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The glow discharge in pure helium at atmospheric pressure, controlled by a dielectric barrier between coaxial

electrodes, is investigated based on a one-dimensional self-consistent fluid model. By solving the continuity equations

for electrons, ions, and excited atoms, with the current conservation equation and the electric field profile, the time

evolution of the discharge current, gas voltage and the surface density of charged particles on the dielectric barrier are

calculated. The simulation results show that the peak values of the discharge current, gas voltage and electric field in

the first half period are asymmetric to the second half. When the current reaches its positive or negative maximum,

the electric field profile, and the electron and ion densities represent similar properties to the typical glow discharge

at low pressures. Obviously there exist a cathode fall, a negative glow region, and a positive column. Effects of the

barrier position in between the two coaxial electrodes and the discharge gap width on discharge current characteristics

are also analysed. The result indicates that, in the case when the dielectric covering the outer electrode only, the gas is

punctured earlier during the former half period and later during the latter half period than other cases, also the current

peak value is higher, and the difference of pulse width between the two half periods is more obvious. On reducing the

gap width, the multiple current pulse discharge happens.

Keywords: dielectric barrier discharges, atmosphere pressure glow discharge, plasma,

numerical simulation
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1. Introduction

Traditional ways to produce plasmas at the at-

mospheric pressure include arc, corona, and dielectric

barrier discharges, etc. In an arc discharge, thermal

plasmas are yielded, which are mainly applied in met-

allurgy, spray and cutting. In corona and dielectric

barrier discharges, the gas temperature is very low

and nonthermal equilibrium plasmas are formed. The

plasmas produced by corona discharge are usually con-

fined in a small region near the electrode and limited

to the application in materials processing. The di-

electric barrier discharge at atmospheric pressure can

exhibit a homogeneous diffuse mode under special con-

ditions, which is called the atmospheric pressure glow

discharge (APGD) due to its great similarity to the

glow discharge at low pressure. Since APGD pro-

duces homogeneous non-equilibrium plasmas, it leads

to a broad prospect in applications including mate-

rials modification, thin-film deposition, etching, ster-

ilization and disinfection of medical apparatus, fibre

modification and so on.

In recent years, APGD has become one of the

main research focuses in low-temperature plasma

studies. Okazaki et al
[1−3] have first reported a tech-

nique in generating the APGD by using dielectric bar-

riers, with AC fields. Roth and his group[4−6] have

independently started to study the dielectric barrier

discharge at atmospheric pressure, as well as to ap-

ply it to disinfection in medical apparatus, fibre mod-

ification, thin-film deposition and so on. Massines

and co-workers[7,8] have developed the experimental

and numerical study on APGD and their results show

that APGD has similar characteristics to those of the

glow discharge at low pressures. Kong and Deng [9]

put forward a new way of using pulse-voltage to gen-

erate APGD. Close attention has been paid by re-

searchers to generate APGD controlled by a dielec-

tric barrier between parallel-plate electrodes.[10−12]

The experimental and numerical simulation stud-

∗Project supported by the National Natural Science Foundation of China (Grant Nos 50537020 and 50528707).
†E-mail: wangdez@dlut.edu.cn

http://www.iop.org/journals/cp http://cp.iphy.ac.cn



1090 Zhang Hong-Yan et al Vol. 16

ies about this kind of discharge configurations are

widely developed.[13−16] However, studies in the area

of APGD or plasma jets generated between coaxial

electrodes are relatively rare.[17,18]

In this paper, we present a numerical simulation

of APGD by the dielectric barrier situated between

two coaxial electrodes. Solving the continuity equa-

tions for electrons, ions, and excited particles, also the

current conservation equation, we have calculated the

distributions of the electric field profile and the elec-

tron, ion and excited atom densities in the discharge

area, as well as the temporal evolution of discharge

current, gas voltage and surface charge densities ac-

cumulated on the insulated dielectric barrier.

