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Abstract

Plasma-liquid interaction remains one of the fundamental processes influencing the various
applications. Understanding the influence of external parameters on discharge properties,
particularly the discharge dynamic at the liquid surface, is therefore essential. In previous
studies, we investigated the impact of voltage polarity, gap distance, and liquid dielectric
permittivity and electrical conductivity on nanosecond discharges initiated in air at atmospheric
pressure in a pin-to-liquid configuration. Herein, we present a 3D fluid model, improved with
stochastic photoionization, to simulate the discharge dynamics under the previously mentioned
conditions. The model outputs are compared with the discharge dynamics measured
experimentally. For instance, filamentation and the homogeneous emission over solution’s
surface measured in positive and negative discharges, respectively, are well reproduced by the
simulation. Furthermore, the simulation allowed us to report other plasma properties not
accessible experimentally such as the spatio-temporal distributions of electric field (E-field) and
electron density. Notably, we observe that the E-field at the front of the negative surface
ionization wave (SIW) is nearly four times lower than that of the positive SIW, which may
explain the absence of filaments for negative discharges. Furthermore, we find that increasing
solution conductivity or gap distance reduce the radial propagation velocity of the circular SIW
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front and stopping its expansion before a destabilization can occur. The simulation allowed
investigating the influence of photoionization strength, and we find that increasing the number
of ionizing photons leads to suppress the filamentation while keeping the ionization front

circular and propagating at high speed.

Keywords: nanosecond discharge, numerical simulation, 3D fluid model,
discharge in contact with liquid, filamentation, stochastic photoionization

1. Introduction

The application of an intense E-field to air at atmospheric
pressure produces electrical discharge that often manifests as
filaments of plasma [1]. The propagation dynamic of these
discharges is very sensitive to the experimental conditions,
such as E-field magnitude and spatial distribution [2], voltage
polarity [3], gas composition [4], etc. For instance, discharges
produced by positive high voltage (i.e. positive streamers)
exhibit a propagation velocity relatively higher than that of
negative discharges [5]. This property is due to the nature of
charges at the discharge front. Indeed, the head of positive dis-
charge is dominated by the positive ions that are less mobile
than electrons; these latter dominate the front of a negative
discharge making it more diffuse with lower E-field and lower
propagation velocity [6]. Also, the propagation of a positive
discharge relies on photoelectrons much more than the neg-
ative one, which makes the positive discharge more sensitive
to filamentation due to the stochastic nature of the produced
photoelectrons [3].

During interactions with a surface, discharges tend to fil-
ament and self-organize into well-defined patterns [7]. Such
phenomena strongly depend on the discharge properties, such
as voltage polarity and amplitude [8], as well as on the sur-
face properties, such as electrical conductivity [9] and dielec-
tric permittivity [10]. Such dependency has been extensively
investigated experimentally during the last decade, and most
of the experimental results reported the structure of the pattern
[11], the propagation velocity [2], the electrical characteristics
of the discharge [12], as well as its UV—vis spectral emission
[7]. Other properties of great interest are not easily accessible
through measurement such as the spatio-temporal distribu-
tions of E-field, space charge, and electron density. To acquire
a better understanding on these discharge properties, research-
ers developed models and simulations. In this context, devel-
oping a complete model that considers most of the physical
phenomena with enough space and time resolution remains a
challenge. This is due to the high cost of the simulations as
the involved equations can take long time to be revolved even
using the most advanced computers [13]. However, as most
of the experiments exhibit different types of symmetries, the
simulations can nicely consider this fact, which reduces signi-
ficantly the cost of the simulations. For instance, Wang ef al
[14] numerically studied positive streamers in air in a plate-
to-plate configuration. They demonstrated that the difference
in streamer velocity and properties between a 3D fluid model

and a 2D axisymmetric fluid model is less than 2%, while sig-
nificantly reducing the computational time. Specifically, using
OpenMP parallelization on an Intel(R) Core (TM) 19-9900 K
eight-core processor, the computational time decreased from
8 h (3D) to a few minutes (2D axisymmetric). Similarly,
Marskar and Meyer [15] investigated the interaction of posit-
ive streamers with complex dielectric surfaces using both 2D
and 3D Cartesian simulation domains. Although the 3D sim-
ulation captured the filamentation during the streamer’s sur-
face propagation, a direct comparison with the 2D simulation
showed that the transverse spread of the discharge was quant-
itatively well captured by the 2D model, with a substantial
reduction in computational time. In fact, their 2D simulation
ran in 1 h using 512 CPU cores, while the 3D simulation took
about 12 h using 8192 CPU cores.

