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Abstract

In this work, we experimentally and numerically investigated positive and negative diffusive
ionization wave characteristics under@double voltage pulse scheme in low-pressure (200 mbar)
Nitrogen/Oxygen mixtures. In the experiment, we recorded the characteristics of both first and
second discharges. In the simulation, we fully simulated two consecutive discharges and
obtained similar results to the experiment with the positive discharge. For the first discharge,
positive ionization wave width and length'decrease with oxygen concentration, while negative
discharge remains consistent butswith a' worse repeatability. During the second pulse, positive
discharge shrinks in morphology but maintains propagation velocity due to the quasi-neutral
plasma shielding effect s at the second discharge, which is reproduced and explained through a
2D fluid model. The second negative discharge exhibits pulse-interval-dependent branching
probability (increasing then decreasing with pulse interval), which is observed across all tested
mixtures. Combined simulation-experiment analysis excluded the effects of residual charge and
gas temperaturen this branching process: On the one hand, the residual charge density becomes
very low and4iniformly distributed after the long pulse interval. On the other hand, even under
double pulses with the lowest intervals, the gas temperature increase remains limited. Finally,
through modeling on the shock wave generated by the first discharge, we attributed negative
discharge branching to shockwave-induced gas density gradients near the electrode. The higher
gradient surface and lower head electric field of the negative discharge compared to the positive

causes localized protrusions, which then grow into filament streamers.
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1 Introduction

Nanosecond pulsed diffusive discharges generated by extreme overvoltage with a short
rising edge can provide high electron energy and plasma reactivity and thus is promising,for
applications in the future [1-3]. In order to better meet the plasma characteristics in required
applications, repetitively pulsed discharges are often used to generate highly reactive species[4,
5]. However, due to the introduction of multiple voltage pulses, the characteristics of a
discharge will be greatly influenced by previous ones, which can even lead to‘discharge mode
transition (streamer to filament, streamer to spark)[6, 7]. The mechanism involved.is universally
described as a ‘memory effect’[8, 9]. In previous works, the memory effect is often summarized
as the results of residual charges[10], metastable species[11, 12], ormgas temperature
increase[13]: i) metastable species are usually considered as the dominant effect¢because of
their relatively long lifetime during the pulse interval. ii) the reducedfield strength increases
with gas temperature and a shock wave created[14, 15] due to the fast gas'heating processes.
ii1) residual charges, especially free electrons, can guide subsequentpositive streamers but have
a negligible effect on negative streamers [§].

However, when multiple discharges accumulate and» cause | changes in plasma
characteristics, often two or more of the aforementioned mechanisms-exist simultancously[9],
making difficult to investigate any single mechanism. Therefore, many researchers use special
experimental or numerical methods to ‘decouple’ thesesmechanisms: Naidis ef a/ [16] used a
1D simplified energy deposition equation and considered the4influence of thermal effect to
investigate the spark formation process. Tholin and Bourdon [17, 18] simulated how the
ionization level and gas temperature influence discharge'channel formation through separate
settings of pre-ionization and heating level in the moedel. Yuan ef a/ [19] and Zhao et al [20]
simulated the residual charge of prévious discharges by pre-placing a plasma patch in the
positive and negative streamer channel.

Among all the methods, the ‘double-pulse experiment’ is a special experimental method
that only focuses on two consecutive pulses instead of multiple discharges. This method enables
one to investigate in detail the influence of the first discharge on the characteristics of the second
one, such as discharge morphology, propagation velocity, etc. Nijdam et a/ [21] investigated
the relation between two consecﬁive streamers in different gas mixtures through double-pulse
experiments, and found that.the propagation behavior of the second positive streamer varies
significantly with the pulse interval. Short pulse intervals (nanoseconds) cause the second
streamer to follow.the first streamer’s path. Intermediate intervals (microseconds) lead to
propagation along the previous channel edges, bypassing the ‘inception cloud’, the
approximately spherical main body of the initial streamer. Longer intervals (milliseconds) allow
subsequent streamers to overlap previous channels or develop independently. Later, Li e a/ [22]
discussed| the Streamer inception characteristics through double-pulse experiments, and they
concluded that:ithe'subsequent streamers are generally longer than their predecessors because
of a/faster inception. Kazemi er a/ [23] studied the relationship between the current amplitude
ofsthe subsequent positive corona and the double-pulse interval, and found that when the
double-pulse interval time is short (hundreds of microseconds), the current amplitude of the
subsequent corona discharge is significantly lower than that of the first one. As the pulse
interval increases, the current amplitude of the subsequent corona discharge gradually increases
andrapproaches that of the first corona discharge (microsecond). With a similar method, Zhang
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et al [24] studied the influence of a previous corona discharge on the subsequent streamer
morphologies. They found that subsequent streamers tend to be weaker and shorter at a long
pulse interval while longer and brighter when no pulse interval is set.

In simulations, 0D model is often used to calculate the time-dependent species evolution
in repetitive discharges to consider as many reactions as possible while saving computing
resources. For example, Nijdam et al [21] explained the double-pulse experiment results on
streamer continuation through the electron density estimation with a 0D modelr However;for
streamer behaviors under longer pulse intervals, 0D model is difficult to_give,a good
explanation on the streamer morphology differences, in this case, a higher dimensional moedel
is needed. By combining 2D and 0D models, both short-duration nanosecond, discharge
development (2D) and long-duration post-discharge (0D) can be calculated. For example, Chen
et al [25] used the results of a 2D model as an input for a 0D model to-propose a temperature
criterion of streamer-to-spark transition. In an ideal situation, it will bermere accurate to
calculate two consecutive discharges (including a pulse interval) directly through a 2D or 3D
model. For example, Malla et al [26] used a 2D fluid model based,onthe Afivo-streamer
framework to calculate two consecutive streamers to reproduce.the streamer continuation and
re-inception phenomena in Nijdam’s work [21] considerifig, 56 species and 263 reactions.
However, this is very uncommon in other models: it will take a lot,more calculation time and
resources, and in these models, reactions, gas heating processes and shockwave that may occur
during the pulse interval usually cannot be fully discussed. S

The diffusive discharge characteristics under repetitive pulses haven’t been systematically
investigated before. On the one hand, to further promote its practical application, the repetitive
diffusive discharge must be studied. On the other hand, unlike filamentary streamers, its
diffusive discharge morphology and high discharge repeatability make it a natural research
object to study the discharge characteristics under-uniform background ionization. In this work,
we investigated both positive and negative diffusive ionization wave characteristics in different
N2/O, mixtures through a double=pulse experiment and tried to fully model two consecutive
discharges through a 2D fluid model. The experiment setup and model description are
introduced in section 2. The experiment results under the double-pulse scheme are shown in
section 3, and the discussion and'modeling results are shown in section 4.