2. Simulation model

The discharge we studied is generated between

two coaxial electrodes. An outer grounded cylindrical

electrode surrounds a quartz glass tube from outside,

and a sinusoidal voltage is applied to the inner wire

electrode at the axis of the cylinder (r = 0). The outer

radius of the inner electrode isR0, and the inner radii

of the dielectric and the outer electrode are R1 and

R2, respectively, as shown in Fig.1.

Fig.1. Dielectric barrier discharge configuration in an ax-

ial symmetry system.

Working gas used is pure helium. The numeri-

cal simulation is based on a one-dimensional and self-

consistent fluid model. Under the condition of drift-

diffusion approximation, continuity equations for the

charged particles and excited atoms can be written as

∂nk

∂t
+

1

r

∂(rjk)

∂r
= Sk, (1)

jk = −Dk

∂nk

∂r
+ µknkE, (2)

where nk, jk, Dk, µk, Sk are density, flux, diffusion co-

efficient, mobility and source term for the kth species

of particles, respectively, with t and r being time and

the radial distance from the axis; E is the electric

field, and the subscripts k = e, i, a represent elec-

trons, atomic and molecular ions, and excited atoms

respectively. Especially, if k = e, the mobility µ is

negative, and if k = a, the mobility µ equals zero.

Instead of Poisson’s equation in our numerical

simulation calculation, the electric field is given by

the current conservation equation,

ε(r)
∂E(r, t)

∂t
+ ic(r, t) = iT(r, t), (3)

where the permittivity ε(r) depends on the position.

In the gas region, ε(r) = ε0, and in the dielectric bar-

rier, ε(r) = ε0εb, with εb being the relative permit-

tivity. In Eq.(3) iT(r, t) is the total discharge current

density including the conductive current and the dis-

placement current densities. The conductive current

ic is then given by

ic(r, t) = e(ji(r, t) − je(r, t)), (4)

where ji(r, t) and je(r, t) are respectively the ion and

electron fluxes given by Eq.(2). Taking the secondary

electron emission into account, the conductive current

at the surfaces of the inner electrode and the dielectric

should be

ic(r, t) = e[ji(r, t) − (je(r, t) + γji(r, t))], (5)

with γ the secondary electron emission coefficient. In

this paper, we mainly simulate the elementary dis-

charge properties generated between the two coaxial

electrodes and do not discuss the influences of the sec-

ondary electron emission coefficient on the discharge

properties, therefore we assume γ = 0.01 at the cath-

ode regardless of whether it is insulated. The electric

field E should satisfy the following boundary condi-

tion:
∫ R2

R0

E(r, t)dr = Va(t), (6)

where Va(t) = V0 sin(2πft) is the sinusoidal external

voltage applied to the inner electrode. Multiplying the

both sides of Eq.(3) by 2πrL, we can define the total

discharge current as IT = 2πrL · iT, which is indepen-

dent of radius r, with L being the axial length of the

discharge installment

2πrL · ε(r)
∂E(r, t)

∂t
+ 2πrL · ic(r, t) = IT(t). (7)

Integrating Eq.(7) over the discharge region, we can

compute the total discharge current IT(t),

IT(t) =
2πLε0εb

[εb ln(R1/R0) + ln(R2/R1)]

×

[∂Va(t)

∂t
+

1

ε0

∫ R1

R0

ic(r, t)dr
]

. (8)
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From Eq.(8), we can obtain the total current den-

sity versus different radii by using the relation

iT(r, t) =
IT(t)

2πrL
=

ε0εb

r[εb ln(R1/R0) + ln(R2/R1)]

×

[∂Va(t)

∂t
+

1

ε0

∫ R1

R0

ic(r, t)dr
]

. (9)

The surface density of charged particles accumu-

lated on the dielectric barrier is described as

σb(t) =

∫ t

0

ic(R1, t
′)dt′. (10)

The charged particles considered in the present

model are the electron e, atomic ion He+, and molec-

ular ion He+
2 . Since at the atmospheric pressure, the

states He(21S) and He(23S) of excited He atoms have

very similar behaviours, so that they are often unified

into one effective level expressed as He∗. The elemen-

tary ionization and excitation processes expressed in

the source term are listed in Table 1. In the present

calculation, electrons are assumed to be in equilib-

rium with the local electric field. In fact, electrons are

not always in equilibrium with the local electric field,

particularly in the sheath region.[24,25] However, the

results obtained in the present study could provide a

relatively clear picture of plasma dynamics. A quanti-

tatively more accurate description can in principle be

developed in a similar way to that reported recently

in Ref.[26].

