Sub-microsecond pulsed atmospheric glow discharges with and without
dielectric barrier
Shutong Song, Ying Guo, Wonho Choe, Jie Zhang, Jing Zhang et al.
Citation: Phys. Plasmas 19, 123508 (2012); doi: 10.1063/1.4772780
View online: http://dx.doi.org/10.1063/1.4772780
View Table of Contents: http://pop.aip.org/resource/1/PHPAEN/v19/i12
Published by the American Institute of Physics.

Related Articles
Physical mechanism and numerical simulation of the inception of the lightning upward leader
Phys. Plasmas 19, 123501 (2012)
Binary and ternary recombination of D3+ ions at 80–130 K: Application of laser absorption spectroscopy
J. Chem. Phys. 137, 194320 (2012)
Surface roughness effects on the corona discharge intensity of long-term operating conductors
Appl. Phys. Lett. 101, 174103 (2012)
Experimentally investigate ionospheric depletion chemicals in artificially created ionosphere
Phys. Plasmas 19, 092901 (2012)
Account of nonlocal ionization by fast electrons in the fluid models of a direct current glow discharge
Phys. Plasmas 19, 093503 (2012)

Additional information on Phys. Plasmas
Journal Homepage: http://pop.aip.org/
Journal Information: http://pop.aip.org/about/about_the_journal
Top downloads: http://pop.aip.org/features/most_downloaded
Information for Authors: http://pop.aip.org/authors

PHYSICS OF PLASMAS 19, 123508 (2012)

Sub-microsecond pulsed atmospheric glow discharges with and without
dielectric barrier
Shutong Song,1 Ying Guo,1,2 Wonho Choe,3 Jie Zhang,1,2 Jing Zhang,1,2 and J. J. Shi1,2,a)
1

College of Science, Donghua University, Shanghai 201620, People’s Republic of China
Member of Magnetic Confinement Fusion Research Center, Ministry of Education of the People’s Republic
of China, Shanghai 201620, People’s Republic of China
3
Department of Physics, Korea Advanced Institute of Science and Technology, 291 Daehak-ro, Yuseong-gu,
Daejeon 305-701, South Korea
2

(Received 18 September 2012; accepted 3 December 2012; published online 20 December 2012)
The discharge characteristics and mechanism of glow discharges in atmospheric pressure helium
excited by repetitive voltage pulses with and without dielectric barriers are numerically studied using a
one-dimensional self-consistent fluid model. The waveforms of discharge current density show that one
discharge event occurs during the voltage pulse with bare electrodes and two distinct discharge events
happen at the rising and falling phases of voltage pulse with dielectric barrier electrodes, respectively.
The spatial profiles of electron and electric field at the time instant of discharge current peak reveal that
the electrons are trapped in the plasma bulk with bare electrodes, while the electrons are accumulated
in the region between the sheath and plasma bulk with dielectric barrier electrodes. Furthermore, the
spatio-temporal evolution of electron density and mean electron energy clearly demonstrate the
dynamics of discharge ignition, especially the temporal evolution of sheath above the instantaneous
C 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4772780]
cathode. V

I. INTRODUCTION

In the past decades, the atmospheric pressure dielectric
barrier discharges (DBDs) are studied intensively for their
wide application scopes,1 such as etching, surface modification, deposition of functionalized film,2,3 and biological manipulation.4 Traditionally, atmospheric pressure DBDs are driven
by the sinusoidal voltage with repetition frequencies of kilohertz to megahertz.5,6 Recently, atmospheric pressure glow discharges (APGDs) excited by sub-microsecond voltage pulses
have drawn much attention for their higher efficiency of power
consumption and electron generation than that of conventional
non-pulse DBDs.7 Furthermore, the sub-microsecond pulse
voltage can ignite the homogeneous APGDs without the
dielectric barriers at the repetition frequency range of kilohertz,7,8 even in ambient air,9,10 which opens the wider potential application of nonthermal processing, such as food
decontamination11 and industrial surface treatment.12 It was
found that in pulsed APGDs with bare electrodes, one discharge event occurred at the falling phase of voltage pulse8,13
and there were two discharge events happened with dielectric
insulated electrodes at the rising and falling phase of voltage
pulse.13,14 By extending the duration of voltage pulses, the discharge events with multiple current peaks were observed,15
which is comparable with that of conventional DBDs.5 The
discharge electrical characteristics of sub-microsecond pulsed
atmospheric glow discharges without dielectric barrier were
studied computationally and experimentally, which suggested
that the discharge was initiated by Townsend discharge and
the ignition was delayed with respect to the applied voltage.16
Despite significant interest of achieving the APGDs excited by
a)

the pulse voltage under sub-microsecond with high stability and
reactivity, their underlying physics in terms of discharge
dynamics and mechanism remains incomplete. Here, a onedimensional self-consistent fluid model was developed to investigate the discharge characteristics and mechanism in terms of
current voltage characteristics and spatio-temporal evolution of
plasma species, electric field and mean electron energy.
II. MODEL DESCRIPTION

