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Abstract

We present a computational study of positive streamers in air propagating over dielectric plates
with square channels running orthogonal to the propagation direction. The study uses a newly
developed non-kinetic Particle-In-Cell model based on Tto diffusion and kinetic Monte Carlo,
which does not introduce artificial smoothing of the plasma density or photo-electron
distributions. These capabilities permit the computational study to use high-resolution grids
with large time steps, and also incorporates geometric shielding for particle and photon
transport processes. We perform Cartesian 2D simulations for channel dimensions ranging from
250 pm to 2 mm, and track streamers over a distance of 4 cm and times ranging up to 300 ns, for
various voltages ranging from 15kV to 30kV. These baseline simulations are supplemented by

additional studies on the effects of transparency to ionizing radiation, streamer reignition,
dielectric permittivity, and 3D effects. The computer simulations show: 1) Larger channels
restrict streamer propagation more efficiently than narrow channels, and can lead to arrested
surface streamers. 2) Geometric shielding of ionizing radiation substantially reduces the number
of starting electrons in neighboring channels, and thus also reduces the onset point of streamer
reignition. 3) Decreasing the streamer channel separation leads to slower streamers. 4)
Increasing the dielectric permittivity increases the discharge velocity. The results are of generic
value to fields of research involving streamer-dielectric interactions, and in particular for
high-voltage technology where streamer termination is desirable.

Keywords: streamer, dielectric, surface profile, kinetic Monte Carlo, Particle-In-Cell

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

1. Introduction

Streamer discharges [1] are fascinating and complex phenom-

ena that occur in a wide range of environments, from lightning
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strikes in the atmosphere to plasma technologies in industry.
At their core, streamers are narrow channels of ionized gas
that propagate through dielectric media, driven by high elec-
tric fields at the streamer tips. These structures exhibit a rich
variety of dynamics, including branching, propagation, extinc-
tion, or bridging into a leader or spark.

Because of their unique properties, streamers have found
numerous applications in fields such as materials processing,
pollution control [2], and aerodynamics [3]. For example,
atmospheric pressure plasma jets based on streamer discharges
have been used to promote wound healing [4]. However,

© 2023 The Author(s). Published by IOP Publishing Ltd
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despite the significant progress that has been made in these
areas, many fundamental questions regarding the underlying
mechanisms that govern streamer behavior still remain.

Solid dielectrics can affect the initiation, propagation, and
termination of streamers through a variety of mechanisms,
such as streamer attraction through dielectric polarization,
formation of sheaths [5, 6], or geometric restriction of the
available ionization and photoionization volumes. The inter-
action between streamers and dielectrics is an important area
of research that has broad implications for both fundamental
physics and practical applications, e.g. for applications in
plasma medicine or high-voltage technology.

Despite the many advances in our understanding of
streamers and their interactions with dielectrics, there are
still significant challenges in modeling and simulating these
phenomena. For example, accurate modeling of streamer
propagation requires a detailed understanding of the elec-
tric field distribution, ionization processes, and electron trans-
port. Additionally, the complex geometries and material
properties of dielectrics can make it difficult to accurately
capture the interactions between streamers and their envir-
onment. Addressing these modeling challenges requires a
multi-physics approach that captures the behavior of the
streamer from the appearance of the first electron to the
propagation and termination stages.

Recent research has investigated the complex interaction
between streamers and solid dielectrics, with several recent
studies highlighting the important role of dielectric surface
patterns. For example, Meyer et al [7, 8] have presented a
combined computational and experimental study for stream-
ers propagating over non-planar surfaces consisting of planar
dielectrics with circular and square channels running ortho-
gonal to the streamer propagation direction. Meyer et al [§]
used high-speed imaging and performed computer simula-
tions, and an experimental follow-up study [9] demonstrated
the relevance of these effects for high-voltage technology
(albeit in a different field configuration). Tangentially con-
nected computational studies have been presented by Wang
et al [10] and Konina et al [11], the latter focusing on streamer
interaction with pores and droplets. It warrants mention that
a common theme in all these studies is that they employ
a continuum description of photoionization (formally speak-
ing, a first-order truncation of the radiative transfer equation).
While this formulation [12] has been highly enabling for the
low-temperature plasma community, it has the disadvantage
of causing artificial smoothing of the photoionization profile,
and being susceptible to radiative leakage around geometric
obstructions. The importance of discrete photoionization on
overall streamer morphology has been demonstrated by sev-
eral authors [13, 14]. Meyer et al [8] also point out the defi-
ciencies of the continuum model in the context of morpholo-
gically complex surfaces, as it can lead to an artificial increase
of the plasma density behind objects, which puts into question
some computational observations (like streamer reignition).

In this paper we consider a computational study of posit-
ive streamers propagating over square channels similar to the
ones in [8]. As the study in Meyer et al [8] only considered

a single square-channel surface, we focus here on additional
main parameters:

(1) The size of the square channels, in particular channels that
are substantially larger than the streamer dimensions.
(i1) The applied voltage.
(iii) Geometric shielding of ionizing radiation.
(iv) Distance between the channels.
(v) The effects of dielectric permittivity.