Table 1. The elementary reaction process in pure helium.

Reaction Rate constant Reference

Direct ionization e+ He → He+ +2e α [19]

Excitation e+ He → He+ +e 4.2 × 10−9T 0.31
e e−19.8/Te cm3/s [20]

Ionization of metastable e+ He∗ → He+ +2e 1.28 × 10−7T 0.6
e e−4.78/Te cm3/s [20]

Ion conversion He++ 2He → He+2 + He 2.0×10−31 cm6/s [20]

Penning ionization He∗ + He∗ → e + He+ + He 8.7×10−10 cm3/s [21]

→ e + He+
2

2.03×10−9 cm3/s

Dissociative recombination He+2 + e → 2 He 4.0×10−9 cm3/s [22]

He+ + e → He 8.1 × 10−20 ne

1+0.079p
(Te/Tg)−4.4 cm3/s [23]

De-excitation He* + e → He + e 2.9×10−9 cm3/s [21]

3. Results and discussions

In our model, the series of equations above

are solved numerically, and the discretization of

Eq.(1) is performed in accordance with semi-implicit

Scharfetter–Gummel scheme.[27,28] The mobility and

diffusion coefficient used are the same as those in

Refs.[23], [29], and [30]. The photo-ionization con-

tribution is not taken into account in this model. The

secondary electron emission coefficient due to ion scat-

tering at the cathode is assumed to be 0.01. The

gas temperature is 300K with a pressure of 0.1MPa

and electron energy of 1.5eV. As the initial condition,

we assume that the electron density and the atomic

ion density are equal to each other and uniformly dis-

tributed in the discharge region ne(r, 0) = ni(r, 0) =

107cm−3, while the molecular ion density and the ex-

cited atom density are both 102cm−3. The spacing

between the two coaxial electrodes is 0.6cm; the outer

radius of the inner electrode is R0 = 0.1 cm, and the

inner radius of the outer electrode is R2 = 0.7 cm. The

thickness of the quartz glass covering the outer elec-

trode from inside is 0.1cm and its relative permittiv-

ity εb is 7.5, so the discharge gap is as wide as 0.5cm,

and the axial length of the discharge installment is

assumed to be L = 10 cm. A sinusoidal voltage is ex-

ternally applied to the inner electrode, its amplitude

and frequency are 2kV and 50kHz, respectively. After

twenty discharge cycles, the system enters a relatively

steady state.

Figure 2 shows the temporal evolution of the total

discharge current and the gas voltage during a typical

cycle. It can be seen that there is one current peak in

each half cycle of the applied voltage. Different from

the parallel-plate configuration, the current peak in

various half periods loses its original shape. The cur-

rent maximum of 0.48A in the first half is different

from the second, which is only 0.14A. In addition, the

pulse width of the discharge current in the latter half

period is wider than that in the former. In the former

half period, the outer cylindrical electrode is the dis-

charge cathode. It is due to the fact that in the first

half, the discharge cathode is the outer electrode with

a big radius so that the volume of ionization region

in the cathode sheath is also very large, leading to a

strong current gathering; while in the latter half pe-
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riod, the discharge cathode is the inner wire electrode