The numerical model considers the parallel-plate configuration with the discharge gap distance of 2 mm. The ceramic
sheets with 1 mm in thickness and the relative permittivity of
9.0 are introduced as the dielectric barriers.
Table I gives the elementary reactions in helium with five
plasma species of electrons (e), metastable helium atom (He*),
metastable helium molecule (He2*), helium ion (Heþ), and molecular helium ion (He2þ), in which the reaction rate coefficients
and transport coefficients follow the data in the literature.17
The governing equations in the model include the continuity equation of plasma species with the drift-diffusion
approximation, the electron energy conservation equation
and Poisson’s equation as follows15:
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TABLE I. Elementary reactions and their reaction rates, energy loss due to the inelastic collision. Te is in eV.
Reactions

Rate coefficients

Heþe ¼ He*þe
þ

Heþe ¼ He þ 2e
He*þe ¼ Heþþ 2e
He2þþe ¼ He*þHe
Heþþ2He ¼ He2þþHe
He*þ2He ¼ He2*þHe
He*þe ¼ Heþe
þ

He2*þe ¼ He2 þ2e
He*þHe* ¼ HeþþHeþe



5
(cm3/s)
2:308  1010 Te 0:31 exp  2:29710
Te


5
(cm3/s)
2:584  1012 Te 0:68 exp  2:85409210
Te


4
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1:268  1012 Te 0:71 exp  3:94510
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3
10
2:7  10
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where the subscripts i, e and He indicate the ith species, electrons and background helium gas, respectively. n is the number
density, C is the flux in the drift-diffusion approximation, S is
the net creation rate, l and D are the coefficients of mobility
and diffusion, E and e are the electric field and the mean electron energy. DEj and Kj are energy loss and rate coefficient of
reaction j, Kel is momentum transfer rate between electrons and
background helium. me and mHe are the masses of electron and
helium, kb, Te and THe are the Boltzmann constant, electron
temperature and background helium gas temperature, q and e0
are the elementary charge and vacuum permittivity, respectively. The gas temperature of THe is fixed at 300 K.
Boundary condition of electron is determined by the
electron flux, which is given by the sum of thermal flux and
secondary emission flux. The energy of secondary emitted
electron is fixed at 1 eV and the secondary electron emission
coefficient is assumed to be 0.02. The ions are assumed to be
mobility limited at the boundaries and their boundary fluxes
are given by the sum of the mobility and thermal fluxes. The
boundary fluxes of metastables are assumed to be thermally
limited.

DE (eV)
19.8
24.6
4.87

19.8
3.4
15

distinct current pulses, which is consistent with the experimental findings.13,14 The first and second discharge events
occur during the rising and falling phases of applied voltage
at the time instant of 181 ns and 683 ns, respectively. The
amplitude of first discharge current density is 0.20 A/m2,
which is the same as that in Fig. 1(a). The gas voltage
obtained by integrating the electric field across the discharge
gap is also given in Fig. 1(b), which shows the first peak
appears a bit earlier (at 161 ns) than the current density peak
(at 181 ns) with the amplitude of 987 V.16 The higher amplitude of gas voltage than that of the bare electrode case shown
in Fig. 1(a) explains that the discharge current density
reaches the amplitude within 181 ns, which is much shorter
than 600 ns in Fig. 1(a). It is also noted that the time instant
of first discharge current density peak at 181 ns is delayed
with that of the first gas voltage peak at 161 ns, which is
attributed to the quick raising of the gas voltage up to the
magnitude higher than the gas breakdown voltage.5,16
The further falling of gas voltage after the time instant of
181 ns induces the reduction of discharge current density. At
the time instant of 200 ns when the applied voltage reaches

III. RESULTS AND DISCUSSIONS

Figure 1(a) presents the waveforms of applied pulse
voltage and discharge current density with the bare electrodes. The applied unipolar voltage pulse has the pulse duration of 400 ns, the rising and falling duration of 100 ns,
respectively, with the amplitude of 600 V and the repetition
frequency of 10 kHz. The discharge current density grows
during the applied voltage pulse and reaches its amplitude of
0.20 A/m2 at the time instant of 600 ns, which corresponds to
the time instant of voltage going down. On the other hand,
Figure 1(b) gives the waveforms of applied pulse voltage
and discharge current density with the dielectric barrier electrodes. The time scales of voltage pulse in terms of the rising
duration, falling duration and pulse duration are the same as
that in Fig. 1(a). Since it is important to compare the discharge characteristics and mechanism of APGDs excited by
the voltage pulses at the same discharge intensity in terms of
discharge current density, the pulse voltage amplitude is
raised to 3.0 kV for considering the voltage drop across
the dielectric barriers.13 It clearly shows that there are two