2 Experimental setup andnumerical model

In this work, we investigated the diffusive ionization wave characteristics through
experiments that found»)completely different phenomena between positive and negative
discharges and tried to use a 2D fluid model to explain the differences.
2.1 Experimental platform

The experimental platform used to investigate the diffusive ionization wave is shown in
Fig. 10 A'nanosecond pulse generator (FID FPG 50-50NX2) is used as a voltage source, and it
is connected to a tungsten needle electrode. The tip radius r of the needle electrode is 100 um
(the'measurement error is within 5 um), the radius of the plate electrode is 10 cm, and the
clectrode space d is 16 mm. The discharge voltage and current are measured through a high-
voltage probe (Tektronix P6015A) and a Rogowski coil respectively. High voltage and current
waveforms are recorded through an oscilloscope (Tektronix MDO34 1GHz). Short exposure
discharge images are captured by an ICCD camera (Andor iStar DH334T). Oxygen
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concentration and pressure of the gas mixtures are controlled through the gas flow meters. In
this work, oxygen concentrations are mainly kept at 20%, 1%, and pure nitrogen(99.9999%) to
investigate the influence of oxygen concentration. Meanwhile, the gas pressure is kept at,200
mbar in this work and the chamber is pumped to less than 5x107 Pa before each experiment to
ensure the purity of the gases. By taking into account the error of the flow meter and discharge
chamber airtightness reasons, the ‘pure nitrogen’ experiment will inevitably contain ~10ppm
oxygen.
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Fig. 1 Experimental setup. Red lines represent the measurement signal and blue lines
represent the contrel signal.
2.2 Double pulse setup
Typically applied voltage profiles in, our experiments are shown in Fig. 2. The positive
polarity reaches its maximum yalue of 17.4 ' kV.at 14.8 ns, and the negative polarity reaches its
minimum value of -18.4 kV at 15ms. The rising time (from 0 kV to its peak value) for both
polarities is about 15 ns, and the pulse width is about 25 ns.
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Fig. 2 The typical applied single pulsed voltage profiles for both positive and negative
polarity.
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To investigate the discharge characteristics under the memory effect, the double-pulse set-
up is introduced in this work. The discharge triggering signals are set as shown in Fig. 3. In
each period, two trigger pulses are applied and both signals will trigger the nanosecond pulse
generator and then generate a voltage pulse (can either be a positive or negative pulse shown in
Fig. 3). In the experiment, the pulse interval Az between the two trigger pulses is set to20us;
200us, Ims, 10ms, and 100ms to investigate the second discharge characteristics when a first
discharge exists. Also, when taking photos and optical emission spectroscopy signals, repeated
experiments are needed, and to minimize the influence between two experiments, the overall
trigger interval of the double pulses is set to 20 seconds, ensuring the independence of each
double-pulse in repeated experiments.

10k ﬁrft discharge second discharge
y |
508; | ‘ 4
0.6 L %»w = 20us,200ps,lms,lOms,lOOms“
0 ).
: 3 |\
S04 |
'g) L
a0 L
E e L 20s |
0.0 s b i SRE— e i e
1 " 1 [ 1 1 1 ' " 1 1
Time IS

Fig. 3 The double-pulse scheme triggering signal.

2.3 Numerical method

The numerical model we use is‘the. 2D fluid model PASSKEy (PArallel Streamer Solver
with KinEtics)[27] using the local mean,energy approximation, which is proved to be more
accurate at lower pressure cases with smallermesh refinement[28, 29]. When it comes to the
diffusive ionization wave, this model has been proven valid in previous works [29, 30], in which
we achieved good agreements/with both,200 mbar and 1000 mbar diffusive ionization wave
experiments in both macroseopic discharge characteristics [31] and electric field
measurements[32]. In this WOI‘k,\WC use a 4 cmx4 cm domain shown in Fig. 4 to simulate the
discharge. The pin electrode shape, applied voltage, and gas mixtures are set exactly the same
as the experiment profiles. The;governing equations of the 2D model are shown in equation (1)-
(3): Poisson’s equation solving the electric field is shown in equation (1), the drift-diffusion
equations for species are solved in equation (2), and the generalized Helmholtz equations
solving photoionization function is shown in equation (3). Within the computational framework,
the Euler equations are solved to determine the gas temperature. For a detailed account of the
coupling methods, refer to [25].
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Fig. 4 The computational domain in the simulation:
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In equation (1), ¢ 18 the electric potential, ¢; is the charge for species, and ¢ are the
permittivities of vacuum space and the relative permittivity. For Poisson’s equation, Neumann
conditions aremised far from the plasma generation region in the gap, and Dirichlet conditions
are usedron the pin'and plane electrodes. In equation (2), n; and S; are the density and source
term of species, and Sy, is the photon ionization source term. For the negative discharge, ion-
induced secondary electron emission on the cathode surface is very important, and the emission
coefficient y is set to 0.01. In equation (3), 4; and 4; are fitting coefficients for photoionization
functions, p is the gas pressure, pq is the quenching pressure, Wo(r)/p is the photoionization
function, w is the excitation coefficient, . is the effective Townsend ionization coefficient, u;
and. & are the absorption coefficient and spectrally resolved photoionization yield, A is the
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spectral range of the radiation, and 1’ is the spectral density of ionizing radiation. The
description of the generalized Helmholtz equations is thoroughly explained in [29, 30].

In this work, we try to fully simulate two consecutive discharges, thus a reaction system
that considers more comprehensive electron-ion and ion-ion recombination, negative/positive
ion conservation reactions is built, referring to the work of Guo et al [33] on the choicé of a
reaction system in air. The reactions used in the present work are shown in Table Al in
Appendix. A. The initial conditions for the charged species used in the simulation are uniformly
distributed 8x10” m> N,*, 2x107 m3 O;", and 10® m™ electron.

3. Experiment results

3.1 Positive ionization wave

First, experiments on the positive diffusive ionization wave under single pulse (also can
be recognized as the first discharge in the double-pulse scheme given the fact that we used a 20
s repetition rate) are conducted. .

The development of the positive diffusive ionization wave in‘the 20% oxygen gas mixture
is shown in Fig. 5. It’s worth noting that the ionization wave ignites at #=4.4 ns(3.8 kV) in Fig.
4, and recorded this inception time as 0 ns in Fig. 5. It shows that,the positive ionization wave
propagates first as a spherical shape(0 ns - 3 ns) then as a conicalishape(4 ns - 5 ns), and reaches
the plane electrode at 5 ns after its inception. The discharge reaches its maximum width when

reaches the plane electrode.

intensity a.u.

OOO 0.06 0.12 0.18 0.24 0.30 0.36 0.42 0:48 0.54 0.60 0.66 0.72 0.78 0.84 0.90 0.96

Fig. 5 The positive ionization wave development in 20% oxygen gas mixture. The
cameragate is set to 2 ns, and each image is accumulated by 20 discharges.

Positive/diffusive ionization wave characteristics in different oxygen concentrations are
also recorded. Similar to our previous work [30], the discharge does NOT branch in pure
nitrogen (contains ~10 ppm oxygen).

The discharge characteristics (to obtain the local emission, rather than emission integrated
along the focus line, we conduct Abel inversion using the method described in [34]) in 20%
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mixture, 1% mixture, and pure nitrogen are shown in Fig. 6. Note that to keep the consistency
of research, we adopted the same method of calculating the discharge boundary in [30] and
used the same criterion. The reason for the non-zero length and width at =0 ns is that this time
point is defined as the moment when initial light emission is first detected by the ICCD camera.
By the time emission becomes detectable, the ionization wave has already developed to a
certain size. With the decrease of oxygen concentration in the gas mixtures, the ionization wave
width shrinks, and the ionization wave reaches the plane electrode later.4Given thatithe
dominant photoionization mechanism in N»/O, mixtures is the ionization of ground-state O by
photons emitted during the de-excitation of singlet states N,. Therefore, a decrease in oxygen
content results in fewer O, molecules being ionized through this process, thereby reducing the
additional electron source to the ionization wave. This further leads to a/decrease.an both the
propagation velocity and width of the ionization wave.[35]. A separate.discussion/is required
for the ‘pure nitrogen’ case, as positive ionization wave propagation necessitates background
or photoionization sources. The experimental setup, with an overall.repetition frequency of 0.05
Hz (20 s period) at 200 mbar, provides a baseline level of background ionization. Regarding
photoionization, while the primary mechanism involving Oz'is absent, as reviewed in [36],
photons emitted during the de-excitation of excited nitrogemratomic.ions (produced from N>
dissociation by energetic electrons) contribute minimally, The intensity of this photoionization
source is substantially lower than that available in the 20% and 1% O, mixtures. Thus, in ‘pure
nitrogen’, positive ionization waves maintain a/ diffuse maerphology, albeit with slower
propagation and a narrower structure.

