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Abstract
Surface charges have significant impact on the evolution of surface dielectric barrier discharge
(SDBD). In this work, the role of residual surface charges on repetitively nanosecond pulsed
SDBD in atmospheric air is investigated using a two-dimensional fluid model, based on the
assumption of preserving the distribution of surface charges at the end of the previous high
voltage (HV) pulse. In the bipolar mode when the polarity of residual surface charges is
opposite to that of the current HV pulse, a lower breakdown voltage and more deposited energy
can be observed, showing an obvious enhancement of SDBD. In the unipolar mode, residual
surface charges suppress the development of discharges and energy deposition. It is found that
more residual surface charges are accumulated during the negative pulsed discharge, which have
a more pronounced effect on the subsequent positive pulsed one. This is explained by the fact
that the negative surface streamers directly contact the dielectric and charge it, while the
positive surface streamers float above the dielectric, forming a ion-rich region near the surface.
The results in this work demonstrate the mechanism of how residual surface charges affect
discharge dynamics, which can be utilized to regulate energy deposition in SDBDs.

Keywords: nanosecond pulsed discharge, surface dielectric barrier discharge,
residual surface charge, plasma modeling

(Some figures may appear in colour only in the online journal)

1. Introduction

Surface dielectric barrier discharge (SDBD) at atmospheric
pressure has been intensively studied due to its potential
use in various fields, such as plasma-assisted ignition and
combustion [1, 2], surface treatment [3, 4], and flow control
[5, 6]. Additionally, surface discharge occurs easily at the
triple point (gas/metal/dielectric interface) [7], which greatly

∗
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threatens the safe operation of the high-voltage (HV) trans-
mission systems [8, 9]. Further investigation of the breakdown
process of SDBD is important for its potential applications.

Driven by sinusoidal alternating-current (AC) or repetit-
ively nanosecond pulsed HV, streamers start from the HV
electrode and propagate along the dielectric [10, 11], with a
strong coupling between the gas and surface [12]. Plasma–
dielectric interaction is related to deposition of surface charges
[13, 14], which distorts the electric field distribution and has
a big impact on discharge evolution [15–17]. Due to the long
decay time of the surface charges (even up to several hours
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depending on the conductivity of dielectric used) [18, 19], its
accumulation effect is crucial for subsequent discharges, espe-
cially under pulsed excitation [20–22].

Recently, electric field-induced second harmonic (E-FISH),
as a non-intrusive diagnostic method with a spatial resolution
down to micrometers and a temporal resolution down to sub-
nanoseconds, has been implemented for electric field meas-
urement in SDBDs [23]. It is impressive to observe that the
accumulation of surface charges during the previous pulses
is a significant factor affecting the electric field in the sub-
sequent discharges, even with relatively low pulse repetition
rates [12, 23]. The contribution of surface charges has also
been observed in atmospheric pressure plasma jets with the
existence of dielectrics [24]. In addition, the Pockels-effect
method has also been realized to trace the surface charges
[25–27].

Different numerical models have been developed, such as
the particle-in-cell (PIC)/Monte Carlo collision model [14, 28,
29], fluid model [30–34], and hybrid model with a kinetic
treatment of energetic electrons [35, 36] to study the plasma–
dielectric interaction and reveal the streamer dynamics along
dielectric surface for both polarities. It is demonstrated that the
deposition of surface charges generates electric field compon-
ents parallel to the dielectric surface and supports the propaga-

tion of surface discharges, which play a significant role in the

case of the single-pulse discharge [34, 37].
Nevertheless, in the reality of both low-frequency AC and

repetitively pulsed SDBD, there is the existence of resid-
ual surface charges with complex distribution and evolution
dynamics, which will significantly influence the following
breakdown [17, 36, 38–40]. A series of self-consistent mod-
els coupling discharge and fluid flow have been established to
study the AC SDBD [16, 41, 42], showing the strong impact
of residual surface charges on the discharge evolution between
the positive and negative phases [16, 17].

Even so, the impact of surface charge accumulation on the
discharge development and energy deposition in pulsed SDBD
is still not fully understood. Since numerical simulation of
repetitively pulsed SDBD on a full scale is extremely time
consuming and has not yet been done, a reasonable descrip-
tion of the impact of residual surface charges at a relatively
low computational cost may benefit further understanding of
the intrinsic properties of SDBD.

