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ABSTRACT

The synergistic discharge in atmospheric oxygen is investigated with a two-dimensional fluid model by introducing periodic micro-slit struc-
tures on the dielectric surface, in which the spatiotemporal evolution of the electric field and particle in terms of electrons reveals a discharge
enhancement mechanism. The applied longitudinal electric field in the micro-slits governs the ionization wave formation and propagation
while enabling the development of a transverse electric field. As the ionization wave propagates into the bulk discharge region, its longitudinal
electric field superimposes with the transverse electric field, which significantly enhances the discharge intensity. Meanwhile, the transverse
field redistributes electrons, which strengthens the local electric field and the electron energy accordingly. It proposes a synergistic mechanism
characterized by the superposition in oxygen discharge of longitudinal and transverse electric fields, offering a new strategy for efficient gen-
eration of atomic oxygen.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0311816

| INTRODUCTION focused on modifying the discharge structure to enhance the discharge.
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Atmospheric-pressure dielectric barrier discharge (DBD) can
generate various reactive species, including reactive gases (such as Os,
NO, and NO,) and free radicals (such as OH, O, and N)." It is widely
applied in environmental remediation for wastewater purification,””’
sterilization, and medical treatments,” '’ as well as for generating
atomic oxygen and ozone in oxygen discharge, which are used in thin
film formation processes via CVD and ALD."" " It is well-known that
air or oxygen discharge requires a higher reduced electric field and
energy consumption. The discharge characteristics of plasma are pri-
marily influenced by both the discharge configuration and the excita-
tion source.

Most oxygen discharge processes are implemented in sub-milli-
meter-scale parallel-plate or coaxial configurations in order to achieve
relatively high oxygen discharge intensity.''° However, under
atmospheric-pressure conditions, the ozone concentration remains rel-
atively low; the actual generation efficiency is typically far lower than
the theoretical value.'®'” To address this issue, related studies have

For example, it has been reported that employing a strip-shaped pow-
ered electrode structure in oxygen discharges can couple the surface
discharge on the electrode with the volume discharge in the region
between the powered and grounded electrodes, resulting in a signifi-
cant enhancement compared with a single discharge mode.'
However, although the grooves formed by the modified powered elec-
trode geometry were shown to intensify the discharge, the underlying
physical mechanism responsible for this enhancement has not been
further clarified. Related experimental investigations have shown that
the presence of microhole structures on or within dielectric tubes can
significantly enhance oxygen discharges.'” Wang et al. studied the dis-
charge characteristics of dielectric micropores and found that dis-
charges inside the micropores initiate more rapidly and exhibit higher
intensity.”’ In addition, other studies have performed comparative
analyses before and after filling dielectric surfaces with SiO, or coating
them with ZnO, revealing that a large number of microstructures are
formed on the dielectric surface after treatment, which markedly
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improves oxygen discharge performance.”** Although these experi-
mental results highlight the advantages of microstructure-assisted
discharges, the enhancement mechanism associated with microstructure-
induced spatial electric-field reconstruction has not yet been explained
from the perspective of electron kinetics. Furthermore, it has been
reported that ionization waves generated in different regions of the
discharge space may interact in a complex manner, and such inter-
actions can further strengthen the overall discharge. Naidis and
Babaeva investigated the interaction among three plasma jet tubes
and found that, as the spacing between the jets decreased, the cou-
pling and interaction between the jets became progressively stron-
ger.”” Ghimire et al. demonstrated that spatially controlled multi-jet
coupling can enhance discharge intensity by up to approximately
nine times compared with a single jet.”* Therefore, experimental
and numerical studies involving the introduction of microstructures
on dielectric surfaces not only help to elucidate the enhancement
mechanisms of multi-region synergistic discharges but also offer
new insights and technical pathways for the design of high-
efficiency ozone generators, low-power plasma devices, and the
processing of micro- and nano-scale functional materials.

The excitation source is also an important factor influencing dis-
charge characteristics. Pulse power sources achieve instantaneous high
reduced electric fields by adjusting the rise time (on the nanosecond
scale). It enables more efficient energy transfer to electrons, resulting
in higher electron energy. It allows for separate control of electron
energy and gas temperature, preventing gas overheating while main-
taining a high concentration of reactive particles. Regarding pulse and
AC excitation sources, studies have pointed out that pulse excitation
reduces the electrical energy consumption by 12 times compared to
AC while generating the same number of oxygen atoms.”” In air discharge
research, Jiang et al. indicated that pulse discharge is more likely to achieve
uniform glow discharge compared to AC, enhancing discharge uniformity
and efficiency.”® Meanwhile, Wang et al. demonstrated that pulse dis-
charge has lower thermal effects and higher discharge efficiency compared
to AC, which is highly advantageous for ozone generation in oxygen dis-
charge, as ozone is prone to thermal decomposition.”’

