
results also show that a helium DBD can operate in different
discharge modes, such as a homogeneous spot or the ring-like
shape, by varying the gas temperature [11, 35, 36]. It is also
worth noting that the evolution of an atmospheric-pressure
helium DBD with the gas temperature is very similar to that
of an atmospheric-pressure argon DBD with the applied
voltage [17].

Figure 4 shows the spatial distribution of the degree of
ionization ( ( )n n n ,i i a= + where ni and na are the ion and
neutral particle densities, respectively) along the r direction
under different gas temperatures. Note that: (1) only half of
the spatial distribution of the degree of ionization is given due
to the symmetric discharge geometry; (2) the degree of

Table 2. Surface reactions considered in the model.

No. Formula
Reaction
probability ig

Initial electron
mean energy (eV) References

1 He He+ 1 0.01 2.50 [32]
2 He 2He2 + 1 0.01 2.50 [32]
3 *He 2He 1 0 0 [32]
4 *He He2  1 0 0 [32]

Figure 2. Time variation over one cycle of the calculated Vappl, Vgas

and Idis density when the steady state is reached. The simulation
parameters were exactly the same as the experiment parameters in
figure 2(a) of [33].

Figure 3. Spatial profiles of the time-averaged (the last cycle of the
steady state) electron densities (in unit m−3) under different gas
temperatures: (a) 375.0 K, (b) 400.0 K, (c) 412.5 K, (d) 425.0 K, (e)
450.0 K and (f) 475.0 K. The front views are shown on the left side,
while the top views are presented on the right side.
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ionization in figure 4 is that at the absolute maximum of the
discharge current. The influences of gas temperature on the
discharge uniformity can also be clearly displayed in figure 4,
which demonstrates that the spatial distribution of the degree
of ionization has similar variation to the electron density
(from non-uniform to uniform) along the r direction with the
increment in the gas temperature. Specifically, the obtained
curve of the degree of ionization versus r presents the maxima
at lower gas temperature, and the number of and the position
of the maximum degrees of ionization in figure 4 are exactly
the same as those of the discharge columns in figure 3.

3.2. Influences of gas temperature on the electrical
characteristics

For corona discharge between conventional needle-plate
electrodes in air, the amplitude of the current pulse increases
with the increasing ambient temperature [12], but the
dependence of the current pulse on the gas temperature has
not been studied when a plate-plate helium DBD transits from
filamentary discharge to homogeneous discharge. Therefore,
Idiss are obtained under different gas temperatures (see
figure 5). The most significant finding is that the current pulse
amplitude decreases and the breakdown time advances when
the gas temperature increases, which will result in the increase
in the space charges in the discharge region and a decrease in
the charges accumulated on the dielectric surface [17].

The electron density is averaged along the z direction, and
the averaged electron density versus time is obtained under
different gas temperatures (see figure 6). Note that different
scales are used in figure 6 to better appreciate any changes. At
the times about 150.0 ms and 175.0 ms (corresponding to the
absolute maximum of the discharge current, respectively), two
discharge channels occur around the positions r=0.0 mm
and r=3.5 mm with maximal electron density of
2.74 10 cm17 3´ - at the gas temperature of 375.0 K. The
positions of the two discharge channels are the same as those
in figure 3(a1). With the increment in the gas temperature, the
electron density corresponding to the maximum of the

discharge current at the position r=0.0 mm gradually
decreases and gradually becomes the same as those at other
positions, which implies that the discharge gradually becomes
uniform.

Figure 7 shows the dependence of the gas gap breakdown
voltage on gas temperature. More clearly, the gas gap
breakdown voltage experiences a linear decrease when
increasing the gas temperature. Han et al [37] verified
experimentally that the breakdown voltage decreases as the
gas temperature increases. One reason for the above feature is
that the increase in the gas temperature will result in a
decrease in the neutral gas density in the gap according to
formula (6). As a result, the reduced electric field ( E n,=
where n is the gas density) increases (see figure 8), which
leads to the decrease in the gap breakdown voltage [38]. A
uniform Townsend discharge is more easily obtained at lower
gas gap breakdown voltages [39].

3.3. Discussion

It is well known that the gas temperature is dependent on the
heavy particle temperature [40]. To obtain a deeper under-
standing of the dependence of helium DBD characteristics
on gas temperature, the spatial profiles of the time-averaged
helium atom densities (log10(ne)) are studied under different
gas temperatures, as shown in figure 9. Note that the helium
atom density (the order of 1025 m−3) is much greater than the
other helium particle densities (the order of *He2 1019 m−3,
the order of *He 1018 m−3, the order of He2

+ 1017 m−3 and the
order of He+ 1016 m−3); therefore, only the spatial profile of
the time-averaged helium atom density is given. For the
same reason as in figure 6, different scales are also used in
figure 9.

The variation in figure 9 shows the following character-
istics: when increasing the gas temperatures, the spatial dis-
tribution of the helium atom density varies from a concentric
single ring (see figures 9(a1), (a2) and (b1), (b2)), a con-
centric double ring (see figures 9(c1), (c2) and (d1), (d2)) to
homogeneous discharge in the whole gas gap (see

Figure 5. The Vappl and Idis waveforms under different gas
temperatures.Figure 4. Spatial distributions of the degree of ionization along the r

direction under different gas temperatures.
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figures 9(e1), (e2) and (f1), (f2)). The differences shown in
figures 3 and 9 are that: (1) the helium atom densities are low
while the electron density is high at the same location; (2) the
helium atom densities are low at the electrode edge or on the
dielectric surface when the discharge operates in a nearly
homogeneous mode, which implies that the local temperature
is high; (3) the helium atom density differences at different
positions are relatively small at the same temperature.