To provide insight into these physical dependencies, our work
uses a newly developed non-kinetic Particle-In-Cell model
based in Ito diffusion and kinetic Monte Carlo (KMC), termed
Ito-KMC, which has the advantage of being fully stochastic
and discrete [15]. The outline of this paper is as follows:
The numerical model is presented in section 2 and various
computational results are presented in section 3. Specifically,
section 3.1 provides calculations of the mean streamer velocit-
ies, and section 3.2 provides an overview of the morphological
evolution of the streamers for the various surfaces. Section 3.3
provides a brief study of the role of opaque boundaries which
obstruct ionizing radiation. A parameter study on variations
of the geometries that facilite so-called streamer reiginition is
presented in section 3.4. The effects of dielectric permittivity
are given in section 3.5, and a 3D simulation is presented in
section 3.6. The paper is then closed with a few concluding
remarks in section 4.

2. Numerical model and simulation conditions

2.1. Simulation model

We use a three-species model for discharges in air, consist-
ing of electrons, positive ions, and negative ions. Our model
uses an Ito-KMC formulation of the drift-diffusion model for
streamers, where we replace the conventionally used macro-
scopic advection-diffusion model for the electrons by an equi-
valent microscopic advection-diffusion model. The transport
equation for the electrons in the Ito-KMC model is

dX = Vdr + v2DdiN, 1)

where X(7) is the electron position, V is the electron drift velo-
city, and D is the electron diffusion coefficient. N is a normal
distribution with mean value zero and a standard deviation of
one. We close the velocity relation in the local field approxim-
ation (LFA) and set the electron velocity and diffusion coeffi-
cients as

V=v.(X), 2)
D =D, (X), (3
where v, = —puE is the conventional fluid drift velocity (i

is the electron mobility), and D, is the conventional fluid dif-
fusion coefficient. Note that this is simply a microscopic rep-
resentation of the conventionally used macroscopic advection-
diffusion model for the electrons, and that statistical averaging
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over identical particles yields standard drift-diffusion statist-
ics. In essence, we are simply sampling the macroscopic evol-
ution of the plasma using computational particles that repres-
ent average electrons. Deposition of particles on the mesh,
and interpolation of the macroscopic quantities v and D to
the particle position X are done using a cloud-in-cell scheme.
Details regarding the underlying algorithm are given in [15].

A standard drift-diffusion model is used for positive and
negative ions, whose densities are indicated by n., respect-
ively. The equation of motion for the ions is

agi;t =-V. (vini —DiVni) + Si, (4)
where vy, Dy, and Si are the drift velocities, diffusion
coefficients, and source terms for positive (4) and negative
(-) ionms, respectively. Charge conservation on dielectric sur-
faces also dictates that the surface charge density o is locally
conserved by

Jdo
E _JO'7

where J,, is the charge flux onto the surface. Here, this charge
flux is composed of impinging electron particles (which are
deposited directly onto o) and ion drift.

Finally, the electric field E = —V ® is obtained by solving
the Poisson equation (6) for the potential ®:

&)

V(e vd) =L (6)
€0
Here, p is the space charge density and ¢, is the relative
permittivity.

Our model differs from a standard streamer model in the
usage of an Ito model for the electrons, and a KMC model
for the plasma chemistry (discussed in the next section). The
primary advantage of using the Ito-KMC formulation vis-a-
vis a fluid formulation lies in the underlying discretization of
the electron transport equation. With a fluid model, there is a
fundamental requirement on the grid spacing Ax [15, 16] and
a Courant—Friedrichs—Lewy (CFL) condition on the time step.
However, the Ito-KMC formulation has no such restrictions,
permitting us to use large computational time steps even for
high-resolution grids.

2.2. Plasma chemistry

In addition to the transport and field equations above, we con-
sider stochastic evolution of the number of particles in each
grid cell by using the KMC algorithm as proposed by Cao et al
[17]. Letting X = (X., X4, X_)T denote the physical number of
electrons X,, positive ions X, and negative ions X_ in a grid
cell, we advance over a time step At as

XL X+, ©)
where R is a set of reactions and A is a time step. This is only

a symbolic representation of the integration algorithm; the
full algorithm is substantially more complicated [15, 17]. The

Table 1. Simplified air plasma chemistry used for the example
simulations. The notation & indicates an untracked species (N, or
O, depending on context) incorporated directly into the rate
constant for the reaction. As we only sample ionizing photons, the
photoionizing reaction v 4+ @ — ¢ + M is deterministic; each
photon absorbed in the gas generates one electron-ion pair.

Reaction Fluid rate  KMC propensity Reference
e+ —etet+MT ky(E) kaXe [18]
e+o M~ ky(E) knX.(E) [18]
e+Mt =M kep(E) (kep/AV) XXt [21]

M~ +Mt =M knp (knp/AV) X+ X- [21]
e+ —e+y+a  ky(E) kyXe [22,23]
v+ —e+MT — — [22]

number of electrons X, (¢) in a grid cell is immediately avail-
able since they are represented by computational particles.
However, the positive and negative ions are represented as
densities and so the number of these particles in a grid cell
with volume AV is taken as

Xi = [neAV], @®)

where the lower brackets | and | round downwards (to a non-
negative integer). After running the KMC algorithm for the
new number of particles in each grid cell, the reactive products
are then added or subtracted directly from the grid cells. The
remainder from equation (8) is, of course, kept during this
process.