Studies on oxygen discharge have revealed that glow discharge
exhibits higher efficiency compared to streamer discharge, and its
absence of high-temperature discharge channels results in significantly
lower heat generation. Furthermore, the efficiency of streamer dis-
charges is largely determined by the effective discharge region."” To
enhance discharge performance, previous studies have investigated the
effect of different electrode materials on discharge characteristics. It
has been demonstrated that electrode materials can modulate the
energy injected into the electric field, thereby influencing the genera-
tion of reactive species.”**” Liu et al. further showed that silver electro-
des can sustain stable glow discharges during the negative half-cycle of
AC excitation in oxygen, leading to improved discharge efficiency.”’ In
summary, the combination of excitation source control, spatial micro-
structure design, and efficient catalytic materials offers a promising
strategy for achieving high-performance discharge modes.

This study employs a two-dimensional fluid model to investigate
the enhancement of pulsed oxygen discharge at atmospheric pressure
induced by dielectric surface microstructures. By analyzing the electron
dynamics, the generation and evolution of the electric field, as well as
the transport and spatial distribution of charged species across multi-
ple regions, the study reveals a spatially synergistic discharge
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enhancement mechanism, in which microstructures facilitate electric-
field superposition and regulate electron motion.

Il. DESCRIPTION OF THE MODEL

Periodic slits are constructed on a single dielectric surface as
shown in Figs. 1(a) and 1(b). The slit width is denoted as x;, the depth
as Y-y, and the spacing between slits as x,, where y; is 0.15 mm and
¥2 is 0.60 mm. In the diagram, region A corresponds to the dielectric
surface slit discharge, and region B to the bulk discharge. The pink
luminescent regions depict the oxygen discharge plasma. In terms of
mesh configuration, the dielectric region has a cell size of 0.01 mm by
0.005mm (height x width), whereas both the raised microstructure
and the plasma region are discretized with a uniform mesh of
0.005 mm.

In the experiment and simulation, the groove width (x; =2 mm)
and spacing (x, =2 mm) are set, and the waveforms of the pulsed dis-
charge voltage and current density are shown in Figs. 1(c) and 1(d).
The pulse duration of the applied voltage is 2.0 us, with rise and fall
durations of 50 ns each, and a repetition frequency and amplitude of
7kHz and 8kV. The experimental maximum current densities are
0.124 x 10* and 0.122 x 10* A/m?, corresponding to the discharge
events on the rising and falling phases,” respectively. The simulated
voltage and current waveforms show good agreement with the experi-
mental results, as illustrated in Fig. 1(d).

The microstructural enhancement mechanism will be examined
through a detailed analysis of the simulated discharge process using a
slit width of 0.1 mm. The pulse discharge voltage and current density
waveforms are shown in Fig. 2(a). Its trend in current density is consis-
tent with that in Figs. 1(c) and 1(d). Figure 2(b) presents the total
electric-field vector at the ionization wave front, where the white
arrows indicate the field direction and their lengths represent the field
strength. Once the ionization wave enters the bulk discharge region,
the locally enhanced electric field at the wave front radiates across a
broad region of the bulk discharge region.

The plasma module in COMSOL Multiphysics self-consistently
describes ionization, recombination, excitation, and other reaction
processes in the discharge region by solving the transport equations
for charged particles together with the electric-field equations. It is an
important tool for simulating atmospheric-pressure plasmas. The
module is based on the drift-diffusion approximation and the quasi-
neutrality assumption, and it can solve for key parameters such as elec-
tron density, ionization region distribution, and electron energy under
given gas compositions, reaction mechanisms, and applied potential
conditions. Previous studies on helium, argon, and oxygen discharges
have confirmed, through COMSOL’s plasma module,”” ° their feasi-
bility for generating low-temperature plasmas. The number density of
plasma species is obtained by solving the continuity equations

o or, o,
ot ox  Jy

S, 1

where n, I', and § are the number density, the flux, and the sources of
plasma species, respectively. The subscripts x and y correspond to the
axial and radial directions, respectively. The fluxes of ions and elec-
trons are as follows:

