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ABSTRACT

Low-temperature plasma technology has demonstrated significant potential for applications such as gas treatment and energy conversion.
This study investigates the optimization of a three-electrode discharge system, combining dielectric barrier discharge (DBD) and direct cur-
rent (DC) discharge at ambient conditions. By experiment and simulation, the effects of electrode geometry, location, and discharge parame-
ters on plasma stability are analyzed. Results reveal that DC-induced pre-ionization plays a crucial role in transitioning from streamer to
diffuse discharge, requiring a minimum pre-ionization density of 2 x 10'” m ™. Smaller electrode diameters enhance the electric field and
reactive species densities, while optimized discharge gaps ensure stable and spatial discharge. A minimum voltage of —6kV (DC) and 3.5kV
(DBD) are necessary for breakdown, with breakdown time decreasing as voltage increases. Power analysis shows dominant energy consump-
tion by the DBD component, emphasizing the need for DBD voltage minimization to improve energy efficiency. These findings provide valu-
able insights into achieving stable and energy-efficient plasma discharges, offering a foundation for scalable applications in gas treatment and
related fields.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0261134

I. INTRODUCTION

Low-temperature plasma technology has demonstrated signifi-

discharges exhibit high energy density and elevated gas temperatures,
which can potentially damage heat-sensitive materials. In contrast, dif-
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cant potential in air pollutant degradation and energy conversion. The
plasma contains abundant reactive species (electrons, excited state par-
ticles, ions and free radicals) to oxidize and decompose gas molecules.
Compared with traditional treatment methods (thermal cracking, cata-
Iytic oxidation, adsorption, etc.), plasma technology has the advantages
of high efficiency and low energy consumption, high product selectiv-
ity, simple operation and stable operation. Currently, various plasma
discharge methods have been explored for gas treatment, including
dielectric barrier discharge," gliding arc discharge,” corona discharge,”
spark discharge,’1 nanosecond pulse discharge,3 and microwave dis-
charge.” Among these, dielectric barrier discharge (DBD) is widely
adopted in engineering applications due to its ability to prevent transi-
tion into spark or arc discharges. However, DBD still faces challenges
such as filamentary discharge and high wind resistance. Filamentary

fuse discharges possess lower energy and gas temperatures, represent-
ing an intermediate state between corona and spark discharges. A
characteristic of diffuse discharge is volumetric nature, featuring diver-
gent and non-constricted plasma channels. Achieving diffuse discharge
in atmospheric pressure air is challenging, and non-equilibrium
plasma can easily transition into local thermodynamic equilibrium
plasma. To address this, researchers commonly utilize two methods
for achieving diffuse discharge: (1) using a nanosecond pulse source to
shorten the discharge time below that of thermal arc discharges and
(2) optimizing the electrode structure to stabilize the discharge.
Soloviev” studied the surface dielectric barrier discharge in atmo-
spheric pressure air by the simulation and experiment. They found
that the discharge corresponding to the trailing edge is not diffuse and
demonstrates a well-pronounced streamer-like shape. Tao Shao®
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investigated the nanosecond pulsed DBD discharge at atmospheric
pressure, captured the discharge images with a low-speed camera to
observe the glow discharge and filamentary discharge. They found that
the discharge gap, dielectric type, and the discharge frequency are the
important factors affecting the transition of the two discharge modes.
Fridman’ analyzed the uniformity of DBD by ICCD, and the results
showed that the uniformity of DBD depends on the electric field, with
less impact from the rising time of the high-voltage pulse. Zeyu Hao’
investigated the effects of different dielectric thicknesses and materials,
electrode types, and applied voltages on DBD discharge, finding that
mica dielectrics and stainless-steel blade electrodes enhanced discharge
uniformity. Belinger et al.'’ used a new experimental method to study
the effect of dielectric thickness on the uniformity of DBD discharge
by controlling the current density, achieving a diffuse discharge at
5 kHz for the first time.

As plasma research advances, emerging scientific challenges in
plasma treatment require further investigation, including (1) enhanc-
ing the stability and efficiency of plasma sources and (2) exploring the
mechanisms behind the generation of active species. The development
of stable, efficient plasma sources that ensure uniformity over large
areas and effectiveness in complex engineering environments is crucial.
The generation and role of active species such as electrons, ions,
excited state particles, and free radicals are central to addressing gas
treatment challenges. While nanosecond pulse excitation demonstrates
superior chemical activity, its practical implementation faces limita-
tions such as electromagnetic interference and system instability.
Furthermore, conventional electrode configurations exhibit inherent
limitations in both spatial controllability and aerodynamic perfor-
mance. To overcome these limitations, we developed a novel three-
electrode discharge configuration with optimized structural parameters
to achieve stable plasma generation. The discharge characteristics were
systematically investigated through a combined approach of numerical
simulations and experimental measurements, with particular focus on
evaluating how electrode geometry and operational parameters influ-
ence discharge stability and intensity.