The maximum ionization wave width is 12.5 mm in'both 20% and 1% mixture and is 11.6
mm in pure nitrogen. In both 20% and 1% mixtures;the maximum width appears at 5.5 ns, and
at 6.0 ns in pure nitrogen, which is the.exact moment the ionization wave approaches the plane
electrode as mentioned before. After that, the width of the ionization wave gradually decreases.
Fig. 6(b) shows the ionization wave reaches the plane electrode at 5 ns in 20% mixture, 5.5 ns
in 1% mixture, and 6 ns in pure nitrogen. Besides, it is obvious that before 4.0 ns in the 20%
and 1% mixture(4.5 ns in puremitrogen), the ionization wave propagates with nearly the same
velocity and a bit slower in ‘pure nitrogen’, but after that, its velocity greatly increases when
approaching the plane elecfrode. Atithis time, the ionization wavefront propagates to Z=8 mm,
reaching exactly halfway threugh the gap. The observed acceleration can be attributed to the
approach of the ionization wavefront to the plane electrode and thereby the enhancement of the
electric field, and the 8 mm (half of the gap distance), considering this work and previous
experiments [34], serves, as a critical reference point where this field enhancement whether
becomes dominant.
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Fig. 6 The positive discharge characteristics inndifferent oxygen concentrations. (a) is the
discharge width and (b) is the length.:Each point in the figure is the result of 50
measurements. Note that these values are taken after Abel inversion transform.

3.2 Positive ionization wave in double-pulse experiment

When the double-pulse sc%me is applied, the second ionization wave keeps the same
morphology but propagates with different characteristics.

Fig. 7 shows theionizationnwave width after different pulse intervals Az (20 us, 200 ps, 1
ms, and 10 ms) in_different oxygen gas mixtures. In all three tested different gas mixtures, the
maximum ionization wave width gradually increases with the pulse interval A¢. Similar to Fig.
6(a), the ionization wave characteristics in 20% and 1% are similar.

Also, the difference between the first ionization wave width and the second one after At
=20 ps is smaller in pure nitrogen and the maximum width difference is 1.9 mm (see Fig. 7(c)),
whereas the difference between these two discharges in the other two gas mixtures is very large
(the maximum difference is ~3.8mm).

Besides,the results demonstrate two noteworthy characteristics:

* A The first discharge width is nearly the same as the discharge width after A=10 ms in

all tested mixtures.

¢ In pure nitrogen, the discharge width after A==20 ps, 200 ps, and 1 ms intervals are

nearly the same.
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(c) Ionization wavewidth in pure nitrogen.
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Fig. 7 The discharge width undenthe double-pulse scheme in different oxygen concentration

mixtures. Each peint in the figure is the result of 50 measurements.

Fig. 8 shows the diffusive ionization wave length after different pulse intervals Az (20 ps,

200 ps, 1 ms, and 10 ms)dn different@as mixtures. No obvious differences can be observed

except for their differences in ionization wave bridging time. In 20% mixture, the ionization

wave bridges the two€lectrodes later at Ar=200 ps, 1 ms, but in pure nitrogen, it bridges earlier

at Ar=200 s, 10 ms butilater at Ar= 20 us, 1 ms. This appears more as a stochastic rather than

a discernible pattern. Nevertheless, it demonstrates that positive ionization waves maintain

comparable propagation velocities during their development phases, regardless of variations in

both pulse intervals and‘gas compositions.
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37 Fig. 8 The discharge length underthe double-pulse scheme in different oxygen concentration
38 g g g P yg
39 mixtures. Each peint in'the figure is the result of 50 measurements.
40 The above results reveal that in all tested gas compositions, positive ionization waves
41 become slimmer while maintaining comparable propagation velocities. Notably, the secondary
42 discharge characteristics| progressively resemble those of the first discharge with increasin
43 2 prog y 2 g
44 pulse intervals, suggesting pulse interval-dependent recovery dynamics in the inter-pulse phase.
45
j? 3.3 Negative ionization wave
48 First, experiments on the negative diffusive ionization wave under single pulse are
49 conducted.
>0 The development of'the negative diffusive ionization wave in the 20% oxygen gas mixture
51 P 2 ygen g
52 is shownin Fig, 9.t incepts at =5.8 ns(-6.2 kV) in Fig. 2, and time is recorded as 0 ns. Negative
53 ionization wave also doesn’t branch under this circumstance and propagates in a more diffusive
gg way; and. it also develops first with an almost spherical shape (0 ns - 2 ns) and then with a
56 conical shape (3 ns - 5 ns). It reaches the plane electrode at 5.0 ns with maximum width.
57 Hewever, different from the positive ionization wave, there is a strong luminescence above the
gg tip of the pin electrode, especially on both sides of the pin electrode. (see /=5 ns in both Fig. 5

andFig. 9).
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Fig. 9 The negative ionization wave development in 20% oxygen gas mixture. The

camera gate is set to 2 ns, and each image is.accumulated by 20 discharges.

Similar to the positive ones, the negative diffusive ionization wave keeps the same conical
and diffusive shape in all the tested mixtures: under single pulsed discharge, and its
characteristics in 20% mixture, 1% mixture, and pure nitrogen are also recorded and shown in
Fig. 10. Unlike positive ones, the width of negative ionization waves remains consistent across
different gas mixtures. Alternatively,.it could be argued that due to their bad repeatability,
significant variations in the measured width arexnot apparent, with the discharge being only
slightly wider in the 20% mixture. When it ¢omes to the ionization wave length, the discharge
in the 20% mixture is the first to reach the plane. In contrast, propagation in the 1% and pure
nitrogen mixtures is somewhatslower.
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Fig. 10 The negative discharge characteristics in different oxygen concentrations. (a) is the
discharge width and (b) is the length. Each point in the figureis'the result of 50
measurements. Note that these values are taken after Abel inversion'transform.

Overall, the negative ionization wave keeps a similar morphology in both width and length
during the development in different gas mixtures. Howeverycomparing the error bar in the
single pulse positive and negative experiments, shows that there is a significantly higher
stochasticity in negative discharges: even in 20% gas mixtures, instantaneous measurements
show pronounced spatial variations, with maximum width deviations of ~4 mm(#=2.5 ns) and
length discrepancies reaching ~6 mm(#=3 ns). Considering the electrode gap of 16 mm and
maximum width of 12 mm, these fluctuations represent substantial statistical variations, which
is conspicuously absent in positive discharges.