As the impacts of surface charges have been well demon-
strated in experimental investigations but convictive mod-
eling investigation on this effect is still lacking, the aim
of this work is to study the dynamic behavior of surface
charges during nanosecond HV pulses and their impact on
subsequent discharge by numerical modeling. To introduce
the residual charges in repetitively pulsed discharges, we pre-
serve the distribution of surface charges at the end of the
previous HV pulse. Based on this assumption, the break-
down evolutions and energy deposition are presented and ana-
lyzed for both polarities, with and without the residual surface
charges.

2. Model description

2.1. Governing equations

The fluid modeling of SDBDs is based on the 2D PASSKEy
(PArallel Streamer Solver with KinEtics) code [43]. Detailed
numerical methods and benchmarks can be found in [11, 44].
In this section, we briefly show the equations and treatments
of the code to consider the impact of residual surface charges
on the subsequent discharge.

Continuity equations with drift-diffusion approximate for
species are solved as follows:

∂ni
∂t +∇·Γi = Si+ Sph, i= 1,2, . . . ,Ntotal (1)

Γi =−Di∇ni−
(

qi
|qi|

)
µini∇ϕ, i= 1,2, . . . ,Ncharge (2)

∂(ne∈m)
∂t +∇·Γ∈ =−|qe| ·E ·Γe−P(∈m) (3)

Γ∈ =−D∈∇(ne∈m)− ne∈mµ∈E . (4)

Here, ni, qi, Γi, Si, Di, and µi are number density, charge,
flux, source term due to gas-phase reactions, diffusion coef-
ficient, and mobility of species i, respectively. Sph is the
photoionization source term. To obtain the fine structure
of the plasma–dielectric interaction, the energy conservation
equation is also coupled. ne, qe, ϵm, Γϵ, Dϵ, and µϵ are the
electron number density, elementary charge, mean electron
energy, flux term, electron energy diffusion coefficient, and
mobility, respectively. E is the electric field. Electron trans-
port coefficients, reaction rates, and electron collision power
lost P(ϵm) are calculated by Bolsig+ [45] based on the local
mean energy approximation.

The photoionization source term Sph for electrons and O+ 2
is calculated by three-term Helmholtz equations in air, with an
assumption that ionization of oxygen molecules occurs by the
radiation of nitrogen molecules in singlet states b1Πu, b ′1Σ+

u ,
and c ′14 Σ+

u [46]:

Sph (⃗r) =
∑
j
Sjph (⃗r) (5)

∇2Sjph (⃗r)− (λjpO2)
2Sjph (⃗r) =−Ajp2O2

I (⃗r) (6)

where pO2 is the partial pressure of O2, I (⃗r) is the ionization
source rate, and λj and Aj are the fitting parameters of pho-
toionization functions and taken from [47], respectively.

The Poisson equation is solved with consideration of the
dielectric surface charge density σ,

∇(ε0εr∇ϕ) =−ρ−σ (7)

∂σ

∂t
=
∑
i

qi (−∇ ·Γi). (8)
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Figure 1. 2D computational domain and structured Cartesian mesh distribution (a). Input waveforms for fluid model in single (b), bipolar
(c), and unipolar (d) modes.

2.2. Domain, waveforms, and assumptions

The 2D computational domain of 5 × 2 cm is shown in
figure 1(a). The Poisson equation and Helmholtz equations are
solved in the entire domain, while the continuity equations for
species are only applied to the plasma domain to reduce the
computational burden. The HV electrode (red region) with a
thickness of 50 µm and the ground electrode (dark region) are
separated by a dielectric layer (εr = 4.2) with a thickness of
1 mm. The discharge operates in atmospheric air with 300 K.
The kinetics scheme for N2/O2 contains 15 species and 34
reactions, and has been successfully used in [11, 48]. Details
can be found in [11]. Near the HV electrode and dielectric sur-
face, 2–5 µm mesh size is adopted to resolve the thin surface
streamers. The mesh size grows exponentially in the rest of the
computational domain.

