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Abstract

The streamer-to-spark transition in a point-to-plane configuration in atmospheric pressure air
is studied using a 2D-0D combined approach. A validated fluid code is used and improved to
model the spark stage. 2D modeling of discharges at three different temperatures, 300, 600 and
800 K, are conducted; the spark transition occurs when the temperature reaches 800 K in the
first pulse. A conservative criteria of spark transition temperature is proposed based on
analytical solution and compared with experiments. Kinetics modeling of the post discharge
stage is conducted with consistent input values extracted from the 2D model. Results show
that the streamer-to-spark transition can be initiated at a lower temperature (600 K) and lower
field (50-75 Td), and the long-lifetime O-atoms formed in previous pulses play an important
role in ‘knocking off” the electrons from negative charged species and maintaining the electron
density in the post discharge stage. The dominating processes for electron production are
electron detachment reactions from O3, O, and O~. The ionizations from excited species only

accelerate the production of electrons when the plasma is already dense.
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1. Introduction

Electrical discharges generated in point-to-plane or point-
to-point configurations are plasma sources widely used and
studied in the fields of combustion/ignition [1-5], energy tran-
sition and fuel reforming [6—9], materials processing tech-
nology [10, 11], high voltage switches design [12] et al. By
applying high voltage pulses on a point electrode, a streamer
will form and propagate along the electric field line toward
another electrode. Once the streamer touches the end (usually
in the time scale of tens to hundreds of nanoseconds), the dis-
charge will decay, or transit to a spark with a sharp increase
of plasma density and deposited energy. To allow flexible
control of plasma sources in above fields, deeper understand-
ings of the mechanism of streamer-to-spark transitions are
required.

0963-0252/20/095006+17$33.00

The early studies of the atmospheric pressure air breakdown
mechanism appeared several decades ago [13], and the theory
of the streamer breakdown and the mechanism of the electric
spark was introduced by Loeb and Meek [14, 15] in the middle
of the 20th century. Detailed investigations of steamer break-
down mechanisms, streamers and their propagation have con-
tinued through intensive experimental and numerical studies
[16—18] since then. Three possible mechanisms are respon-
sible for steamer-to-spark transition: an attachment control
process, chemical and stepwise ionization and gas density
decrease. These mechanisms induce the streamer-to-spark
transition by balancing the electron loss process and finally
accelerating the ionization processes. A pioneering numerical
study of the streamer-to-spark transitions can be found in [19],
where a 1D approximation model and a OD kinetics model are
used, and the author concludes that the major cause of a spark
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formation in a nanosecond timescale (<1 ps) was an increas-
ing detachment rate due to the accumulation of oxygen atoms
and other active particles.

Detailed experiments on point-to-point discharges have
been carried out by Pai er al [20]. The nanosecond repeti-
tively pulsed (NRP) discharges in atmospheric pressure air at
the temperatures ranging from 300 to 1000 K were studied.
The corona, glow, and spark regimes were identified based
on gas temperature and electron density. An analytical model
was proposed to explain the glow-to-spark transition, the NRP
heating process was simplified to be a continuous heating
process with a time-averaged volumetric power. Their model
showed that the glow-to-spark transition was caused by the
thermal ionization instability and the transition occurred at a
certain reduced electric field (E/N)gs (144 Td). During the dis-
charge, the gas density in the discharge channel reduced due to
gas temperature rise, thus lower applied voltage was required
for achieving (E/N)gs.

A recent cycle of papers by Janda et al [21-26] presented
the experimental measurements of transient sparks (TS) in
the point-to-plane configurations. The cross-correlation spec-
troscopy technique was used to capture the streamer-to-spark
transition [26], the results showed that the transition can hap-
pen either in the first pulse with a high voltage or after a chain
of lower voltage pulses with a repetition rate of 8—10 kHz. Fac-
tors responsible for the transition were supposed: gas heating,
accumulation of species such as atoms from the previous TS
pulses, as well as generation of charged particles by stepwise
ionization, but the role of each factors in the formation of spark
is not revealed yet.

Impressive numerical investigations can be found in refer-
ences [27, 28]. The dynamics of air discharges between two
point electrodes in air at atmospheric pressure for two differ-
ent gas temperatures 300 and 1000 K was studied. Simulation
results showed that in the early stages of the glow regime, two
opposite streamer discharges propagate in the gap and form a
conductive channel between electrodes. After the connection
of two opposite streamers, the electric field in the plasma chan-
nel between two electrodes becomes rather uniform and equals
the average electric field (i.e. the applied voltage divided by
gap distance). If the value of the average electric field is higher
than the breakdown field in air (=120 Td), the electron den-
sity continues increasing and the glow-to-spark transition may
occur in the first pulse.

Despite the achievements in the researches of streamer-to-
spark transition (especially in point-to-point configurations),
there are very few works devoting to the streamer-to-spark
transition after two electrodes is bridged by plasmas in a
point-to-plane configuration. One of the reasons is that once
the streamer head touch the cathode plane, the high electric
field near the cathode and sharp increase of electron density
in the channel lead to code crash or extremely small time
step (~10713 s) due to the decrease of dielectric relaxation
time.

In this paper a 0D-2D combined modeling approach s used
to study the formation and evolution of streamers and sparks in
a point-to-plane configuration. The code is validated by exist-
ing experimental data. The role of gas temperature for spark

formation in the first pulse, and the kinetics contribution to the
spark formation in the post discharge stage are studied.

2. Model description

The 2D PASSKEYy (PArallel Streamer Solver with KinEtics)
code is used. The code was used in modeling of nanosec-
ond surface discharges [29-31] and validated by measured
discharge morphology, propagation velocity, voltage—current
curves of experiments, and by a point-to-plane model bench-
mark [32]. Detailed mathematical formulations and valida-
tions can be found in paper [29, 31]. In this section we briefly
present the equations solved, and introduce the modifications
to the code for the transition and the spark phase. The widely
used 0D modeling global plasma chemistry code ZDPlasKin
[33, 34] is also used.

