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Abstract.

Streamer discharges are the primary mode of electric breakdown of air in
lightning and high voltage technology. Streamer channels branch many times,
which determines the developing tree-like discharge structure. Understanding
these branched structures is for example important to describe streamer coronas
in lightning research. We simulate branching of positive streamers in air using
a 3D fluid model where photoionization is included as a discrete and stochastic
process. The probability and morphology of branching are in good agreement with
dedicated experiments. This demonstrates that photoionization indeed provides
the noise that triggers branching, and we show that branching is remarkably
sensitive to the amount of photoionization. Our comparison is therefore one of
the first sensitive tests for Zheleznyak’s photoionization model, confirming its
validity.
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1. Introduction

Streamer discharges are the first stage of electric
breakdown of air (or of other gases) when suddenly
exposed to high electric fields [1]. They are elongated
growing plasma channels; therefore their interior is
largely screened from the electric field while the
field is strongly enhanced at their propagating tips.
Electron impact ionization in this enhanced field causes
non-linear growth with velocities of 10°-107m/s.
Streamers are precursors of sparks and lightning
leaders, they can be observed directly as sprites high
above thunderclouds |24], and they play a prominent
role in lightning inception [5,/6]. They are also widely
used in plasma and high voltage technology [1}/7H9].

Branching is an integral part of streamer dynam-
ics, as we illustrate with three examples. First, sprite
discharges high above thunderstorms have been ob-
served to start from a single channel shooting down-
wards from the lower edge of the ionosphere [2}/4]; this
primary streamer discharge rapidly branches out into
a multi-branch tree structure over tens of kilometers.
Second, similar discharge trees are seen in experiments
starting from needle electrodes; they are much smaller
and occur at much higher pressure, and they are re-
lated to sprites by approximate scaling laws [1}/10].
Third, radio measurements of lightning initiation in
thunderstorms are interpreted as “a volumetric system
of streamers” growing over lengths of tens to hundred
of meters [5]. Such dynamics has recently been ob-
served in greater detail [6], where the radio emission
of the initiating discharge grew exponentially in time
while the velocity was fairly constant. As sketched
in the outlook of [11], the explanation could be a dy-
namics where streamers accelerate and become wider,
and branch whenever they reach a critical radius. As
streamer velocity is related to radius, the streamers
would then increase exponentially in number due to
repetitive branching, but move with the same average
velocity.

To understand these observations and to pre-
dict multi-streamer behavior by macroscopic break-
down models [12}[13], streamer branching needs to be
characterized quantitatively. Experimental methods
to measure streamer branching have been developed
in [14H17]. Here we present fully three-dimensional
simulations based on tabulated microscopic parameters
and compare them with dedicated experiments under
the same conditions. Our focus is on positive streamers
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Figure 1. Cross sections through a positive streamer
simulation at 15kV. Left: electron density, with UV photons (v)
schematically illustrated. Right: electric field strength, relative
to breakdown field Ej;. The drift of free electrons produced
by photoionization is illustrated by arrows. These electrons
trigger overlapping electron avalanches propagating towards the
streamer head.

as they emerge and propagate more easily than nega-
tive ones. They carry a positive head charge and prop-
agate against the electron drift direction.

2. Photoionization and branching

Positive streamers require seed electrons ahead of
them, which in air are typically provided by
photoionization [18,|19]: an excited nitrogen molecule
emits a UV photon that ionizes an oxygen molecule
at some distance. The liberated electrons generate
electron avalanches in the high-field region in front
of a streamer, which cause the streamer to grow, as
illustrated in Fig. T[] The electron density ahead of the
discharge affects the number of overlapping avalanches
and thus the stochasticity of the streamer’s growth. It
has been experimentally confirmed that there is more
branching in gases with less photoionization and less
background ionization, see e.g., [20-22].

That the stochasticity of photoionization triggers
branching is also found in simulations in 2D [23|, and
in full 3D [24126|, while early 3D studies [27] worked
with stochastic background ionization. Branching
simulated in [24126] qualitatively resembled branching
in experiments, but no quantitative comparison was
performed — this is the goal of the present paper.