The plasma kinetics that we use is summarized in table 1.
The electron diffusion coefficient D., mobility ., temper-
ature T,, ionization frequency k,, and attachment frequency
k,, are field-dependent and are computed by using BOLSIG+
[18] and the SIGLO database [19]. The ion mobility is set to
2 x 10~*m? (V s)~!, and the electron-ion and ion-ion recom-
bination rates are

kep = 1.138 x 107" 7707 m?s =1, ©)

knp =2 % 1073 (300/7)"° m3s ™!, (10)
where T=300K is the gas temperature and T, = T.(E) is the
electron temperature.

There is a subtle difference in the way the KMC algorithm
and deterministic reaction rate equations operate, as the former
uses chemical propensities ar()?) rather than deterministic
reaction rates k. The propensities are defined such that a,(f()dt
is the probability of exactly one reaction of type r occurring in
the time interval d¢. For example, the propensity for the reac-
tione + @ s ete+M' is

Ao = CoXe, (1 1)
where c,, is the KMC rate for the reaction. Observe that we
use symbols k for fluid rates and ¢ for KMC rates. These
are different rates, but for unipolar reactions one may show
that k=, i.e. the KMC rate and fluid rates are numerically
equivalent [20]. However, for bi-particle reactions of the type
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ke . . .
e +M1T -5 &, observe that the reaction rate equation for this
reaction would be
Ohe = kepheh. (12)
For the KMC algorithm, one may also derive the reaction rate
equation in the limit X., X4 > 1 as [20]

OXe = dep, (13)

where ae, = cepXe X is the propensity for the reaction e +

M+ ci> &. One may realize that Cep Cannot be a constant,
since this would imply that particle reaction probabilities are
independent of the distance between the particles. Since n. =
X./AV, we find

Oe = (CepAV) Ren ., (14)
and thus we can associate the KMC rate cep = kep/AV. While
this scaling of the KMC rate by the grid volume may seem
unconventional from a fluid point of view, it is microscopically
correct as particles in a small grid volume are more likely to
react than particles in a large grid volume.

2.3. Photoionization

We use the Zheleznyak photoionization model [22] includ-
ing the corrections by Pancheshnyi [23] for modeling photon

transport for the reaction e+ @ ki) e+~v+ 2. This is a
lumped representation of impact excitation of molecular nitro-
gen to an excited state N3, i.e. e+ N, — e + N3, followed
by spontaneous emission N5 — N, 4 and photoionization
of molecular oxygen, i.e. v+ Oy — 02+ + e. The lumped rate
constant is

Pq

= ——vz(E)k,, (15)
p+pqz()

ky

where vz(E) is a lumped function that accounts for excita-
tion efficiencies and photoionization probabilities [23], while
the factor p,/(p, + p) accounts for collisional quenching (i.e.
non-radiative de-excitation) of N3. The quenching pressure is
Pq = 40mbar and the gas pressure is p = 1bar. When a photon
is generated within the reaction step we draw a random absorp-
tion coefficient for each photon as

f=h
K2 h—h
(i)

where K; =530m~!, K, =3 x 10*m~!, f; =2.925PHz, f, =
3.059PHz, and f is a random number sampled from a uniform
distribution on the interval [fi,f>]. Note that this is a lumped
photoionization model for photoionization of O, in the spec-
tral range 980 A to 1025 A. The values of K 1 and K, corres-
pond to the minimum and maximum absorption coefficients
of O; in this range [24]. More elaborate models that also take
into account the excited states of N, are also possible [14, 25],
but experiments [26] indicate that the simplified model above
is sufficiently accurate for describing streamer discharges in

(16)

Figure 1. Sketch of the underlying working principle for ray-tracing
of discrete photons. At each step we compute the distance to the
boundary (solid circle in the figure).

air. After x; has been determined for a computational photon,
its propagation distance is determined by drawing a random
number from an exponential distribution with parameter .

2.4. Particle and photon interaction with boundaries

Our geometries are described with a signed distance field,
given by a function S(x) that provides the distance to the
geometry, where the material boundary is given by S (x) = 0.
As the particle solvers (both electrons and photons) do not
have CFL conditions, all intersection tests between particles/-
photons and the geometry are done using a ray-tracing
algorithm on S(x), see figure 1. For example, for a photon
whose emission and absorption positions are Y, and Y,
respectively, we first compute the distance to the geometry at
Y, as

do=S(Yy), an
and we then move the photon a distance dy along the photon
path,

Y Y

Y = Yo+dy———.
: Y1 — Yol

(18)
This process is then recursed until either the photon strikes
a boundary or reaches its final position Y. The ray-tracing
algorithm is conceptually simple and provides a CFL-free
algorithm where photons can be propagated independent of
the numerical grid. However, it also relies on a fast represent-
ation of the signed distance field. Fortunately, the simulations
in this paper use very simple geometries that do not require
surface tessellations, so these tests are typically very fast. We
ignore photon scattering in the gas, but remark that inclusion
of scattering only requires shallow modifications to the under-
lying ray-tracing algorithm.