with a very much smaller radius. Although in the lat-

ter case the sheath electric field is much stronger than

that in the former, the volume of the ionization re-

gion is however so small that it leads to a smaller cur-

rent peak. The solid line in Fig.2 represents the time-

evolution of the gas voltage with the applied voltage

during a typical cycle. At the initial moment, the ap-

plied voltage is zero, and the gas voltage is not zero but

equal to the memory voltage produced by the charged

particles accumulated on the dielectric. As the applied

voltage rises, the gas voltage increases until reaching

the breakdown voltage. Then the gas is punctured

and discharge starts. Meanwhile, the charges accumu-

lated on the dielectric produce a reverse electric field,

making the gas voltage drop and leading to a termi-

nation of the gas discharge, as shown in Fig.2. Since

the puncture time is very short, it restrains the free

growth of the discharge current and avoids the emer-

gence of arc discharge. In the latter half period, due

to the reversal of the applied voltage, the electric field

produced by the accumulated charges has the same di-

rection as the applied field, so it reduces the threshold

applied voltage for starting the next discharge. Fur-

thermore, since the breakdown during the latter half

period happens in the cathode sheath near the inner

wire electrode, where the electric field is strong, corre-

spondingly it is easier to puncture, and therefore the

breakdown voltage in the latter half period is lower

than that in the former half period. As a result of the

higher discharge current during the former half pe-

riod, the accumulation speed of charged particles on

the dielectric barrier is fast too. Then the gas voltage

drops rapidly and the discharge is suppressed quickly,

and consequently the discharge current pulse is nar-

row. However, during the latter half period, since the

discharge current is low, the accumulation speed of

charged particles on the dielectric is also low. Thus

the gas voltage changes slowly and its suppressing ef-

fect on discharge is small, so the current pulse is wide.

Figure 3 describes the evolutions of the surface

density of charged particles accumulated on the di-

electric and the discharge current as functions of time.

The dielectric is affixed to the outer electrode. During

the first half period of the applied sinusoidal voltage,

the outer electrode is the cathode and the electric field

points to it. Then the positive ions are accumulated

on the dielectric barrier. When the gas discharge is

ignited, the gas produces a large number of ions flow-

ing to the cathode and accumulating on the dielectric,

corresponding to the ascending part in Fig.3. How-

ever, during the latter half period, the inner electrode

is turned to be a cathode and the electric field also

points oppositely. Then electrons are accumulated

on the dielectric barrier. When the gas punctures, it

produces plenty of electrons flowing to the outer elec-

trode. Since the discharge current is relatively small,

the surface charge density accumulated on the barrier

changes quite slowly.

Fig.2. Evolution of the total discharge current and gas

voltage in a typical cycle. The dashed curve represents the

discharge current, the solid one represents the gas voltage

and the dotted one represents the applied voltage.

Figures 4(a) and 4(b) illustrate the spatial distri-

butions of the electric field, the ion, and the electron

as well as the excited atom densities when the dis-

charge current reaches its positive or negative maxi-

mum during the cycle. It can be seen in Fig.4(a), when

the discharge happens in the former half period, the

cathode sheath is formed near the dielectric barrier

covering the outer electrode. There obviously exist a

cathode fall, a negative glow region, a Faraday dark

region, and a plasma positive column. This shows a

similar feature to the typical glow discharge at low

pressures. In the cathode fall, the electric field can

be up to 23kV/cm and then decreases linearly from

the cathode. The maximal ion density in this region

is 4.7× 1011cm−3 and the width of the cathode fall is

about 0.05cm. The width of the negative glow region

and the Faraday dark region is about 0.15cm. The

electron density shows a negative glow region with a

peak value of 1.4×1011cm−3. In other words, when the

current reaches a peak during the former half period,

the maximal electron density does not occur near the

sheath but near the inner electrode. Due to the ax-

ial symmetry, the current density near the inner wire

electrode is the highest. In the plasma positive col-
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umn, the electric field is quite low, about 3kV/cm.

The electron and ion densities are nearly equal to each

other. Due to the asymmetry of discharges, the densi-

ties are not uniform in the plasma region but increase

gradually from the outer to the inner electrode. Fig-

ure 4(b) indicates that during the latter half period

when the current reaches the maximum, the cathode

sheath is formed near the inner electrode. Obviously

there exist the cathode fall, the negative glow region,

and the positive column. In the cathode sheath, the

electric field intensity is 27kV/cm in maximum and

shows a tendency to reduce linearly. The thickness of

the sheath is about 0.03cm and the ion density can

be up to 4×1011cm−3. The maximal electron density

of 6 × 1010cm−3 appears at the boundary near the

sheath. In the plasma positive column, the electric

field intensity is small and keeps almost steady; while

the electron and ion densities are equal to each other,

i.e. nearly 4 × 1010 cm−3. The distribution of the ex-

cited atom density does not change too much during

the former and the latter half periods. The maximal

densities (about 8× 1011cm−3) both appear in the re-

gion near the inner wire electrode. The excited atom

density decreases in the direction from the inner to

the outer electrode.