Figures 1(b)–(d) present waveforms of the positive and neg-
ative polarity pulses used in fluid modeling. These are sim-
ilar to the waveform of a homemade bipolar nanosecond pulse
generator, which has been used to generate SDBD in our previ-
ous work [49]. The pulse duration is approximately 300 ns and
the peak voltage is 10 kV. As the input of the numerical model,
the voltage waveform is scaled down 20 times in the time (nar-
rower) to reduce the computational cost. Since the voltage
waveform is an approximately Gaussian shape, a narrower
pulse leads to both shorter rising and falling edge. The con-
sequences include: (a) a shorter rising edge results in a higher

mean electric field in the streamer head and consequently a
larger propagation velocity [50, 51], and (b) a shorter falling
edge leads to a faster potential drop on the HV electrode relat-
ive to the plasma channel, which may enhance the strength of
the reverse electric field sustained near the HV electrode [16,
52, 53].

Although a single pulse (positive or negative polarity) is
still applied in the fluid model, the impact of residual sur-
face charges on subsequent discharge can be considered on the
basis of the following assumptions. (a) Charge dissipation on
the dielectric surface can last several seconds or even up to sev-
eral hours [18, 19], which is much greater than the pulse inter-
val ∆T (on the order of microseconds to milliseconds). There-
fore, the decay of the surface charges can be neglected until the
next pulse. The distribution of surface charges at the end of the
previous pulse is set as the initial boundary condition for the
next pulse along the dielectric surface. (b) The initial charge
density in gas phase is taken as 1010 m−3 uniformly distributed
in the plasma domain based on quasi-neutrality assumption.

2.3. Validation of assumptions

In order to validate these assumptions, the following analysis
is performed. Three characteristic times should be considered,
namely the relaxation time of surface charges τ s, the recom-
bination time between positive and negative ions (in gas phase)

3
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τ r, and the diffusion time of space charges to the dielectric sur-
face τ d, respectively.

τ s is determined by the volume resistivity ρv [12]:

τs = ε0εrρv (9)

For example, epoxy resin (relative dielectric constant εr ≈ 4.3)
has a volume resistivity τ s on the order of 1010 Ω m and τ s is
approximately 0.4 s.

During the afterglow of atmospheric air, electrons are
quickly transformed to O−

2 through the three-body attachment,
with a rate coefficient of katt = 2 × 10−41 × (300/Te) m3 s−1

[54]. The characteristic time of electron decay
τ att = 1/(katt × [O2]× [O2])≈ 8.1× 10−8 s. Then, the recom-
bination between positive (mainly O+

4 [55]) and negative ions
becomes dominant, O−

2 +O+
4 → 3O2, kr = 10−13 m3 s−1 [54].

With maximum charge density of around 1020 – 1021 m−3, the
ion recombination time τr = 1/(kr × [O−

2 ]) is around 10−8 –
10−7 s.

The competitive process of the ion recombination is diffu-
sion to the dielectric surface. The total number density towards
the dielectric surface ∆σ with given time τ d can be estimated
as

∆σ =−eD∂ni
∂y τd (10)

Taking D ≈ 40/p cm2 s−1 from [56], p = 760 Torr,
∂ni/∂y ≈ ∆ni/∆y, ∆ni ≈ 1020 m−3, and ∆y ≈ 5 × 10−5 m.
As the surface charges deposited during the discharge period
are on the order of∼102 nC cm−2, it takes τ d of∼5.9× 10−6

s to achieve ∆σ/σ ∼1%.
Based on this analysis, it can be seen that τ s ≫ τ d ≫ τ r.

This means that the space charges are rapidly recombined after
the discharge while a minor amount diffuses towards the sur-
face, i.e. the neutralization of surface charges by ions in the gas
phase can be ignored. Meanwhile, the surface charges depos-
ited during the discharge period rarely decay between the pulse
interval. Therefore, the assumptions in this work are valid.

In this work, we first calculate two discharge processes
under the positive and negative pulses without pre-pulse,
which are denoted as the single mode for both polarities. Then,
these two cases are used as the pre-pulse for the subsequent
discharge (positive or negative) to introduce the role of resid-
ual surface charges. For the current pulse, if the pre-pulse has
an opposite polarity, it is denoted as the bipolar mode; other-
wise, it is in the unipolar mode.

3. Results and discussion

3.1. Surface discharge dynamics

The typical distributions of the positive and negative SDBD at
6.5 ns (electron density and electric field) are shown in figure 2.
The same value scales are used for both polarities.