2.5. Geometries

Our computational study is inspired by the experiments in
Meyer et al [8], where we considered a pizza-slicer electrode
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7.2cm

Figure 2. 3D field calculation and field stress on surfaces. The full
domain is slightly bigger than the geometry and measures

8cm x 8cm X 32cm. A homogeneous Neumann boundary is used
on the top y-face and homogeneous Dirichlet boundary conditions
(i.e. electrical ground) are used everywhere else. The disk electrode
has a diameter of 6 cm and a thickness of 1 mm. The diameter of the
stem that is holding the disk electrode is 1.5 cm. The gap between
the disk electrode and the dielectric is 2 mm.

and a dielectric plate with relative permittivity €, = 3. In the
experiments, the geometry was chosen this way so that the
streamer inception region was well-defined while the streamer
simulations could be done in Cartesian 2D coordinates. The
full 3D geometry with indicated field stress (in arbitrary units)
is shown in figure 2. For boundary conditions, we used a
homogeneous Neumann boundary condition on the top y-face
and homogeneous Dirichlet boundary (i.e. grounded potential)
everywhere else.

Full 3D streamer simulations at reasonable mesh resolu-
tions end up using billions of grid cells and particles, and
thus put a large strain on computational hardware. For simpli-
city, we invoke the same simplification as in Meyer ef al [7,
8] and reduce the simulations to Cartesian 2D coordinates.
The fundamental approximation is then that the plasma has
infinite extension along the z-axis indicated in figure 2. More
precisely, we investigate the x-directed propagation of the
streamer(s) that initiate right below the electrode disk, and
assume that these streamers do not have substantial curvature
along the z-coordinate. Although we have been unwilling
to lavish vast computational resources on fully 3D simula-
tions, we provide further justification for this simplification in
section 3.6 where we present a fully 3D simulation.

Figure 3 shows the full computational domain, including
a comparison between the corresponding 2D and 3D field
calculations, evaluated at z=0 (the center of the 3D geo-
metry). For simplicity, the 2D calculations also ignore the
wheel holder. We find that the error introduced by the 2D
reduction of the field is less than 2% on the center axis, and
this error arises largely due to neglection of the curvature
of the wheel in the z-direction. Further away from the sym-
metry plane, i.e. moving along the z-coordinate in figure 2,
this error increases substantially. Overall, the larger source

4 686 V/m
3 514.5 V/m
. 343 V/m
g
S 2 171.5V/m
>
0V/m
1
0
4 668 V/m
3 501 V/m
Py 334 V/m
g ,
S 2 167 V/m
>
0V/m
1
0
—4 —2 0 2 4
z (cm)

Figure 3. Full simulation domain and comparison between 3D (top)
and 2D (bottom) field calculations. The voltage on the electrode is

1 V. In the 2D simulations, we use homogeneous Dirichlet boundary
conditions (® = 0) on the edges y=0and x = +4cm. A
homogeneous Neumann boundary condition (0,® = 0) is used on
the edge y = 4cm.

of 2D-versus-3D discrepancy is probably due to the assump-
tion of translational invariance of the plasma along the z-axis.
Experiments indicate that this is only qualitatively true [7, 8].

We consider four basic sizes of the square channels on the
dielectric surface. The depths and widths of each channel are
identical, and range from w =250 pum to w =2mm. A flat
surface is used as a reference surface for these calculations.
Except for the investigations in section 3.4, the spatial separa-
tion A between the channels is always one channel width, i.e.
A = w. Figure 4 show the field distribution near the inception
region for the various surface profiles.

2.6. Initial conditions

For initial conditions we drew ten computational electrons ran-
domly located in a circle with a 500 um radius centered on
the electrode tip. Electrons whose stochastically sampled pos-
itions ended up inside the electrode were removed before the
simulation started, so that the simulations started from 7 elec-
trons. We point out that, strictly speaking, the computational
electrons are /ines in 2D Cartesian coordinates.

In experiments and simulations, streamers only appear if
there is a starting electron in a region where there is a suf-
ficiently high field over a large enough distance to cause an
avalanche-to-streamer transition. The streamer morphology is
in general dependent both on the applied voltage pulse, which
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0 501 334 167 668
|

y (mm)

y (mm)

z (mm)

Figure 4. Field distribution in the streamer inception region for the
various investigated surfaces. The voltage on the electrode is 1 V in
these figures.

varies in time, but also where on the voltage pulse the starting
electron appears, i.e. on the so-called statistical time lag. Here,
we wish to lock our study into fewer degrees of freedom; the
peak voltage and the surface morphology, and we therefore
dispense with the extra complications and degrees of free-
dom associated with transiently varying pulses and statist-
ical time lags. Our simulations therefore used step voltages
of U € 15kV-30kV in steps of SkV.

2.7 Computational framework and numerical parameters

We run 20 baseline computer simulations—four different
voltages for each of the five surfaces. These baseline simula-
tions are then supplemented by additional simulations where
we vary the dielectric permittivity, turn on/off transparent
boundaries, change the channel spacing, etc. This is done in
order to shed additional light on emerging transformations of
the underlying streamer behavior for variations in the geo-
metric and physical models. All calculations are done using
the chombo-discharge [27] computer code, which is publicly
available.

We use Cartesian adaptive mesh refinement (AMR) in our
simulations (see inset in figure 2), refining grid cells if

(a—n)Ax>1, (19)

and coarsening if

(o —n) Ax < 0.land Ax < 20 pm. (20)

where Ax is the grid resolution and « and 7 are the Townsend
ionization and attachment coefficients, respectively.