In general, protrusions in the space charge layer
around a streamer head can locally enhance the elec-
tric field, causing them to grow. This Laplacian
destabilization can occur in a fully deterministic man-
ner [28,29], but it is accelerated by noise [30].
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Figure 2. Electrode geometry both in simulations and
experiments. The full computational domain is 20 cm X 20 cm X
10 cm; half of it is shown. There are plate electrodes at the
upper and lower boundaries. The discharges start from a needle
electrode that protrudes from the upper electrode. The electric
potential distribution without space charge is shown on the
left. In the experiments, the electrodes are inside a grounded
discharge vessel. In the simulations, custom boundary conditions
for the electric potential are used to account for this vessel, as
described in [31].
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Figure 3. Example of 3D reconstruction of streamer paths and
velocities in experiments, using stereoscopic stroboscopic images.

3. Set-up of experiments and simulations

To obtain a more quantitative understanding, we here
compare streamer branching in simulations and ex-
periments under the same conditions. The simula-
tions and experiments are performed in synthetic air
(80% N3, 20% O2, no humidity) at 233 mbar and ap-
proximately 300K, under applied voltages of 15kV,
17kV and 19kV, using the geometry illustrated in
Fig. Under these conditions, experiments with a
moderate amount of branching could be performed,
which could also be imaged well.

The experiments are performed with a pulse
repetition rate of 20 Hz. Images are captured that
are both stereoscopic and stroboscopic, as illustrated
in Fig. We use a similar stereoscopic setup as
in [15]. In stroboscopic mode, the ICCD camera

Table 1. Reactions included in the model. Rate coefficients for
k1 to ks were computed using BOLSIG+ [33}|34] from Phelps’
cross sections [35}36], and ke to ks were obtained from [37].

Reaction Rate coefficient
e+ Ny 2 ete+NF ky(E/N)
e+0y 2 ete+0OF ky(E/N

e+ 0y+40; 205 40,  ks(E/N
e+0; 250" +0 ky(E/N

(E/N)
3(E/N)
(E/N)
e+ Ny =25 e + Ny(CI1,) ks(E/N)
No(CPIL,) + Ny =% Ny + Ny kg = 0.13 x 10~ 16 m3s~!
Na(CPII,) + Os =75 Ny + Oy k7 = 3.0 x 10716 m3s~1
No(CPI1,) % N,(BPIL,) ks = 1/(42ns)

(LaVision PicoStar HR) has a gating time of 8 ns and
and a repetition rate of 50 MHz. From the captured
images, 3D paths of streamers are reconstructed. This
is done by connecting the bright dots, resulting from
the stroboscopic gating, based on a shortest-path tree
algorithm that can account for streamer branching. A
quadratic extrapolation is used to smooth the streamer
paths, from which branching angles and local velocities
are obtained. More detailed information about this
scheme can be found in [32].

Simulations are performed with a 3D drift-
diffusion-reaction fluid model in which the only source
of stochasticity is the discreteness of photoionization.
We have recently established the approximate valid-
ity of this model for propagating streamers by com-
paring against experimental results [31] and particle
simulations [38]. The model is described in detail
in [25131,381/39], but we provide a brief overview below.
The electron de nsity n. evolves in time as

One =V - (neNeE + Devne) +5; — 84 + Sph: (1)

where p. and D, are the electron mobility and the dif-
fusion coefficient, Spy is the non-local photoionization
source term discussed below, and S; — S, is a source
term due to the ionization (5;) and attachment (S,)
reactions given in table Electron transport coeffi-
cients are assumed to be functions of the local electric
field. They are computed from electron-neutral cross
sections for Ny and O [35]/36] using BOLSIG+ [33),34].
Tons and neutral species are assumed to be immobile,
and their densities n; (for j = 1,2,...) evolve as

8{ij = S]' (2)

with S; determined by the reactions from table

At every time step, the electric field is computed as
E = —V¢, where the electric potential ¢ is obtained by
solving Poisson’s equation |39/40]. For N2-Oq mixtures
close to atmospheric pressure, the No(C3II, — B3II,)
transition is the main source of emitted light [41]. In
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Figure 4. Comparison of streamer branching morphologies under applied voltages of 15, 17 and 19kV, all at 233 mbar. For each
voltage 60 simulations and 128 experiments were performed, and the 10 figures shown for each case are representative for the
distribution given in table [2} with branched cases on the left. The simulations were stopped when the primary streamer reached the
bottom electrode. In the experiments, a bright area is visible near the upper needle electrode due to a secondary streamer. Average
times for crossing the last 8.75 cm of the gap are indicated on the left, together with standard deviations.

the simulations, we approximate the time-integrated
light emission by the time integral over this transition.