Many successful examples can be found in literature that
associate experimental results and 2D simulations of the sys-
tem. For example, Meyer et al [16] studied the evolution of
positive streamers in air over non-planar dielectric materi-
als. They found a good agreement between their experimental
and 2D simulation results, which enabled them to highlight
that a dielectric with a rectangular-cut profile, compared to a
semi-circular profile, causes slower surface propagation and
lower propagation length. The simulation showed that a com-
plex propagation involving the resignation of positive stream-
ers inside the surface profile corrugations can occur. Similarly,
Konina et al [17] studied the interaction between atmospheric
pressure plasmas and a wet microchannel positioned on a
dielectric surface. Experimentally, they observed an emission
profile showing ‘bridges’ over the wet microchannel during
the discharge propagation. After validation of a 2D simulation
by finding an emission pattern similar to the experimental one,
they highlighted that the ‘bridges’ are caused by the negat-
ive surface ionization wave (SIW) that provided seed electrons
ahead to ignite a reverse positive IW. Another study conducted
by Bourdon et al [18] investigated the influence of N, admix-
ture on the dynamics of a He-N, discharge in the dielectric
tube of a plasma gun setup. They showed that the presence of
N; significantly impacted the velocity of the ionization front
due to a complex coupling between the kinetics of the dis-
charge, photoionization, and the 2D structure of the discharge
in the tube. Finally, Eichwald et al [19] developed a 2D sim-
ulation for a positive streamer in air in a pin-to-plane config-
uration and compared the results with the experimental ones.
The authors highlighted the occurrence of a primary and sec-
ondary streamers during propagation. Thanks to simulation,
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they showed that the production yield of O radical was more
efficient in the primary streamer than in the secondary one.

We recently investigated the interaction of a nanosecond
discharge produced in air in contact with a solution using
experiments as well as 2D simulations [20-23]. These sim-
ulations allowed us to unveil some plasma properties in a 2D
plane. For instance, we demonstrated that positive discharge in
air in contact with distilled water produced surface discharge
that propagates at a speed of 0.5 mm ns~! and reaching a
maximum radial distance of 3 mm [20]; such data concurred
well with the experimental results. This was also the case
when considering a solution with varying electrical conduct-
ivity (o) [22] and dielectric permittivity (¢,) [22]. On the other
hand, the experimental results showed that different plasma
patterns are obtained under the various conditions of o or
& [22, 24]. In this study, we aim to expand the previously
developed 2D fluid model [20] into a 3D model that describes
the propagation of the discharge in the gap and on the liquid
surface. The main goal of this 3D model is to investigate the
propagation over the liquid surface and particularly the form-
ation of patterns; a 3D simulation is more reliable to invest-
igate pattern formation and compare with the ICCD images
acquired from experiments [20]. Due to its crucial role in the
discharge dynamic, stochastic photoionization is implemen-
ted in the model to capture the possible destabilization of the
ionization front caused by the stochasticity of photoelectron
emission. The model was run under various conditions to sim-
ulate different conditions of ¢ and ¢, as well as gap distance.
The simulation results are compared to the experimental ones
and allowed the determination of the spatio-temporal distri-
bution of the E-field and electron density. Finally, the sim-
ulation is used to explore how the photoionization process
can influence the discharge dynamics. This was achieved by
artificially increasing the number of ionizing photons in the
simulation.

2. Discharge conditions and experimental results

A schematic of the experimental setup is depicted in
figure 1(a), and its detailed description can be found in
[24, 25]. Briefly, nanosecond negative and positive pulsed
power supplies (NSP 120-20-P/N-500-TG-H, Eagle Harbor
Technologies) were utilized to initiate an electrical discharge
in air between a pin and a liquid surface. The pulse magnitude
and plateau duration were set at £12 kV and 100 ns, respect-
ively. The pin electrode was a tungsten rod with a diameter
of 1 mm. The second electrode, which was grounded, is a rod
(4 mm diameter) of stainless steel positioned at the base of
a cylindrical Teflon cell (67 mm diameter, 5.7 mm height)
containing 10 mL of liquid. The electrical conductivity (o) of
the distilled water was adjusted between 2 and 1000 S cm ™!
by adding potassium chloride (KCI). Additionally, we varied
the dielectric permittivity (€,) of the liquid by replacing the
distilled water (€, = 80) with methanol (€, = 32). The dis-
tance between the pin and the liquid surface is also adjustable

between 10 and 1000 pm using a micrometer positioning
system.

The discharge emission at the solution surface was
acquired using an ICCD camera (PIMAX-4: 1024 EMB,
Princeton Instruments). Figures 1(b) and (c) show typical
emission (ICCD images integrated 50 ns) of a positive (at
Voa = +7.1 kV) and a negative (at Vg = —7.3 kV) dis-
charges, respectively, produced at a gap distance of 600 ym.
The images capture the emission in the gap (i.e. by ICCD 1) as
well as over the liquid surface (i.e. ICCD 2). The typical width
(w) of the discharge channel in the gap is ~300 pm for the
positive discharge (figure 1(b)), whereas for the negative dis-
charge it reaches ~500 pm (figure 1(c)). The typical height (h)
of the emission over the surface is ~90 um for the positive dis-
charge (figure 1(b)) and ~140 pum for the negative discharge
(figure 1(c)). The images capturing the emission at the liquid
surface highlight the discharge propagation for both polarit-
ies. For the positive discharge (figure 1(b)), we identify two
zones: the first one shows homogeneous emission with a typ-
ical radius of ~2.5 mm; the second one shows the formation
of individual filaments. In fact, as this image is integrated over
a long period, the first zone represents the propagation of a
circular ionization front that, after reaching ~2.5 mm, decom-
poses into single plasma dots; further details on this aspect
can be found in [25]. In this example, the number of dots cre-
ated (Ngots) 1s estimated at 23. The typical extension of the
plasma dot over the surface (Wqot) is ~560 um and decreases
while propagating; they extinguished after reaching a radial
position of ~3.5 mm. For the negative discharge (figure 1(c)),
no filamentation was observed, and the emission extends to
~2.5 mm.