Fig.3. The surface density of charged particles and dis-

charge current in a cycle. The solid curve represents the

surface density of charged particles, and the dashed one

represents the discharge current.

Fig.4. The spatial distribution of the electric field and densities of particles when the current reaches its maximum. The

solid curve represents the electric field, the dashed one represents the ion density, the dotted one represents the electron

density, and the dot-dashed one represents the excited atom density.

Figures 5(a) and 5(b) show the spatial distribu-

tions of the calculated source terms of direct ionization

and other ionization on the right side of Eq.(1) when

the current rises to its maximum. The other ionization

includes the main penning effect and the excitation

ionization. It can be seen that at the maximal current,

the direct ionization plays the main role in the ioniza-

tion source terms, three orders of magnitudes higher

than the other ionization. Along with the alternation

of the discharge cathode during the former and latter

half periods, the peak value of the direct ionization ap-

pears in the corresponding cathode sheath, while the

maximum of the other ionization, mainly the penning

effect, does not, but it is mostly distributed in the

region near the inner wire electrode all the time. Al-

though the excited atom density has the same order as

the electron and ion densities, as shown in Fig.4, it is

not high enough to make the penning ionization com-

parable to the direct ionization. Therefore, the other

ionization cannot play the main role in ionization. In

calculations, the electron temperature is assumed to

be constant, 1.5eV. However, the fact is that in the

kinetic model the electron temperature can be as high

as 10eV near the temporary cathode in the sheath re-
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gion and as low as 1eV in the positive column, then

the other ionization may be higher in the sheath and

lower in the plasma column.

Fig.5. Calculated source terms of direct ionization and

other ionization in pure helium. The solid curve represents

direct ionization and the dotted one represents the other

ionization.

Figure 6 shows the comparison of electrical char-

acteristics between the following two discharge config-

urations: only the outer cylindrical electrode covered

with the dielectric or only the inner wire electrode

covered with dielectric. It can be seen that under the

same discharge conditions, there is a great difference

in the current amplitude and the gas breakdown point

between the two discharge configurations. During the

former half period of the applied voltage, the discharge

happens early in the configuration of only the outer

cylindrical electrode covered with dielectric, but late

in the configuration of only the inner wire electrode

covered with the dielectric. However, during the lat-

ter half period, the situation is opposite; the discharge

happens early in the configuration of only the inner

wire electrode covered with dielectric. In the dielectric

barrier discharge, a great number of charged particles

produced at the puncture time drift toward the two

electrodes under the action of the applied electric field

and accumulated on the surface of the dielectric. The

higher the surface density of charged particles accumu-

lated on the dielectric, the stronger the enhancement

of the applied field during the next half period, and

thus the earlier the gas break down.

Fig.6. Electric characteristics in different barrier dis-

charge configurations. The dashed curve represents only

the outer electrode covered by the dielectric, the solid one

represents only the inner electrode covered by the dielec-

tric, and the dotted one represents the applied voltage.

Fig.7. Surface density of charged particles accumulated

on the dielectric in different discharge configurations. The

solid line represents only the outer electrode covered by

the dielectric, the dashed one represents only the inner

electrode covered by the dielectric, and the dotted one

represents the applied voltage.

In Fig.7 we can see that during the former half

period of the sinusoidal voltage, for only the outer

cylindrical electrode covered with the dielectric, the

surface density of electrons accumulated on the di-

electric is much higher, about 4.5 × 10−9C/cm2, so

the discharge happens earlier, while in the other

case, the surface density of positive charge is just

about 3.5 × 10−9C/cm2, so the discharge happens

later. However, during the latter half period, the

gas breaks down early in this case because the sur-

face density of electrons accumulated is far higher,
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nearly 6.0 × 10−9C/cm2. It discharges late for the

configuration of only the outer cylindrical electrode

covered with the dielectric because of the low surface

density of positive charge, about 3.5 × 10−9C/cm2.