81’11,@
ox '

Fi,e(x) = t,ui)eni,eEx - Di,e (2)
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FIG. 1. (a) and (b) Structure of the device. (c) Experimented with measured waveforms of voltage and current density. (d) Simulated waveforms of voltage and current density.
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FIG. 2. (a) Simulated waveforms of voltage and current density. (b) Discharge effect diagram.
on where &o,¢, and e are the vacuum permittivity and elementary charge,

Lie(y) = £ enieEy — Die (3) respectively. In this study, the relative permittivity (3) of the dielectric.

€1:2€'€0 920T Yd21en 60

oy Electron mean energy ¢ can be calculated as follows:
where i and e denote ion and electron, and y and D are the coefficients D(nee) or
of mobility and diffusivity, respectively. The electrical field E can be =t eIE— Ky ji(e)nin;

obtained by solving the Poisson’s equation 9(x) Ox

- 3(me/mneut)NKmtnek(Te - Tneut)7 (5)

&ro O + ay )~ e Z Nip — Ne ), 4) where T is the temperature of plasma species, and m is the mass

p of plasma species. K;; and Kp; are the reaction rate and the energy
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gain/ loss rate attributed to the reaction between species i and j, respec-
tively. K, is the momentum transfer frequency corresponding to the
elastic collision between electrons and background gas molecules. The
relevant reaction equations, model parameters, and model validation
can be found in the supplementary material.

The continuity equation for each species requires boundary con-
ditions at both electrodes: the net flux of a particle/species is equated to
the difference between loss and creation of that plasma species.

For electrons, secondary electrons emitted from the electrodes
through bombardment of ions are considered here, and their loss to
the electrodes due to absorption and recombination is not included in
this model. Therefore,

Te=7) Tion, (6)

where 7 (0.05) is the secondary emission coefficient and is determined
by the material and surface conditions of the electrode.

For neutral particles, ions, and metastables, the flux at the electro-
des is dominated by drift, and their diffusive flux is negligible. Hence,

dn/dx = 0. (7)

A structured rectangular grid set the maximum edge length of
each mesh element to 0.0l mm and the minimum to 0.005mm. It
ensures accurate resolution of the steep gradients in the electric field
and particle density near the electrode edges and dielectric microstruc-
tures, avoiding errors caused by sharp features in specific regions. The
total degrees of freedom in the model exceed 1.0 x 10°, ensuring high
computational accuracy and stability. Additionally, we conducted a
mesh independence test, which demonstrated that further mesh refine-
ment resulted in changes of less than 5% in the calculated peak electric
field and oxygen atom density, verifying the numerical stability of the
model.

Numerous relevant literature has confirmed from experimental
and applied perspectives that such microstructures promote dis-
charge.”'”””*” The related reaction equations’’ and corresponding
experimental validation work are provided in more detail in the sup-
plementary material.

I1l. RESULTS AND DISCUSSION

A. Comparison of discharge with and without
microstructures

As shown in Figs. 3(a-I) and 3(b-I), when the ionization wave
propagates to the same position in the bulk discharge region, the pres-
ence of microstructures significantly enhances discharge characteris-
tics. Specifically, the electron density at the ionization wave front is
nearly an order of magnitude higher with microstructures compared
to the case without them, indicating stronger ionization.

In Fig. 3(a-II), the peak longitudinal electric field without micro-
structures is 6.86 x 10° V/m. This value is marked by a white dashed
line in Fig. 3(b-1I), which clearly outlines the expanded region where
the electric field exceeds this threshold in the presence of microstruc-
tures. Remarkably, the peak Ey further rises to 8.75x 10°V/m,
highlighting the significant field enhancement due to the slit design.