2.1. Model for the streamer phase

Drift-diffusion-reaction equations for species, Poisson
equation for electric field, Helmholtz equations for photoion-
ization and Euler equations for fluid dynamics are coupled.
The drift-diffusion-reaction equations are:
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where @ is the electric potential, n;, g;, and S; is the number
density, charge and source function for species i, respectively.
The source function S; includes production and loss terms due
to gas phase reactions and is calculated with detailed kinetics,
and the kinetics scheme used in this paper has been validated
in [29, 30], Sph is the photoionization source term for electrons
and oxygen ions. D; and p; are the diffusion coefficients and
mobility of charged species, the electron swarm parameters
and the rate coefficients of electron impact reactions are rep-
resented as explicit functions of the reduced electric field E/N
based on local field approximation (LFA). The diffusivity and
mobility for ions and other charged heavy species are founded
from experimental data [35]. In the code, V - I'; = 0 for neu-
tral species is postulated. Ny and Neparee are the number of
all species and charged species, respectively.

Photoionization affects the propagation and morphology of
the volumetric streamer. An efficient photoionization model
based on three-exponential Helmholtz equations [36, 37] is
used to calculate S,,. We assume that the photoelectrons come
from the ionization of oxygen molecules by VUV-radiation
coming from electronically excited N in b'IT,, "' 51, /AT
states [38].

The Poisson equation is solved for the entire computational
domain:

Neh
V(e V) = =Y gini 3)
i=1

where g is the permittivity of vacuum space and ¢, the relative
permittivity of air, €, is assumed to be 1.0 in this paper. The
electric field is obtained through E = —V .
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Euler equations are solved for fluid dynamics, mainly for
the gas temperature and density variations:
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where p is the total density of air, # and v are the velocities in
2 dimensions, and e is the specific total energy. The reactive
Euler equations are closed by the equation of state:

p=CO—Dpi (6)

where i = ¢ — (u* + v*) /2 is the specific internal energy, 7 is
the specific heat ratio and equals to the ratio of the specific heat
capacity at constant pressure Cp, to the specific heat capacity
at constant volume C,.

The conductive current I and the total heat source Spea 18
calculated by I = fz Jo-dX and Spes = j, - E, respectively,
where j. is the conductive current density and X is the sur-
face of the metallic anode. The calculated density, pressure and
temperature from Euler equations are in turn used to update
reduced electric field, Helmholtz equations and kinetics, the
plasma-fluid coupling strategy has been illustrated in detail in
paper [31].

In this work, the streamer dynamics at 300, 600 and
800 K are solved by a 2D fluid model without Euler equations,
because in the short discharge timescale (60 ns in this work),
the change of gas density and E/N due to fast gas heating is
negligible [27, 28]. But to evaluate the influence of gas density
variation due to temperature increase for further studies, a spe-
cific case fully coupling the drift-diffusion-reaction equations
and the Euler equations is conducted, and the results are shown
and discussed in figure 11.

2.2. Model for the spark phase

The model for the spark phase in the discharge in a point-to-
point configuration has been studied in paper [27, 28]. After
the connection of two opposite streamers, the electric field
in the conductive plasma channel becomes relatively uniform
and equals the average electric field (the potential difference
between two electrodes divided by the gap distance). If the
value of the average electric field is higher than the air break-
down field (about 120 Td) at atmospheric pressure, the electron
density would continue to increase and the discharge transits
to the spark. The rapid increase of the electron density and
current makes the dielectric relaxation time dzp become very
small (—10715 ~ 107 !®), resulting in a strong limitation on
the time step. To treat this numerical problem, the authors
of paper [28] ‘freeze’ the electric field distribution after the
formation of conductive plasma channel and make the abso-
lute value of electric field proportional to the applied voltage.
This approach significantly accelerates the simulation with
acceptable accuracy.
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Figure 1. Test calculation of an overvoltage discharge in
point-to-plane configuration. (a) The strong electric field near the
cathode when the ionization head touching the end and (b) the side
flares near the point electrode with 50 pm curvature radius of the
pin. (The mesh distribution for this example is not presented in this

paper).

However, the approach in paper [28] might not be able to be
implemented directly to the point-to-plane configuration and
even not always work for points with small curvature radius.
The main reasons can be explained by a test calculation shown
in figure 1. We tried to reproduce an 85 kV overvoltage dis-
charge in a point-to-plane configuration with a pin of 50 ym
curvature radius and 1.6 cm inter-electrode gap (the measure-
ment can be found in [39, 40]) corresponding modeling work
can be found in [41, 42] but the spark stage is not calculated.
This experiment was recently conducted again in an E-FISH
experiment [43], and similar experiments can be found in [40].
One of the main characteristics of this discharge is a large con-
ical streamer structure. Difficulties arise when dealing with
the time moment of the streamer touching the cathode plane:
(1) For a point-to-point configuration, the strong electric field
in the ionization heads disappear when streamers merge, the
residual electric field is quite small and uniform in the channel;
for a point-to-plane configuration, on the contrary, the electric
field in the ionization head will be strengthened near the cath-
ode, as shown in figure 1(a). There is always a very strong field
in the cathode. If we freeze the field and increase it linearly
with voltage, there will be non-physical large electric field near
the cathode. (ii) For a point with small curvature radius and
cross section radius, there will be side flares [40] generated on
the surface of the point, as shown in figure 1(b). In this case,
if the electric field is ‘frozen’ and increased linearly, there will
be non-physical local ionizations near the point.

After the close of the plasma channel, the charge separa-
tion in the high density n, and n leads to considerable space
charge, the generated polarization field impedes further viola-
tion of charge neutrality. Charge separation and the field adjust
to each other so that the field restrains the runaway electrons
and pulls forward the heavy ions, making them diffuse only a
team. This diffusion is known as ambipolar [44]; another con-
cept contrary to the ambipolar diffusion is free diffusion. The
differences between such two concepts can be found in [44].
Literature [44] gives a standard to judge whether the species
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Figure 2. The geometry, computational domain and mesh
distribution.

particles are undergoing ambipolar diffusion or free diffusion.
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where the quantity d is the Debye radius of the plasma,
gives the distance characterizing strong charge separation and
plasma polarization, and R is the length characterizing the
scale of the charge density gradient. This is the distance over
which the electron density varies considerably. If R > d that
is, if large density differences appear over distances greater
than the Debye radius, then dn/n < 1, deviations from charge
neutrality are small, and the diffusion is ambipolar. Take a typ-
ical condition in our paper as an example, for 7, = 1 ~ 3 eV,
n, = 10" ~ 102 m=3, and R is the radius of the plasma con-
ductive channel, R = 0.04cm, we have d = 1078 ~ 107°m,
and én/n = 1078 ~ 1074, that s to say, the diffusion is clearly
ambipolar.