For photoionization, a Monte-Carlo version of
Zheleznyak’s model [42] with discrete photons is used,
as described in [25,/43]. The photo-ionization source
term Spp(r) is then given by

st = [ S, ®

where f(r) is the photon absorption function [42]
and I(r) is the source of ionizing photons, which is
proportional to the electron impact ionization source

term S;:
I(r) =

Here p is the gas pressure, p, = 40mbar is the
quenching pressure and £ a proportionality factor. In
principle, ¢ depends on the electric field [42]|, but
we here for simplicity approximate it by a constant
& = 0.075 |25]. In each computational grid cell, the
number of emitted photons is sampled from a Poisson
distribution with the mean given by I(r)AtAV, where
At is the time step and AV is the volume of the
cell. For each ionizing photon, an isotropic angle and
an absorption distance (according to Zheleznyak et
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Table 2. The number of cases with and without branching
versus applied voltage. For the branching percentages, an
estimate of the standard deviation due to the limited sample
size is included. Cases without inception are excluded from the
branching statistics.

15 kV 17 kV 19 kV
Branched 55 46 30
Sim. Non-branched 5 14 30
Branched % 924+ 4% 77+£5% 50+6%
Branched 34 60 40
Non-branched 2 54 78
Exp . .
No inception 92 14 10
Branched % 94+4% 53+£5% 34+4%

al. [42]) are sampled. The photons are then absorbed
on the numerical grid to determine the photoionization
source term Sp.

In the experiments, the voltage rise time was
about 100 ns, but inception would typically occur
with a delay of several hundred ns, when the voltage
had already reached its maximum. To ensure a
significant probability of inception, a voltage pulse
width and a camera gate time of 1 us were used. In
the simulations, we therefore do not take the voltage
rise time into account, but instead apply a constant
voltage from time zero. A homogeneous background
ionization density of 10'* m~2 of electrons and positive
ions is included to facilitate discharge inception. This
density has no significant effect on the later discharge
propagation since photoionization produces ionization
densities that are orders of magnitude higher [44], as

also illustrated in

4. Results

For each applied voltage, 60 3D simulations were
performed and 128 experimental images were captured.
Figures[d[a) and[f|b) show ten representative examples
from simulations and experiments for each voltage.
The number of (non-)branching cases shown is
proportional to the measured branching percentages
as given in Table [2]

The morphology of the simulated and experimen-
tal discharges is highly similar. The branching angles,
the location of first branching, and the streamer op-
tical radii all agree well. The percentage of cases in
which the primary streamer branches differs up to a
factor of about 1.5 between experiments and simula-
tions, but we argue below that this is still very good
agreement given the sensitivity of this percentage to
the photoionization coefficients. The average time it
takes streamers to cross the last 8.75cm of the gap is
indicated in figure ] These gap bridging times agree
within about 5% between simulations and experiments,
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Figure 5. Probability distribution of the angle between two

new segments after branching.
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Figure 6. Distributions of the distance until a first branching,
as measured from the electrode tip. The horizontal dashed lines
indicate quartiles. A kernel density estimation of the underlying
data is also shown. (The area between quartiles is not conserved
due to smoothing.)

Table 3. The sensitivity of streamer branching to the
photoionization coefficient £ in equation . The simulations
were performed at 17kV. Npranchings denotes the average
number of branching events. Experimental values are included
for comparison.

& 0.0375 0.075 0.15 Exp.
Branched % 85% 7% 5% 53%
Npranchings 7.30 1.40 0.05 0.92

and in both cases they were similar for branched and
non-branched cases. Streamer velocities ranged from
about 0.3 mm/ns to 0.6 mm/ns, with average velocities
in the second half of the gap being about 20-25% higher
than in the first half.