For the positive polarity, the SDBD propagates against
the direction of the electron drift [14, 36]. When the posit-
ive streamer approaches the dielectric surface, the loss term

caused by electron drift to the discharge channel cannot be
compensated by the source term of photoionization in bulk
gas or ions/photons-induced secondary electron emission at
the gas–solid interface [28, 33]. As a result, an ion-rich (or
sheath-like) region with a thickness of 8–10 µm is left between
the streamer front and the dielectric surface, where the electric
field is very strong and above which the electric field intensity
drops drastically.

For the negative polarity, the electron drift has the same dir-
ection with the SDBD propagation. The streamer contacts the
dielectric and charges the surface negatively [36, 57], between
which no gap is formed [14, 31, 36]. The distribution of negat-
ive space charges is quite diffuse and the electric field concen-
trates near the streamer front with a relative weak amplitude
and near the HV electrode [36]. Since the electric field at the
negative streamer front ismuchweaker than that of the positive
one, the former develops much slower under similar operating
conditions. These morphology properties qualitatively correl-
ate with previous simulations and measurements [31, 36, 52].

The floating structure of positive SDBD leads to a weaker
charge deposition along the dielectric compared to that of neg-
ative streamers. Due to this essential difference in the dis-
charge structure, significant discrepancies in discharge devel-
opment appear between the two polarities.

The calculated spatial and temporal evolution of surface
charges for both polarities are shown in figure 3. The data
are displayed in logarithmic form to make the regions with
low surface charge density more apparent. In the cases without
pre-pulse (single mode) for both polarities, the distribution of
surface charges clearly indicates the trajectory of streamers,
from which the longest distance achieved and the propagation
velocity of streamers can be obtained. In general, the polar-
ity of surface charges is consistent with that of the voltage
pulse. However, during the voltage falling edge, the polarity
of surface charges near the HV electrode is reversed, due to
the backward breakdown between the HV electrode and the
plasma channel.

The distribution of surface charges at the end of HV pulse
in the single mode is used as the input for the subsequent dis-
charge. Figures 3(a2) and (a3) show the behavior of surface
charges during the positive pulse, with a negative or posit-
ive pre-pulse, respectively. In bipolar mode, residual surface
charges are not fully neutralized and their polarity remains
negative in most areas (x < 14.5 mm) after the streamer
passes. Once the streamer exceeds the region covered by resid-
ual surface charges, the dielectric is again positively charged.
Although the opposite polarity pre-pulse is applied, the largest
propagation length is shorter than that of the single pulse. In
contrast, the streamer trajectory in the unipolar mode can no
longer be obtained through the surface charge profile.

With negative polarity, if a positive pre-pulse is applied
(bipolar mode), the polarity of residual charges changes imme-
diately after the streamer passes and the largest discharge
length is further extended compared to that of the single mode
(figure 3(b2)). When the pre-pulse has the same polarity (uni-
polar mode), the residual positive surface charges are first
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Figure 2. Distribution of electron density (unit in m−3) and electric field (unit in Td) of SDBD with positive (a) and negative (b) polarity in
single mode. Time instance is 6.5 ns for both cases. The regions near the streamer front are enlarged (right column).

erased around 6 ns, and then left again during the voltage fall-
ing edge (figure 3(b3)).

As shown in figure 3, when the discharge is operated in the
bipolar mode, the polarity of deposited surface charges during
the current pulse has the opposite sign with that of the resid-
ual charges, which significantly enhances the net transferred
charges. The discharge operated in the bipolar mode has more
transferred surface charges (line density of 0.296 µC m−1

for positive and 0.738 µC m−1 for negative polarity) than
that in the unipolar mode (0.077 µC m−1 for positive and
0.094 µC m−1 for negative polarity), by a factor of 3–8. This
verifies the experimental results in [52], that transfer surface
charges in the alternating polarity mode are about a factor of
5 higher compared to those in the single polarity mode.

In order to illustrate the impact of residual surface charges
on the dynamics of SDBD, the calculated discharge front loc-
ation and the corresponding instantaneous velocity of both
polarities are presented in figure 4. The position of the max-
imal electric field taken along a line 10 µm above the dielectric
is selected to represent the location of the discharge front. Two
typical features can be observed in all cases: (a) the break-
down occurs earlier if the discharge operates in the bipolar

mode, while it is delayed in the unipolar mode; (b) the velocity
first increases at the early stage of the propagation, reaches the
maximum, and then descends verse time. The change in the
discharge length and the streamer velocity is directly related
to the deposition of surface charges.