3. Discharge model equations, boundary
conditions, and computational domain

Numerical simulations are conducted by developing a 3D
cylindrical fluid model to further investigate the discharge
dynamics. This 3D model is adapted from a previously
developed 2D axisymmetric fluid model [20]. It aims to solve
drift-diffusion equations, providing the temporal evolution of
electron (n.), positive ion (n;), and negative ion (n,) densit-
ies in the domain above the liquid. The 3D model accounts
for 3-dimensional (7, z, ) simulation domain as well as the
fluxes along each direction. Additionally, in conductive solu-
tions, the model considers the presence of K™ and Cl~ ions
and allows following their densities ng+ and ngj- in solution.
For each simulation, we initially set the corresponding densit-
ies of K™ and Cl1™ to reproduce a given o. For a comprehensive
understanding, detailed elucidation of the model is provided
in [20, 22]; herein, only a concise overview is offered. The
required transport coefficients, including diffusion and mobil-
ity, are considered E-field dependent, and their expressions
are available in [20] and its supplementary data. Moreover,
terms representing gain and loss of electrons (such as elec-
tron impact ionization, photoionization, secondary electrons
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Figure 1. (a) Scheme of the experimental setup used to generate nanosecond discharges in air in contact with a solution. (b) and (c) show
emission of the discharge in the gap and over the solution surface captured with 50 ns- integrated ICCD images for a positive discharge
(Vba = 7.1 kV) and a negative discharge (Vpg = —7.3 kV), respectively; these discharges are produced at a gap distance of 600 ;sm and

er = 80.

emission, electron attachment, and recombination) are incor-
porated into the model. The liquid phase is treated as a lossy
dielectric. Experimentally, a small fraction of water vapor is
expected to be present. The presence of H,O molecules in air
are known to raise the breakdown voltage required to initiate
the discharge and slow its propagation due to the increased
three-body attachment coefficient [26]. Experimentally, the
number of discharges acquired during each experiment was
less than 50 before refreshing the liquid, which limits its heat-
ing and evaporation. Therefore, the influence of liquid vapor
was neglected. Secondary electron emission induced by pos-
itive ions flux towards the liquid surface is also considered.
Surface charging o, (C m?) of the liquid surface due to the
fluxes of charged species from both the air and the liquid
towards the air-liquid interface is considered [20]. When the
applied voltage is negative, we account for secondary emission
of electrons from the cathode with Y¢athode = 10~ [27].

In this study, we implemented stochastic photoionization
instead of solving Helmholtz’s equations to compute the pho-
toelectron gain; this approach is more adapted to capture the
development of instabilities (triggered by photoelectrons) at
the discharge front that lead to filamentation. The implement-
ation of the stochastic photoionization is performed as in [28—
30]. The number of ionizing photons produced for a given time
step At by each cell (with a volume AV), using the electron
impact ionization source term S, is estimated by:

Pq
Nop = ———(S,AVAL (1)
" P,

where p = 1 bar is the gas pressure and p; = 40 mbar a
quenching pressure. ( = ((E) represents a proportionality
factor contingent upon the electric field (E-field), as detailed
in [29].

For every ionizing photon, an absorption length is selec-
ted randomly from the absorption function as in [28] (which

provides the probability density of photon absorption at a dis-
tance r):

e_XmmPOZV _ e_Xmaxpozr
flr) =
rin (X—“)
X min

with Y max and Y min are 1.5 x 10%> and 2.6 mm~'bar~!,
respectively. Po, is the partial pressure of O,. The direction
from which photons are emitted in an isotropic distribution is
also determined using random numbers [29]. After assigning
all photons within the domain to the cells where they will be
absorbed to produce photoelectrons, the increase in photoelec-
trons for each cell is calculated as follows:

_ Nabs
AVAt

@)

Sph

3

where Ngps represents the number of photons absorbed at a
given cell.

Briefly, a Finite Volume Method was used to solve the
equations. The fluxes of all charged species were computed
using a Scharfetter—Gummel scheme and, finally, the integra-
tion of the fluid equations was conducted using a 2nd order
Runge—Kutta. Poisson’s equation is solved using a direct
solver implemented in Python. To enhance geometric accur-
acy, the Ghost Fluid Method is employed [20]. The integration
of fluid equations is executed using a 2nd order Runge—Kutta
scheme, with the time step selected based on CFL (Courant—
Friedrichs-Lewy) conditions. Furthermore, we implement an
electron flux correction to circumvent the restriction imposed
by dielectric relaxation time, thereby optimizing computa-
tional efficiency. Comprehensive details regarding all trans-
port coefficients and numerical methodologies employed can
be found in [20]. Neumann boundary condition were util-
ized for all sides of the domain for all densities, while it
was used for the left, right, and top sides of the domain for
Poisson’s equation. Note that Neumann boundary condition
for Poisson’s equation may influence the discharge dynamics
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X (mm)

Figure 2. Cylindrical simulation domain represented in Cartesian coordinate with (a) 3D domain, (b) a cross-section showing the plane at
y = 0, and (c) a cross-section showing the plane at z = 3.0 mm. For readability, one-third of the points are shown.