This work presents a methodology for building a two-
dimensional fluid model, which is compared with experimental data to
comprehensively analyze the propagation mechanisms. The frame-
work, a description of the model and the implementation of experi-
mental conditions are given in Sec. I, results and discussions are
presented in Sec. 111, and the conclusions are drawn in Sec. I'V.

Il. EXPERIMENTAL SETUP AND MODEL DESCRIPTION
A. Implementation of experimental conditions

Figure 1 presents the schematic of the three-electrode discharge sys-
tem operating under ambient conditions, which integrates two discharge
components: a dielectric barrier discharge (DBD) and a direct current
(DC) discharge. The medium of DBD is made of alumina ceramic with a
thickness of 1 mm, a width of 10 mm, and a length of 150 mm. The elec-
trodes are made from stainless steel with a thickness of 1 mm and a
width of 3mm. DBD is driven by a nanosecond pulsed generator (FID
power supply: FPG 50-50NX2). The DC electrode is made of tungsten
needle with a diameter of 0.5-1 mm and a length of 150 mm, driven by
negative high voltage power supply. The inter-electrode distance (d=7-
10 mm) defines the primary plasma generation region. For the gas treat-
ment experiments, the plasma generation system is integrated within a
sealed chamber designed to precisely control the gas treatment volume.

pubs.aip.org/aip/pop

The experimental system incorporates precision-calibrated mass flow
controller to quantitatively monitor all input gas. This closed-loop design
ensures reliable measurement of key treatment parameters, including
decomposition efficiency and by-product formation, while maintaining
well-controlled environmental conditions.

Voltage and current are the critical parameters for characterizing
the pulse discharge and mode conversion. A voltage probe (North Star
PVM-5, 0-60kV/90 MHz) and a current probe (CWT15B, 3kA/
50 MHz) are utilized to monitor the applied voltage and current. These
probes are linked with a digital oscilloscope (Tek MDO34, 100 MHz—
1 GHz, 3kA/50 MHz) to capture and analyze crucial electrical parame-
ters. An intensified charge coupled device (ICCD) high-speed camera
(Andor iStar DH334T) is used to capture the temporal and spatial evo-
lution of plasma, which is capable of capturing low-light images with
exposure times as fast as 2 ns. The nanosecond power supply and the
camera are triggered by a signal generator to synchronize the initial dis-
charge with the camera, capturing the spatial-temporal evolution of dif-
ferent plasma phases by adjusting the camera delay.

B. The description of the fluid model

The fundamental physical mechanism of the gas discharge is diffi-
cult to obtain by experiment. Therefore, a plasma fluid model
(PASSKEy) is used to calculate spatial-temporal evolution of the electric
field, species densities, and fluid dynamics. Zhu et al.'' used a numerical
model and existing experimental data to analyze the mechanisms and
energy characteristics of the nSDBD-based plasma-assisted anti-icing.
Zhu and Starikovskaia'” used a numerical model to study the effect of
heat release in reactions with charged and electronically excited species.
Ma et al.” used a numerical model to analyze the pre-ionization process
and its influence on the breakdown characteristics in the operation of
ArF excimer lasers. However, this paper used a numerical model to
investigate the optimization of a three-electrode discharge system, com-
bining DBD and DC discharge. Detailed mathematical methods and
model validations can be found in previous publications."” In this section,
we briefly describe the equations solved in model for this investigation.

1. Governing equations

PASSKEy adopts a comprehensive computational framework
that self-consistently solves the coupled system of governing equations
for non-equilibrium plasma dynamics. The numerical scheme simulta-
neously resolves the Poisson equation for electric potential distribu-
tion, drift-diffusion equations for charged species transport, and the
electron energy equation for mean energy characterization, while addi-
tionally incorporating Helmholtz equations to account for photoioni-
zation effects. The Poisson equation is used to calculate the electric
field of the whole computational domain as follows:

V(epe, V®) = —p — p.Js, (1)
E=-V0, p=3""gn, 2)

where ¢ and ¢, are the permittivity and relative permittivity, respec-
tively, @ is the electric potential, E is the electric field, p, is the dielectric
surface charge, J, is the Kronecker equation, g; and #; are density and
charge of species i, respectively, Ny, is a number of the charged species.