With positive polarity, the largest discharge length is
obtained in the single mode. Although the propagation traject-
ory and the velocity trend in the unipolar mode are similar to
those in the single mode, the maximal velocity is reduced, for
which the positive residual surface charges slightly suppress
the discharge development. In the bipolar mode, the impact of
residual charges on discharge development is complex. Near
theHV electrode, an enhancement effect can be observed since
the discharge ignites earlier. However, as the SDBD propag-
ates close to the edge of the region covered by residual surface
charges (∼4 mm from the HV electrode), the velocity drops
dramatically, showing a strong suppression effect. This is due
to the fact that the negative SDBD in pre-pulse propagates a
shorter length than that of the positive polarity, and the depos-
ition of residual surface charges decreases along the dielectric
(non-uniform distribution). Out of this area, the velocity first
rises again and then descends with decreasing voltage.
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Figure 3. Spatial and temporal evolution of the surface charge density in single ((a1) and (b1)), bipolar ((a2) and (b2)), and unipolar ((a3)
and (b3)) modes. The left column is for positive polarity, and the right for negative.

With negative polarity, the bipolar mode has the largest
discharge length andmaximal instantaneous velocity. The pre-
pulse with opposite polarity greatly enhances the development
of the negative streamer. In the unipolar mode, although the
instantaneous velocity is comparable to the other two modes,
a shorter discharge length is obtained due to faster drop rate in
the velocity.

Dynamics of SDBD plasma are monitored by an intensified
charge-coupled device (ICCD camera) in [52], which indic-
ates that the velocity of negative surface discharge is lower
than that during the positive polarity pulse with a similar peak
voltage. Similarly, from figure 4, a common feature can also be
observed that the maximum velocity of the negative streamer
is lower than that of the positive polarity and the velocity of
the negative streamer drops more rapidly after its peak.

3.2. Energy deposition

Figures 5(a) and (b) present the spatial distribution of the
energy density. Several features in common for both polarit-
ies can be found: (a) the largest energy density appears near
the HV electrode, and the value decreases with increasing dis-
tance along the dielectric; (b) when the discharge operates in
the bipolar mode, the spatial range in the y direction is exten-
ded; otherwise, the range shrinks.

Despite the similarities, the difference between positive and
negative polarities caused by the pre-pulse is obvious. For the
negative pulse, the coverage of the energy density in the x

direction sharply reduces in the unipolar mode, while it obvi-
ously expands forward in the bipolar mode. However, for the
positive pulse, the energy density range shrinks in the x direc-
tion regardless of the pre-pulse polarity.

Figure 5(c) shows the distribution of the energy density
taken along a line 10 µm above the dielectric. For the positive
pulse, the profiles of the energy density between the single and
unipolar modes are very close. In contrast, the energy dens-
ity in the bipolar mode is much weaker, in the range of 10–
11 mm, but rises to a higher value in the range of 11–14 mm.
It is worth noting that the polarities of the surface charges
deposited in these two regions are exactly opposite, as shown
in figure 3(a2).

As for the negative pulse, the impact of the pre-pulse or
residual surface charges is very much clear. In the bipolar
mode, most areas of the dielectric are positively charged at
the inception moment except near the HV electrode, signific-
antly enhancing energy deposition. On the contrary, the energy
density in the unipolar mode is lower along the discharge chan-
nel with the presence of the negative residual surface charges.

By calculating the product of the energy density and the
volume of each cell and summing it over the plasma domain,
the total energy can be obtained. From figure 5(d), it can be
seen that, for both polarities, the total energy is significantly
enhanced in the bipolar mode while it is weakened in the uni-
polar mode. A higher coupled energy during the discharge
pulse is accompanied by more transferred surface charges,
which is consistent with the experimental observations [52].
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Figure 4. Dynamics (location and velocity) of SDBD propagation operated in single, bipolar, and unipolar modes. The left column is for
positive polarity ((a) and (c)), and the right for negative ((b) and (d)).

3.3. Evolution of electric field

Electric field vector components in SDBDs have been
measured by picosecond E-FISH for positive, negative, and
alternating polarity pulse trains [23]. The results demonstrate
a significant electric field offset before the discharge pulse and
directly confirm that the charge accumulation along the dielec-
tric plays an important role in SDBDs.