[31]. Herein, the discharge propagated less than ~3 mm,
which is shorter than the radial extension of the grid (5 mm)
limiting thus the influence of the boundary conditions. To
implement the ions added in the liquid, we separated the com-
putational domain into two regions: air and solution. In air
(e, = 1), the temporal evolution of n., n;, and n, is con-
sidered, and they are set to O in solution. In this latter (&, is
an adjustable parameter), the temporal evolution of ny+ and
nep- is considered, and they are set to O in air. Note that in the
dielectric, the model considers the drift of K™ and Cl~ with
a constant mobility (ug+ = pe- = 7.7 x 1078 m?.s~1. V1),
Even though these mobilities may seem low, it is important to
take them into account for the high conductivities considered,
given the significant ion densities in the liquid, which result in
non-negligible fluxes of these ions. Dirichlet boundary condi-
tion for Poisson’s equation is used (V = V,,) for the pin elec-
trode and the ground (V = 0) at the bottom of the liquid surface
at z = 0 mm. In the case of a cathode pin, Dirichlet boundary
condition was used for photoionization (Sp, = 0), ne (ne = 0),
and n, (n, = 0), while Neumann boundary condition was used
for n;. In the case of an anode pin, Dirichlet boundary con-
ditions were utilized for photoionization (Spn = 0), and posit-
ive ion density (n; = 0), while Neumann boundary conditions
were applied for n. and n,. In air above the liquid surface,
Neumann boundary condition was used to compute the flux
when it is directed towards the liquid; otherwise, it is set to 0.
The same boundary condition was used in solution to compute
the fluxes towards the air. Finally, to ignite the discharge in the
simulation, a Gaussian distribution of electrons and ions (i ;)
near the tip of the electrode are introduced (as in [20]) with
a maximal value of 10"m~3, while the background density

(Mbgr) was fixed at 108m~, and the initial density of n, was
set to 0.

To optimize the computational time, a non-uniform grid
was used with high resolution near the regions of interest such
as the liquid surface or the cathode surface [20, 32]. The sim-
ulation domain has a size of 5 x 5 x 5 mm?® with a grid size
n, X n, X ng of 120 x 140 x 120 (figure 2). We chose this res-
olution for the grid because we were constrained by the max-
imum grid size due to computational limitations. The main
limiting factor is the resolution of Poisson’s equation: we used
adirect solver based on LU factorization (i.e. solving Poisson’s
equation in the form AX = B, where X represents the unknown
potential values and B is the source term). If there are too many
points, the computer does not have enough memory to perform
the matrix inversion. Therefore, we opted for the finest resol-
ution that our system could handle.

Along the axial direction z, the following dimensions were
used:

e From z = 0-2.9 mm, uniform grid with Az = 200 ym

e From z = 2.9-3.2 mm, uniform grid with Az = 8 um

e From z = 3.2-3.5 mm, non-uniform grid with a geometric
expansion Az; = 1.1 Az;; up to Az =20 pm

e From z = 3.5-5.1 mm, uniform grid with Az = 40 ym

In the radial direction from r = 0-5 mm, a uniform grid
with Ar = 35 pm was used, and in the azimuthal direction
Af = 35 from 6 = 0 to m. The complete mesh is depic-
ted in figure 2(a), while a cross-section along € = 0 is illus-
trated in figure 2(b), and a cross-section at z = 3.0 mm (liquid
surface) is presented in figure 2(c) to emphasize the non-

uniform mesh utilized. The electrode pin, air domain, and



Plasma Sources Sci. Technol. 34 (2025) 015004

A Herrmann et al

t=25.0ns /:
i
P,

Figure 3. 3D distribution of ne (m73) from the simulation at V, =5 kV and &, = 80 at r = 1.3, 10.2, and 25.0 ns.

liquid domain are depicted in red, black, and blue, respectively.
In the following, we will present images depicting the
entire domain reconstructed by symmetry from the simulated
domain. Herein, we used cylindrical coordinates to perform
the simulations. Cartesian coordinates are not used because
our computational capacity is limited, and it is not feas-
ible to perform simulation with reasonable grid resolution;
the use of a grid with low resolution impacted the result-
ing pattern. Ideally, an adaptive Cartesian grid would provide
better precision, but unfortunately this cannot be done at
this stage.

Before showing the results, it is important to discuss the
impact of the grid size. As our computation capacity is lim-
ited, we performed such a test in 2D simulation where we com-
pared two grids: 1097 x 1001 and 140 x 120), and the results
showed that a finer grid leads to an extension of the SIW that
is ~20% longer than that obtained in a less resolved grid. This
difference is mainly due to an underestimation of the E-field
using a grid with low resolution. On the other hand, Nishida
et al [33] investigated the influence of grid resolution of pat-
tern formation. In general, they found that while the mesh size
affects the number of branches formed, the overall structure of
the pattern remains similar.