Therefore, we introduce an ambipolar and Laplacian
equation to model the spark in this work. This approach has
been successfully used in the simulation of gliding arc dis-
charges [45—-47]. Assuming the drift-diffusion approximation,
the species transport equation is as follows:

al’l,‘
ot

+V-Ii=S; ()

Differing from the original expression of the convection
flux, the flux I'; of the ambipolar diffusion is written as follows:

Ty = —DiVn; — (qi/|qi)pini Eamvi 9)

The ambipolar electric field E,np; is derived from the
plasma quasi-neutrality assumption, and the constraint can be
written as in [48].

Nch
> gi=0, Te+T,=T, (10)
i=1

where I, I',, and ', represent flux for electrons, negative ions
and positive ions, respectively. Combining equations (9) and

All notations in above equations have been explained in detail
in section 2.1.

The electric field is obtained from the current conservation
equation:

V. (-oV®) =0 (12)
where the electric conductivity o is defined as:
Nen
o=eY  pn (13)
i=1

The electric field is E = —V ®; note that this electric field
is used for the calculation of the kinetics and electron transport
parameters and it does not contribute directly to the convection
flux in equation (9).

In fact, equation (12) can be derived from the charge con-
servation equation:

0pe
ot

+V-j.=0 (14)
where p, is the net space charge density and j, = oFE is
the current density, due to the quasi-neutrality assumption,
equation (12) is equivalent to equation (14).

The use of the ambipolar equations and Laplacian equation
is based on such a fact: the electron density gradient is much
lower along the plasma conductive channel, and the timescale
of chemical reactions significantly increases by about two
orders of magnitude to 10~ ~ 10~''s compared with that
of the discharge front in the streamer phase; this results in
tiny charge separation and makes the ambipolar diffusion
assumption reasonable. In this work the module for spark mod-
eling is turned on if the dielectric relaxation time 6t < 107'%s
or the maximum electron density exceeds 10?> m—.

2.3. Global model for kinetics modeling

The contribution of kinetics to the streamer-to-spark transi-
tion during a post discharge stage between pulses (an order
of ms magnitude). In such a long timescale, the 2D simulation
is too time-consuming and computationally cost, and we may
lose important information using the reduced kinetics scheme.
Thus a global model is used assuming that, once the plasma
channel forms after the ionization head, the average value of
the species in the cross-sections of the quasi—neutral plasma
region is adequately described by the 0D model.

ZDPlasKin code [33] with an incorporated BOLSIG +
package [49] is used in this work. A system of ordinary dif-
ferential equations for time-dependent densities of involved
species during the period from 0 to 0.1 ms are solved. In
section 4.3, the discharges for two different gas temperatures
300 and 600 K are discussed.

The kinetics scheme composed in paper [50] for N; : O,
mixtures is used in this work. The scheme is based on the
work of Pancheshnyi [51] and air kinetics developed by Kossyi
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Figure 3. (a) Photograph and schematic of the discharge cell. The figure is extracted from [60]; (b) the geometry and computational domain

for validation.
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Figure 4. Validation with the point-to-point discharge experiment. (a) Comparison of the calculated N,(C>I1,) density during the pulse at
125 ns with ICCD camera images [57], (b) comparison of measured and calculated discharge current [60].

et al [52] and Cappitelli et al [53]. This scheme is originally
composed to study the evolution of O-atoms in high specific
deposited energy (0.1 eV mol~') and has been validated by
optical emission spectroscopy experiments.

The kinetics scheme contains about 700 reactions, The fol-
lowing neutral, charged, excited molecules and atoms were
taken into account: Na, Na(v = 1-8), N2(A’S 1), No(B311y),
No(@'%,), No(C311,), N, N(?D), NCP), N*, N, NI, N/, Os,
O (v = 1-4), Ox(a'Ay), 0x(b'S)), 0x(A’E]), 0x(CPAy),
0,(c'%)), 0, O('D), 0('S), 05, 0OF, O, O], O, 05, O3,
0,,NO,NO*,NO~, OF N,, N,O, NO,, NO3, N,Os, N,O ™,

NO;' , N,O~, NO;, NOy3, e. In total, the scheme considered
55 species, including vibrational states of N, and O,.

A user-defined sensitivity module is coupled to the global
model. By varying the rate of each reaction sequentially by
50%, the sensitivity coefficient ¢(7); - is obtained by:

c()iy=1.5- — )iy

0 (13)

(p(t)i,r -

where r is a reaction rate for the ith reaction, and ¢(¢); ,— s, and
c(1);, are the electron density under study with modified and
non-modified rates, respectively. The threshold of ‘important’
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Figure 5. Comparison of the reduced electric field E/N at gap
middle position in the spark from 2D code and 0D code.
reactions was set by the condition
o)y > 0.1 (16)

for any time instant ¢. The sensitivity coefficients ¢(f) of the
electron density for all reactions are obtained according to for-
mula (15). For each reaction, the peak value of the sensitiv-
ity coefficient p(f)max corresponds to the maximum deviation
from the initial unchanged density calculated with the kinetics
scheme. The () value averaged through the period of calcu-
lations is also calculated. This approach has been successfully
used in an analysis of an actinometry experiment [50].

We use the kinetics model to probe a fixed point of the
channel. The electric field and the initial electron density are
extracted directly from the 2D calculation. The initial time
instant of the 0D model is decided by the moment when the
ionization front passed the fixed point of the discharge gap, in
order to avoid the strong convection effect that offends against
the homogeneous hypothesis of a 0D model. The electron den-
sity at the selected time instant from 2D calculation is used as
the initial electron density. The electric field in time beyond
the range of 2D model result is assumed as a Laplacian field
that is much lower than the ionization threshold.

