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The discharge characteristics and mechanism of sub-millimeter pulsed dielectric barrier discharge in atmospheric-
pressure helium are investigated experimentally and theoretically, demonstrating that when the discharge gap distance is
reduced from 1.00 mm to 0.20 mm, the discharge ignition time is reduced to approximately 40 ns and discharge intensity
is enhanced in terms of the discharge optical emission intensity and density of the plasma species, (energetic electrons
with energy above 8.40 eV). The simulated results show that as the discharge gap distance is further reduced to 0.10 mm,
the number of energetic electrons decreases, which is attributable to the contraction of plasma bulk regime and reduction
of electron density in the discharge bulk. Conversely, the proportion of energetic electrons to the total electrons in the
discharge monotonically increases as the discharge gap distance is reduced from 1.00 mm to 0.10 mm. It is proposed that a
gap distance of 0.12 mm is optimal to achieve a high concentration and proportion of energetic electrons in sub-millimeter
pulsed atmosphere dielectric barrier discharge.

Keywords: sub-millimeter pulsed discharge, plasma simulation, electron dynamics and sheath

PACS: 52.20.–j, 52.25.–b, 52.40.Kh DOI: 10.1088/1674-1056/ad0118

1. Introduction

Atmospheric-pressure plasmas have attracted significant

attention owing to their potential applications in biomed-

ical sterilisation, environmental treatment, and material

processing.[1–10] Among the discharge excitations with repe-

tition frequencies from DC to microwaves, sub-microsecond

pulsed voltage in the kilohertz range is preferred for its high

discharge power consumption efficiency[11] and generation of

reactive plasma species.[12] In atmospheric-pressure pulsed

discharge, two discharge events are ignited in the rising and

falling phases of the pulse voltage,[13] which are generated by

overvoltage and develop in the form of fast ionising waves.[14]

This ensures high discharge stability and reactivity in terms

of electron density and electron energy in atmospheric pulsed

discharges.[15] The energetic electrons produced during dis-

charge are responsible for the excitation and dissociation of

the working gases from the material processing of deposition

and etching,[16] which suggests that the electron energy dis-

tribution function must be considered, even in atmospheric-

pressure reactive plasma.[17,18] Given that a reduced dis-

charge gap distance can enhance the electric field and shrink

the plasma bulk regime, a high concentration and propor-

tion of energetic electrons can be achieved in sub-millimeter

discharges.[17–19]

In the present study, the discharge characteristics of a
sub-millimeter pulsed atmospheric dielectric barrier discharge
were investigated experimentally by using electrical and opti-
cal diagnostics. The discharge mechanism in terms of electron
dynamics was investigated by numerical simulations, in which
the discharge ignition and sheath characteristics in terms of
the sheath voltage and thickness were presented to discuss the
production of energetic electrons in the discharge.

2. Experimental setup and numerical model

The experimental setup and the schematic diagram of
the simulation domain of the two-dimensional (2D) self-
consistent numerical model are shown in Fig. 1. The reac-
tor consists of two copper rod electrodes with diameter of
1.00 mm covered with quartz tubes, whose inner and outer
diameters are 1.00 mm and 2.00 mm, respectively, and the gas
gap distance is varied from 1.00 mm to 0.20 mm. One of the
electrodes is powered by a pulse power supply capable of gen-
erating sub-microsecond high-voltage pulses with amplitude
and repetition frequencies of up to 20 kV and 10 kHz, respec-
tively.

Waveforms of the applied voltage and discharge current
were captured using a voltage probe (Tektronix P6015A) and
a current probe (Pearson 2877) and collected using a 4-channel
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broadband digital oscilloscope (Tektronix DP04104). The dis-
charge images and optical emission spectra were obtained us-

ing an ICCD camera (Andor iStar DH720) and spectrometer
(Andor SR750).
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Fig. 1. Experimental setup and two-dimensional schematic diagram of simulation domain.

Table 1. Elementary reaction and rate coefficients.