FIG. 1. Waveforms of applied voltage, gas voltage and discharge current
density with (a) the bare electrodes and (b) the dielectric barrier electrodes.
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the amplitude of 3 kV, the gas voltage reduces to 500 V,
whose difference can be compensated by the voltage drop on
the dielectric barriers with the space charge accumulation generated in the discharge.5 The gas voltage keeps going down to
40 V at the time instant of 600 ns, during which the discharge
current density approaches zero. With the reduction of applied
voltage in the falling phase between 600 ns and 700 ns, the
gas voltage is reversed and reaches the amplitude of 712 V at
the time instant of 666 ns, which ignites the second discharge
event. Again, the second discharge current density peak with
the amplitude of 0.15 A/cm2 (at 683 ns) delays with that of the
gas voltage. It also needs to mention the humps in the current
density during the voltage rising phase, which are considered
to be the displacement current density because of the fact that
the discharge gap is mostly capacitive before the gas breakdown and the amplitudes of current density humps grow with
the slopes of gas voltage in Fig. 1.13
Figure 2 depicts the spatial profiles of electron density,
molecular helium ion density and electric field across the
interelectrode discharge gap with the bare electrodes at the
time instant of 600 ns, corresponding to the discharge current
peak in Fig. 1(a). It clearly shows that both the electron and
ion density have the bell-shape with the accumulation in the
plasma bulk, which is comparable to that in the radiofrequency APGDs with the trapping of plasma species in the
plasma bulk.6 The spatial profile with bell-shape across the
discharge gap suggests the high plasma density with electron
and ion density of 1.33  1012 cm3 and 1.28  1012 cm3,
respectively, which is also comparable to that of radiofrequency APGDs and much higher than that of conventional
DBD excited with the sinusoidal waveforms.6,18 At the cathode surface, the space charges induced by the maintenance
of ion and exhaustion of electron build up the sheath region,
which is also demonstrated by the spatial profile of electric
field. The electric field reduces linearly from 48.2 kV/cm at
the cathode surface to 2.0 kV/cm at the position of 1.81 mm,
which proposes the sheath thickness of around 190 lm.9
To reveal the dynamics of discharge with the bare electrodes, the spatio-temporal evolution of electron density and
mean electron energy are presented in Figs. 3 and 4, respectively. The electrons are trapped in the middle of discharge
gap with the bell-shaped spatial profile when the applied
pulse voltage switches off, as shown in Fig. 3 from the time
instant of 0 to 100 ns. With growing of the applied voltage,

FIG. 2. Spatial profiles of electron density, molecular helium ion density
and electric field across the interelectrode discharge gap at the time instant
of discharge current peak with the bare electrodes.
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FIG. 3. Spatio-temporal evolution of electron density during the voltage
pulse with the bare electrodes.

the electrons are driven by the applied electric field and
deplete above the cathode surface until the time instant of
200 ns, during which a sheath forms with the exhaustion of
electron. The sheath region can also be recognized in Fig. 4
with the enhanced mean electron energy. Both the spatiotemporal evolution of electron density and mean electron
energy indicate that the sheath region expanses with growing
of the applied voltage. It suggests that the applied voltage is
not high enough for the ignition of electron avalanche,16
which is confirmed by the spatial profile of electron density
in Fig. 3. It is consistent with the explanation of displacement current density hump during the voltage rising phase in
Fig. 1. During the voltage amplitude maintaining at 600 V
between the time instants of 200 ns and 600 ns, the mean
electron energy in the sheath is raised with time, especially
in the region close to the cathode, as shown in Fig. 4, which
is responsible for the increment of electron density in plasma
bulk by ionization, as shown in Fig. 3. Meanwhile, the shrink
of sheath region above the cathode is observed both in
Figs. 3 and 4, which is due to the electron avalanche and
consequently the enhancement of space charges.
The spatial profiles of electron density, molecular
helium ion density and electric field across the discharge gap
at the time instants of first and second discharge current
peaks with the dielectric barrier electrodes are presented in
Figs. 5(a) and 5(b), respectively, corresponding to the two

FIG. 4. Spatio-temporal evolution of mean electron energy during the voltage pulse with the bare electrodes.
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FIG. 6. Spatio-temporal evolution of electron density during the voltage
pulse with the dielectric barrier electrodes.