4. Results of the simulation

The objective of this section is to compare the patterns
obtained experimentally with those predicted by the 3D sim-
ulation. Experimental patterns over the liquid surface are cap-
tured from discharge emissions acquired by an ICCD cam-
era, while simulation patterns are derived from electron dens-
ity and E-field distributions; the patterns obtained from the
electron impact ionization source term (S,) align with those
derived from the E-field and, therefore, they are not shown.

4.1. Positive discharge

For computational efficiency, we decided to limit the radial
extension of our computational domain with a maximal dis-
tance of 5 mm. Therefore, a voltage of 5 kV was applied to

ignite a slower discharge that propagates a shorter distance
over the surface; this property guarantees that the propaga-
tion stops before approaching the boundary condition of the
domain to avoid numerical problems. Figure 3 illustrates the
3D distribution of n, derived from a simulation under the con-
ditions of V, = +5kV, e, =80, and 0 = 0. At t = 1.3 ns, the
vertical IW has propagated in the gap and reached the liquid
surface. At this moment, the IW channel has a typical width of
w ~ 350 ym—a value comparable to the experimental width
(figure 1(b)). At t = 10.2 ns, the SIW is initiated, extending
to r = 1.5 mm (by defining r as the radial distance from the
center of the liquid surface) with a uniform circular shape and
a typical height h of approximately 80 pm (also consistent
with experimental findings, figure 1(b)). Note that during the
propagation of the SIW over the dielectric surface, a sheath is
formed behind the ionization front; more details on this aspect
can be found in the 2D study [20]. Finally, at = 25.0 ns, the
circular SIW front becomes destabilized due to the stochasti-
city of the photoelectrons generated ahead of the ionization
front that causes radial electron avalanches ahead of the front,
leading to the formation of individual SIWs that continue to
propagate radially. Further investigation of their properties
will be conducted by focusing on the SIW propagating above
the liquid surface.

Figures 4(a) and (b) present the E-field and #n. distribution
at z = 3.05 mm just above the liquid surface (the liquid sur-
face is at z = 3 mm). At t = 1.3 ns, the vertical IW in the
gap has reached the liquid surface, and the accumulation of
charges on the surface occurs. Such a charge accumulation
generates a radial E-field forming a uniform ring-like pattern,
reaching a peak value of 148 kV cm~! at » = 0.4 mm with
Nen = 4.8 x 102 m=3. At r = 4.6 ns, the SIW continues
its radial propagation up to r = 1.2 mm, maintaining a uni-
form ring-like shape, although En,x and n., has decreased
to 128 kV cm~! and 3.5 x 102 m~3. At 7 = 18.2 ns, as the
SIW extends to ryjpg = 2.2 mm, the uniform ring-like shape of
the E-field begins to scatter due to radial electron avalanches
induced by photoelectrons, leading to the initiation of indi-
vidual SIWs front, while Ep, and n.  continue to decline.
Note that at t = 18.2 ns, n., is contained at the front of the
ring. At ¢ = 26.0 ns, the uniform SIW ring has disintegrated
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Figure 4. Distribution of (a) E-field (kV cm ™) and (b) ne distribution (m ™) using a cross-section above the liquid surface (at
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into multiple single SIW (plasma dots) that continue their
radial propagation, accompanied by a further decrease in Ep,x
and n.__ down to 123 kV cm~! and 1.4 x 10** m—3. These
SIWs exhibit a typical wge of approximately 400-500 pm
(measured as the extent along 6 using a threshold of 0.5 x max
(E-field)), with Nyus estimated to be around 24. Notably, the
values of 7ying, Waot, and Nyos obtained from the simulation
are of the same order of magnitude as the experimental ones
highlighted in figure 1(b). It should be noted that here only a
qualitative comparison is performed, as the experimental and
numerical conditions are not identical, in particular the voltage
magnitude and timescale. The goal here is to note the pattern
formation as well as its variation depending on the experi-
mental conditions.

To highlight the impact of the stochasticity of photoelec-
tron production on the filamentation pattern, we ran two simu-
lations with the same initial conditions (V, = +5 kV, ¢, = 80,
and ¢ = 0 for Run 1 and Run 2), and the results are shown
altogether in figure 5. Due to the stochastic computation of
photoionization in the simulation, different random numbers
were used, resulting in different distributions of photoelec-
trons ahead of the SIW. At r = 4.6 ns, the same dynamic
is obtained for both Run 1 and Run 2, and the generated E-
field is of the same order of magnitude. At t = 18.2 ns, the
uniform SIW begins to destabilize in both runs, reaching the
same radial position. Finally, at t = 25.3 ns, individual SIWs
have formed in both runs. Due to the different distributions
of photoelectrons generated in each simulation, the patterns
are distinct in terms of Ngos: ~28 are obtained in Run 1,
while ~24 are obtained in Run 2. These values agree with the
experimental measurements [22, 25]. Note that we conducted

only two different simulations due to their computational time.
The goal here was not to obtain perfectly the Nyos as in the
experiment, but rather to demonstrate that, with identical ini-
tial conditions, there is statistical variation due to stochastic
photoionization [22, 25].