Reaction Rate coefficients (cm3·s−1)

He+ e→ He∗+ e 2.308×10−10T 0.31
e exp

(
−2.297×105

Te

)
He+ e→ He+ + 2e 2.584×10−12T 0.68

e exp
(
−2.854092×105

Te

)
He∗+ e→ He+ + 2e 4.661×10−10T 0.6

e exp
(
−5.546×104

Te

)
He+2 + e→ He∗+He 5.386×10−7T−0.5

e

He+ + 2He→ He+2 +He 1.1×10−31

He∗+ 2He→ He∗2 +He 1.3×10−33

He∗+ e→ He+ e 1.099×10−11T 0.31
e

He∗2 + e→ He+2 + 2e 1.268×10−12T 0.71
e exp

(
−3.945×104

Te

)
He∗+He∗ → He+ +He+ e 2.7×10−10

The thickness and relative permittivity of the dielectric
layer were fixed at 0.50 mm and 10, respectively, and the
length along the axis was fixed at 4.00 mm. Table 1 presents
the elementary reactions and their reaction rates considered in
the mode,[20–22] where Te is the mean electron energy. Elec-
trons (e), helium ions (He+), ionized helium molecules (He+2 ),
excited helium atoms (He∗), and excited helium molecules
(He∗2) can be determined by the particle continuity, as shown
in equation.

The number density of plasma species are obtained by
solving the continuity equations[20–22]

∂n
∂ t

+
∂Γx

∂x
+

∂Γy

∂y
= S, (1)

where n, Γ , and S are the number density, flux, and sources
of the plasma species, respectively, x and y correspond to the
axial and radial directions, respectively. The fluxes of ions and
electrons are

Γi,e(x) =±µi,eni,eEx−Di,e
∂ni,e

∂x
, (2)

Γi,e(y) =±µi,eni,eEy−Di,e
∂ni,e

∂y
, (3)

where i and e denote ion and electron, respectively, and µ and
D denote the coefficients of mobility and diffusivity, respec-
tively. The electrical field E can be obtained by solving Pois-
son’s equation

ε0

(
∂Ex

∂x
+

∂Ey

∂y

)
= e

(
∑
p

ni,p−ne

)
, (4)

where ε0 and e denote the vacuum permittivity and elementary
charge, respectively. Electron mean energy ε can be calculated
as follows:

∂neε

∂x
= − Γε

∂x
+ eΓeE−KL,i j(ε)nin j

−3
me

mneut
NKmtnek(Te−Tneut), (5)

where T is the temperature of a plasma species, and m is the
mass of a plasma species. Ki, j and KL,i j are the reaction rate
and the energy gain/loss rate attributed to the reaction between
species i and j, respectively. Kmt is the momentum-transfer
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frequency corresponding to the elastic collision between elec-
trons and background gas atoms.

The boundary condition for electrons and ions is ex-
pressed as

Γe =−γΓi, (6)

where the secondary electron emission coefficient γ was set
to 0.02, and the energy of the secondary electrons from the
electrodes was fixed at 1.00 eV.

3. Results and discussion
3.1. Discharge ignition

Typical waveforms of the current density of the pulsed
discharge measured in experiments and simulation with a gap
distance of 1.00 mm are shown in Fig. 2.
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Fig. 2. Waveforms of current density measured in experiments and
simulation.

The pulse voltage has a pulse duration of 5.0 µs, with a
rising and falling duration of 50 ns and a repetitive frequency
and amplitude of 3.0 kHz and 1.60 kV in the experiments, re-
spectively.

As presented in Fig. 2, two pulse discharge events oc-
cur, which correspond to the rising and falling phase dis-
charges with discharge current densities of 0.14× 104 A/m2

and 0.13× 104 A/m2 in the experiment, respectively, and
0.10× 104 A/m2 and 0.097× 104 A/m2 in the simulation, re-
spectively.

Figures 3(a) and 3(b) show the normalized spatiotemporal
distribution discharge from 0 µs–6.0 µs in the experiment and
simulation, respectively. The exposure time in Fig. 3(a) and
the time interval between two consecutive images were set to
10 ns. At the time instant of 0.17 µs in the experiment, as
shown in Fig. 3(a), the pulse discharge gradually moved from
the pulse electrode (0 mm) to the ground electrode (1 mm), and

it reached the ground electrode at 0.32 µs. At the time instant
of 5.30 µs, the pulse was discharged on the falling edge, and
it reached the pulse electrode at 5.46 µs. At the time instant
of 0.2 µs in the simulation of Fig. 3(b), the pulse discharge
gradually moved from the pulse electrode to the ground elec-
trode; it reached the ground electrode at 0.3 µs. At the time
instant of 5.1 µs, the pulse was discharged on the falling edge;
it reached the pulse electrode at 5.2 µs. In experiments and
simulations, both the rising and falling edge discharges of the
pulse discharge were completed within 0 µs–6 µs.
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Fig. 3. The spatiotemporal evolution of pulse discharge: (a) experiments
and (b) numerically simulated results.