Figure [f] shows the distribution of branching
angles, measured between the two new segments. The
mean branching angle was 60° in the simulations
and 58° in the experiments, with respective standard
deviations of 16.1° and 12.0°. The distribution of the
first branching location is shown in Fig. [6}

As the applied voltage increases, the percentage
of cases in which the primary streamer branches
decreases. The reason for this is that more ionization
is produced at a higher voltage, and thus also
more photoionization, which makes the growth of the
streamer less stochastic. At 15 kV, the branching
percentage is almost the same in experiments and
simulations. At 17 kV and 19 kV, the branching
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Figure 7. Representative simulations of streamer branching for
different photoionization coefficients £. The value of £ for each
row is given on the left, and the value used elsewhere in the
paper is & = 0.075. The simulations were performed at 17KkV.
Experimental images at 17kV are shown in figure [4]

percentage is about 1.5 times larger in the simulations.
We consider this good quantitative agreement, since
the branching probability in simulations is very
sensitive to the photoionization coeflicients. To
demonstrate this sensitivity, we have varied the
parameter £ in equation , by setting it to half and
double the value of £ = 0.075 used elsewhere in the
paper. The resulting branching statistics are described
in Table[3] and representative cases are shown in Fig.
When halving or doubling &, the branching behavior
qualitatively and quantitatively disagrees with the
experiments. In contrast, average streamer velocities
(deduced from the gap bridging times in Fig. @ are
not sensitive to £&. When ¢ is halved, there is hardly
any difference, and when & is doubled the velocity is
about 10% lower.

Zheleznyak’s photoionization model is a rather
simple approximation of several photoionization mech-
anisms [19], in which the coefficient ¢ is essentially a
fitting parameter. In [18|, it was pointed out that &
can vary between about 0.02 and 0.2 in air, depending
on the electric field strength and the experimental data
used for the fit. Given these uncertainties, and given
the sensitivity of the simulations with respect to &, we
think the agreement between simulations and experi-
ments is surprisingly good. We furthermore emphasize
that the constant value £ = 0.075 used here was based
on previous work [25] and not tuned in any way. Our
results therefore suggest that Zheleznyak’s model gives
an accurate description of photoionization in air.

5. Conclusions

We have found quantitative agreement between
simulations and experiments of positive streamer
branching in air, from which we draw three main
conclusions:  First, we have demonstrated that
photoionization is the main mechanism that governed
the branching observed here, as this was the only
source of stochastic fluctuations in the simulations.
Second, our comparison is one of the first sensitive
tests for Zheleznyak’s photoionization model, since
the branching probability was shown to be very
sensitive to the photoionization coefficients, whereas
other streamer properties like velocity are much less
sensitive to these coefficients. Third, the presented
validation of the model opens the opportunity to
computationally study streamer branching. This is
important for understanding the physical questions
addressed in the introduction, in which branching plays
a fundamental role in the discharge evolution.
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Figure Al.
showing the electron density around a non-branched streamer
in the middle of the discharge gap. The black contour lines
demarcate the area in which the electric field is above breakdown.

Cross section through a simulation at 15 kV,

Appendix A. Photoionization and initial
electron density

The electron density around a streamer head is
illustrated in figure which shows a cross
section through a simulation at 15kV. Although
photoionization was here found to be the main
mechanism behind streamer branching, it can be seen
that it produces a relatively smooth electron density
around the streamer head. The region where the
electric field is above breakdown is indicated in the
figure. The electron density at the outer boundary
of this region is about 10'*m=3. It is therefore not
possible to identify particular photoionization events
(or the resulting avalanches) with branching events.
Instead, fluctuations in the electron density ahead
of the discharge deform the streamer head shape,
and these deformations can lead to branching. They
also cause the non-straight growth of non-branched
streamer channels, see for example figure

Note that the electron density produced by
photoionization is several orders of magnitude higher
than the background electron density of 10 m=2 that
was used in the simulations as an initial condition.
This background ionization therefore has no significant
effect on our simulation results. This is illustrated
in figure [A2] in which it is replaced by a localized
Gaussian seed with a peak density of 1013 m™3. This
seed provides the first electrons near the electrode to
ensure a discharge can start, but it has no significant
effect on the later discharge evolution.