The simulations used adaptive grids with a finest resolu-
tions of Ax ~ 2.44 um. We used constant-sized time steps of
At =25ps for all simulations, and integrated for 300 ns or
until the streamer hit the grounded electrode (i.e. side walls).
The computer simulations typically ran in 1-6 h on 512 CPU
cores. We could probably have run the calculations on fewer
resources since there were not always enough work for the
various MPI ranks, but 512 CPU cores is the minimum alloc-
ation on the supercomputer that we used.

3. Results

3.1. Travel curves

We extracted travel curves for the streamer head, measuring
its left- and right-most position along the x-axis for all simula-
tions. We used the position of the maximum value of the elec-
tron ionization source term as a proxy for the streamer head,
and we ignored contributions from backward traveling stream-
ers inside the channel spaces (which appeared in some of the
simulations). Figure 5 shows the streamer head position for the
various simulations, focusing on a quantitative velocity com-
parison between different surfaces for a fixed applied voltage.
We also include the surface profiles on the right-hand side of
this figure in order to more readily associate trends in the travel
curves with local morphology changes in the insulator surface.
We observe the following features:

e The mean streamer velocity increases with voltage for all
surfaces.

e The mean streamer velocity decreases as the channel dimen-
sions increase.

From these trends we conclude that the patterned surfaces
result in substantially slower streamers, which is in agreement
with past work [8]. It is hardly surprising that increasing the
voltage also increases the streamer velocity, since an increased
voltage is equivalent to increasing the background electric
field. However, we again point out that we are not includ-
ing a study of the statistical time lag in these simulations. In
earlier work [8] we showed that the streamer velocity is also
dependent on this factor, which is not studied further in this

paper.

3.2. Morphology

In previous work [7, 8] we have shown that the streamer mor-
phology is substantially dependent on the local surface mor-
phology. Figure 6 shows snapshots of the plasma density for
the four profiled surfaces at various time instants for the sim-
ulation with U = 25kV, corresponding to the travel curves in
figure 5(c). The frames in figure 6 are separated by 2.5 ns, with
the exception of the first and second frame for w = 2mm since
the streamer takes a long time climbing out of the channel. As
in previous work [8] we find that the propagation is at least
partially influenced by reignition in subsequent channels. This
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Figure 5. Travel curves for the streamer head position in the various computer simulations. Each line shows the position of the streamer
head for a given surface and voltage. For ease of exposition, the investigated surfaces are included on the right-hand side of the figure.

is particularly clear for w = 2 mm where a secondary streamer
appears in the next channel (see frame with ¢ = 47.5ns) before
the primary streamer has crossed into it. However, for the
surface with the smallest channel spacing w = 250 um, the
streamer tends to hop over channels and no streamer reigin-
ition processes could be identified.

It is well-known that positive streamers propagating over
dielectric surfaces lead to the formation of a cathode sheath
on the dielectric [5, 6]. The sheath is completely analog-
ous to the sheath formation on metallic cathodes, and arises
because low-energy electrons travel outwards from the sur-
face, leaving a surplus of positive ions hovering over it. The
field in the sheath can become quite high, ranging between
30kVmm~'-60kV mm~! in our simulations for the various
surfaces. Unfortunately, we cannot study this sheath in detail
because of the inherent limitations in the LFA. Within this
approximation, secondary electrons that appear in the sheath
either due to photoionization or electron impact ionization are
born with energies given by the LFA closure, i.e. the ioniz-
ation coefficient is given parametrically as a function of E.
Since the field in the sheath is quite high, the LFA artificially

raises the energies of the secondary electrons in the sheath, and
ultimately the LFA-based model predicts an artificially high
ionization rate in these regions.

3.3. Screening of ionizing radiation

Positive streamers rely on free electrons ahead of them, and
in air these are supplied through photoionization of molecu-
lar oxygen. As electron avalanches grow toward the streamer
head, they extend the positive streamer channel forward and
during this process they also generate new seed electrons. Due
to the reliance on this source of electrons, it is reasonable to
expect that geometric screening of ionizing radiation affects
positive streamer propagation. Figure 7 shows the photoion-
ization profile during streamer inception for one of the com-
puter simulations, showing clear-cut shadows in the channel
spaces. If we were to use a continuum approximation of the
photoionization process, as in Marska [5] and Bourdon et al
[12], this feature is much less pronounced even when appro-
priate boundary conditions [5, 28] are used. The underlying
issue in the isotropic approximation is that the radiative flux
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Figure 6. Snapshots of the electron density at various time instants (indicated in each figure) for the four profiled surfaces.

F ., is proportional to the gradient of the radiative intensity W,
i.e. F, oc VU, which will always lead to artificial diffusion
of ionizing radiation around geometric obstacles. Helmholtz
reconstructions [ 12, 29] of the photoionization profile are quite
popular in the streamer simulation community. However, the

underlying equations that underpin the Helmholtz reconstruc-
tion are equivalent to the Eddington equations, a first order
closure of the radiative transfer equation which is strictly
speaking only valid for highly scattering media [28]. Since the
Helmbholtz and Eddington reconstructions have no directional
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Figure 7. Logarithmic scale plot of the photoionization profile (in
arbitrary units) for the simulation with w = 2mm and U = 30kV
during the streamer formation stage. The data is taken at = 0.5ns,
i.e. before the streamer begins to propagate.

dependence on the equations of motion, they fail to accur-
ately capture shadows. To the best of our knowledge, higher
order closures or usage of discrete ordinates have not been
investigated in the context of streamer discharges. Direct solu-
tions to the RTE have been reported by Capeillere ef al [30],
but the method requires solutions in higher-order space
(six computational coordinates for three-dimensional physical
space).