Furthermore, as seen in Fig. 3(b-III), the electron energy
within the region enclosed by the white dashed line is higher than
the maximum electron energy (7eV) in the case without
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FIG. 3. Comparison of the spatial electron density (ne), longitudinal electric field
(Ey), and electron energy (Te) at the same position in the main discharge region
without (a-I, II, Ill) and with (b-I, I, Ill) microstructures.

microstructures. According to the total electric-field vector distri-
bution at the ionization wave front shown in Fig. 2(b), the locally
enhanced electric field covers a relatively wide area within the
bulk discharge region. Its longitudinal component aligns with the
direction of the applied electric field, resulting in a longitudinal
superposition effect. Furthermore, by combining the observations
from Figs. 3(b-1I) and 3(b-III), it can be seen that the region of
significantly enhanced electric field corresponds precisely to the
radially distributed range of the locally enhanced field shown in
Fig. 2(b). In addition, the region where electron energy is
increased (indicated by the white dashed line) closely coincides
with the region of enhanced longitudinal electric field. This indi-
cates that electrons are primarily accelerated under the dominant
effect of the locally enhanced longitudinal electric field, thereby
gaining higher energy.

The discharge without microstructures exhibits typical parallel-
plate discharge characteristics, with a uniform ionization wave driven
solely by the applied longitudinal electric field. In contrast, the dis-
charge mode with microstructures is a hybrid of jet-like and parallel-
plate modes. The ionization wave head, formed within the slit struc-
ture, locally enhances the electric field. When the ionization wave
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enters the bulk discharge region, the superposition of its longitudinal
electric field enhances the overall electric field, leading to an increase
in electron energy and an intensification of the discharge.

B. Evolution of multi-region synergistic discharge

As shown in Fig. 4, the evolution of spatial electron density, trans-
verse electric field (Ex), and longitudinal electric field (Ey) is presented
inside the slit.

From Fig. 4(a), it can be seen that the discharge initiates at the
powered electrode. Electrons initially accumulate near the dielectric
surface, forming a distinct local enrichment region. At this stage, a pro-
nounced electron density gradient develops between the center and the
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sides of the slit. As time progresses, the ionization wave propagates
toward the grounded electrode. The discharge is mainly concentrated
in the central region due to the initial electron density distribution, as
shown in Fig. 4(a-1I). When the ionization wave enters the bulk dis-
charge region, it further enhances ionization in the transverse regions.
This process promotes the formation of a larger bulk discharge, as
illustrated in Figs. 4(a-IIT) and 4(a-1V); the electron density is on the
same order of magnitude as reported in the relevant literature.”" **

Figure 4(b) shows the evolution of Ex during ionization wave
propagation within the slit. As the ionization front advances, com-
pressed Ex regions form on both sides. The peak Ex increases from
225%10° to 3.15x10°V/m and then gradually decreases to
2.75 x 10° V/m.

Ey (V/m)
x10°

10
I 7.5

0
x10°

10
7=

FIG. 4. (a) Evolution of

0 spatial electron distribu-

6
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Figure 4(c) illustrates the enhancement of Ey at the ionization
wave front. The peak Ey increases from 4.55 x 10° to 9.61 x 10° V/m.
When the ionization wave reaches the bulk discharge region, the longi-
tudinal electric field at the wave head is no longer confined by the slit.
It radiates into the larger bulk discharge regions on both sides, leading
to a significant enhancement of the electric field. This magnitude is
consistent with the typical electric-field intensity observed in strong air
discharges under atmospheric pressure and reaches a level comparable
to that of needle-point discharge structures,"” *” which clearly demon-
strates the significant advantage of this configuration in electric-field
enhancement.

In addition to the analysis of the electric field, examining the
charged particle dynamics inside the slit can reveal the formation
mechanism of the enhanced electric field within it. Figures 5(a)-5(d)
show the spatial distributions of positive and negative particles, as well
as the transverse and longitudinal flux distributions of electrons and
0,7, along Y = 0.25 mm inside the slit at different times. As shown in
Fig. 5(a), before the ionization wave reaches the 0.25 mm position (Y),
the spatial peak number density of O is 0.94 x 10"* m™ and that of
negative particles is 0.48 x 10'® m™>. When the ionization wave arrives
at this location, as illustrated in Fig. 5(b), the spatial peak number den-
sity of O increases to 8.08 x 10'®m ™, while that of negative particles
rises to 6.30 x 10'®m >, At this moment, a significant numerical dif-
ference exists between the positively and negatively charged particles.