The reduced electric field is closely related to the gas
density and is one of the key factors influencing the discharge
uniformity. Therefore, figure 10 shows both the radial
reduced electric field (denoted as Err hereafter) and the spatial
profile of the electron density at the time about 150.0 ms
(corresponding to the maximum of the discharge current).
Note that the time corresponding to the maximum of the
discharge current usually varies with the gas temperature (see
figure 5). It can be clearly seen that the Err presents three
minima at some radial positions, and the strong local Err are
generated around the three minimum Err at the gas temper-
ature of 375.0 K due to the faster drift of electrons than that of
ions [41] (see figure 10(a1)). According to the direction of the
Err (see figure 10 (a2)), the strong local Err can attract the
electrons into the local discharge (called the ‘electron-focus-
ing effect’, EFE) [42, 43]. This EFE can cause the formations

of the local high electron density region and of the weak
discharge region near the cathode region (see figure 10(a2)).
Note that the arrows in figure 10(a2) are magnified ten times
compared to others presented in figure 10.

When the gas temperature is increased to 400.0 K, the Err

in the weak discharge region becomes wider and decreases
[17] (see figure 10(b1)). This is because the average width of
the low helium atom densities region increases (see
figures 9(b1) and (b2)). Meanwhile, the space charges in the
discharge region increase and the charges accumulated on the
dielectric surface decrease due to the breakdown in advance
[17] (see figure 5). The decrease in the Err will result in the
decrement in the EFE [17, 41]. As a result, the electrons in the
discharge column more easily spread to the edge of the dis-
charge column or into the weak discharge region, which can
cause the local discharge area near the cathode region to
increase (see figure 10(b2)) or the width of the discharge
column to broaden (see figure 3(b1)). It is worth noting that
the outer discharge columns slightly move toward the elec-
trode edge because the Err in the right (left) of the outer
discharge column are stronger than those in the left (right)
(see figure 10(b1)).

As the gas temperature is increased to 412.5 K, it is
decreased in both the Err in the weak discharge region and the

Figure 6. Temporal contour maps of the z axis averaged electron density (cm−3) under different gas temperatures: (a) 375.0 K, (b) 400.0 K,
(c) 412.5 K, (d) 425.0 K, (e) 450.0 K and (f) 475.0 K.
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Err discrepancy between the weak discharge region and in the
local discharge (see figure 10(c1)). This means the further
decrement of the EFE will increase the electron density in the
weak discharge region. Meanwhile, the gas breakdown volt-
age is lower than those at the gas temperature less than 412.5
K (see figure 7). As a result, more local discharges near the
cathode region (see figure 10(c2)) or the ring plasma dis-
charge in the gas gap (see figure 3(c2)) can occur at radial
locations at the same Vappl where the electron density is high.

With the continuing increase in the gas temperature, the Err
in the weak discharge region continues to decrease and the
uniformity of the Err gradually increases (see figures 10(d1)–
(f1)), implying that the EFE gradually disappears, and the
electron density spatial distribution near the cathode region
gradually becomes uniform (see figures 10(d2)–(f2)). When the
gas temperature further increases to 475.0 K, many electron

avalanches can form simultaneously and a spatially uniform
discharge can be initiated in the whole radial location (see
figures 10(e2) and (f2) or figures 3(e1) and (f1)) due to more
uniform distribution of electron density and the lower break-
down voltage [44]. In addition, the helium atom density near
the dielectric surface is low and its distribution is uniform (see
figure 9(f1)), causing the reduced electric field to become strong
and uniform near the dielectric surface. As a result, a uniform
discharge occurs near the dielectric surface (see figure 10(f2)).

Figure 8. The spatial-temporal helium atom density (in unit m−3)
and reduced electric field as a function of gas temperature.

Figure 9. Spatial profiles of the time-averaged helium atom densities
(in unit m−3) under different gas temperatures. The gas temperatures
in figures 9(a)–(f) correspond to those in figures 3(a)–(f),
respectively. The front views are shown on the left side, while the
top views are presented on the right side.

Figure 10. Spatial profiles of the radial reduced electric field (left)
and the electron densities (right). The arrows in figures 10(b2)–(f2)
indicate the direction of the radial reduced electric field. The gas
temperatures in figures 10(a)–(f) correspond to those in figures 3(a)–
(f), respectively.

Figure 7. The gap breakdown voltage as a function of the gas
temperature.
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4. Conclusions

In this paper, a 2D fluid model is used to study the influences of
gas temperature on atmospheric-pressure helium DBD char-
acteristics. The following important conclusions are drawn:

(1) An atmospheric-pressure helium DBD can evolve from a
concentric single ring or a concentric double ring to
homogeneous discharge by gradually increasing the gas
temperature from 375.0 K to 475.0 K at a constant Vappl.

(2) Both the gas breakdown voltage and current pulse
amplitude decrease, and the breakdown time advances
with the increase in gas temperature.

(3) At the same gas temperature, the spatial distribution
discrepancy between the electron density and the helium
atom density is that the electron densities are high at
some positions where the helium atom densities are
nevertheless low. The physical reason for the above
discrepancy is elucidated as follows. The discharge is
strong in some local regions. It implies that the local
electron density is high, which causes the local temper-
ature to increase. As a result, the local helium atom
density decreases.

(4) The Err in the discharge column region is much less than
that in the weak discharge region, which contributes to
the formation of some local discharge columns at the gas
temperature of 375.0 K. With the increase in the gas
temperature, the Err decreases in the weak discharge
region but increases in the discharge column region;
finally, the discrepancy between the Errs in the two
regions completely disappears. As a result, the EFE
gradually disappears and then a helium discharge column
gradually transits to homogeneous discharge.
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