4.2. Impact of the liquid’s permittivity on the positive
discharge

In a prior investigation [22], we examined how ¢, of the liquid
impacts discharge properties. Decreasing €, from 80 to 32 res-
ulted in a rise in Vyq by approximately 1-2 kV, attributed to
the decrease of potential difference in the air gap due to deeper
potential penetration in the dielectric. Briefly, the experimental
measurements showed that, at €, = 32, rypg is ~3.5 mm, wyo
~800 pm, and Nyos ~26 (to be compared rying ~2.5, W
~560 pm, and Nyois ~23 for €, = 80).

The 3D simulation conducted here is performed under the
following conditions: €, = 32, V,q = 7 kV, and ¢ = 0. As
we found similar results by simulating half or quarter of the
domain, we simulate here quarter of the domain to save com-
putational time (i.e. to simulate 40 ns it took 1 month by simu-
lating half of the domain compared to 1 week using quarter of
the domain). The results are depicted in figure 6, showing the
E-field distribution at z = 3.05 mm just above the liquid sur-
face for ¢, = 32; the results are also compared to the previous
case of e,= 80. Att = 4.6 ns, for ¢, = 32, the SIW front already
reached r = 2.0 mm, generating Epa = 151 kV ecm ™!, (com-
pared to ¥ = 1.2 mm and Ep, = 128 kV cm ™! for ¢, = 80).
At t = 15.2 ns, the uniform circular SIW front began to
destabilize for r;pe = 3.3 mm (in comparison to experimental
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Tring = 3.5 mm), with Ep,, decreasing to 135 kV cm™ !,

Finally, at t = 18.3 ns, the uniform SIW ring disintegrated into
multiple single SIWs, persisting in radial propagation, with
Emax = 135 kV cm™!. These STWs displayed a typical wgo
of approximately 670 pm, with an estimated Ngos of around
29. Notably, the impact of €, on ryjng, Wot, and Ngois obtained
numerically followed the same trend as in the experimental
results mentioned above.

Moreover, the simulation accurately captured the acceler-
ated propagation of the SIW caused by decreasing ¢,. This
phenomenon can be attributed to the fact that the decrease of
e, allows faster surface charging and rapid neutralization of
the normal component (to the water surface) of the E-field in
favor of the parallel component at the liquid surface [22, 34].
The simulation also captured that, at low &,, destabilization
of the SIW occurs for longer radial distance traveled by the
SIW (it occurs at 2.2 mm for €, = 80 compared to 3.3 mm
for €, = 32). Similarly, the simulation captured the increase in
both wge and Nyos With decreasing €, with wyy, = 460 pm and

Nyots = 24 for €, = 80 (figure 4) compared to wqe = 660 pm
and Nyos = 29 for e, = 32.

4.3. Negative discharge

Figure 7 illustrates the 3D distribution of n. in the simula-
tion performed at, V, = —5kV and ¢, =80, and o = 0. At
t = 1.3 ns, the negative IW has nearly completed its ver-
tical propagation toward the liquid surface, exhibiting a typical
width w of ~450 pm (close to the experimental measurement
highlighted in figure 1(c). At t = 10.2 ns, the propagation of a
SIW is initiated, extending to » = 1.3 mm with a uniform cir-
cular shape and a typical height h of ~170 pm (also consistent
with experimental findings, figure 1(c). Finally, at # = 19.0 ns,
the circular SIW front continues to propagate radially in a uni-
form shape without any destabilization.

For a more detailed analysis of the propagation of the neg-
ative SIW across the liquid surface, figure 8 presents the E-
field at z = 3.05 mm above the liquid surface where the SIW



Plasma Sources Sci. Technol. 34 (2025) 015004

A Herrmann et al

t=1.3ns

PN
0
(1111,]) 2

t=19.0ns

Figure 7. 3D distribution of n, (m™?) obtained from the simulation with V, = —5kV and e, = 80 at t = 1.3, 10.2, and 19.0 ns.

1.3 ns 4.6 ns

=-5kV
y (mm)
[\.]

=70

0

X (mm) X (mm)

-
o 2 =2 0 2

X (mm)

V,=5kV
| ¥ (mm)

—2
X (mm)

Figure 8. E-field (kV cm™") distribution for V, =

is expanding for V, = —5 kV; the dynamics obtained for
V., = +5kV are added to the figure. At = 1.3 ns, the negative
vertical IW has reached the liquid surface, initiating the accu-
mulation of charges before the ignition of the SIW. This accu-
mulation generates an E-field with a uniform ring-like shape,
reaching a maximum value of 68 kV cm~! at = 0.6 mm. At
t = 4.6 ns, the negative SIW continues its radial propagation
up to r = 1.1 mm while maintaining a uniform ring-like shape,
although E.,.x has decreased to 38 kV cm~ ! At ¢t = 26.0 ns,
the negative SIW maintains its uniform shape without any
destabilization, with E\,x decreasing to 30 kV cm~! while the
positive SIW has destabilized into multiple single STWs. Thus,
it can be observed that filamentation of the negative SIW is not
feasible due to its weak E-field, which does not facilitate the
formation of individual SIWs (i.e. a filament would not satisfy
Meek’s criterion [35]). Consequently, the negative SIW main-
tains its ring-like shape due to its more diffuse front and is not
affected by the stochasticity of photoelectrons. Note that the
more diffuse front of the negative discharge is responsible for
the less intense E-field generated compared to the positive one.