Here, figures 6 and 7 present the calculated temporal evol-
utions of the horizontal and vertical electric field components
(Ex and Ey) for both polarities operated in the single, bipolar,
and unipolar modes, respectively. The field components are
taken at different locations in the x direction, and 5 µm above
the dielectric in the y direction. The position 200 µm away
from the HV electrode is referred to as HV in these two figures.
Ex and Ey are positive when pointing away from the HV elec-
trode or the dielectric surface, respectively.

The results of positive polarity are plotted in figure 6. Note
that the axis of Ey is inverted to make the comparison more
apparent. In the single mode, both Ex and Ey increase from
zero as the voltage starts to rise, as shown in figure 6(a).
After reaching the peak value, both components near the HV

electrode first drop considerably, indicating the breakdown
occurs, and then increase again as the voltage continues to
rise. Subsequently, the fields at locations further away from the
HV electrode sequentially reach the peak and diminish with
the decrease in voltage, corresponding to the forward propaga-
tion of the streamer. On the voltage falling edge, Ex near the
HV electrode reverses and reaches its negative peak, indicat-
ing that a reverse breakdown occurs.

In the bipolar mode, from figure 6(b), both Ex and Ey are of
non-zero value at the beginning of the voltage pulse due to the
residual surface charges accumulated in the previous pulse. At
this instant, the direction of Ex is determined by the difference
in the deposited charge density between the local and adja-
cent regions, while the direction of Ey largely depends on the
polarity of the local surface charges. Thus, within the residual
charge area (figure 3(a2)), Ex points to the HV electrode, while
Ey points to the dielectric. Due to the presence of residual sur-
face charges, the discharge starts earlier and the breakdown
voltage drops significantly. After the voltage starts to rise, Ex
decreases to zero and increases again in the opposite direction
(now pointing away from the HV electrode). At the end of the
voltage pulse, Ex presents an obvious negative offset while Ey

7
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Figure 5. Spatial distribution of the energy density in single, bipolar, and unipolar modes for positive (a) and negative (b) polarity.
Comparison of energy density along the line 10 µm above the dielectric (c) and the total energy deposited over the plasma domain (d).

approaches almost zero. Similar results are also observed in
experiments [23].

In the unipolar mode (figure 6(c)), it can be seen that Ex
near the HV electrode is clearly a non-zero value before the
voltage pulse. The negative Ex is generated by the residual
negative charges during the reverse breakdown of the previ-
ous pulse (figure 3(a3)). At locations far away from the HV
electrode, weak positive charges are deposited in the pre-pulse,
and thus no significant residual fields appear. Both Ex and Ey at
HV present a two-peak feature. Compared to the bipolar mode,
a steeper profile for both field components is obtained at the
breakdown instance. Except for a slight delay in the break-
down instance, the subsequent evolutions are similar to those
of the single mode.

Figure 7 presents the temporal evolutions of electric field
components for negative polarity. The axes of Ex and voltage
are inverted. It is observed in figure 6 that for the positive pulse,
the absolute value of the Ey component is much higher than
the Ex component, which is not the case for the negative pulse

(figure 7). The reason of these differences lies in that the thin
ion-rich layer with local enhanced electric field is found with
the positive SDBD, while the negative SDBD keeps a diffuse
shape and no gap is formed between the discharge channel
and the dielectric. Thus, Ey in the negative SDBD has a much
weaker amplitude compared to that of the positive one.

From figure 7(b), at the inception of the voltage pulse, a
negativeEx and a positiveEy can be observed near theHV elec-
trode. The directions of field components are consistent with
those of the applied voltage. Thus, with increasing voltage, the
discharge is enhanced by the residual charges, and the break-
down occurs at an earlier instance. Ex also presents a two-peak
feature, but, the second peak has a lower amplitude compared
to the first one, and no longer exhibits a near-Laplacian beha-
vior. After the discharge front passes by, Ey drops much rap-
idly to almost zero compared to that of positive, showing a
strong self-shielding effect at the same vertical distance above
the dielectric. On the voltage falling edge,Ey near the HV elec-
trode is dominated by the local surface charge density and
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Figure 6. Temporal evolution of the electric field vector components at different locations from the HV electrode for positive pulse
operated in single (a), bipolar (b), and unipolar (c) modes. The left column is for the horizontal components Ex and the right for the vertical
components Ey.

increases in the reverse direction (pointing to the dielectric
surface), which will further enhance the subsequent positive
discharge.