Appendix B. Ionization density due to
previous pulses

The experiments use voltage pulses of 1 us duration at
a repetition rate of 20 Hz, so there are 50 ms between

the pulses. During this time electrons attach to oxygen,
forming negative ions, and positive and negative ions
recombine. If effects due ion diffusion are ignored,
the ion density n at the start of a next pulse can be

estimated as [27,[441/45):
n(t) = (krec t)ila (B].)

where k¢ is the effective ion recombination rate, which
typically lies between 1072 m3s~! and 10~ m3s~! [45].
This gives an estimated ionization density n(50 ms) be-
tween 2 x 10" m~2 and 2 x 10! m~3. These densities
are comparable to the electron density produced by
photoionization, see figure If the main negative
ions would for example be O; or O™, then they could
have a significant effect on the next pulse due to elec-
tron detachment.

However, previous work on discharge incep-
tion has indicated that remaining negative ions do
not easily give up electrons through detachment. This
is consistent with the fact that inception often occurred
with a significant delay in our experiments. A possible
explanation could be that the main stable negative ion
is O3 , from which electrons hardly detach. We
therefore expect background ionization from previous
pulses to not significantly affect the branching behav-
ior observed here. For more recent results on the effect
of ion conversion and of electron attachment and de-
tachment processes on the electron density in repetitive

discharges, we refer to [48450].

Appendix C. Pulse rise time

In the experiments, a rise rate of 0.14kV /ns was
used for the different applied voltages, which leads
to rise times of about 105 ns (at 15 kV), 119 ns (at
17 kV) and 133 ns (at 19 kV). As discussed in the main
text, inception typically occurred when the voltage had
already reached its maximum, which is why in the
simulations the rise time was not taken into account.
We now briefly test how the inclusion of a finite rise
time affects the simulation results.

Figure [CI] shows examples of streamer evolution
with and without a rise time at 15 kV. Note that
streamer inception occurs around 100 ns, when the
applied voltage is already about 15 kV, so that the
main effect is simply a delay in streamer inception.
We observed similar inception delays of about 100 ns
at voltages of 17 kV and 19 kV. The reason the rise
time has no significant effect on the later propagation
is that these voltages are all rather close to the
inception voltage. If we would apply a significantly
higher voltage the streamer would already propagate
a significant distance while the voltage was rising,
leading to a stronger dependence on the rise time [51].
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Figure A2. 10 runs of streamers initiated from a Gaussian seed at 15 kV. Here the initial electron and ion densities are given by a
Gaussian distribution n;(r) = ne(r) = 1013 m=3 exp [—(r — ro)?/(2mm)?)], where rg is the location of the tip of the electrode.

80 ns 100 ns 120 ns 140 ns 160 ns 180 ns 200 ns 220 ns 240 ns
(a) Rise time included

70 ns 90 ns 110 ns
(b) Constant voltage

130 ns

150 ns 170 ns

10 ns

30 ns 50 ns

Figure C1. Time evolution in simulations at 15 kV. For the top row a rise time of 105 ns was used, for the bottom row the voltage

was applied instantaneously.

Appendix D. Time evolution

Figure illustrates the time evolution in simulations
at different applied voltages. At each voltage, both
single and branching streamers bridge the gap around
the same time, so branching does not significantly
affect the streamer velocity, as also discussed in the
main text.

Appendix E. Radii before and after branching

In the simulations, we have measured streamer radii
before and after branching. Figure shows the
sum of the radii after branching (Rp + R¢) versus
the parent radius Ra. The results suggest a relation
Ra =k x (Rg + Rc¢), with k &~ 1.3, but they are also
consistent with the relation R% = R% + RZ observed
before in [15[17].

Appendix F. Computional cost

Typical computing times for a single run under the
conditions of the main text were 12 to 36 hours. These
computations ran on Snellius, the Dutch national

supercomputer, using 32 cores (AMD Rome 7H12) and
64 GB of RAM.

The maximum number of grid cells used for the
simulations presented in the main text were 0.5x 107 for
single streamers and 1.9 x 107 for branching streamers.
The minimal grid size in simulations was 12 ym.
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Figure D1. Examples of time evolution in simulations under applied voltage of 15 kV, 17 kV and 19 kV. Shown is the integrated
light emission, with cases without branching on the left and cases with branching on the right.
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