To test the importance radiative shielding, we next run com-
puter simulations with geometries that are completely trans-
parent to the ionizing radiation. In practice, we simply turned
off the ray-tracing photon interaction with the geometry to
achieve this functionality. We select the computer simula-
tion with w = 1mm and U = 25kV, and compare the results
with the original computer simulation where the dielectric is
completely opaque. Figure 8 shows snapshots of the plasma
density, comparing the temporal evolution for the opaque and
transparent geometries. The panels on the left hand side of
this figure show the results for the opaque geometry, and the
panels on the right hand side show the corresponding results
with the transparent geometry. Sub-figures (a)—(g) show the
plasma density on a logarithmic color scale at various time
instants indicated in each panel. Observe thatin e.g. figure 8(c)
there is some plasma in the channel spaces in the right hand
side panels at x ~ 6.5mm and x ~ 8mm. However, the cor-
responding channels in the left hand side panels are geomet-
rically screened and thus do not contain this artificially raised
plasma density. The evolution in the two models differ as to
when the reignition in the next channel takes place. In figure 8,
reiginition for the opaque geometry is barely discernible on the
right-hand side of the channel just before the primary streamer
descends into the channel space. This can be seen in the left
panels in figures 8(d) and (f) as a small blob of plasma on
the right-hand side of the channel walls. For the transparent
geometry, streamer re-ignition in the channels is more dis-
cernible, and it also occurs earlier. Re-ignition of this kind
can be seen in the right-hand side panel in figure 8(d), where
almost the entire channel pore space is filled by plasma before
the primary streamer has climbed over the profile. A sim-
ilar process can be see in figure 8(f) (right column). As the
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Figure 8. Comparison of early-stage evolution of the plasma for
w = 1mm and U = 25kV for an opaque and transparent dielectric.
The color-coded data shows the electron density on a truncated
logarithmic scale.

only difference between the two simulations is due to geo-
metric transparency of ionizing radiation, we conclude that
the premature reignition process is simply due to artificial
accumulation of seed electrons in the neighboring channel
space.

Running the simulations in figure 8 further, we observe sig-
nificant deviations in both morphology, mean velocity, and
thus ultimately streamer range. In the computer simulations
with correct screening of the ionizing radiation, the streamer
tends to traverse the channel gap before later filling it with
plasma (see section 3.2). With artificial transparency turned
on, the channel space is first filled by a reignited streamer,
and the primary streamer connects to the tail of secondary
streamer. The cumulative outcome is that the premature reigni-
tion process leads to a deeper penetration of the primary
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Figure 9. (a) Comparison between streamer velocity with opaque
and transparent boundaries for w = 1 mm and U = 25kV. The data
for the opaque geometry is the same as in figure 5. (b) Plasma
density (linear scale) for opaque boundary at # = 100ns. (c) Plasma
density (linear scale) for transparent boundary.

streamer into the channel, and it will consequently also have a
harder time climbing out of it. The travel curve for the trans-
parent geometry is given in figure 9(a), comparing it with the
corresponding data from figure 5. For the transparent geo-
metry, the streamer propagates with approximately 2/3 of the
velocity of the opaque streamer simulation. Figures 9(b) and
(c) show snapshots of the plasma density on a linear scale for
this simulation at = 100ns, where the morphology changes
are clearly discernible.
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Figure 10. Snapshots of the plasma density on a truncated
logarithmic scale (for enhanced visual clarity) for varying channel
spacings A. The channel dimensions are w = 2mm and the data is
taken at # = 100ns for an applied voltage U = 25kV.

3.4. Role of channel spacing

As observed in Meyer et al [8], streamers may in principle
reignite in the neighboring channel if there is at least one start-
ing electron there, and the field is sufficiently high over a long
enough distance. The first requirement requires photoioniza-
tion directly into the channel, and in Meyer et al [8] we showed
that this is feasible. The second requirement depends on the
distance between the channels: As the distance between the
channels increase the field in the next channel space is reduced.
Vice versa, decreasing the distance between the channels leads
to an increase in the field in the channels. Likewise, since the
intensity of ionizing radiation drops off as 1/rin Cartesian 2D,
the number of ionizing photons in the channel spaces will be
larger for narrowly spaced channels. Consequently, one can
expect that reignition processes become increasingly relevant
as the distance between the channels is reduced.

Next, we run simulations with w = 2mm and U = 25kV,
but vary the distance between the channels from A =
0.5mm to 2mm in steps of 500 pm. This corresponds to vary-
ing the number of channels on the surface from 17 to 27.
Figure 10 shows snapshots of the plasma density for the four
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Figure 11. Travel curves for varying channel spacings A. The
channel dimensions are w = 2mm and the applied voltage is
U =25kV.

surfaces after # = 100ns. The data is shown on a truncated
logarithmic color scale for improved visual exposition of the
streamer paths. In particular, as we decrease A we find that
reignition in the neighboring channel occurs earlier, which
is what we expected based on the simple electrostatic and
geometric evaluations discussed above. This can be seen in
figure 10(d) where the channel centered at x = 12.5mm con-
tains a streamer, but where the primary streamer in the pre-
ceding channel centered at x = 10mm has not yet climbed
out of it. In figure 10(c) the channel spacing is twice that of
figure 10(d), but no reignition can be observed despite the fact
that the primary streamer has climbed further out of the chan-
nel than the corresponding streamer in figure 10(d).