3.4 Negative ionization wave in double-pulse experiment

Different from the positive ionization waves, the negative ones have a certain probability
of branching at the second discharge when the double-pulse scheme (with different pulse
intervals Af) is applied. The/discharge. morphology of the first and second discharge is
significantly different as shown in Fig, 11. Note that when the negative ionization wave
branches at the second dischar&, it 'has different branch morphologies, and the figure only
shows some of the examples: It can be observed that the branching morphologies are varied
after Az, a bright main streamerchannel under the pin electrode often occurs (sometimes it splits
into two streamers.but most of the time there is a brighter channel). Besides, it’s worth noting
that in pure nitrogen at Ar=20 s, the ionization wave remains diffusive but slightly slimmer
than the first one.
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20% 20%
20% second ischarge second ischarge
first ischarge

20% 20%
second ischarge second ischarge
At=20 ps At =200 ps At=1ms At=10 ms

i L 1% 1%
second ischarge second ischarge
At=20 us At =200 ps At=1ms At=10 ms

1% second ischarge second ischarge
first ischarge

PN PN
PN second ischarge second ischarge
firstischarge

PN PN
second ischarge second ischarge
At =20 ps At =200 ps At=1ms At=10 ms

Fig. 11 The negative ionization wave morphology in'different.gas mixtures under the
double-pulse scheme. The camera gate is set to 2 ns. The first column is the first discharge,
and the rest is the second discharge after different pulse intervals At.

To further explore the mechanisms of the negative ionization wave branching process at
the second pulse, the branching probability(or fiequency)under different At is also investigated.
Fig. 12 shows the experiment results on the branching probability, every situation is repeated
100 times and the number of times forbranching is recorded (note that the time interval between
each double-pulse train is 20 s, as shown in Fig. 3). In all the gas mixtures, the branching
probability first increase then decrease with the pulse interval A¢ and the ionization wave rarely
branches after 100 ms similar to the first pulse. The branching probability reaches its maximum
at Ar=200 ps in 20% and 1% mixturesiand delays to A7=1 ms in pure nitrogen. As the oxygen
concentration decreases, the maximum branching probability gradually increases: 78% in 20%
mixture at 200 ps, 94% ind% mixtureat 200 ps, and 100% in pure nitrogen at 1ms.

In addition, there are still'two points worth noting:

* Negativeionization waves also have a small chance of branching under the first pulse.

¢ The branching probability at Ar=20 ps decreases with the oxygen concentration, and

almost/no branching is observed in pure nitrogen.
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(c) The branching probability of the second discharge in pure nitrogen.
Fig. 12 The recorded branching probability of the negative discharge under the double-
pulse scheme.

The first increase then decrease of the branching probability with Az indicates that a certain
mechanism is playing an important role in this branching process under the influenceof the
first discharge. Since the propagation of the negative ionization wave leading to Jfull gap
breakdown and introduces additional complexities, the discharge gap is extended to 160 mm.to
simplify the system and specifically probe the branching mechanism. Within this longer gap,
the discharge is limited to forming an ‘inception cloud’ near the pin druing the pulse duration.
This allows for a focused investigation of whether branching occurs inherently,within the
negative discharge, isolated from full breakdown effects.

It is noted that in Fig. 12, the second discharge after a 100 ms At restores its diffuse state
in different gas mixtures. Therefore, measurements of the width and length™ef its ionization
wave are performed and compared with the first discharge, with the results shown in Fig. 13
and 14. In terms of ionization wave width, the negative polarity discharge shows a slightly
reduced average width compared to the first. As for length, thé second discharge in various gas
mixtures generally develops slightly faster than the first ionization wave, but within the same
gas mixture, they reach the plane electrode at approximately the, same time. Although the
repeatability of the negative ionization wave is worse compared to the positive one, it still
exhibits similar trends to the positive polarity (See the firstydischarge versus the second
discharge after a 10 ms At in Fig. 7 and Fig. 8).
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3.5 The inception cloud under double-pulse experiment

The inception cloud is a stage between the avalanche and the elongated streamer in both
positive and negative polarities[37, 38] and has been regarded as a similar phenomenon to:the
spherical ionization wave, which is the spherical propagation stage shown in the first row of
Fig. 5 and 9.[39]. In Sections 3.2 and 3.4, we investigated the positive and negative ionization
waves under double-pulse experiment. In this section, similar experimental phénomena
(positive streamer doesn’t branch and negative streamer branch under double-pulse scheme)
should be observed on the inception cloud.

The gap distance is adjusted to 160 mm and other conditions (electrode shape, gas pressure,
voltage profiles, etc) are kept, and the oxygen concentration is set at 20%. Under such a short-
duration voltage pulse, the first inception cloud gradually expands but does not break up , a
similar situation can also be found in the work in [40]. The discharge morphology under double-
pulse is shown in Fig. 13. The inception cloud generated under positive pulse keeps the same
morphology at different Az. The positive inception cloud characteristics are shown in Fig. 14,
their difference in length and width is not large for various At.

But for the negative inception cloud, it has a certain probability of branching after a pulse
interval. Its branching probability is also recorded, and the results are shown in Fig. 15. The
branching probability is similar to the negative ionization wave in 20% mixture (see Fig. 12(a)),
and they both reach the maximum at A==200 ps. Yet the.branching probability of the inception
cloud is higher than that of the negative ionization wave! v

160 mm 160 mm 160 mm 160 mm 160 mm
positive positive positive positive positive
first ischarge At =20 us At=200 ps At=1ms At=10 ms

160 mm 160 mm 160 mm 160 mm 160 mm

negative negative negative negative negative
first ischarge At=20 pus At=200 ps At=1ms At=10 ms

Fig. 13 The positive andmegative inception cloud morphology in a 160 mm gap under
double-pulse experiment. The oxygen concentration is set 20%, and the whole gap is not
shown considering the luminous emission is localized near the pin electrode. The camera gate
is set to 2 ns.
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Fig. 14 The positive inception cloud width and length. The oxygen concentration’is set
20%.
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Fig. 15 The branching probability for the negative inception cloud. The oxygen

concentration is set 20%.

The distinction in the morphology' of the inception cloud and the branching probability
between positive and negative polarities shows that the branching phenomenon in negative
diffuse ionization waves is not unique but is a more general phenomenon under negative
polarity voltage. Considering thatthe pulse width in this work is very short, the inception cloud
cannot breaks up, let alone reach the plane electrode. Therefore, compared to diffuse ionization
waves, it does not produce a very pronounced local temperature increase. Moreover, due to a
smaller Laplacican field, its maximum electron density and ionization degree are also lower
compared to diffuse ionization waves that can connect the two electrodes. Thus it can lead to a
relatively faster dissipation of net charge in space over the same time. Due to the combined
characteristics.of low temperature indication and rapid charge dissipation, and the fact that it
still [produces/branching under negative polarity, these experimental results suggest that the
origin of branching in the second pulse under negative polarity may not be temperature or
residual charges.

4. Discussion on the double-pulse experiment
By setting in the model the exact same input voltage profile, electrode geometry, and gas
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components as in the experiment, the discharge characteristics are calculated in this section to
discuss the first and second discharge behaviors.
4.1 Characteristics of the first discharge:
As described in the last section, the discharge characteristics between positive and negative
discharge during the first pulse are not so different except for the following ways:
¢ In the main discharge channel below the pin, the negative discharge has,a larger
high-light intensity area than the positive one(see below Fig. 16 row three, 7=5ns,
light blue area).
¢ For negative discharges, strong linght emission is consistently observed at the.pin
electrode surface, whereas this is absent in positive ones.
To explain these differences, the simulated N»(C°I1,) density distribution is shown'in Fig.
16. At 2 ns, the density is higher around the pin electrode in negative discharge, especially in
the 16<Z<23 mm area. Secondary electron emission from the negativespolarity electrode
surface and the repulsion of those electrons from electrode cause this‘accumulation of electrons
and further generate more light emission. At 5.5 ns after the discharge has bridged the two
electrodes, the contour lines at 10'7 m show there is a larget light-emitting area near the pin
electrode in the negative discharge. (The choose of this contour line.is based on the work of

Ren et al [41] on the simulation of negative diffuse discharges, where 10'°-10'” m3 of ‘N,C
3

density’ serves as a discharge boundary.) The contour line at 107 m™ shows the negative

discharge also has a larger width, making it look more ‘diffusive’.
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5 e
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Fig. 16 The N,(CI1,) density distribution in the 20% mixture during the positive and
negative discharge. The third row is the discharge image after Abel inversion transform in the
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experiment (2ns gate, no accumulation used).