2.4. Geometries, initial and boundary conditions

The studied geometry is a point-to-plane electrode configura-
tion with a 4 mm inter-electrode gap. As shown in figure 2,
a stump hyperboloid shape with 300 um of curvature radius
is used to represent the point electrode: (z/4)*> — (r/1.1)> = 1
(in unit mm).

A computational domain with Scm X Scm in size in a
cylindrical geometry is used. The mesh is refined to the size
of 5 pm within 0.1 cm x 0.5 cm domain, and is further refined
to 2 pum near the cathode plane. In the rest of the computational
domain the mesh size grows exponentially until the boundaries
of the computational domain is reached. Note that the mesh
implementation we mentioned above is just for the conditions
with the gas temperature of 300 K at atmospheric pressure.

The initial electron density is assumed to be 7, = 10" m—3

uniformly distributed in the plasma domain to account for the
residual electron density from prior pulses that occurs in the
experiment. To ignite the discharge, a plasma spot with Gaus-
sian distribution is distributed at the tip of the point electrode
(r = 0 mm, z = 4 mm) by (in unit of m 3 and mm for number
density and position, respectively)

ne(r,2) = 10% exp (=(-/0.17 = (2 = 4)/025)°)  (17)

Initial ion density is given based on quasi-neutrality. The
initial electron density is distributed according to the electric
field near the point tip obtained by a one-step calculation of
Poisson’s equation.

The boundary conditions of the Poisson equation and
Helmholtz equations are the same as described in paper [29,
30]. In this work, the waveform of the applied voltage to the
point electrode is written as follows (in unit ns for time instant
t and kV for applied voltage U(t)):

7 t < 10 ns

U(r)(kV) =
{8.13/ (1+exp(0.1(t—50))—1 > 10ns
(18)

The expression (18) is a fitting function of the waveform of
the applied voltage from [26]. The voltage keeps 7 kV in time
range 0 ~ 10ns, and drops like a parabola in subsequent times.
The value of the fitting formula in time range O ~ 60 ns is used
as the input to 2D code PASSKEy.

For drift-diffusion equations, on the point electrode, the
positive ion fluxes are set as zero while the negative species
fluxes are estimated using the homogeneous Neumann condi-
tions; on the cathode plane, the homogeneous Neumann condi-
tion V - j. = 0 is applied for all positive and negative charged
species fluxes. It has to be noted that physically, the cathode
flux is due to secondary electron emission. The reason of using
this boundary condition has been discussed in paper [54]: in
the framework of the fluid description, the boundary condi-
tions at the cathode must be chosen in order to absorb the high
space charge transported by the primary streamer head, other-
wise the solutions would diverge even if secondary emission
and photo-emission are taken into account. In fact, the homo-
geneous Neumann condition is derived from equation (14), a
conductive current description V - j. = 0 takes places as soon
as the streamer arrives at the cathode. Therefore, the homo-
geneous Neumann condition applied for all charged particle
fluxes on the cathode can be regarded as an equivalent descrip-
tion of conductive current condition that facilitates and ensures
the transition from a current wave propagation to a current con-
duction channel [54]. The radial flux of all charged species on
the axis is set to zero.

3. Code validation

Two benchmarks of a volumetric streamer [32] and a surface
streamer [55, 56] were reproduced by PASSKEy code as val-
idations in the previous work [29]. In this work we present
two direct validations with experimental results related with
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Figure 6. Comparison of the evolution of measured N, (C3I1,) — Nz(B3l'[g) emission intensity [26] and the calculated N,(C>I1,) density in

a point-to-plane configuration.

streamer-to-spark transition: one in a point-to-point geometry
[57-60] and another in a point-to-plane geometry [26].

3.1. Case 1: a point-to-point discharge

A comprehensive set of experimental and numerical data of
the discharge morphology and dynamics, kinetics process and
energy balance in nanosecond pulse discharges in air can be
found in [57-60]. Most experiments for such studies were
performed in a point-to-point discharge geometry discharge
cell with two bare spherical electrodes. A rendering of the
point-to-point geometry discharge cell is showed in figure 3(a),
the discharge cell utilized bare spherical electrodes 7.5 mm in
diameter, made of copper. The electrode gap was 1 cm. The
anode was powered using a nanosecond pulsed generator pro-

ducing 10kV peak voltage pulses ~ 100ns duration, at the
pulse repetition rates of up to f = 10kHz, while the cathode
was grounded. The point-to-point discharge was operated in
air at ambient temperature and 100 Torr pressure.

The computational domain and geometry set in the code
is presented in figure 3(b). The waveform of the applied volt-
age powering in the anode is shown in figure 4(b). The dis-
tribution of the N,(C>II,) density and the electrical current
is calculated and shown in figure 4(a), together with mea-
sured results in paper [57, 60]. The calculate spark morphol-
ogy agrees well with the measurements in channel width and
emission distribution, the calculated current also fits that in the
experiment.

To check whether the global model can be used for the
spark phase and to validate the kinetics, we did a cross check
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Figure 7. The calculated electron density and the electric field at 300 (al ~ a6), 600 (b1 ~ b6) and 800 K (c1 ~ c6). The unit of the scale on

both the x or y direction is mm.

by running the 0D code and current value extracted from 2D
modeling in figure 4(b) to recalculate the electric field after the
ionization front. The initial electron density is the electron den-
sity at z = 18 mm from 2D calculation, the value is 10'3 cm 3.
The electric field E/N is derived by E(1) = I(t)/(qun,(t)7r?),
where ¢ is the time instant after the formation of the chan-
nel, I(¢) and E(¢) are the current and the electric field at the ¢
moment, respectively, g is the unit charge, u(E/N) is the elec-
tron mobility calculated from the Boltzmann solver [49], and
r is the radius of the channel (2 mm in this work). The recal-
culated electric field and the field calculated by 2D modeling

are shown together in figure 5, after some iterations of elec-
tric field at beginning, the 0D code produced a series of E/N
similar in value and trends with that of 2D results, indicating
that both 2D and 0D modeling can be used to study the spark
phase.

3.2. Case 2: a point-to-plane discharge

There are very few streamer—spark experiments with a data set
as complete as case 1. A compromise benchmark experiment
[26] conducted at atmospheric pressure is chosen. The geom-
etry of the discharge configuration, the initial and boundary
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Figure 9. The time evolution of the electron density and electric
field at the middle of the gap (r = 0, z = 2 mm) at 300, 600 and
800 K in the first 60 ns.

conditions of the problem have been described in section 2.4
in detail.