Figure 11 shows the streamer travel curves when varying
A. For reference, we have also included the flat surface. The
data for the flat surface and for the surface with A =2mm
correspond to the data given in figure 5(c). For the surface
with the narrowest investigated channel spacing A = 500 ym
the discharge propagation slows down substantially, and the
discharge terminates after x ~ 15mm. We believe that the
streamer termination for this surface occurs due to (1) the
increased number of channels that the streamer needs to climb
out of, and (2) the reignited streamer in the neighboring chan-
nel. Figure 12 shows the plasma density and potential distri-
bution during the reignition process. The reignited streamer
seen in figure 12 at t =50ns is a double-headed streamer.
It has a negative streamer tail which propagates backwards
towards the anode, and a positive streamer head that propag-
ates toward the grounded side. The primary streamer head is
electrically attracted to the secondary streamer tail since they
carry opposite charge polarities, and we believe that the slow
upwards propagation for this case is due to the fact that the
attraction between the primary streamer head and the second-
ary streamer tail occurs directly through the dielectric. They
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Figure 12. Plasma density and potential distribution for w = 2mm
with spacing A = 500 um. The color-coded data shows the electron
density and the solid lines show potential contours spaced 1 kV
apart.

are also electrically disconnected and there is a comparatively
large potential difference between them, approximately 4 kV
in figure 12 at t = 60ns. When the streamers finally connect
after t ~ 90ns this potential difference is transferred to the
secondary streamer head, which then becomes the primary
streamer.

3.5. The role of dielectric permittivity

Next, we consider three additional simulations with relat-
ive dielectric permittivities ¢, =1, €, =6, and ¢, = 9. As in
section 3.4, we select the simulation with w = 2mm and U =
25kV as the baseline geometry and applied voltage.

Figure 13 shows the plasma density after = 200ns for the
four simulations, including the baseline case with ¢, = 3. We
find that with ¢, = 1 the streamer does not propagate over the
surface at all, whereas the streamer velocity and ranges other-
wise increase with increasing ¢,. The result is comparatively
straightforward to explain since increasing the permittivity of
the dielectric is tantamount to increasing its polarization. Since
the polarization decreases the electric field in the dielectric and
increases it in the gas phase, it leads to a de-facto increase
in the amount of electron impact ionization in the gas, and
thus a faster streamer. In previous work, Li et al [6] showed a
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Figure 13. Plasma density on a truncated logarithmic scale after
t = 200ns for varying dielectric permittivities for w = 2mm and
U=25kV.

very low streamer velocity dependence on the relative dielec-
tric permittivity for positive streamers propagating over planar
surfaces. The difference with that work, however, is that the
dielectric is oriented parallel to the discharge gap, and there
is therefore no permittivity-induced modification of the back-
ground electric field in the gas. Here, the dielectric is ortho-
gonally oriented with respect to the background electric field,
and we therefore obtain a different polarizability effect from
the dielectric.

Figure 14 shows the travel curves for the simulations in
figure 13 when we vary the dielectric permittivity. We find that
the velocity of the streamers increase with increasing permit-
tivity, which we attribute to the fact that increasing the polar-
ization of the dielectric increases the electric field in the gas
phase.

3.6. 3D simulation

In previous sections we restricted our computer simulations
to Cartesian 2D simulations. While the background electric
field on the investigated computational axis had a low error
in the 2D calculations (see figure 3), we did not judiciously
demonstrate that this error remains sufficiently small also
when the streamers start propagating. This is a point worthy
of investigation, especially since branching is a fundamental
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Figure 14. Travel curves for w = 2mm and U = 25kV and varying
dielectric permittivity.

capability of streamers. Filamentation of the surface discharge
implies one extra dimension of curvature in the space charge
layer of the streamer, and thus additional field amplification
at the discharge tip(s). To investigate these effects, we con-
sider a fully 3D simulation with w = 500 ym and U = 25kV.
The computational domain and boundary conditions are the
same as in figure 2, and measure 8cm X 8cm x 32cm. We
also use the same procedure for sampling the initial elec-
trons, drawing 10 electrons in a sphere with a 500 um radius
centered at the disk electrode edge that is closest to the dielec-
tric. Unlike the 2D simulations where these electrons are ideal-
ized line charges, they represent physical electrons in the 3D
simulation.

We have restricted the finest AMR grid resolution to Ax =
20 um, which is eight times larger than the grid resolution
in the corresponding Cartesian 2D simulation. The effective
domain is therefore 4096 x 4096 x 16384 cells. The 3D com-
puter simulation was run on 8192 CPU cores for about 12 h,
and used around 500 million grid cells and 4 billion computa-
tional particles. Unfortunately, since the 3D computer simula-
tions strain our available computational hardware, we did not
perform this analysis for all the corresponding 2D simulation
cases.