4.4. Positive discharge: impact of the liquid’s conductivity

In a previous study, we noted that an increase in ¢ caused
a decrease in the number of filaments formed and limited
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—5kVand V, =5kV (at z=3.05 mm) at t = 1.3, 4.6, 18.2, and 26.0 ns.

their radial propagation [22, 24]. Increasing o, achieved by
adding K™ and C1™ ions, allows ions to move in response to
an external field or the space charge field of the positive SIW
as it propagates over the liquid surface. As demonstrated in our
earlier research, when the positive IW reaches the liquid sur-
face, C1™ ions accumulate beneath it to neutralize the positive
space charge of the IW. This process enhances the normal E-
field by increasing the potential difference caused by the accu-
mulation of CI” ions beneath the surface. At the same time, this
phenomenon leads to a reduction of the parallel component
of the E-field, which results in less efficient radial propaga-
tion. By applying a high voltage pulse with slower rising time,
the discharge has occurred at a lower breakdown voltage (Vi
~6 kV) [23] and the obtained discharge emission over a sur-
face with o = 1000 S cm ™! was similar to that of the negative
one (i.e. figure 1(c)). In fact, no filaments were observed under
this condition, and the radial propagation stopped at ~2.2 mm.

Figure 9 shows the results for a simulation under the
following conditions: V, = 5 kV, ¢ = 0, 200, 400, and
1000 pS cm~! and £, = 80. At t = 4.6 ns, while no partic-
ular effect is observed on the maximal radial position of the
SIW, we observe a decrease of E,x with an increase of o;
Enax = 131, 129, 123, and 115 kV cm~! for ¢ = 0, 200,
400, and 1000 uS cm™!, respectively. At + = 18.2 ns, an
increase in o begins to decrease both the radial propagation
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Figure 9. E-field (kV cm’l) distribution at V, = 5 kV for ¢ = 0, 200, 400, and 1000 pS cm~ ! forr = 4.6, 18.2, and 26.0 ns.

and E.x of the SIW with rp. = 2.2, 2.1, 2.0, and 1.4 mm,
and En. = 123, 121, 99, and 65 kV cm~! for 0, 200, 400,
and 1000 pS cm™!, respectively. Although the uniform SIW
ring for 0, 200, and 400 uS cm™! begins to destabilize, this is
not the case for 1000 S cm~!. Atr = 26.0 ns, the same trend
continues for radial propagation and E'y,,x, With rix = 2.8, 2.4,
2.1, and 1.8 mm, and E., = 123, 116, 89, and 51 kV cm™!
for 0, 200, 400, and 1000 u©S cm~ !, respectively. Individual
SIWs have formed at 0 uS cm ™! with Nygs ~24. Increasing o
to 200 pS cm~! still allowed for the formation of individual
SIWs, although there is a notable decrease in Ngos compared
to O uS cm L, with Nyos ~18 at 200 uS cm L. This observa-
tion is consistent with our experimental findings [22, 24]. For
400 1S cm™!, the STW front is destabilized but the propagation
stops before the formation of individual SIWs. Interestingly,
still no individual SIWs or any signs of SIW destabilization is
observed for 1000 1S cm ™!, indicating that radial propagation
had ceased before the ignition of individual SIWs. In fact, the
maximal E-field is low (51 kV cm™!), hence it seems that, as
for the negative SIW front (figure 8), the space charge is too
low to allow filamentation.

4.5. Positive discharge: impact of the gap distance

In a previous experimental study [25], we investigated the
impact of gap distance (d) on the formation of plasma
dots. Statistical analysis on many discharges showed that the
increase of the gap distance led to a decrease of the filaments
number as well as their propagation radius. We used the 3D
simulation to further investigate the influence of this para-
meter. Therefore, simulations were performed for gap dis-
tance of d = 300, 600, and 900 pm (the other parameters are
o0 =20, ¢ = 80, and V, = 5 kV), and the results are depic-
ted in figure 10. At t = 4.6 ns, it is evident that a decrease
in d leads to an increase in the radial velocity of the SIW.
Specifically, the SIW reaches r = 0.4 mm for d = 900 pm,
compared to » = 1.2 mm for d = 300 pm, owing to the amp-
lified E-field resulting from the closer proximity of the anode
to the liquid with Ep,,x = 100 kV cm~! for d =900 pm com-
pared to 136 kV cm~! for d = 300 pm. Furthermore, the uni-
form SIW ring destabilizes at ¢ = 17.8 ns with 7,y ~2.8 mm
for d = 300 pm, generating approximately 30 dots (compared
to 0 dots for d = 900 pm). Thus, a decrease in d leads to
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both an expansion in 7ype and an increase in Nyos. Moreover,
it is notable that for d = 900 um, at ¢+ = 20.8 ns, the SIW
begins to destabilize but, due to the lower radial E-field on the
surface, propagation stops before the formation of individual
SIWs (i.e. if we let the simulation runs, no formation of indi-
vidual streamers will be observed).