Figure 6 shows the evolution of the calculated axial
N,(C?T1,) density versus time and the cross-correlation spec-
troscopy record of the N(C3II,) — No(B*IL,) (the second
positive system) emission intensity, the morphology qualita-
tively agrees with the experimental results. A positive streamer

starts in the tip of the anode and reaches the cathode at about
9ns, the formation of a secondary streamer in the proximity
of the anode is captured both in experiment and in simulation.
The N,(C>I1,) density decays after the channel is closed as a
result of the decreasing electric field.

4. Results and discussions

4.1. Discharge evolution at different temperatures

In this section, the evolution of streamers and sparks in air
uniformly preheated to 300, 600 and 800 K are presented.
The electron density and the electric field distribution at
time moments of streamer propagation, approaching cathode
and gap bridging in 300, 600, 800 K are shown in figure 7.
The average velocities for three streamers varies between
4 x 10° ~ 2 x 10°ms~!, which are in agreement with previ-
ous studies [61, 62]. For all cases, the streamers form near
the anode, expand during propagation and finally penetrate
the gap. When the streamers are approaching the cathode, the
electric fields are significantly strengthened between the ion-
ization fronts and the cathode (figures 7(a4)—(b4)). When gas
temperature is 300 K, the positive streamer touches the end
at about 9 ns (figure 7(a3)), the field near the cathode is up
to 600 Td (figure 7(a4)), the average propagation velocity is
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Figure 10. The axial distribution of reduced electric field calculated in this work and by linear field approximation at 14 (U = 6.91 kV), 9.2
(U ="7kV)and 7.6 ns (U = 7 kV) for 300, 600 and 800 K cases, respectively. Linear field approximation means the electric field varying
proportional to applied voltage after gap closing at 10 ns (U = 7 kV) for (a) 300 K case, 5.2 ns (U = 7 kV) for (b) 600 K case and 3.6 ns
(U = 7kV) for (c) 800 K. The average field U(r)/ dgap, the ionization threshold field (120 Td for air) and the Laplacian field are also plotted

for each case as references.

1.4 x 10°ms~!. The streamer shows a narrow channel with a
nearly constant 200 pum curvature radius ionization front dur-
ing the whole streamer propagation stage, the higher electron
density accumulation in the close vicinity of the streamer prop-
agation axis » = 0 can be observed, the similar result was also
obtained in a simulation for a point-to-plane positive corona
discharge [54].

As the gas is preheated to higher temperatures 600 K or
800 K, the gas density decreases accordingly, leading to higher
reduced electric field in the entire region, and the discharges
turn to be more diffusive. Figures 7(b1)—(b4) and (c1)—(c4)
shows that, in the 600 and 800 K cases, the radii of ionization
fronts grow to the maximum when reaching the middle of gap.
The average propagation velocity increases t0 9.5 x 10° ms™!
and 15 x 10° m s™!, respectively.

Once the streamer reaches the end, the electron density
increases dramatically at higher temperatures 600 K and
800 K, large conductive channels with radii 500—1000 pm are
formed as is shown in figures 7(b5) and (c5). At 600 K and

800 K, the electric field is also higher comparing with that of
the 300 K case.

The full maps of time evolution of the axial electron den-
sity and electric field are shown in figure 8. The so-called
‘secondary streamer’ [17] with electron density increase and
electric field enhancement near the anode are observed for
all cases right after the gap is closed, the maximum electron
density is observed near the electrodes. In the 300 K case
(figures 8(a) and (b)), both electron density and electric field
in the whole channel decrease after the secondary streamer.
But for elevated temperatures 600 and 800 K (figures 8(c) ~
(f)), the field decreases but electron density first increases to a
higher value and then decreases.

The differences of electron and field evolution for 3 cases
is related directly to the ionization threshold of studied gas
(120 Td for air in this work). The 120 Td contour lines are
drawn in figures 8(b), (d) and (f) as a reference to indicate
the boundary of electron density increase/decrease region. A
deeper insight can be achieved by plotting the time evolution
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Figure 11. (a) The temperature distribution at the end of first pulse
for the discharge at 300 K; (b) the axial gas density distribution
caused by the first pulse at different time moments 0.01, 0.1 and

1 ms. Figure 11(a) and ‘0 ms’ line in figure 11(b) is obtained by
fully coupling equations mentioned in section 2.1, ‘0.01 ms’,

‘0.1 ms’ and ‘1 ms’ lines in figure 11(b) are obtained just by solving
Euler equations.

of electron density and reduced electric field in the gap mid-
dle (r =0, z=2mm), as shown in figure 9. At 300 K, the
electron density rapidly increases by three orders of magni-
tude and reaches up to 10%° m~? after the ionization front, then
decays immediately in the low field below 70 Td. At 600 and
800 K, the electron density reaches 2 x 10! m~3 due to the
ionization fronts, an order of magnitude lower than that in
300 K case. The electric field of 600 and 800 K cases rapidly
decreases from 600 Td to below 70 Td before the gap clos-
ing, the electron density keeps approximately constant in this
stage. After the channels’ formation, the electric field rapidly
increases to 165 Td for 600 K case and 226 Td for 800 K case,
the electron density increases by one orders of magnitude to
1.6 x 10> m~—3 at 600 K, and by two orders of magnitude to
2.6 x 10> m—3 at 800 K. Then the electron density for 600 and
800 K cases decreases due to the decreasing electric field.

In reference [27], a rough criteria of streamer-to-spark tran-
sition for point-to-point configuration discharge has been men-
tioned (we name it ‘criteria 1’ in the following text): if the
electric field in the channel is higher than the breakdown field,
the streamer-to-spark transition may occur in the whole chan-
nel. The electric field can be estimated by U/d,,, due to the
uniformity. The ‘criteria 1’ can be expressed as

> (E/N)thresholdpdgap

T>
kU

19)

where ky, is the Boltzmann constant, dg,, is the length of inter-
electrode gap (4 mm in this work), (E/N)reshola is 120 Td for
air.