Figure 4(a) presents the relationship between the ignition
time and discharge gap distance. The discharge image was
captured by an ICCD camera with an exposure time and time
interval between two consecutive images of 10 ns. The dis-
charge ignition time was determined from the glow of the dis-
charge image in the experiments and the increase in the dis-
charge current density in the simulation.[23] As the discharge
gap decreases from 1.00 mm to 0.20 mm, the ignition time is
shortened from 190 ns to 150 ns in the experimental measure-
ments and from 126 ns to 90 ns in the numerical simulation,
which are consistent with the findings of other studies.[24,25]

The discharge ignition time was shortened by approximately
40 ns, suggesting that the pulsed discharge could be enhanced
with the same applied pulse voltage by reducing the gap dis-
tance. The discrepancy of discharge ignition time measured
in experiments and determined in simulation can be attributed
to the detection limit of ICCD camera on discharge optical
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emission intensity and the gas impurity is not considered in
numerical model.

Figure 4(b) shows the average electron energy and elec-
tric field across the discharge gap at the time of discharge
ignition. As the discharge gap decreases from 1.00 mm to
0.20 mm, the average electric field increases from 0.71×
106 V/m to 2.05× 106 V/m, and the average electron energy
increases from 4.50 eV to 7.07 eV. The average electron en-
ergy for the 0.20 mm gap was 1.57 times higher than that for
a discharge gap of 1.00 mm, which can be attributed to the
enhancement of the electric field.
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Fig. 4. (a) Dependence of ignition time on discharge gap, (b) the aver-
age electron energy and electric field in plasma at the instants of discharge
ignition.

3.2. Discharge characteristics and dynamics at the instants
of discharge current peaks

The discharge image intensity and optical emission spec-
trum (OES) at 706 nm measured experimentally at the time of
the discharge current peaks are shown in Fig. 5.
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Fig. 5. (a) Measured image intensity and optical emission intensity at
706 nm, (b) simulated density of He+, He∗, He∗2 at the time of discharge
current peaks.

The discharge image and OES at 706 nm were obtained
with an exposure time of 1 s. As the discharge gap decreases

from 1.00 mm to 0.20 mm, the image intensity increases from
24.89 to 73.36, a factor of 2.95.

The simulated helium ion density is used to compare
the experimentally measured light emission intensity from
the discharge,[26] which increases from 1.04× 1018 m−3 to
2.63× 1018 m−3 with the reduction of gap distance from
1.00 mm to 0.20 mm and is consistent with the dependence of
discharge image intensity on discharge gap distance. He∗ den-
sity increases from 6.50×1018 m−3 to 10.90×1018 m−3 and
He∗2 density increases from 3.9×1017 m−3 to 4.20×1017 m−3

with the reduction of gap distance from 1.00 mm to 0.20 mm.
The intensity of the optical emission line at 706 nm indicates
the presence of energetic electrons (above 2.9 eV) in the dis-
charge. With the improved discharge intensity in terms of
discharge image intensity and helium ion density, the optical
emission intensity at 706 nm increases from 0.45 to 0.94 with
the reduction of gap distance from 1.00 mm to 0.20 mm, as
shown in Fig. 5(a). This suggests that the density of the gener-
ated energetic electrons is enhanced with a reduced discharge
gap distance in the sheath region.

Figure 6 shows the temporal evolution of the electric field,
electron temperature, e and the formation process of sheath.
Figure 6(a) the spatial distribution of the electric field at inter-
vals of 1 mm in the simulation. At 0.1 µs, there is no discharge
in the gap, and the electric field exhibits a linear growth trend
from 6.1× 105 V/m to 7.7× 105 V/m. At 0.267 µs, the ion-
ization wave propagates to the middle region of the gap. At
this moment, in the area passed by the ionization wave, the
electric field rapidly decreases. Simultaneously, the electric
field between the head of the ionization wave and the ground
electrode (0.50 mm) rapidly increases to 17.9× 105 V/m. At
0.294 µs, the discharge approaches its maximum strength.