Figure 5(c) shows the total drift-diffusion flux of electrons along
Y =0.25 mm, with dashed lines representing transverse flux and solid
lines longitudinal flux; the symbols indicate flux directions. At the
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initial stage of discharge propagation (t= 0.083 us), the electron longi-
tudinal flux peaks at 0.064 x 10**m s ', and the transverse electron
flux is much smaller than the longitudinal flux, reaching only on the
order of 10",

Figure 5(d) shows the total drift-diffusion flux of electrons and
OF along Y =0.25 mm, with dashed lines representing transverse flux
and solid lines longitudinal flux; the symbols indicate flux directions. At
t=0.085 us, the electron longitudinal flux peaks at 0.99 x 10 m 257},
and the transverse flux reaches 0.067 x 10**m2s~ ', In contrast, the
O; longitudinal and transverse fluxes are only 9.30 x 10*' and
1.98 x 10°' m™?s !, respectively, showing that electron drift and diffu-
sion rates are approximately two orders of magnitude higher than those
of ions.

The formation and evolution of the transverse electric field are
mainly induced by the action of the longitudinal electric field. In the
initial stage, driven by the externally applied longitudinal electric field,
electrons accelerate and drift toward the powered electrode [see
Fig. 5(c)], which breaks the local space-charge balance and results in a
net positive charge distribution in localized regions [see Fig. 5(a)],
thereby giving rise to the initial transverse electric field,"’ according to
the charge distribution, the transverse electric field is directed toward
both sides. At this stage, the difference in the quantities of positive and
negative charges is relatively small. Under the regulation of the trans-
verse electric field, electrons converge from both sides toward the
central region, leading to an increase in electron density in the center
[see Fig. 5(d)]. According to the collision reaction rate relationship,
kxf(T, n), an increase in electron density thus enhances the
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FIG. 6. The peak electron energy at the X = 1.05mm line and the peak density of
energetic electrons in the ionization wave head region.

ionization reactions, generating more charged particles. Under the
action of the longitudinal electric field, charged particles undergo fur-
ther drift, leading to a more pronounced charge separation effect [see
Fig. 5(b)]. Meanwhile, the externally applied electric field increases
with time, which further strengthens the longitudinal electric field and
consequently intensifies charge separation at the head of the ionization
wave. The continuous accumulation of positive ions at the wave front
promotes a simultaneous enhancement of both the transverse and lon-
gitudinal electric fields. The strengthened electric fields, in turn, further
drive electron drift and ionization processes in both the transverse and
longitudinal directions during subsequent stages. This coupled and
self-reinforcing process ultimately forms a positive feedback mecha-
nism for electric-field enhancement.

Figure 6 reflects the temporal evolution of peak electron energy
and the peak density of energetic electrons in the ionization wave head
region (energy >6¢V). As the ionization wave advances, the electron
energy initially increases and then decreases, while the peak density of
energetic electrons declines from 9.27 x 10" to 1.35 x 10" m™>. As
the ionization wave propagates, although the peak electron energy
gradually increases, the peak density of energetic electrons exhibits a
decreasing trend. This behavior arises because the undischarged region
ahead of the ionization wave front progressively shrinks during propa-
gation. Since this region possesses the highest electric field and serves
as the primary source of energetic electron generation, the reduction in
its spatial extent directly leads to a decrease in the peak density of ener-
getic electrons. The reaction intensity—particularly for the dominant
oxygen ionization reaction, e + O, = 05 + 2e—is jointly governed by
both the electron energy and the density of energetic electrons.
Therefore, the reduction in the peak density of energetic electrons is
identified as the primary factor responsible for the observed weakening
of the discharge, as illustrated in Fig. 4(a-IV).

In addition, this study analyzes the evolution of the bulk dis-
charge process corresponding to the dielectric region (x,=1.1-
2.1 mm). As shown in Fig. 7(a), the bulk discharge region ignites at the
central surface region of the dielectric. Subsequently, the electron den-
sity in the regions on both sides rises from the order of 10'® to
10" m™, the discharge intensity on both sides gradually surpasses
those in the central region as time progresses.

ARTICLE pubs.aip.org/aip/pop

Figure 7(b) shows that at 0.085 s, when the ionization wave
within the slit reaches the slit opening [see Fig. 4(a)], the total trans-
verse electron flux near X = 2.1 mm rapidly surges from a peak value
of 1.00 x 10** to 1.50 x 10**m™>s~". The drift direction shifted from
the center of the bulk discharge region corresponding to the dielectric
toward that corresponding to the slit. It indicates that the transverse
electric field redistributes the electrons, increasing the electron density
in the bulk discharge region near the slit opening. Combined with the
radiation effect of the locally enhanced electric field, as shown in Figs.
2 and 4, not only is the transverse electric field enhanced at this stage,
but the longitudinal electric field is also synchronously intensified.
Superimposed with the externally applied electric field, they collec-
tively strengthen the overall electric field in the bulk discharge region
corresponding to the dielectric, with the field magnitude increasing in
proximity to the slit. This combined mechanism further promotes the
transverse expansion of the discharge region originating from the slit.