The drift-diffusion equations based on local field approximation
are given by
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FIG. 1. A brief description of the experimental setup for three-electrode discharge. DC is a direct current generator. NPG is a nanosecond pulse generator, TG is a triggering
generator, Probe is a high voltage probe, ICCD is an intensified charge coupled device, PC is a personal computer. d is the distance between DBD and direct current electrode,
and R1is 1kQ. The symbol A denotes a differential voltage probe connected across a 1 kQ precision resistor to measure discharge current.
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where I'; and #; are the species flux and the number of density of
ith species, respectively; S; and Sy, are reaction source and photo-
ionization source, respectively;q;, i;, and D; are the charge, mobil-
ity, and diffusion coefficient, respectively. The electron transport
coefficients (¢, and D,) and electron collision reaction rate coeffi-
cients can be obtained using BOLSIG+.'* The ion transport coeffi-
cients can be found in Ref. 15 or using the MOBION software
package. The photoionization source is used to calculate photoion-
ization for the mixture of nitrogen and oxygen by the Helmholtz
model, whose fitting parameters are given by the measured photo
function.

Typically, the Local Mean Energy Approximation (LMEA) and
Local Field Approximation (LFA) are commonly employed in the
numerical simulation of plasma. The robustness of LFA has been
extensively discussed in Ref. 16. However, in the near-wall region,
where the lower side of the plasma is close to the dielectric surface, the
LFA ignores a strong electron density gradient region in the sheath,
leading to an overestimation of ionization.'” Conversely, the LMEA
demonstrates greater accuracy, particularly in modeling positive
streamers and plasma interactions with dielectrics.'® Therefore, to
achieve more precise simulation in the three-electrode discharge, we
have adopted the LMEA in our numerical model. The drift-diffusion
equations for the mean electron energy are shown in the following
equations:

0
a(nem)+v‘re = 7‘qe|re'E7P(5m)7 (5)

e = —pneenE — DV (neen), (6)

where I', and #, are the electron energy flux and the electron density,
respectively; ge, i, and D, are the electron charge, mobility, and diffu-
sion coefficient of electron energy, respectively, n,, I'¢, and ¢, are the
electron density, electron energy flux, and electron charge, respectively;
E, €y, and P(e,,) are the electric field, mean electron energy, and the
power lost by electron collisions, respectively.

2. Reaction kinetic scheme

A suitable reaction kinetic scheme is crucial for revealing the
physical mechanisms. In the present work, a reduced reaction kinetic
scheme for decreasing computational time is selected based on the
published work,'” including ionization, excitation, attachment, charge
transfer, and recombination processes. The following neutral, charged,
and excited species are taken into account: e,N,, N,(A*> 2F) N,(B?
I, N, (CT1,), Nf N;, 0,,0,0('D), 0f , 0 ,0~,0;, 05 N,
Detailed reactions and corresponding rates are given in Table I. The
rate constant unit of single-body reaction is s, the rate constant unit
of two-body reaction is cm’/s, and the rate constant unit of three-body
reaction is cm®/s. Te is taken as a function of mean electron energy
based on BOLSIG+ with cross section. Tgas is calculated using the
fluid module in PASSKE}y.

This simplification is based on a sensitivity analysis that identified
the most critical reactions influencing the key physical and chemical

Phys. Plasmas 32, 073505 (2025); doi: 10.1063/5.0261134
© Author(s) 2025

32, 073505-3

82:91:61 G20z Isnbny €0


pubs.aip.org/aip/php

Physics of Plasmas ARTICLE

pubs.aip.org/aip/pop

TABLE I. Reduced kinetics scheme of air. Rate constants are given in s~", m® /s, and m® /s, Ty, (gas temperature) and T, (electron temperature) are given in K.