The electric field in a point-to-plane geometry differs
because near the cathode, the electric field is relatively lower
due to the electric field reflection (return strokes). Whether
or not the estimation criteria is suitable for the point-to-plane
configuration are discussed in the following sections.

4.2. Streamer-to-spark transition in the first pulse

We consider that a spark is formed if the entire axial electron
density increases by at least one order of magnitude after the

1

formation of the conductive channel. According to figure 8§,
only the 800 K case meets this condition, while the 600 K case
is on the critical point of transition. To understand the underly-
ing reasons, we plot the calculated axial electric field, Lapla-
cian field, the field based on linear approximation, the aver-
age field and the ionization threshold electric field together for
300 K, 600 K and 800 K cases in figure 10. The time moments
are 5 ns after the formation of the channels, these time
moments correspond to the finish of the secondary streamer.

The field in figure 10 differs significantly from each other.
The electric field based on linear approximation is rather non-
uniform and decreases toward the cathode, because the linear
field approximation ‘freezes’ the electric field during the sec-
ondary streamer formation, and thus cannot represent the field
in the subsequent conduction stage. It can be found that, at
higher temperature when the streamer is diffusive the calcu-
lated field and average field agree well in the main channel,
but calculated field is lower near the cathode.

For the 300 K case, all the field is below the ionization
threshold, there is no spark formation. For the 600 K case, the
calculated and average electric field (145 Td) is slightly higher
than the ionization threshold in the channel, while the linearly
approximated field is below 120 Td near the cathode, the elec-
tron density increases slightly but does not exceeds one magni-
tude higher. At 800 K, the calculated and average electric field
(190 Td) are significantly higher than the ionization threshold,
and the electron density increases by two magnitudes of orders
within 50 ns.

Above analysis is based on ‘criteria 1°, but it is not always
‘safe’ for the point-to-plane discharges (e.g. the 600 K case
the spark is not formed). The main reason is that, when the
streamer touches the cathode, there is a return stroke weaken-
ing the channel electric field near the cathode (this region can
expand several mm) due to the electric conductivity mismatch-
ing in the formed channel. As a result, the field in the plasma
channel is not always as uniform as that in a point-to-point dis-
charge conditions. At such condition, the criteria 1 (based on
the average electric field U/dy,,) might be used together with
an additional ‘criteria 2’ based on the Laplacian field:

(E / N )Laplacian 2 (E / N )threshold (20)

The Laplacian field near the cathode is always close to or
lower than the results from 2D model (see figure 10), and can
be easily obtained by existing commercial softwares or by a
simple in-house code, thus is capable to be considered as a
‘more conservative’ criteria.

Equation (20) can be rewritten taken into consideration the
ideal gas law and the existing analytical electric field solution
of point-to-plane geometry [63, 64]:

1 A

[E©,0)f = 2(0,0) 1 — €2(0,0)

2 Elhreshold (2 1 )

where A is a constant depending on the electrical potential of
the point electrode and its shape, A is written as follows:

2V,

A= ——
log(}f—f(‘))

(22)
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Figure 12. (a) The reduced electric field used for kinetics modeling at 300 and 600 K and the applied voltage. The reduced electric fields in
time range 0 ~ 60 ns are extracted from the 2D results, in time range 60 ns ~ 0.1 ms we assume a Laplacian distribution throughout the
channel; (b) the time evolution of electrons, O-atoms, O~, O, , and O5 at 300 and 600 K.

where V, is the electrical potential of the point electrode.
For the surface of a point electrode can be characterized as
the hyperbola 7% /a* — r* /b* = 1, &, in formula (22) is deter-
mined as & = a/v'a? + b?,and =(0,0) = Va* + b%. Combin-

ing equation (20) ~ (22), the ‘criteria 2’ can be expressed as
> (E/N)thresholdpls
- kU

where [; is an ‘equivalent uniform channel length’ only
depending on the shape of the point electrode,

T (23)

Va? + b2 Va> + b +a
Iy = g —— (24)
2 Va:+b*—a

The estimated transition temperature of the studied geome-
try in this paper at given voltage, is 1046 K. This value agrees
with the value proposed in references [22, 25], 1000 4= 125 K.
As a conservative estimation, this value is higher than the
numerically predicted 800 K.

The analysis above are all conducted assuming uniformly
preheated gas. The streamer-to-spark transition may also occur
in gases heated by previous discharges. In that case, the den-
sity distribution in the plasma channel is non-homogeneous.
As a trial, we calculated the temperature distribution at the
end of first pulse by fully coupling the equations mentioned in
section 2.1, and plotted the axial gas density due to fluid expan-
sion after the first pulse in figure 11 at different time moments.
It is clearly seen that there are strong heating region near
the electrodes, and the gas density is greatly reduced within
0.01 ms (corresponding to 100 kHz) to 1.6 x 10 m—3. At
high repetitive frequencies, the discharges can quickly transit
into sparks due to the low gas density and increased E/N in
the channel.

In this section we concluded that at 600 K, the streamer-
to-spark transition does not occur in the first pulse for the
geometry studied in this work. Previous research reported

that [22, 26], at 10 kHz and 500-600 K preheated air, the
net electron production rate is always positive, but the mech-
anism is not clear. This fact means that sparks could still
form in the post discharge stage at low temperatures and
electric field due to the gas temperature increase or reac-
tive species produced during the discharge stage. In the fol-
lowing section, the mechanism of spark formation at low
temperatures and electric field is studied based on kinetics
analysis.

4.3. Spark formation at post discharge stage

The evolution of species after the discharge gap closing is
studied using a global model in this section. The studied tem-
perature is 300 and 600 K, respectively, and the frequency is
10 kHz. We probe the evolution of species in the central point
of inter-electrode gap (r = 0, z = 2mm) till 0.1 ms after gap
closing.