The maximum electric field in the gap increases to 29.1×
105 V/m in the sheath region. Subsequently, as the reaction
progresses, the maximum electric field in the sheath region
gradually decreases from 29.1× 105 V/m to 12.8× 105 V/m.
Figure 6(b) represents the spatiotemporal evolution of elec-
tron temperature. At 0.1 µs, the spatial electron energy is uni-
formly distributed, with values ranging between 4 eV to 5 eV
in the gap. At 0.267 µs, the ionization wave propagates to the
middle region of the gap. At this moment, in the area passed
by the ionization wave, the electric energy rapidly decreases
to 1.0 eV–2.0 eV. Simultaneously, the electric energy between
the head of the ionization wave and ground electrode rapidly
increases to 6.7 eV. At 0.294 µs, the discharge approaches its
maximum strength. The maximum electric energy in the gap
increases to 8.3 eV in the sheath region. Subsequently, as the
reaction progresses, the maximum electric energy in the sheath
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region gradually decreases from 8.3 eV at 0.294 µs to 5.2 eV
at 0.324 µs.

Figure 6(c) shows the spatiotemporal evolution of elec-
tron density. At 0.1 µs, the spatial electron density ranges be-
tween 2× 1014 m−3–20× 1014 m−3 in the gap. At 0.267 µs,
the ionization wave propagates to the middle region of the gap.
Simultaneously, at the head of the ionization wave, the elec-
tron density rapidly increases to 2.1×1017 m−3. At 0.294 µs,
the discharge approaches its maximum strength. The maxi-
mum electric density in the gap increases to 1.08× 1018 m−3

in the sheath boundary. Subsequently, as the reaction pro-
gresses, the maximum electric density gradually decreases
from 1.19× 1018 m−3 at 0.304 µs to 1.08× 1018 m−3 at
0.324 µs.
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Fig. 6. (a) Temporal evolution of electric field in simulation, (b) tempo-
ral evolution of electron temperature, and (c) temporal evolution of electron
spatial distribution.

Figure 7 shows the spatial distribution of the gas potential,
electron energy, electrons density, and helium ions at 0.294 µs.
There is a significant drop in the sheath region, and electrons
are mainly concentrated in the area outside the sheath bound-
ary.

During the discharge process, the electron energy distri-
bution trend consistently follows that of the electric field dis-

tribution, with electrons primarily being generated at the head
of the ionization wave. Energetic electrons are generated in the
sheath region. As the ionization wave propagates, the sheath
voltage gradually increases, leading to a compression of the
sheath structure. This compression also causes changes in the
number of energetic electrons within the sheath, ultimately af-
fecting the overall intensity of the discharge.
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Fig. 7. Spatial distribution of the gas potential, electron energy, electrons
density, and helium ions at 0.294 µs.

The sheath region formed above the electrode surface
plays an important role in electron dynamics during discharge.
Figure 8 shows the discharge-gap distance-dependent sheath
characteristics in terms of the sheath thickness and sheath volt-
age as calculated in the simulation. As shown in Fig. 8, as the
discharge gap is reduced from 1.00 mm to 0.30 mm, the sheath
thickness decreases gradually from 95.04 µm to 82.65 µm and
the sheath voltage increases from 154.00 V to 197.77 V.
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Fig. 8. Sheath thickness and sheath voltage as functions of discharge gap
distance at discharge current peaks.

The reductions in both sheath thickness and sheath volt-
age suggest an enhancement of the electric field in the sheath
region. With further reductions of the gap distance from
0.30 mm to 0.12 mm, the sheath thickness continues decreas-
ing from 82.65 µm to 78.14 µm, suggesting that the dis-
charge gap distance approaches the sheath thickness and the
sheath voltage maintains a magnitude between 197.00 V and
199.00 V. When the discharge gap is reduced to 0.10 mm, the
sheath voltage is reduced to 194.00 V, indicating that the en-
hancement of the electric field in the sheath region is limited
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because the discharge gap distance is close to the sheath thick-
ness.