No. Reaction Rate constant Ref.
R1 e+N, — et+e+Nj flo,em) 19
R2 e+0, — et+e+0; f(o,em) 20
R3 e+0, — O +0 f(o,€m) 19
R4 e+N, — e+N2(A323') f((i, €m) 19
R5 e+N, — e+N,(B’I,) f(o,€m) 19
R6 C+N2 — e+N2(C31_Iu) f(O', Em) 19
R7 e+0,; — e+0+0 flo,€em) 21
R8 e+0, — e+0+0('D) f(o,em) 21
R9 NJ +N,+N; — N +N, 5x107% 22
R10 NS +N,+0, — N7 +0, 5x107% 21
R11 N; +0; — OF +N,+N, 2.5%x 10710 23
RI2 N; +0, — 05 +N, 6 x 107! 23
R13 05 +N+N; — 05 +N,+N, 9 x 10731 23
R14 O +N,+0; — 05 +N,+0, 9 x 107! 23
R15 O +N; — OF +N, 43 x 10710 23
R16 0740, — 05 +N, 10°° 23
R17 0F +0, — OF +0;, 2.4 x107% 23
R18 e+0,+0, — 05 +0, 2 x 107%(300/T,) 23
R19 0 +0" — e+0, 1.4 x 10710 24
R20 0] +0 — e+0,40 1.5 x 10710 24
R21 e+ NJ+N; — Ny+N,(CI1,,) 2.3 x 107°(300/T.)"* =
R22 e+N; — N+N 1.8 x 1077(300/T,)"* 24
R23 e+0; — 0+0, 1.4 x 1075(300/T,)** 24
R24 e+0f — 0+0, 2.0 x 1077(300/T,) 24
R25 05 4+0; — OT+0,+N, 1077 23
R26 05 +0; 40,40, — 05 +0, 2.0 x 107 23
R27 05 +05 40, — 0,40,+0,+0, 2.0x 107% 23
R28 05405 +N, — 0,+0,+N, 20x107% 23
R29 05 +0,40; — 0,40,+0, 2.0x 1075 23
R30 O™ +Nj — O+N+N 2.0 x 1077(300/T,) 21
R31 N,(C’IIy)+N, — N,(B*II,)+N, 1.0 x 1071 21
R32 N, (C*I1,)40, — N,+0+0('D) 3.0 x 10710 21
R33 N,(C*I,) — N,+hv 2.45 x 1077 21
R34 N, (B’I1,)+0, — N,+0+0 3.0 x 10710 21
R35 N, (B*IL)+N, — Ny (A’ZH)+N,(v) 1.0 x 1071 21
R36 N;(A’Z)+0, — N,+0+0 2.5 X 10712(Tyq5/300)" 21
R37 0('D)+0, — 040, 3.3 x 1071(67/ Tgas) 21
R38 O('D)+N, — O+N, 1.8 x 107'1(107/ Tgas) 21

processes under our specific conditions. By focusing on these 38 reac-
tions, we achieve a balance between computational efficiency and the
accuracy of our results. Figure 2 shows a comparison of the calculated
species densities between the full kinetic scheme and the simplified
kinetic scheme. The KIN2 kinetic scheme demonstrates good agree-
ment with the full kinetic scheme in terms of the calculated temporal
behavior of the densities and emissions.

3. Computational domain and boundary conditions

The simplified geometry used for the calculation is shown in
Fig. 3 with the high voltage electrode in yellow, the medium in cyan,
the ground in green, the DC bias electrode in red, and the plasma cal-
culation region in blue. A computational domain of size 50 x 50 mm
is assigned. We use the structured adaptive mesh refinement (SAMR)
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FIG. 2. Comparison of the calculated species densities between the full kinetic
scheme “KIN1” and the simplified kinetic scheme “KIN2.”
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FIG. 3. 2D geometry for three-electrode discharge with structured adaptive mesh
refinement, with the high voltage electrode in yellow, the medium in cyan, the
ground in green, the DC electrode in red, and the plasma calculation region in blue.

in a 2D Cartesian coordinate system to initialize grids. The reduced
computational domain and refined mesh distribution are shown in
Fig. 3. The criteria of adaptive mesh refinement based on the electron
density are expressed as follows:

h= hma i < max 18— loglo(nE) hm + 18 ]’lm‘n hm’n
2" = logy, (1) log,y (1)

)

TABLE II. Boundary conditions for transport equations.
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where h, hyin, Biax are the mesh size, the minimal mesh size, and the
maximum mesh size, respectively; 7, and n are the electron density
and the number of refinement times, respectively. To be able to resolve
the fine discharge structure, the computational mesh should be not
greater than 2 ym for atmospheric pressure air.”” In a result, we set the
minimal mesh size hpin = 2 X 107°m and the maximum mesh size
Bmax = 1 x 107> m. The electron density is estimated to be n, ~ 102
m™3, so the refined mesh size h is set in as follows:

1
h=1x10"%x i 1.95%x10°m < 2.0 x 10 °m.  (8)