The reduced electric field as an input function for the global
code, is decided according to different time moments. In the
first 60 ns, after the ionization wave passed the probed point,
the reduced electric field is extracted from the 2D results
directly; after the first 60 ns, the field drops below 1 Td, the
plasma density is still high but the charge separation is weak.
We used only the Laplacian field calculated in the 2D code
as the input. The applied voltage determining Laplacian field
during post discharge stage is taken from the experimental
waveforms [21, 22]:

c)]

RC
where Upy, R and C represent the generator voltage
(O(10) kV), current limiting resistor (O(1 ~ 10)M(?) and total
capacity (O(10) pF) of the electric circuit, respectively. In this
work, Ugy = 11.1kV, RC = 10~*s. Figure 12(a) shows the
reduced electric field for the 300 and 600 K cases, as well as the
applied voltage. The field during the secondary streamer stage

U(t) = Upo [1 —exp ( (25)
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Figure 13. Absolute values of the peak and average sensitivity coefficients of top 20 reactions (selected by the average sensitivity
coefficients) for (a) 300 K and (b) 600 K; the time evolution of sensitivity coefficients of selected reactions for (c) 300 and (d) 600 K case.
The ionization reactions of N, and O, are not plotted in figures 13(a) and (c), and the ionization reactions of Nj, O, and O-atom are not
plotted in figures 13(b) and (d), because the ionization reactions during strong-field stage (when the discharge front reaches the fixed point,

and the streamer-to-spark transition stage) are not our focus.

is below 70 Td in time range 10 ~ 60 ns for 300 K case, while
above 120 Td in time range 5 ~ 33 ns for 600 K case. The
maximum field at post discharge stage is 45 and 82 Td for 300
and 600 K cases, respectively. For both cases, the field at post
discharge stage is much lower than the ionization threshold of
air. The initial electron density for the global code is extracted
from 2D results: 1.04 x 10> cm= and 1.58 x 10'>cm~3 for
300 and 600 K case, respectively.

The time evolution of charged species of interest: elec-
trons, O™, O;, OF and O-atoms as products of dissociative
attachment reactions are presented in figure 12(b). The density
of the species increases sharply before 10 ns after the ion-
ization fronts. At 60 ns the E/N input is switched from the
consistent 2D results to the artificially given Laplacian field,
the discontinuity of E/N(f) leads to a sudden rise/drop of the
density of O7, O; and O3 again. This sudden change is not
strictly physical, but nevertheless provides the basic informa-
tion required for the following post discharge stage for further
analysis.

Significant differences between the two cases are shown in
figure 12(b): (i) the electron, O~ and O-atom densities are sig-
nificantly higher for 600 K than those of 300 K, while O, and
Oj5 density is lower than that of the 300 K case. (ii) The elec-
tron, O™, O, density increase dramatically at 600 K by 2-3
orders of magnitude at around 0.05 ms. The sharp increase of
electron density indicates that the spark is initiated again in the
channel at a much lower electric field and temperature (75 Td
and 600 K). To understand how electron density are preserved
after the pulse at 300 K and 600 K, and to explain for the sharp
increase of electron density at the end of post discharge stage
at 600 K, a sensitivity analysis is conducted.

Figures 13(a) and (c) show the key reactions that electrons
are sensitive to, and the time evolution of the sensitivity coef-
ficients at 300 K. The electron density is sensitive mainly
to the electron detachment reaction from O3 due to colli-
sion with O-atoms and N-atoms, three-body attachment with
O,, dissociative attachment reaction with O3 and dissociative
recombination with O} :
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Figure 14. Rates of reactions responsible for production and loss of O-atoms at (a) 300 K and (b) 600 K. Three sets of reactions contributing

to O-atoms production are combined for a clear vision.

0; +0—50,+ 0, +¢ (26)
0; + N> NO+0,+e 27)
e+0,+0,— 0, +0, (28)
e+0; 50 +0, (29)
e+0f =0, +0, (30)

Figures 13(b) and (d) show the key reactions responsible
for the electron variations and the sensitivity coefficients of
electron related reactions at 600 K. It is interesting to find that,
the dominating processes for electron density variations during
the post discharge stage are rather different with the 300 K
case, electron detachment form O™, O, and Oj, dissociative
attachment and three-body attachment reactions with O, are
more sensitive:

0O +0—-0,+¢ 31)
0, +0—0s+¢ (32)
0; +0—0,+0,+¢ (33)
e+0,-0 +0 (34)
e+0,+0, -0, +0, (35)

For both cases, O-atoms and O3 are important reactants
in reactions producing electrons. As the density of O-atoms
is much higher than that of O3, we can come to the conclu-
sion that high density O atoms could ‘knock off” electrons
from negative charged species during the post discharge stage,
they play a central role in maintaining electron density and
initiating streamer-to-spark transition.

From the rate analysis of O-atoms presented in figure 14, we
can find that for both cases, the O atoms are produced mainly
by electron impact dissociation of O, during the pulse. After
the pulse, the O atoms are sustained by quenching of excited

N, with O, before 1 us, then by quenching of O('D) and O('S)
with N; and dissociation of ozone in the following time. It
has to be noted that, at the end of post discharge stage, the
rate of dissociation of ozone by electron impact increases dra-
matically, the increase leads to a jump of O-atoms density at
0.03 ms for 300 K and to a drop of negative charged ions O~
and O3, see figure 12(b).

Besides detachment reactions, electrons could also be gen-
erated through ionization from excited species, for example
the associative ionization of Nz(A3Eu+), stepwise ionization
of Oz(a'Ag) [26, 52] or other species with lower ionization
threshold energy such as O-atoms. Those reactions occur only
when the field increase and the excited species are dense in
the last stage, the sensitivity analysis may not capture them.
Therefore an additional rate analysis is conducted for electron
related reactions, shown in figure 15.

At 300 K, the main reaction responsible for direct produc-
tion of electrons is the electron detachment reaction of O3
while the loss is dominated by three-body attachment. The
jump of reaction rates at 0.03 ms in figures 15(a) and (b) is
due to the increase of O-atoms from electron impact ozone
dissociation when the electric field reaches 15-20 Td.

At 600 K, the main electron related reactions correspond
to equations (31)—(35) before 0.05 ms after pulse. There
are slight drops of reaction rates related with O~ and O3
in figure 15(c); at that moment, the electric field reaches
10-15 Td, and the decrease of ozone density is acceler-
ated because of electron impact ozone dissociation, shown in
figure 14(b). After 0.05 ms in the 600 K case, the field increase
to 50—75 Td, the rate of electron impact ionization, stepwise
ionization and associative ionizations increase dramatically.
It is clearly seen that, the influence of stepwise ionizations,
associative ionizations become significant only when the elec-
tron density and excited species are high enough after 0.05 ms,
they can accelerate the population of electron density when the
spark is ignited, but the direct contribution of electron popula-
tion still comes from electron detachment reactions of negative
charged species O;, O; and O™.