To further study the light emission intensity differences between positive and negative
polarities, we use the raw camera data (without normalization) and perform Abel inversion
transform, as shown in Fig. 16, to obtain local light intensity instead of spatially integrated
intensity Fig. 17 presents the comparison between experimental and simulation resultssBoth
show that the maximum light emission intensity at the pin is lower for negative polarity than
for positive polarity. The simulation yields a negative-to-positive maximum iatensity ratio,of
0.43, whereas the experiment shows a ratio of 0.12. This difference may be due to the
experimental result being time-integrated over 2 ns, while the simulation provides, an
instantaneous value at 5.5 ns.

2.0x10% 2
[ - 4000
21 L
1.8x10 L A - Negative intensity Exp.
Lex1ot B & ~= Positive intensity Exp. (3500 ~_
e . I Negative N,C*I, density Cal.
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2 a L il H
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220 2 4 46 8 10012 14 16 18
Distanee from pin (mm)

Fig. 17 The N(C°I1,) density on the axis in the simulation and the light emission intensity on
the axis after Abel inversion transform in the experiment, for positive (red) and negative
(blue) polarities. The dashed lines are extracted:from Fig. 16, row three, while the solid lines
are extracted from Fig. 16, row two.

4.2 Discussion on the second discharge:

Before discussing the second discharge, the differences in double-pulse discharge modes
between diffuse ionization'waves and-positive streamers must be distinguished. Firstly, both
are generated under comparable gas pressures and voltages. In the work of Nijdam et al [21],
the operating gas pressure is 67-533 mbar, the voltage amplitude is 7-17 kV, the rise time is 15
ns (pulse width over200ms), and the electrode gap is 103 mm. Therefore, the streamers in their
first discharge appear filamentary and have multiple branches. In their second discharge, as
reviewed previously, different development modes occur: the second discharge after a few
microseconds propagates along the edge of the first discharge, while the second discharge after
several hundred microseconds propagates along the channel of the preceding streamer, and the
secondsdischarge after a few milliseconds develops entirely different branches from the
previous discharge channel. In contrast to the propagation modes of these positive streamers,
diffusenionization waves in short gaps exhibit a uniform and stable discharge morphology,
always appearing with an approximately conical shape below the pin electrode. In the double-
pulse mode under positive polarity, the second discharge still develops with the same
morphology due to the high pre-ionization level generated by the first discharge, and does not
develop along the edge of the previous discharge as filamentary streamers do. Furthermore, at
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different pulse intervals (20 ps-10 ms), the morphology of the second discharge remains the
same as the first and exhibits good symmetry. However, the reduction in the maximum
discharge width still shows that the second discharge consistently develops within the ‘body’
of the first discharge until the pulse interval exceeds several milliseconds. In the negative
polarity, the second discharge does not exhibit development mode similar to filamentary
streamers; instead, it directly produces branching. As shown in the overlapped image in.Fig. 18,
it shows that the development of the second discharge is entirely different’from the first.
Considering that Nijdam’s work attributes the behavior of the second filamentary streamer to
residual charges, this completely different development mode also implies that factors beyond
residual charges are at play.

Fig. 18 Overlaping the first and second discharge images in,the diffusive ionization
wave. (a) is the positive diffusive ionization wave, (b).1s the negative one. The light purple
one represents the first discharge and the dark putple one repzesents the second discharge.

4.2.1 Second positive discharge

For the positive discharge, the propagation,speed doesn’t change a lot while the discharge
width shrinks at the second discharge, showing that the background ionization generated by the
first discharge shields the second discharge and makes more concentrated.

To investigate the mentioned phenomena, we:conduct fully resolved numerical simulations
in two consecutive pulsed discharges. Here we take A= 20 us to show the shielding effect on
the second discharge. The electron density in the gap decreases to ~10'> m™ after 20 us. The
electron density distribution of the second discharge is shown in Fig. 19, in which the red
contour line represents the morphology of the first discharge and the black line represents the
second discharge. Comparéd to the first discharge, the maximum width of the second discharge
shrinks from 16.8 mm to13.2/mm after 20 pus At.

Fig. 19 The ‘shielding effect’ in electron density distribution in the 20% mixture during
the second positive discharge. For more obvious contrast, a more contrasting color bar is
used.
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4.2.2 Second negative discharge

For the negative discharge, the second discharge has a certain probability of branching.
Experiment results(see Fig. 11) also show that the branching of negative second discharge starts
at the very beginning of the discharge. Besides, the branching probability varies with the pulse
interval, indicating that the cause of the instability is strongly time-related. Thus, the cadse of
the branching phenomenon in negative discharge could be:

e The residual charge left over during the afterglow of the first discharge .

e Leftover metastables or NO generated during the pulse interyal lower the
ionization threshold for the second discharge.

e The first discharge may cause the gas temperature to rise.

e The first discharge may have generated a shock wave, which createdsan uneven
gas density distribution.

The direct simulated results of the negative discharge differ significantly from the
experimental results. As shown in Fig. 20, instead of branching, the second discharge remains
diffusive after 20 ps. This is not unexpected, as 20 ps is a rather long time for the residual
charge diffusion process to create a uniform and diffusive, ionization background, also
indicating that the residual charge distribution may not be akey.factor.in'this branching process.
Ideally, to better simulate the branching phenomenon of the second discharge, a three-
dimensional model that takes into account all the above factors is needed. However, due to the
computational resources, this is almost impossible. s

Fig. 20 The electron density distribution in the 20% mixture during the second negative
dischargenFor more.obvious contrast, a more contrasting color bar is used.

It is commonly recognized that negative streamers do NOT need photoionization to
propagate, and the growth of local protrusion on the streamer front is likely to destabilize the
steamer, whichvis the basic understanding of Laplacian instability [42-44]. But in this case,
when the second discharge branches (for example, in 20% mixture in Fig. 11), not only there is
still sufficient electron background for the discharge to maintain its shape (200 ps after the first
discharge), but.also'the discharge channel after the first one is diffusive instead of leaving a on-
uniform plasma patch to guide or force the discharge in other different directions. In light of
this_somewhat counterintuitive phenomenon, we will delve into the underlying causes of
discharge destabilization in the following discussion through a combination of simulation and
experimental methods.

1) The destabilization of the second discharge: residual charge

In our previous work, through a 3D fluid model, we proved only that high-density (10'°-
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10'® m) electro-positive or electro-negative plasma patches can change the propagation path
of the negative streamer and make it branch, whereas neutral plasma does not influence its path
[20], and it is consistent with the results obtained through PIC/MCC simulations in [19].

As for the double-pulse experiment in this work, a pulse interval of 20 us or 200 ps is long
enough to reduce the density of electrons and ions through electron attachment, electron-ion
recombination, ion conversion reactions, and ion-ion recombination. Furthermore, the diffusion
of charged species allows the gap to exhibit a quasi-neutral state instead of being clectro-
negative or electro-positive before the second discharge incepts. This is also verified through
the 2D model in this work: the residual net charge density (including all positive and negative
charged species) after 200 ps in 20% mixture is shown in Fig. 21. At the end.of the first pulse,
the net charge near the pin remains at a high negative value, but the main discharge region
exhibits a uniform quasi-neutral state with a value between 10'3-10!.m™, The distribution

becomes more homogeneous after 200 ps except for the very left and right discharge boundaries.