The initial electron density is set to 10°cm > uniformly distributed
in the plasma region inside the quartz tube, and the initial ion density is
distributed according to the quasi-neutral principle of plasma. The
details of the boundary conditions for transport equations and Poisson
equation are considered. The boundary conditions of the transport equa-
tions are shown in Table II. The boundary conditions for the Poisson
equation include Dirichlet and Neumann. The former is a metal bound-
ary V = V(t), and the latter is VV = 0. The Dirichlet boundary condi-
tion involves an accurate representation of the metal geometry, whereas
the Cartesian mesh generates a jagged approximation on curved electro-
des, which may affect the accurate representation of the electric poten-
tial. To solve this problem, the immersed boundary method is used.”
The core idea of this approach is that the known metal boundary crosses
two adjacent grids (inside and outside the metal, respectively). By using
the known metal surface potential, the precise geometry, and the exter-
nal metal potential, the potential of the internal metal grid can be
obtained through linear interpolation.

C. The global model

For a long time scale, the 2D model is computationally expensive
and time-consuming; therefore, the 0D global model is constructed to
calculate the temporal evolution of species densities for detailed kinet-
ics. A typical reaction in the plasma chemistry system can be described

as follows:
aA 4 bB[+d¢] — d'A + cC[+d¢], 9)

R, = kj[A“[B]", (10)

where A, B, and C are the species participating in the reaction, a, @', b,
and c are the stochastic coefficients, Ry is the rate of reaction j, and kj is
the rate constant of reaction j. J is the gradient of ¢, and € is the energy
released (in right, product) or energy absorbed (in left, reactants) for
the reaction. If the reactants are all heavy particles, the value of k;j can
be considered as a function of the gas temperature; if Eq. (1) depicts an
electron impact reaction, the value of kj is a function of electron

82:91:61 GZ0Z Isnbny €0

Direction of flux Electron Electron energy Negative ions Positive ions
Input from anode Vn=0 I'.=T.n, Vn=0 0
Output from anode 0 0 0 Vn=0
Input from cathode 0 0 0 Vn=0
Output from cathode Vn=0 I, =T.n, Vn=0 0
Input from dielectric V:I'=0 I'.=T.n, V.I'=0 V:I'=0
Output from dielectric I'=—y-T; I.=TI,x0.01 0 0
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temperature (T.) or reduced electric field (E/N) calculated from the
integration of the product of the electron impact cross section and
electron energy distribution function (EEDF). The time evolution of
the species of interest in the plasma chemistry system can be expressed
as follows:

QA = (a, - [l)R, QB - _hR7 QC - CR7 (11)
dN] s
o= J:Zl Q;(1), (12)

where N; is the iy, species in the system, j is the index of the reaction.
ZDPlasKin is an open Fortran code designed to apply the VODE
solver”’ integral equations, and turn the chemotaxis into an initial
value problem for solving ODEs. The code incorporates an inline two-
term approximation Boltzmann equation solver (BOLSIG+) to calcu-
late the EEDF and reaction rates at each time step. This solver has
been widely acknowledged and validated by an increasing number of
studies.'” In this work, the reference solution of the plasma ODE sys-
tem is solved using the ZDPlasKin code. The reaction kinetics mecha-
nism used for air discharge simulations in this paper is based on the
air plasma chemical reaction set, widely recognized and used by the
plasma community, consisting of 55 species and 718 reactions. The
kinetics mechanism contains electron, ion, neutral species and excited
species: Np, N (v = 1 — 8), N,(a"'Z,), N, (C*I1,,), N, N(*D), N(°P),
N', N, Nj, Nj, Op Ox(v=1-4), 05(a'Ay), O(b'E)),
02(A’Z]), 05(C°A,), 01(c'Z)), O, O('D), O('S), 05, OF, OF,
0;, 07, 03, 03, O;, NO, NO*, NO~, O N,, N,0O, NO,, NO;,
N,Os, NZO;, NO;, NOj'. The kinetics mechanism has been repeat-
edly tested both experimentally and computationally.”® Additionally,
the rate constant of reactions in nitrogen—oxygen mixtures are listed in
Refs. 24 and 29. The reduced electric field E/N(t), as the input parame-
ters of the global model, is critical for characterizing the pulse discharge.

The 2D model provided E/N(t) and the initial species densities to the
0D model to calculate the temporal evolution of species densities. The
E/N(t) and initial species densities are extracted from the fixed posi-
tion in the 2D model after achievement of the discharge channel.