C. Mechanism of discharge enhancement by locally
enhanced transverse and longitudinal electric fields

As shown in Figs. 8(a) and 8(b), when the ionization wave propa-
gates into the bulk discharge region, the locally enhanced longitudinal
electric field continues to radiate outward. This radiation expands its
region of influence and increases the peak longitudinal electric field on
both sides of the bulk discharge region. At the same time, the electron
energy rises significantly. Its evolution trend is closely aligned with
that of the longitudinal electric field. These results indicate that the
longitudinal electric field not only governs ionization wave propaga-
tion but also plays a key role in accelerating electron energy
acquisition.

Figures 8(c) and 8(d) further show that a transverse electric field
is consistently present at the ionization wave front during propagation.
This field acts on almost the entire bulk discharge region. Under its
influence, electrons continuously drift from both sides toward the ioni-
zation wave front. This drift enhances the local charge density and ion-
ization rate. As a result, a high discharge intensity is sustained at the
wave front. This transverse electron transport mechanism strengthens
the continuous propagation of the ionization wave.

As indicated by the electric-field evolution in Fig. 8, when the ion-
ization wave enters the bulk discharge region, the transverse electric
field does not continue to increase monotonically, reflecting the con-
vergent nature of the positive feedback enhancement between the
transverse and longitudinal electric fields discussed above. After the slit
ionization wave enters the bulk discharge region, the longitudinal elec-
tric field continues to strengthen before reaching the grounded elec-
trode (prior to 0.095us). In contrast, the transverse electric field
exhibits an initial increase followed by a decrease. As shown in Fig. 7,
the initial enhancement arises from transverse electron migration,
which leads to a local increase in electron density, thereby intensifying
the discharge and charge separation and temporarily strengthening
both the transverse and longitudinal electric fields. Subsequently, the
transverse electric field begins to weaken. As can be seen from Fig. 4,
this weakening trend is essentially consistent with the decay of the dis-
charge intensity, indicating that the discharge attenuation reduces
charge difference within the bulk discharge region. The primary reason
for the discharge weakening is the decrease in the density of energetic
electrons within the discharge space as the ionization wave propagates,
as shown in Fig. 6. In addition, oppositely directed transverse electric
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fields generated by adjacent micro-slits in the same region can partially
cancel each other, as illustrated in Fig. 8(c), further weakening the elec-
tric field. The reason why the longitudinal electric field can continue to
increase is that the potential drop is mainly concentrated between the
ionization wave head and the grounded electrode. These factors collec-
tively account for the inherent limitations in the enhancement of the
transverse and longitudinal electric fields.

D. Results of the enhancement of the bulk discharge

To further clarify the impact range of the slit-enhanced discharge
in the bulk region, Fig. 9(a) shows the distributions of the peak longitu-
dinal electric field, electron energy, and electron reaction rate along
Y = 0.05 mm at various X positions. In the ﬁgure, the overall reaction
intensity is represented by the reaction rate of the dominant electron-
impact processes (e + O, = O + 2e). The variation trend of this rate
is consistent with the generation rate of oxygen atoms
(e + O, =20 +e), indicating the spatial distribution of oxygen atom
production. Since ozone formation primarily depends on the concen-
tration of oxygen atoms (O + O, + 0, =05+ 0,),"** the regions of

efficient ozone generation can thus be identified. From both sides
toward the center of the slit-corresponding bulk discharge region, the
electron-impact reaction rate constant k, increases from 0.39 x 10* to
2.90 x 10*molm™>s™". This trend is consistent with the enhanced
electric field, elevated electron energy, and strengthened transverse
electron transport observed in the bulk discharge region in Fig. 8.
Taken together, these results indicate that the transverse electric field
drives electrons to converge toward the slit center. This process leads
to an increase in the local electron density. In contrast, the longitudinal
electric field mainly governs the enhancement of electron energy. The
combined action of these two electric-field components significantly
intensifies collisional ionization reactions. This interaction forms a
positive feedback loop among the electric field, electron transport, and
reaction enhancement. As a result, the discharge undergoes transverse
expansion and can be sustained more effectively. The blue dashed line
indicates the maximum reaction rate without microstructures, while
the blue rectangle denotes the projection of the slit onto the bulk dis-
charge region. Within the slit projection region, all three parameters
are significantly enhanced and gradually decay in the transverse direc-
tion. Notably, at approximately x=1.6mm, the reaction rate falls
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below the maximum value without microstructures, indicating a local-
ized weakening of the discharge. This weakening is caused by the
transverse electric field, which drives electrons away from this region
toward the bulk discharge region corresponding to the slit [see Figs.
8(c) and 8(d)]. As a result, the local electron density and ionization
capability are reduced. These results clearly demonstrate that the trans-
verse electric field modulates the spatial distribution of electrons and
significantly influences the intensity of electron collision reactions in
different regions. Consequently, it plays a key regulatory role in dis-
charge behavior.