The residual charge density in the gap is between 10'°-10'2 m™ in the gap, which is far too low
to cause significant changes in discharge propagation direction. Thus, in this'case, the potential
formation of electro-negative or electro-positive residual charge is not likely to cause the

negative discharge to branch at the second pulse.

2.5x10" 1.00x10"

1.25x10" 5.00x10™
0.00
5.00x10"

1.25x10"

-2.50x10" -1.00x10"

E T — 5 10

0
R (mm)

Fig. 21 The distribution of residual net charge density after 25 ns (the first pulse) and 200

us pulse interval in negative discharge.

Furthermore, as demonstrated by the results in the work of Babaeva and Naidis [45], non-
uniform seed electron distributions can induce streamer branching. A similar seed electron
distribution set is used tofest the negative diffusive ionization wave, and the electron density
distribution results are shown in Fig. 22. For ionization waves with a larger area than filamentary
streamers, they are'mot affected by the non-uniformly distributed seed electrons. Instead, they
directly pass this seed distribution area, and the seed electrons are compressed under the influence
of the ionization wave head. This result indicates that, unlike the findings in the double-pulse work
of Nijdam et al{[21], residual electrons do not significantly influence diffuse ionization wave path.
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under a non-uniform seed electron distribution.

2) The destabilization of the second discharge: leftover paritcles

Based on the above assumption, we add the following electron-production reactions
involving meatastables and NO-related reactions to the original reaction system shown in

Appendix A.

Table 1. Reactions for the production of certain metastable species and electrons.

Reaction Rate Constant” Ref
RI1-1 e+ 0, >O(CP)+ OCP) fe) [46]
R1-2 e+ 0, »O(CP)+ O('D) fe) [46]
R1-3 e+ 0, »O0(CP)+ O('S) fe) [46]
R1-4 e+0, —e+05(h) Ae) [46]
R1-5 05+05(b) — e+0, 1.24x10Mexp((- [47]

179/(E/N+8.8))%)
R1-6 03+N5(4) > e+Or+N, 2.10x10” [47]
R1-7 05+0(CP) - e+0; 1.50x107"° [47]
RI1-8 03+0(CP) » e+20; 3.00x10°"? [47]
Table 2. Reactions involying NO.

Reaction Rate Constant” Ref
R2-1 e+tNO+M —» NO+M 1072° 4 [47]
R2-2 e+NO —etet+tNO™ fle) [48]
R2-3 O+N —¢ + NO 2.60x10°10 [47]
R2-4 N5+ O, >NO™+NO 1.00%10"7 [47]
R2-5 N5+ O(P) >NO*#N 1.30%107°(300/ Tgas) [47]
R2-6 N3+ NO -»NO*+N; 3.30x107" [47]
R2-7 N+ NO -NO'+ 2N, 4.00x107" [47]
R2-8 05+ N, >NO*+NO 1.00x10"7 [47]
R2-9 05+ N -»NO/+ O(*P) 1.20x107° [47]
R2-10 05+ NO >NOO 4.40x10™° [47]
R2-11 0;+ NO-NO™+ 20, 1.00x10°" [47]

1

*Unit of rate constants are s7, cm’:s™', and cm®s™!. T is the gas temperature, units in K. 7t

is the electron temperature, units in K.

Fig. 23 shows the temporal evolution of electron source terms from different reactions and
the densities of various species at Z=15.5 mm during the ‘pulse-oft” period, obtained from
simulations.after adding.the above reactions to the original reaction system. In terms of electron
production ratg, detachment reactions involving O(°P) contribute the largest proportion of
electron. source terms. Regarding species density, as the pulse interval increases, all shown
species densities show a decreasing trend.
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After adding above reactions, the electro ity of the second discharge after a Ar=20 s
is shown in Fig. 24. The negative ioni |1 maintains a diffusive shape, but its
development velocity is slightly fast the case without these additions: at =(20
mm. However, branching is s his suggests that within the chosen reaction

system, these are not the causes ive ionization wave branching.

Unit: m*
10%

10"

10"

ranching still not observed even after introducing species with lower ionization
ne of the major reasons we believe lies in inhomogeneity: spatial inhomogeneity is
ary factor for introducing Laplacian instability in negative polarity discharges.
ver, even with a more complete reaction system, existing 2D axisymmetric fluid models
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still lack the inhomogeneity caused by stochasticity. To fully simulate branching behavior,
introducing stochastic ionization or employing a 3D model might be more appropriate. Or, as
in [49], if one artificially introduces high-density positive charges on the symmetry axis, only
then can this homogeneity in 2D axisymmetric fluid models be broken, thereby forcingthe
discharge to branch and deviate from the symmetry axis.

3) The destabilization of the second discharge: gas temperature

Gas heating could also be an important factor in changing the streamer chatacteristics,'and
even further can cause the discharge mode transition to higher ionization degree like sparks. In
high-temperature gases, steamers near the anode could become thinner [39], which may further
cause streamer branch. However, according to the work of Ono et a/ [50], this only becomes
very obvious when the gas temperature is very high (over 1000 K). Throuigh optical emission
spectroscopy, we tried to measure the rotational temperature of N2(C) exeited state of molecular
nitrogen after the negative diffusive ionization wave bridges the two electrodes at 5 ns in the
20% mixture, which is considered to be equivalent to the gas temperature in non-equilibrium
plasmas. A typical experiment and calculated rotational N,(C-B)(0-0)=spectrum through
SPECAIR software [51] is shown in Fig. 25(a). We use the §ame measurément method as in
[52]. The results of the measured gas temperature are shownin Fign25(b). The maximum gas
temperature near the pin electrode of the first pulse measured is around 350 K, and around 370
K for the second discharge, showing the gas temperature rise is rather low. Besides, we also
conducted OES measurement for the inception cloud in Sectiongd.5, and the gas temperature at
the pin remains 300 K in all the experiments, which aligns with fundamental physical intuition.

1.0 | a
Cal. (@)
Exp.
08 P
g T=300+20K
=
806
=
2
E 0.4
L
2
02
0.0
N . .
335 336 337 338
Wavelength (nm)
370
Measured 5 times (b)
360 = Each time take 5000 shots
o 350
X k —m— First discharge (diffusive)
§ 340 F ®— Second Az =200 ps (branching)
é 330 F
£
2 30}
&
Ot | \
300 | \
290 ] n

Distance for the pin(mm)
Fig. 25 The OES measurement results at 5 ns after the discharge inception in the 20% gas
mixture. (a) is the calculated and experiment spectrum at around 300 K. (b) is the measured
gas temperature results on the axis, and each point is the result of 5000 shots. Note that in (b)
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the error bar is the results of 5 measuring times, and there is still a fixed error of 20 K for the
calculation-experiment fitting that is not reflected in this figure.