I1l. RESULTS AND DISCUSSION
A. The base case

In this study, since the discharge mechanism cannot be explained
by the experiment, a two-dimensional fluid model is used to analyze
the behavior of a three-electrode discharge in air at atmospheric pres-
sure. The general scheme of the experimental setup is shown in Fig. 1,
where nanosecond pulses with a voltage amplitude of 3 kV and a rising
edge of 10 ns are applied to the HV electrode. The experimentally mea-
sured voltage serves as a key input parameter for the fluid model. As
shown in Fig. 4, two voltage probes simultaneously monitor the wave-
forms of the DBD and DC electrodes. The DC electrode measurement
reveals a constant voltage rather than an oscillating waveform. In addi-
tion, Fig. 4 demonstrates that the calculated current shows good agree-
ment with the experimental measurements. Figure 5 presents the
temporal and spatial discharge evolution captured by ICCD and the
simulated N,(C*I1,) density distribution, both of which show good
agreement. In Fig. 5(a), the surface streamer originates near the triple
point at the high-voltage electrode edge and propagates along the
dielectric surface. Due to the enhanced electric field at its ionization
front, the surface streamer propagates significantly faster than its volu-
metric counterpart. The discharge initiates as a set of highly synchro-
nized streamers from the electrode edge.

Figure 6 presents temporal and spatial evolution of electron den-
sity and E/N, revealing that discharge can be divided into three pro-
cesses. During the initial 20 ns period, the positive pulse DBD and the
negative DC discharge operate independently. For positive polarity,
the electron density of DBD remains relatively uniform across the
channel while exhibiting a temporal decay throughout the structure.
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Between 20 and 30ns, the discharge transitions to a space discharge

min time, ns
35 @’ 5 regime, exhibiting distinct charge separation at the streamer head and
28 ® enhanced plasma propagation velocity. This transition initiates with
e Cx primary electron avalanches, where field-accelerated electrons ionize
P — = Cas surrounding gas molecules. The resulting space charge distortion from
§_ slower positive ions locally enhances the electric field, triggering sec-
ondary ionization through photon-mediated processes ahead of the
advancing front. From 30 to 33 ns, when DC discharge-induced pre-
ionization density exceeds a critical threshold (2 x 107 m™?), result-

ing in overlapping spatial electrons. This effect smooths the electric
field gradient,” facilitating a transition from streamer to diffuse
discharge.

In order to further analyze the discharge mechanism, the distri-
butions of electron density and E/N along the y = 23.02 mm line are
extracted, as shown in Fig. 7. Three distinct discharge regimes are
identified along the propagation path: (1) In the surface discharge
regime (x = 26-28 mm), the discharge remains attached to the dielec-

: tric surface, with the DBD streamer thickness well characterized by
- 27 - 29 30 - 32 33 34 the analytical model of Soloviev et al.”” This region exhibits typical
surface streamer characteristics with strong field enhancement at the
ionization front. (2) In the transition region to space discharge
(o = 28-29.5 mm), the discharge detaches from the surface, evolving

FIG. 5. Comparison of the calculated and experiment Ny(C®T1,) by ICCD imaging
technique. (a) Evolution of discharge calculated by fluid model. (b) Evolution of dis-
charge measured by ICCD.
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FIG. 6. Temporal and spatial evolution of three-electrode discharge. (a) Electron density in units of m—>. (b) Reduced electric field in units of Td.
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FIG. 7. Distribution of electron density and £ /N along the y = 23.02 mm line.

into a volumetric streamer channel. The absence of charge accumula-
tion in this region leads to progressive field attenuation as the inter-
electrode distance increases, resulting in a significant decrease in elec-
tron density. (3) In the diffuse discharge (x = 29.5-34 mm) region
generally, pre-ionization is required to develop a diffuse volume dis-
charge, and sufficient pre-ionization suppresses the formation of fila-
mentary streamer and prevents their transition into spark.”’ As the
spatial discharge propagates to the needle electrode, DC discharge-
induced pre-ionization enables the discharge mode transition from
spatial to diffuse. The emission of electrons, which attach to oxygen
molecules to form negative ions, occurs from a negative conductor.
The boundary of negative ions forms an approximately cylindrical dis-
tribution surrounding the high-voltage needle, with the ion cloud
extending radially along the needle’s length. Because of the presence of
the DBD setup near the needle, the negative ion distribution undergoes
distortion—shifting leftward from original cylindrical shape, and
merges with the ion cloud of space discharge to bridge the gas gap.
This spatial negative ion distribution modifies the local electric field
profile, facilitating the observed discharge mode transition.
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B. Effect of DC electrode on discharge