Due to the mobility of electrons, the surface density

of electrons accumulated on the dielectric is always

higher than that of the positive charge, as seen clearly

in Fig.7, and therefore for the corresponding configu-

ration with negative accumulated charge the current

punctures earlier than the other case. Since the sur-

face of the wire electrode is much smaller than that of

the outer cylindrical electrode, the surface density of

electrons accumulated on the dielectric for the config-

uration of only the inner wire electrode covered with

dielectric is far higher, nearly 6.0×10−9C/cm2. Then,

at the maximal current in the case of only the outer

electrode covered with the dielectric, the sheath elec-

tric field is always stronger and the sheath thickness

is always thinner than the other case, as shown in

Fig.8. Thus the discharge current amplitude in Fig.6

is higher for this configuration, nearly to be as three

times high as in the case of only the inner wire elec-

trode covered with the dielectric. Moreover, the elec-

tric characteristics of the configurations of both the

two electrodes covered with the dielectric are quite

similar to that of the configuration of only the inner

wire electrode covered with the dielectric.

Fig.8. The electric field intensity in different configura-

tions. The solid curve represents only the outer electrode

covered by the dielectric, the dashed one represents only

the inner electrode covered by the dielectric, and the dot-

ted one represents the position of the dielectric barrier.

Fig.9. Electric characteristics in different discharge gap widths. (a) 0.3cm (b) 0.2cm. The solid curve represents the

discharge current and the dotted one represents the applied voltage. Other parameters are the same as those in Fig.2.

With other discharge parameters being the same

as discussed above but varying the gap width, the mul-

tiple current pulses occur as the discharge gap width

reduces. With a gap width of 0.3cm, there exist two

pulses during the first half period only. Reducing the

gap width to 0.2cm, we find two pulses in both half

periods. When the gap width narrows further, the

distance the charged particles travel to the dielectric

surface is also further reduced and the surface density

of charged particles accumulated on the dielectric in-

creases, leading to the growth of the memory voltage

and the reduction of the threshold voltage to start the

next breakdown. Thus the first breakdown happens

earlier and earlier, as shown in Figs.9(a) and 9(b). As

the applied voltage increases, the gas voltage reaches

breakdown once more and the gas discharge happens

once again during the latter half period.

4. Conclusions

Based on the one-dimensional and self-consistent

fluid model, the characteristics of the dielectric barrier
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glow discharge in pure helium at atmospheric pressure

generated between two coaxial electrodes is investi-

gated numerically. In calculation, we have considered

the elementary ionization and excitation processes in

pure helium. Under the drift-diffusion approximation,

by solving the one-dimensional continuity equations

for electrons, ions and excited atoms, together with

the current conservation equation, the simulation re-

sults show the spatial–temporal distributions of the

electric field and the electron, ion and excited atom

densities, as well as the time evolutions of the dis-

charge current, the gas voltage and the surface den-

sity of charged particles on the dielectric barrier. At

maximal discharge current, there obviously exist the

cathode fall, the negative glow region and the positive

column, similar to the APGD with the dielectric bar-

rier between parallel-plate electrodes. Though the ax-

ial symmetry of the wire-cylindrical electrodes system

is found, the simulation results reveal that the peak

discharge current, gas voltage and the electric field are

asymmetric by comparing the first half cycle with the

second. The influence of the way the dielectric covers

the electrodes on discharge current characteristics is

very significant. For the dielectric covering the outer

electrode only, the discharge current amplitude is the

highest, the gas punctures the earliest during the first

half period and latest during the latter half, and the

difference of the pulse widths is the most obvious. For

the dielectric covering the inner electrode only, the

discharge current is much smaller. Reducing the gap

width causes the multiple current pulse discharge. As

the gap width narrows, the number of current pulses

increases.
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