From figure 7(c), in the unipolar mode, bothEx andEy show
a Laplacian profile and no abrupt reduction appears near the
HV electrode. During the voltage falling edge, Ex first shows
a negative offset and then decreases as the voltage approaches
zero. With increasing distance from the HV electrode, the neg-
ative offset in Ex reduces. This behavior qualitatively correl-
ates with the findings in [23].Ey first decreases to zero and then
increases in the opposite direction to facilitate the discharge.
The breakdown voltage is much higher, and the field compon-
ents have a peak lower than that of the single mode. With the

decrease of voltage, Ey rises significantly in the negative dir-
ection and reaches its maximum around−180 kV cm−1 at the
end of the voltage pulse. This is attributed to the strong accu-
mulation of negative surface charges. Thus, in the next pulse,
electrons will be pushed away from the HV electrode and the
discharge will be further suppressed.

The most distinct difference between the measurement and
simulation is that the amplitude of the measured electric field
is about 10–20 kV cm−1 [23], while the calculated value is
almost an order of magnitude higher. Such a high electric field
has also been reported in previous simulations [34, 36, 58].
At a position close to the dielectric surface, the electric field
is mainly determined by the local net space/surface charge.
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Figure 7. Temporal evolution of the electric field vector components at different locations from the HV electrode for negative pulse
operated in single (a), bipolar (b), and unipolar (c) modes. The left column is for the horizontal components Ex and the right for the vertical
components Ey.

With increasing distance from the surface, the electric field is a
superposition of the Laplacian field created by applied voltage
and the field from the net space/surface charge. As a result, the
electric field (shown in figure 2) quickly decreases with the
increase of the height above the surface [36].

The picosecond E-FISH in [23] has a very high temporal
resolution to capture the evolution of surface discharge. How-
ever, the laser beam diameter near the focal point is∼200 µm.
This indicates that the laser beam may be positioned above
the near-surface plasma or the electric field is measured in the
nearly completely self-shielded plasma [23].

3.4. Limitations

In fact, as the streamer-to-filament transition in surface dis-
charge occurs, the 2D fluid model is no longer suitable to
describe this essentially 3D phenomenon. Also, under a high
repetition rate, the role of fast gas heating in the discharge
channel and the memory effect of residual space charges needs
to be incorporated [59, 60]. These are beyond the scope of
the model used in this work. For further investigation, several
improvements could be performed, including a detailed kin-
etics scheme of excited species for fast gas heating, a fully
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kinetic treatment of electrons, an introduction of stochastic
processes, or a 3D model for interactions between surface
streamers.

4. Conclusions

In this work, the structure, dynamics, and energy deposition
of positive and negative SDBDs are numerically analyzed by
a 2D fluid model, with the consideration of residual charges on
the dielectric. By preserving the distribution of surface charges
at the end of the previous HV pulse, the impact of residual sur-
face charges on the subsequent discharge is introduced. Based
on this assumption, discharges operated in the single, bipolar,
and unipolar modes for both polarities are presented.

An essential difference between the positive and negative
SDBDs is observed. With positive polarity, SDBD is float-
ing above the dielectric, forming an ion-rich region with an
intense electric field near the surface. The negative SDBD dir-
ectly contacts the dielectric and charges it. Consequently, the
properties of surface charge deposition differ greatly between
the two polarities. It is worth noting that the reversal of surface
charge polarity near the HV electrode can be observed during
the voltage falling edge for both positive and negative SDBDs.

The energy deposition and dynamics of surface discharges
in the three modes are compared. The total energy depos-
ited in the gas phase is significantly enhanced in the bipolar
mode, while it is suppressed in the unipolar mode. From the
temporal evolutions of electric field components, the well-
pronounced forward propagation processes are obtained. With
the accumulation of surface charges in the previous pulse, both
electric field components are non-zero at the inception of the
current discharge. In the bipolar mode, the field directions
induced by residual surface charges coincide with those of the
applied voltage, which greatly reduces the breakdown voltage
and enables the discharge to start earlier. In the unipolar, the
opposite effects are observed.

The present work demonstrates the critical importance of
residual surface charges on the repetitively pulsed SDBDs,
providing a reference for the regulation of their breakdown
process and energy deposition.
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