FIG. 5. Spatial profiles of electron density, molecular helium ion density
and electric field across the discharge gap at the time instant of (a) the first
discharge and (b) the second discharge current peak with the dielectric barrier electrodes.

discharge events in Fig. 1(b). The spatial profiles of electron
and ion show the localized accumulation in the region
between the sheath and plasma bulk, which is different from
the bell-shaped spatial profiles with the bare electrodes in Fig.
2. The maximum electron density reaches 2.07  1012 cm3,
as shown in Fig. 5(a), which is about 1.5 times higher than the
bare electrode case. The enhancement of electron density can
be attributed to the high electric field in the sheath region,
which is induced by the elevated applied voltage and gas voltage, as shown in Fig. 1. The electric field of 56.7 kV/cm at the
cathode surface, which is higher than that of 48.2 kV/cm in
Fig. 2. The sheath thickness of around 230 lm is estimated by
the spatial profile of electric field, which is also greater than
that of 190 lm in Fig. 2. Both the enhancement of electric
field and the expansion of sheath explain the intensified ionization in the region between the sheath and plasma bulk by
the energetic electrons traveling through the sheath. On the
other hand, the electron density in the plasma bulk is reduced
to 6.81  1011 cm3 at the middle of discharge gap, which is
about half magnitude of that of 1.33  1012 cm3 in Fig. 2.
With changing of the gas voltage polarity shown in
Fig. 1(b), the sheath of second discharge is alternatively
formed above the other electrode, which acts as the instantaneous cathode, as shown in Fig. 5(b). Given that the temporal interval between the first discharge and second discharge
is about 500 ns, the first discharge can maintain until the second discharge ignites, which is demonstrated by the spatial
profiles of electron and ion with being localized in the region
between the sheath and plasma bulk. According to the amplitude of gas voltage in Fig. 1(b), the electric field at the
instantaneous cathode is reduced to 47.6 kV/cm, which indicates the low mean electron energy and ionization event in
the region between the sheath and plasma bulk, as demonstrated by the spatial profile of electron density. On the other
hand, the electron density at the middle of discharge gap is
enhanced to be 8.87  1011 cm3. The sheath thickness is
estimated to be 257 lm, which is increased because of the

weakening of space charge in the sheath region, compared
with that of the first discharge.
The spatial non-uniformity of plasma density has been
shown in terms of electron density at the time instants of discharge current peaks in Fig. 5. The spatio-temporal evolution of
the electron density is illustrated in Fig. 6. By applying the voltage, the electrons are depleted above the cathode surface and
consequently the sheath region is formed, which is similar to
that of the discharge with the bare electrodes shown in Fig. 3.
With the shrinking of sheath region and strengthening of sheath
electric field, the first discharge is ignited with intensified electron density in the region between the sheath and plasma bulk.
The discharge is maintained afterwards until the second discharge takes place (at 600 ns) with the sheath formed above the
other electrode (the left electrode in Fig. 6). It shows that the
electron density in the region between the sheath and plasma
bulk of the second discharge is much weaker than that of the
first discharge and the electron density in the plasma bulk is
enhanced, which are consistent with that in Fig. 5.
Figure 7 demonstrates the spatio-temporal evolution of
mean electron energy during the voltage pulse with the dielectric barrier electrodes. The sheath region can be recognized with
the elevated mean electron energy, which demonstrates the
sheath dynamics during the discharge pulse with the expansion
and shrinking of the sheath region. There are two sheath regions
formed above the instantaneous cathode, whose profiles are

FIG. 7. Spatio-temporal evolution of mean electron energy during the voltage pulse with the dielectric barrier electrodes.

123508-5

Song et al.

corresponding to the depletion region of electron, as shown in
Fig. 6. It also indicates that the magnitude of mean electron
energy reaches about 12 eV during the first discharge, which is
higher than that of the second discharge. It suggests the first discharge has higher discharge intensity than the second discharge
in terms of electron density and discharge current density.
IV. SUMMARY

The characteristics and mechanism of pulsed atmospheric
pressure glow discharges with and without dielectric barriers
are studied by one-dimensional numerical simulation. It is
found that the amplitude of applied pulse voltage has to be
raised significantly by introducing the dielectric barriers to
achieve the same discharge intensity in terms of discharge
current density. One discharge event is ignited gradually during the voltage pulse with the bare electrodes and the generated discharge is uniformly distributed across the discharge
gap, especially in the plasma bulk. On the other hand, two discharge events happen during the rising and falling phases of
voltage pulse, respectively, with the dielectric barrier electrodes. The elevated gas voltage enhances the electric field and
mean electron energy in the sheath region, which induces the
abrupt discharge ignition and the subsequent electron accumulation in the region between the sheath and plasma bulk.
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