Figure 15 shows an isosurface of the electron density r,
10" m~3 after £~ 36ns. In the simulation we make several
observations:

(i) There are additional discharges occurring further up
on the disk electrode, partially in agreement with
experimental observations of a similar setup [8]. The
experiments performed by Meyer et al [8] used a similar
geometry, but high-speed imaging also revealed initiat-
ing discharges on the full circumference of the disk elec-
trode, but in our the 3D simulation we only observe such
discharges on the lower part of the electrode. However,
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Figure 15. 3D simulation for w = 500 um and U = 25kV. The isosurface data is taken at t ~ 36 ns and shows the electron density

ne = 10" m™3. The color coding shows the electric field magnitude (in arbitrary units). Sub-figures (a) through (e) show the same data from
different perspectives. (a) Top view. (b) 3D view. (c) Close-up of same perspective as (b). (d) View of the transverse spread of the discharge,
which is the same view as in the 2D simulations. (e) Side view, showing the longitudinal spread of the discharge.

the voltage in the experiments [8] used a modified light-
ning impulse with a peak voltage up to 45 kV, while the
voltage in our simulations is a constant step-voltage of
25kV, which is presumably why these extra discharges
are not seen in our computer simulation.

(i) There is some filamentation of the surface discharge, but
(1) there are several side branches and (2) the curvature
in the z-direction is smaller than the curvature in the
xy-plane, see inset in figure 15(a). In other words, the
surface filaments do not appear as three-dimensional fil-
aments in the same way that streamers in bulk air do.
Instead, they are wider than they are thick. This implies

that the self-enhanced field of the discharge is mostly
due to xy-curvature in the space charge layer. Since this
is also the part of the discharge that we studied in the 2D
simulations, we conclude that the 2D approximation is
qualitatively valid for this part of the streamer.

(iii) Clearly, there are numerous features in the full 3D sim-

ulation that can not be predicted by our 2D simula-
tions, which are unable to describe any z-variations in
the discharge. For example, the longitudinal spread of
the discharge (along z) cannot be predicted by the 2D
simulations. We point out that there is also lateral spread
inside the channels, as seen in the inset in figure 15(a).
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Figure 16. Comparison between Cartesian 2D and 3D simulations for w = 500 um and U = 25kV. The color-coded data shows the electron
density on a logarithmic scale. The left hand side of the figure with x < 0 shows the density from the 2D simulations. On the right hand side
with x > 0 we show the density from the 3D simulation, sliced through z=0.

To provide additional insight into the quantitative relevance
of the 2D simulations, we perform an apples-to-apples com-
parison between the 2D and 3D simulation. Figure 16 shows
the plasma density on a truncated logarithmic scale after t ~
36ns. Here, the left portion of the figure with x < 0 shows the
plasma density as it was calculated in the Cartesian 2D simula-
tions. The right-hand side of the figure shows the correspond-
ing plasma density from the 3D simulation, sliced through
z=0. In general, the morphological features that we observed
in the 2D simulations are also observed in the 3D simula-
tions. For example, there is little or no plasma in the channels
ahead of the streamer, which is due to geometric screening
of ionizing radiation. The 3D streamer simulation is approx-
imately 25% slower than the corresponding 2D simulation.
We have not fully investigated the cause of this discrepancy,
but remark that the spatial resolution in the 3D simulation
is substantially coarser than in the 2D simulation. Numerical
convergence is consequently one of the factors contributing
to this discrepancy. Other factors are e.g. due to differences
in streamer initiation morphologies, filamentation, and differ-
ent contributions of stochastic noise due to both particle and
photoionization processes (which are mostly suppressed in the
2D simulations). In general, the 2D simulations reproduce the
pertinent features of the 3D discharge quite well. We conclude
that the 2D approximation is valid for the transverse spread of
the discharge, which explains the good quantitative agreement
observed between 2D computer simulations and experiments
in Meyer et al [8].

4. Summary

We have investigated the propagation of positive streamers in
air over dielectric surfaces with a modified surface morpho-
logy consisting of rectangular channels running orthogonal
to the propagation direction. The calculations were primar-
ily done in Cartesian 2D, using a model that also incorpor-
ates geometric screening of ionizing radiation. Four basic sur-
faces were investigated, and an idealized flat surface was used
as a reference surface. The results can be summarized as
follows:

e Larger channels with narrow spacings are more efficient for
restricting the propagation length of positive streamers in air.

e Geometric screening of ionizing radiation can not be
ignored. By letting the geometry be artificially transparent
to radiation, the streamer morphology and mean velocity
changed significantly.

e Decreasing the channel spacing led to slower streamers.

e Increasing the dielectric permittivity increases the streamer
velocity.

We substantiated the two-dimensional simplification by
presenting a fully 3D simulation of one of the 2D simula-
tion cases. Although we found that 3D simulations showed
some degree of filamentation, a direct comparison with the
2D simulations showed the transverse spread of the discharge
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was quantitatively well approximated by the two-dimensional
approximation.

The numerical results in this paper show that positive
streamers propagating over dielectric surfaces can be sub-
stantially slowed down by engineering the surface pattern,
thus inhibiting surface discharges. Our results have substan-
tial value for high-voltage technology where streamer termina-
tion is a desirable outcome. However, there are still some open
questions left behind in our study. For example, we have not
investigated the role of pre-ionization or chemical composi-
tion of the plasma (we use a simplified reaction set). Secondary
electron emission from the dielectric, and negative streamers,
have not been studied. The present study focus quite a bit on
the role of ionizing radiation in the presence of obstructive
boundaries. As negative streamers do not require photoion-
ization ahead of them, several major questions are left open
regarding the interaction between negative streamers and such
complex surfaces.
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