In the simulation, the gas temperature after the first discharge is also calculated as shown
in Fig. 26. For the diffusive ionization wave, at the location where the second discharge initiates
branching (Z=15.3 mm), the gas temperature at =40 ns is 325 K. Similarly, for the inception
cloud, at the corresponding branching location (Z=158 mm), the gas temperature at /=40 ns is
300 K. The simulation shows a limited gas temperature increase after one complete discharge,
aligning qualitatively with experimental observations. Importantly, the simulation provides the
temperature after the first pulse, whereas the experiment measures it only during light emission
from both pulses. Therefore, the temperature behavior during the pulse inverval phase caused
by the energy transfer to neutrals from vibrationally excited molecular nitrogen metastables
produced during the discharge, which is much slower than the fast gas heating process, remains
unresolved by these approaches. ~

Accurate determination of gas temperature in the discharge afterglow via spontaneous
Raman scattering is demonstrated by studies such as those by Brisset et al{[53], who observed
the Na(X,v) rotational temperature near the pin (1.5 mm) indan _atmospheric-pressure diffuse
discharge peaking at ~1200 K around 100 pus before decreasing. In the‘work of Montello ef al
[54, 55], they found that this temperature rises from 300K after the discharge to ~700 K after
Ims, and then decreases back to 300 K after 10 ms in.a low-pressure (100 Torr) air pin-to-pin
discharge. Therefore, an increase in rotational temperaturé.duging the pulse interval remains
expected in this work. This could potentially generate/a hydrodynamic shock front, which, as
pointed out by Nijdam et al [39], can subsequently create macroscopic perturbations at the
discharge head, thereby inducing discharge branching.

1500 @ 160 340

1200

157

16mm gap 300 160mm gap 300
diffusive lonization wave inception cloud

t=40 ns

1 2
R (mm)

Fig. 26 The gas temperature in simulation after 40 ns.

4) The destabilization of the second discharge: gas density gradient

Pulsed discharges like streamers, sparks, and arcs can generate shockwaves and lead to
local variations in gasidensity, and further change discharge characteristics[56]. Starikovskiy et
al [57] proved that streamer characteristics including shape change significantly when
encountering sharp'gas density gradients. Due to the delayed energy transfer, a shockwave is
often generated after the discharge and propagates. Ono et al [58] observed that it takes several
microseconds for the shockwave to be generated after a steamer discharge at atmospheric
pressure. In this work, we simulate the changes in gas pressure and relative gas density during the
pulse interval in our experiment are shown in Fig. 27. During the pulse interval calculation, we save
computational resources and time by freezing the electric field at A=500 ns(max E/N~12 Td, long
after the first pulse ended at 25 ns) and calculating plasma reactions and Euler equations between
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Ar=500 ns and Ar=200 ps, while concurrently employing a coarser grid (gradually transitioning
from a plasma grid of 5 pm to a 200 pm grid for gas pressure and density calculations) compared
to that used for high-density plasma.

As depicted in the figure, identical time points and color scales for both positive and
negative ionization waves are used. Therefore, the directly observable differences in the figure
represent distinctions in their calculated results. Regarding shock wave propagation speed, it
propagates slightly faster in the negative polarity than that in the positive polarity, 384 m/siand
367 m/s, respectively, slightly exceeding the speed of sound in air. Moreover, their shock wave
generation processes are nearly identical: initially, a spherical shape forms near the pin, which
then collectively forms a shock wave with the gas below the pin, and propagates outwards, with
their shapes also being almost identical. However, distinct differences emerge in their
quantitative values. For the gas pressure at the shock wave front, negative polarity exhibits
significantly higher values than positive polarity, a distinction particularlypronounced within
the first 20 pus. For example, at 5 us, the negative polarity shock svavefront is approximately
790 Pa higher than positive polarity, and at 20 ps, it is 200 Pa higher..Mote crucially than the
shock wave front, the gas density below the pin serves as a vital factor influencing the second
discharge. Assuming an initial gas density of 1 for the«20% mixture at 200 mbar before
discharge, the gas density evolution during the pulse interval is depicted in the second and
fourth rows of the figure. For negative polarity, the gas:density beneath the needle tip is
considerably lower than that for positive polarity. Using Z=15.5 mm as a reference point, at 5
us, the negative polarity gas density is 0.61, while positive polarity is 0.80. At 20 us, the
negative polarity gas density is 0.84, and positive polarity-is 0.92. Even at 200 us, despite Fig.
27 indicating a seemingly uniform gas density. under the same color scale, subtle differences
persist. Specifically, as illustrated in Fig. 28, the positive polarity value is still higher than that
for negative polarity. In summary, these:simulation results indicate that a notable difference in
gas density between positive and negative polarities persists within 200 us, and the area of the
low-density region under negative.polarity is greater than that under positive. This disparity is
more pronounced at 20 us compared t0,200 us and is expected to have a greater impact on the

branching process.
A S
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Fig. 28 Axial gas density distribution for positive and negative polarity ionization waves at 20
us and 200 ps.

Using a classic Z-Fold Schlieren, the schlieren images of the 20% gas mixture are obtained
as shown in Fig. 29. By adjusting the contrast, the stripes in the figure become more prominent.
These images capture the positive and negative polarity ionization waves at Ar=3us using a
high-speed camera. After this time, images with good contrast cannot be captured. This means
that, as shown in the simulation results, the gas density change at the shock wave front after
this moment is too small to be displayed by the existing system. Although these schlieren
images have low contrast due to the small gas density change, the negative polarity generally
shows better contrast than the positive polarity, allowing for a qualitative judgmentthat the gas
density change at the shock wave front is greater and faster. Yet due to the poor centrast, the
low-density region below the pin is not clearly discernible.

It should be noted that in this Z-fold schlieren system composed of two cencave mirrors,
the collimated light path first passes through the atmosphere after passing through the first
concave mirror, then passes through the experimental chamber (200,mbar internally), then
passes through the atmosphere again, and finally reaches the second concave mirror. This means
that when measuring low-pressure schlieren images, the atmospheric.environment introduces a
‘baseline’ that reduces the accuracy of measurements. Therefore, these images can only provide
a qualitative reference.

Fig. 29 Schlieren‘images of the 20% gas mixture obtained using a Z-Fold Schlieren set-up.
The camera gate width is 500 ns, and the capture time is 3 us after the end of the first
discharge.

Thus, in our case, it is likely that when the second discharge incepts, it happens to reaches
the low-density/highndensity surface below the pin formed by the first discharge then a
protrusion is created and starts to grow, as shown in the schematic diagram in Fig. 30.
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Fig. 30 Schematic diagram of the hypothesized cause for negative polarity discharge
branching. In the figure, blue lines represent the shock wave front, the light blue area
represents the low-density region, and dark purple represents the second discharge.

In the work of Guo et al [59], they used a 3D fluid model to inyestigate pesitive streamer
characteristics under the influence of different gas gradient types: positive streamers tend to
branch at boundaries with large gas density gradients and propagate aleng'these interfaces. To
prove the assumption that the gas gradient surface generated by the former discharge could
make the subsequent negative discharge branch, we then import theigas density distribution at
Ar=20 us as the initial condition for calculating the second discharge, and to simplify the
calculation process and ensure computational accuracy.during the mesh transition between the
interval and the discharge, we average the gas density in the lowsdensity region. The simulation
set-up used is shown in Fig. 31. The light blue area represents the low-density region (density
n1), and the orange region represents the normal gas density region (density 70=4.88x10*m™).

-
o

0C

(ww) 7

dient surface

area gas density n, Fo

Fig. 31 The newsset for the 2D axisymmetric model: different gas density is set in two
areas to create a gas density gradient surface.