Plasma Sources Sci. Technol. 29 (2020) 095006

1020
a) 0;+0—->0,+0,+e
=
p;m
= 108 4
2
w
&
]
1™
=
=
g 104
-4 O+0—->0,+e
3 0, +0y(b") > 0, + 0, +e
10" T T
107 10°¢ 10° 10
Time (s)
1022
c)
10211
T
AT O +NO —>NO,+e
E 0,+0—>0,+e
= 19 0;+0—->0,+0,+e
g W T ’ /b*+(2) E)+
= —-0,+e
-
‘g 0O +N,—>N,O+e ><
[ 17 - 1 2
10"7 + O +0,(b) 5> 0+0,+e
= et 0, setet 0]
e+N,se+e+N;
106 4 e+0—oe+e+0"
e+0,a')>ete+0]
0 Ny(a) +Ny(a) > Nj +¢
T T
107 10°¢ 10°% 10+

Time (s)

X Chen et al
1020
b) e+0,+N,—> 0y +N,
e+0;>0,+0,
= et0,+0, >0+ 0,
- 18 /
IE 10 -
Ch
w
i
s J
= ¢+0;, > 0 +0,
g
S 10"
]
4
e+0;,->0,+0
3 e+0, 50 +0
10 T T
107 10° 105 10"
Time (s)
22
d) 10
10*' 4 e+NO" - 0 +N(D)
:m 10201\ e+0, > 03+0
'S e+0; >0 +0,
< ” | e+0,+0,-0;,+0,
£ 1071 < e+0,5>0+0
) <
g 10" . '
10175 ‘—\
16
10 ./
e+NO' - O0+N
108 T

107 10 10

Time (s)

Figure 15. Rates of the main reactions responsible for (a) production and (b) loss of electrons at 300 K; rates of the main reactions

responsible for (c) production and (d) loss of electrons at 600 K.

To summarize, the streamer-to-spark transition can happen
in a lower than ionization threshold field and low temperature
(600 K), if the following conditions are met: (i) a plasma chan-
nel is already formed during the previous pulses, thus a spark
can be re-ignited in the residual plasma column over the entire
gap. Otherwise there will be a streamer formation near the
point again. (ii) High density of O-atoms is formed in the last
pulse. The O-atoms play a vital role in knocking the electrons
off the negative charged species. (iii) The reduced electric field
reaches 50—75 Td, so that three-body attachment reactions are
suppressed, the ozone (which also attaches electrons) is disso-
ciated and electrons stored in negative charged species can be
released through collision with O-atoms. The rate of associa-
tive ionizations and stepwise ionizations from excited species
also increase dramatically at this field.

An example can be found in the early work by Naidis [19],
where the streamer-to-spark transition is studied in a shorter
timescale based on kinetics analysis. In the work of [19], the
electric field after gap closing is 76—96 Td, and the accumu-
lation of O-atoms finally lead to the formation of the spark,
agreeing well with the aforementioned conditions required for
spark formation at lower field and temperatures.

5. Conclusions

The streamer-to-spark transition in a point-to-plane config-
uration in atmospheric pressure air is studied by a 2D-0D
combined approach. The PASSKEY code validated by experi-
mental data in existing papers [26, 57, 60] and ZDPlasKin code
with an user-defined sensitivity analysis module are used.

Evolution of discharge parameters at 300, 600 and 800 K
are studied by 2D numerical calculation. Increase of gas tem-
perature leads to higher propagation velocity and streamer
radius. Higher electron density is achieved at 300 K during the
streamer propagation stage but more electrons are produced
during the secondary streamer and spark phase at 600 and
800 K. When the electric field is smaller than the ionization
threshold field (120 Td) the electrons begin to decay.

In the first pulse, the streamer-to-spark transition occurs
when temperature is higher than 800 K, the electron density
in the whole gap increased by over one order of magnitude.
A conservative criterion is proposed to decide the spark for-
mation condition: the Laplacian field near the plane electrode
should be higher than the ionization threshold. An analytical
expression is given, and the predicted transition temperature
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in the first pulse is 1046 K, agreeing with the experimental
observation 1000 £ 125 K.

The influence of non-homogeneous temperature distribu-
tion on streamer-to-spark transition is qualitatively estimated.
The fluid responses after the first pulse at 300 K is calcu-
lated. The gas density near two electrodes decreases by 36%
to 1.6 x 10 m~3 0.01 ms after the pulse (corresponding to
100 kHz repetitive frequency) and by 20% to 1.9 x 10® m~3
(corresponding to 10 kHz repetitive frequency) near the anode,
indicating that the discharge could quickly transit into spark
due to the increase of E/N.

0D kinetics modeling is used to study the streamer-to-spark
transition during the post discharge stage with a long duration
of 0.1 ms. Discharges at 300 and 600 K are studied and com-
pared. The field as the input to global model is extracted from
the 2D calculation. The electric field during post discharge
stage for both cases is much lower than ionization threshold.
The streamer-to-spark transition occurs at 600 K case. High
density O-atoms play an indispensable role in maintaining the
electron density and initiating the final streamer-to-spark tran-
sition. When E/N reaches 50-75 Td, three-body attachment
reactions are suppressed, the ozone are dissociated and elec-
trons stored negative ions such as O~, O; and O3, electrons
can be released though collision with O-atoms to initiate the
spark formation at the post discharge stage.

Spark stage is important because energy deposition rises in
this stage, and the plasma is still chemically active before the
equilibrium arc stage. The modeling methods proposed in this
work make it possible to study streamer-spark discharges after
gap closing in point-to-plane (and also point-to-point) con-
figurations. The 2D-0D combined approach provides a self-
consistent prediction. However, the ignition of sparks in the
self-heated region due to previous discharges, which is a more
general condition, is not studied in detail, and will be studied
in the future by coupling with fluid dynamics.
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