In this study, the effects of DC electrode diameter and location
on discharge was analyzed under consistent voltage parameters
(Vy =4 kV, Vpc =7 kV) and a fixed discharge gap (d = 8 mm).
Figure 8 illustrates the distribution of electron density and E/N for
four different electrode diameters. It is observed that the breakdown
time for four cases is the same. Smaller diameters generate a stronger
electric field, resulting in a larger plasma area near the DC electrode.
To further investigate the discharge mechanism, the spatial distribu-
tion of E/N along y = 23.02 mm is shown in Fig. 8. As the diameter
increases, the peak E/N drops from 640 to 575 Td, while the streamer
propagation velocity remains unchanged. Despite the reduction in
peak E/N, the diameter increase also reduces the discharge gap, main-
taining the time of the discharge channel formation. In the stream
propagation stage, the electron density decreases with increase in elec-
trode diameter, while in the diffuse discharge stage, the electron den-
sity is basically the same. Near the DC electrode, the density also
decreases with increase in electrode diameter due to the different
strength of DC discharge.

The selection of electrode diameters in practical applications
requires careful consideration of deformation resistance and proc-
essing costs, as these factors critically influence discharge perfor-
mance and system reliability. When the diameter becomes
excessively small (typically below 0.5 mm), the enhanced electric
field concentration at the sharper tip leads to stronger but more
unstable discharge characteristics. However, this advantage comes
with  significant drawbacks, including substantially higher
manufacturing costs and greater susceptibility to thermal damage,
particularly electrode burning and tip deformation under high-
current operation. Conversely, bigger electrodes demonstrate com-
promised discharge efficiency due to reduced field intensity, result-
ing in poor chemical activity. This performance degradation often
necessitates higher power input to maintain desired discharge
characteristics while potentially introducing plasma confinement
challenges in constrained geometries. For most atmospheric
pressure plasma applications, an intermediate diameter range of
0.6-0.8 mm represents an optimal balance between electrical per-
formance and mechanical reliability.

20 T T y T i
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t=20ns D=0.2
1 T t=33ns D=0.5

D=1.0 |

DC discharge

Electron density (x10"°m)
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FIG. 8. Distribution of £/N and electron density at different DC electrode diameter and time. (a) Reduced electric field in units of Td. (b) Electron density in units of m—>.
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Temporal evolution of electron density of three points in (a).

The effect of DC electrode location on discharge was analyzed
using the same voltage parameters (V, = 4 kV, Vpc = —7 kV) and
DC electrode diameter (D = 0.1 mm). The distributions of electron
density at three different locations are shown in Fig. 9. It is observed
that the breakdown time varies at the three different locations. The
shortest breakdown time is observed in the region closest to the DC
electrode, where the electric field is intensified by the reduced distance
between the electrodes. The electron density distribution at the
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FIG. 10. Temporal evolution of active species densities. (a) Spatial distribution of
E/N at the breakdown time. (b) Temporal evolution of active species densities at
two points in (a).

breakdown time reveals that the spatial discharge propagates from the
upper surface of the SDBD to the DC electrode, while no propagation
is observed from the middle or lower surfaces. The plasma coverage
area remains essentially unchanged. In addition, the temporal evolu-
tion of electron density is analyzed at a fixed position to the right of
the DC electrode. An initial peak in electron density is observed as the
head of the DC discharge stream reaches this point, followed by the
maintenance of a pre-ionization state once the stream passes. During
this phase, the electron density stabilizes around 10'¥m™>. A sharp rise
in electron density occurs as the DBD streamer traverses the pre-
ionization region. Subsequently, as the electric field becomes uniform
with the formation of the discharge channel, the electron density
decreases.

The two-point electric field of the spatial discharge is extracted
and used as input for the 0D model to analyze the reaction dynamics.
A large number of active particles, including electrons, excited species,
ions, and free radicals, play a crucial role in the gas treatment. The
results of the zero-dimensional reaction kinetics calculations are pre-
sented in Fig. 10. The spatial distribution of the electric field is rela-
tively uniform, leading to a consistent temporal evolution of
component densities. However, slight differences in species densities
are observed, with higher concentrations near the DC electrode region.

C. The analysis of breakdown voltage

The breakdown voltage of SDBD can be calculated using the fol-
lowing analytical equation derived from Ref. 32:

nB(1+o;) [pdln(1+y7!)
2k, A ’

Vbd =~ (13)
where A and B are the fitting parameters of the Townsend ionization,
A = 15cm 'Torr™}, B = 365 Vem 'Torr ! in the air. ¢ is the relative
dielectric constant of the material, and k, is the fitting parameter of ¢
(when ¢=3-10, k, =1.2). y,=0.01 is the second electron emission
coefficient of cathode. Therefore, under atmospheric pressure air
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SDBD discharge conditions, the breakdown voltage is 2.4 kV when the
relative dielectric constant is set to 9.