The discharge reactivity is primarily determined by the
concentration and proportion of energetic electrons in the dis-
charge. In Fig. 9, the number of energetic electrons is ob-
tained by integrating the electron density with energies equal
to or greater than 8.4 eV in the discharge domain, as shown
in Fig. 1(b). The ratio of energetic electrons to total electrons
(R) in the discharge is also presented. With the reduction of
the discharge gap distance from 1.00 mm to 0.10 mm, R in-
creases from 0.01% to 3.84%, especially when the discharge
gap distance is less than 0.20 mm. This can be attributed to the
enhancement of the electric field in the sheath region with a
reduction in the discharge gap distance, where energetic elec-
trons are generated, as shown in Fig. 5. This is also because
of the elevated proportion of the sheath thickness to discharge
gap distance as the thickness of the plasma bulk region is re-
duced by the reduction in the discharge gap distance, where
the electron density is high and the electron energy is low.[27]
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Fig. 9. The number and proportion of energetic electrons as functions of
discharge gap distance at discharge current peaks.

Conversely, when the discharge gap is reduced from
1.00 mm to 0.12 mm, the population of energetic electrons
increases from 0.34× 1010 m−1 to 1.08× 1011 m−1 owing to
the elevated proportion of energetic electrons and discharge
intensity, as shown in Fig. 5. It is interesting to note that the
population of energetic electrons declines to 6.87×1010 m−1

at a discharge gap of 0.10 mm. As shown in Fig. 9, when the
discharge gap distance is less than 0.12 mm, the sheath volt-
age decreases, which suggests that the generation of energetic
electrons declines, although the proportion of energetic elec-
trons continues to increase.

As shown in Fig. 10, it was observed that the peak mo-
ments of OES at 777 nm and 336 nm at 170 ns appeared 10 ns–
30 ns later than the one at 706 nm (150 ns) at a distance of
0.2 mm in the experiment.
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Fig. 10. Spectral evolution of OES at 777 nm, 336 nm, and 706 nm.

Figure 11 shows the spatiotemporal evolution of Te, He+,
He∗, He∗2 at a distance of 0.2 mm in the simulation. At
0.124 µs, the helium ions reach the maximum density (2.6×
1018 m−3), which then gradually decrease to 0.058×1018 m−3

(0.18 µs). The electron temperature gradually decreases from
its maximum value of 10.5 eV (0.124 µs) to 1.6 eV (0.18 µs).
He∗2 increases from 0.36× 1017 m−3 (0.124 µs) to 0.88×
1017 m−3 (0.18 µs). He∗ increases from 1.22× 1019 m−3

(0.124 µs) to 1.3× 1019 m−3 (0.13 µs) and then decreases to
1.27×1019 m−3 (0.18 µs).
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Fig. 11. Spatiotemporal evolution of Te, He+ , He∗, and He∗2.

After the moment of strongest discharge, from 0.124 µs
to 0.18 µs both the electron temperature and density of he-
lium ions rapidly decrease which indicates the spectral delay
in Fig. 10 is not caused by energetic electrons.

The density of He∗ is larger than that of He∗2 by two or-
ders of magnitude. After 0.13 µs, the density of He∗ starts to
decreases in a similar trend to OES at 777 nm and 336 nm in
Fig. 10. It can be inferred that the variations in the emission
spectrum are mainly influenced by the active particles (He∗).
The energetic electrons generated in the sheath region are the
main raw material for producing active particles.

4. Conclusions
The discharge characteristics and mechanism of sub-

millimeter pulsed dielectric barrier discharge were studied ex-
perimentally and theoretically using a two-dimensional self-
consistent fluid model. With a reduction in the discharge gap
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distance from 1.00 mm to 0.20 mm, the discharge ignition time
is reduced and discharge intensity is enhanced in terms of dis-
charge image intensity and optical emission spectrum intensity
at 706 nm. The simulation results show that the number of en-
ergetic electrons in the discharge gradually increases as the
discharge gap distance is reduced from 1.00 mm to 0.12 mm
and declines with the discharge gap distance with further re-
ductions to 0.10 mm. This is attributed to the enhancement of
the electric field in the sheath region and contraction of plasma
bulk regime in the discharge. Meanwhile, the proportion of
energetic electrons to total electrons in the discharge increases
further as the discharge gap distance is reduced from 1.00 mm
to 0.10 mm with the enhancement of the electric field.
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