Figure 9(b) further illustrates the electron reaction rate at different
Y positions. As the position approaches the grounded electrode, the
peak reaction rate decreases from 9.15 x 10* to 2.90 x 10*molm >s~".
This trend indicates a reduction in the number of energetic electrons
and a weakening of the discharge-enhancing capability. The smallest
enhancement range is observed at Y = 0.075 mm, suggesting that the
effect of the slit is spatially limited.

As shown in Fig. 9(c), the peak spatial density of oxygen atoms
after the micro-discharge reaches 10! m ™, which is consistent with
reports in related literature.*"” The oxygen atom density inside the

slit is notably high, indicating strong ionization reactions. This trend is
consistent with phenomena observed in relevant experiments.'*
Furthermore, the discharge-promoting range in the bulk dis-
charge region was analyzed, and the results are shown in Fig. 9(d). The
figure presents the normalized difference in atomic oxygen density
between the microstructured and non-microstructured conditions
after the rising edge of the discharge. Positive values (>0) correspond
to regions of discharge enhancement, whereas negative values (<0)
indicate discharge suppression. The region enclosed by the white
dashed line denotes the region where the discharge is significantly pro-
moted. These results indicate that the microstructure enhances the
generation of atomic oxygen over a broad region of the bulk discharge
zone. The comprehensive analysis shows that the ionization wave
enhanced by the slit structure enters the bulk discharge region. Its lon-
gitudinal electric field is continuously extended through the corre-
sponding slit and radiates to both sides of the bulk discharge region.
This behavior forms a discharge enhancement mechanism dominated
by longitudinal electric-field superposition and supported by trans-
verse electron drift. The mechanism increases local electron energy
and reaction activity. It also redistributes electrons to key regions,
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thereby expanding the effective discharge zone and intensifying the
discharge strength.

IV. SUMMARY

In summary, this study demonstrates that sub-millimeter micro-
structures can effectively modulate atmospheric pulsed discharge.
Two-dimensional numerical simulations reveal a multi-region syner-
gistic mechanism. This mechanism is mediated by the coordinated
action of longitudinal and transverse electric fields. The longitudinal
electric field drives the formation and propagation of the ionization
wave. The locally enhanced ionization wave further radiates into the
bulk discharge region. There, it superimposes with the external electric
field, jointly enhancing the local electric field and electron energy.
Meanwhile, the transverse electric field guides electrons toward the
ionization wavefront. This process optimizes the spatial charge distri-
bution and helps sustain high plasma reactivity. To optimize the dis-
charge performance, reducing the spacing between the slits allows the
oppositely directed transverse electric fields generated by adjacent slits
to partially cancel each other, thereby decreasing electron losses in the
bulk discharge region corresponding to the dielectric. Meanwhile, the
longitudinal electric fields produced by neighboring slits superpose
with each other, resulting in a more spatially uniform longitudinal
electric-field distribution and, consequently, improved discharge uni-
formity. This microstructured configuration enhances the discharge
performance by regulating electron dynamics and effectively recon-
structing the local spatial electric-field distribution. Given that electron
dynamic processes share common characteristics across different gas
discharge systems, this microstructural strategy is also applicable to
other gas discharge conditions. This microstructure-based control
method provides a new pathway for efficiently generating reactive oxy-
gen species (including high-concentration ozone). It demonstrates sig-
nificant advantages in applications such as polymer surface
modification, micro-nano patterning based on active species concen-
tration gradients, and localized surface activation.

SUPPLEMENTARY MATERIAL

See the supplementary material for oxygen reaction equations
and validation work.
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