Based on the experimental results, a minimum DC voltage of
—6KkV and a minimum pulse voltage of 3.5kV are required for break-
down, indicating that the traditional breakdown voltage formula for
SDBD is no longer applicable to this structure. For this configuration,
it is necessary not only to meet the SDBD breakdown voltage but also
to ensure that the discharge propagation distance is sufficient to form
a spatial discharge with the DC electrode, thereby bridging the entire
discharge gap.

To further investigate the breakdown voltage for different elec-
trode diameters (D = 0.2 mm and D = 0.5 mm), a discharge gap of
d = 8 mm was selected. To isolate the effect of a single variable, the
discharge characteristics of DBD were calculated for peak voltages of
Vpc = —6 kV and V,, = 3.5 kV, respectively. The calculated break-
down voltage and time results are shown in Fig. 11. The analysis indi-
cates that the entire discharge channel is only established when V,
exceeds 3.5kV, with the breakdown time decreasing as V, increases.
Additionally, a comparison between the two DC electrode diameters
reveals that the breakdown time is shorter for a smaller diameter, sug-
gesting that the DC electrode diameter is a crucial parameter affecting
discharge. When V), is fixed at 3.5KkV, increasing Vp¢ significantly
reduces the breakdown time for both electrode diameters. In terms of
discharge power for this structure, the majority of power consumption
is attributed to DBD. Therefore, in practical applications, it is advisable
to keep V), as low as possible to minimize total power consumption.

IV. CONCLUSION

This study investigates the dynamics and optimization of a three-
electrode discharge system, combining DBD and DC discharge, to
address challenges in low-temperature plasma applications for gas
treatment and energy conversion. The research focuses on enhancing
discharge stability and efficiency by analyzing the effects of electrode
structure and discharge parameters.

Through experiments and two-dimensional fluid simulations,
the study identifies key factors influencing the transition from streamer
to diffuse discharge in atmospheric pressure air. Results reveal that

pre-ionization induced by the DC discharge plays a critical role, requir-
ing a minimum density of 2 x 10’m~3 to achieve this transition.
During this process, the discharge evolves from a streamer mode to a
spatial discharge, with pre-ionization smoothing the electric field gra-
dient and enabling the formation of a stable discharge channel.

The study further highlights the impact of electrode diameter and
location on discharge characteristics. Smaller DC electrode diameters gen-
erate stronger electric fields and higher plasma densities near the electrode,
while larger diameters reduce peak E/N but maintain discharge due to
shorter discharge gaps. Additionally, a minimum DC voltage of —6kV
and a DBD voltage of 3.5kV are required to form a complete discharge
channel, with breakdown times decreasing as Vp and V¢ increase. Most
power consumption is attributed to the DBD, suggesting that minimizing
V), is key to reducing total power in practical applications.

This work provides valuable insights into achieving stable and
energy-efficient plasma discharges. It establishes the critical role of
electrode structure and discharge parameters in optimizing perfor-
mance, addressing challenges such as small area discharge and limited
active species generation. These findings pave the way for scalable
plasma technologies in gas treatment, offering improved stability and
efficiency. Future research should focus on further enhancing plasma
source performance, understanding active species dynamics, and
adapting the system for complex engineering environments.
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APPENDIX: DETAILS ON PASSKEY MODEL

The 2D PASSKEy code is used to calculate spatial-temporal
evolution of the electric field, species densities, and fluid dynamics
in non-thermal plasmas with complex chemistry. Details of the
model’s input and output are shown in Fig. 12. Detailed mathemati-
cal methods and model validations can be found in Sec. II. A
Boltzmann equation solver (BOLSIG+) incorporated in PASSKEy
model provides values of electron transport and rate coefficients
when the electron energy distribution function is non-Maxwellian.
PASSKEYy operates in three steps:

Step I: The preprocessor converts the input files (Bolsig, reactions,
material, and parameters) into two customized Fortran modules.
Step II: The user implements a short master code (main file) to call
Fortran modules and geometry file, compiling into an executable
file (PASSKEy2.exe).

Step III: The executable file reads the voltage input and coefficients
input to generate the results (species densities, E/N, current, and
temperature).
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