4.6. Positive discharge: impact of photoionization

Controlling the filamentation of a SIW when it propagates
over a liquid is a major area of interest for various applica-
tions, particularly in preventing the filamentation of a positive
one. We demonstrated that increasing o and the gap distance
can effectively prevent filamentation, as the propagation of
the SIW stops before filament formation can occur. However,
this suppression of filamentation significantly impacts surface
propagation, reducing both the velocity of the SIW and its
maximal radial propagation on the liquid surface.

Therefore, it is interesting to explore ways to prevent fil-
amentation of a positive SIW without reducing its dynamics.
As discussed in the introduction, the stochasticity of photo-
electron generation is responsible for the destabilization of a
SIW. Thus, two solutions emerge: either reduce the stochasti-
city of photoelectron formation or reduce the positive SIW’s
dependence on photoelectrons to maintain its propagation.

Here, we focus on the stochasticity of photoelectron pro-
duction. This parameter is closely related to gas composi-
tion. Increasing the number of ionizing photons results in
higher production of photoelectrons, which reduces stochasti-
city ahead of the ionization front. Consequently, the propaga-
tion dynamics of the SIW, as well as the destabilization of its

front, may be influenced. Experimentally, this parameter can
be adjusted by modifying the gas composition. For instance,
increasing the O, concentration in air causes an increase in
the molecules absorbing photons emitted by excited states of
N, during IW propagation [16]. This results in more pho-
toelectrons at the front of the IW, thereby preventing fila-
mentation due to reduced stochasticity. This phenomenon was
demonstrated experimentally by Nijdam ef al in a pin-to-plane
setup [4]. They investigated the impact of N»/O, mixtures and
showed that increasing O, concentration from 0.01% to 20%
significantly decreased the number of filaments generated by
the IW as it propagated vertically. Also, Uemara et al [36] used
the Pockels effect to demonstrate that an increase in O, con-
centration in the air led to a decrease in the number of filaments
generated by the SIW. Here, we explore the influence of pho-
toelectron production using simulations.

Indeed, we run a simulation under the following conditions:
e, = 80, V, =5 kV, and ¢ = 0. In the previous simulations,
we considered that ¢ value depends on the E-field [29]. Here,
we fix ¢ at 0.9 to artificially increase the number of ionizing
photons (i.e. increasing this parameter resulted in the use of
~10 times more photons), which reduces the stochasticity of
the generation of photoelectrons. The results of the simula-
tion are shown in figure 11, and they show that at r = 4.6 ns,
the SIW propagates faster for ( = 0.9 compared to ¢ = ((E).
This is expected as the production of photoelectrons ahead of
the ionization front is enhanced significantly. At ¢ = 4.6 ns,
the SIW reaches r ~ 1.4 mm while E,x = 150 kV ecm™!.
Interestingly, in the case of {( = ((E), the SIW destabilized at
t = 16.2 ns, and individual SIWs formed at t = 26.0 ns. In the
case of ( = 0.9, no destabilization of the SIW was observed,
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and the SIW kept a uniform ring-like shape, while keeping
similar propagation speed. This result is of interest and may be
used as a parameter to control the propagation speed as well
as the uniformity of the STW.

5. Conclusion

In this study, we adapted a previously developed 2D fluid
model to produce a 3D fluid model. This model considered
the process of stochastic photoionization. The model is run
with different experimental conditions such as voltage polar-
ity, liquid dielectric permittivity, liquid electrical conductivity,
and gap distance. The results from simulations are compared
with experimental measurements. For discharges under pos-
itive polarity, experimental and simulation results concurred
well, as we observed a comparable radius for destabilization
of the circular SIW front (ryjng), a typical width of formed
dots (wget), and a close number of filaments formed post-
destabilization (plasma dots; Nges). As for discharges under
negative polarity, a great agreement was also obtained, with
absence of filamentation. The simulations enabled us to report
typical E-field and electron density distributions of the dis-
charges propagating in the gap as well as at the solution’s sur-
face. For instance, the E-field at the head of the negative SIW
is almost four times lower than the positive one, which may
explain the absence of filamentation.

The simulation also allowed us to deduce that a decrease in
gap distance (d) from 600 to 300 xm increased the velocity of
the surface discharge as well as Nyqs from ~23 to 30. Similar
phenomena were observed when increasing o. For instance,
with a reference simulation at V, = 5 kV, ¢, = 80, 0 =
0 uScm™!, and d = 600 pm, the circular SIW front destabil-
ized at t = 18.2 ns for r = 2.2 mm, forming 23 plasma dots.
Increasing o to 1000 xS cm™! resulted in no filamentation,
and the ionization front reached r = 1.4 mm at ¢ = 26 ns.

Finally, we numerically increased the number of ionizing
photons by setting ¢ = 0.9, which increased the number of the
produced photoelectrons and reduced the stochasticity ahead
of the ionization front. Therefore, the ionization front is less

likely destabilized while maintaining a high propagation velo-
city over the solution surface. As photoionization is strongly
dependent on gas composition, this latter may be used as a
parameter to finely tune the photoionization which can be con-
sidered as key to control discharge propagation over liquid sur-
faces, which is crucial for many applications.
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