Thewelectric field obtained from simulations with 7:/r9=0.92 for positive polarity and 7n:/no
= (.84 for negative polarity, before and after the ionization wave crosses the gas gradient surface,
are.shown in Fig. 32. Due to the use of different gas densities, the unit of electric field strength
in the figure is kV/cm. For the positive polarity, the electric field at ionization wave head does
not show significant protrusion before and after crossing this surface; the electric field
distribution at the head remains relatively smooth, mainly due to the small gas density gradient.
In.contrast, the negative polarity exhibits a greater protrusion after the crossing. Similar to the
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schematic diagram, the electric field at the head develops a clearly uneven distribution, thus
having a probability of growing to branch during further development. There is also a
significant difference in the electric field at the head of the diffusive ionization waves between
positive and negative polarities. The electric field at the head of the positive polarity is
approximately 15 kV/cm higher than that of the negative polarity (second column in Fig. 32):
This also implies that the negative polarity has a weaker ability to ‘resist’ the electric field
changes caused by the gas density gradient, meaning it is more easily influenced by the gas
gradient surface. As the ionization wave develops, the negative ionization wave ‘separates’ a
branched streamer from the main discharge channel on the axis (third column in Fig. 32), but it
develops more slowly compared to the main discharge channel. Combining,the results from
both positive and negative discharges, this illustrates that the gas density gradient near the pin
causes the branching process.

Electric’ ﬂald\
Uniit: KV
300
20
! 225
15 N
3 e
10 = y
electric field g 75
positive 5
n4/ne=0.92 g i
t=0.75 ns
5
Electric field
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30.0
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225
15 N
g 15.0
10 =
electric field 2 75
negative 5
n4/ny=0.84 X i

t=0.75 ns t=1.25 ns
5 10 5 10 10
R (mm) R (mm) R (mm)

Fig. 32 Changes in electri¢ field distribution of positive and negative polarity ionization
waves as they cross different gas density gradient surfaces.

However, these simulation results-¢an only explain the reason for branching of the negative
ionization wave after A=204200 us. As energy relaxation goes, the branching probability
remains high at At=1"ms, when the gas density in the gap has likely become uniformly
distributed. Neverthelessya small gas density gradient may still exist near the pin. As shown by
the schlieren experiments of Komuro et a/ [60], in atmospheric pressure air, filamentary
streamer discharges generated by a -15 kV voltage applied across a 13 mm electrode gap still
leave a significant gas-density gradient near the pin 1-10 ms after the discharge. However, due
to the need toupgrade the existing schlieren measurement system for better results in low-
pressurerenvironments, the explanation for the branching phenomenon remains speculative.

Futher, when discussing the differences between positive and negative discharges, it is
crucialito consider their head structures. Positive streamer heads are generally more focused,
possessing a smaller radius of curvature, whereas negative ones are the opposite. Furthermore,
unlike negative streamers, the region ahead of the positive streamer space charge layer can
possess an additional ‘active zone’ filled with electrons sustained by background ionization and
photoionization [39]. This active zone can suppress the potential growth of protrusions induced
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by Laplacian instability or other instabilities, thereby maintaining the stability of its head. In
contrast, as discussed in [42], negative streamer tends to destabilize even within deterministic
fluid models. This might also be one of the reasons why, in this work, negative polarity is more
prone to branching than positive polarity.

5. Conclusions

In this work, we experimentally studied both positive and negative diffdsive ionization
wave characteristics under a double voltage pulse scheme in different oxygen concentration
mixtures and discussed several unique branching phenomena through a 2D axisymmetrie fluid
model.

For the single pulsed discharge (or the first discharge), positive ionization wave width and
length slightly decrease with the oxygen concentration, yet the negative ionization wave
characteristics are very much alike in different mixtures. ~

For the double-pulse scheme, the positive ionization wave shrinks'but propagates with the
same velocity compared to the first discharge due to the shielding effect, which is reproduced
with a 2D model in Section 4.2.1. But for the negative discharge, it is observed that the second
discharge has a certain probability of branching, and this<probability first increases and then
decreases with the pulse interval A¢. This particular phenomenon eccurs in all the tested gas
mixtures and in the inception cloud in a 160 mm gap.

Through a combined method of measurement and:simulation on full double-pulse
including pulse interval, we exclude residual charge effects and gas temperature as dominant
contributors to the branching phenomenon. Thourgh modeéling on the gas density during the
pulse interval, we attribute the branching reason to'shock wave-induced gas density gradients
near the pin electrode generated by the first discharge. When the second discharge cross the
gradient surface, localized protrusions will be created and start to grow into filament streamers.
The negative polarity’s electric field head is)lower than the positive polarity’s in the second
discharge, suggesting a reduced capacity to resist branching due to gas density inhomogeneity.
Furthermore, the observed reduction in. discharge branching probability may be attributed to
the decreasing gas density gradient near the pin over time.

However, there are several queéstions remain unresolved:

1. Capturing the gas density changes in low-pressure environments with the current
schlieren system is'challenging, and transient processes are difficult to capture, especially the
gas density changes neanthe pin. It may be necessary to employ alternative methods to obtain
images with higher contrastto validate the accuracy of the simulation results.

2. The experimental results show that negative diffuse ionization waves still have a high
probability0f branching 1 ms after the first discharge ends. What is the gas density gradient
near the pin at/this time? While some literature at atmospheric pressure indicates a significant
gas density gradient remains, the specific values in this low-pressure case still need to be
measured. Further evaluation of its impact on branching is also required.

Future investigations employing a three-dimensional model, currently under development,
that explicitly incorporates discharge energy relaxation and shock wave generation are expected
to. accurately capture both observed discharge behaviors, thereby providing a more
comprehensive understanding of the underlying mechanisms.
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Appendix A. Reactions in the 2D model
Table A1l. Reactions considered in the 2D fluid model

Reaction Rate Constant” Ref
R1 etN; - Nj+ete flo, &) N [61]
R2 e+0, » Oj+ete fo, &) [62]
R3 e+0,+0; = 0310, fe) [62]
R4 e+0; » O0+0 V(6] [62]
RS 05+M - e+ 0+M fle) [63]
R6 O+ Nz = etNO fle) [63]
R7 0+0,- 05+ 0 fe) [63]
R8 O+ 0,tM -» 03+M fe) [63]
RO Nj+0;— O5+N; 6x1071%(300/Tias)"? [47]
R10 NI +N+M - Nj+M 5%1029%(300/Tgas)* [47]
R11 Ni+ 02 = O3 HN+N>» 2.5x101° [47]
RI12 O3+ 0:+M = O #M 2.4x1079%(300/ Tas)® [47]
RI13 O +N4Ns = Oy No+N> 9x10! [47]
R14 05NN =05 +N+N; 4.3x10"° [47]
R15 03N240,; =204 +N; 1x107 [47]
R16 etNj > Nx+Np 2x10°6%(300/ Tgas)® [47]
R17  e#O} -0+0, 14x10°%(300/ Tyas) [47]
RI8 [ NIHO - N+N+O 107 [47]
R19 = N3+0, & N+N+ O, 107 [47]
R20  N3#0; — N+N+ O3 107 [47]
R21 0,4+ 0 - 0+0+0 107 [47]
R22 0,+0; - 0+0+ O, 107 [47]
R23 05+05 = 0+0+ O3 107 [47]
R24 0;+ 0 - Oyt 0+0 107 [47]
R25 0,105 - O+ 0+ O, 107 [47]
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R29
R30
R31
R32
R33
R34
R35
R36
R37
R38
R39
R40
R41
R42
R43
R44
R45
R46
R47
R48
R49
R50
R51
R52
R53
R54
R55
R56
R57
R58
R59

R60
R60
R60

0,+03 — Oyt Oyt Os
Nj+ O = NotNo+O

N3 +05 = NptNaot+ O;
N;+03 = NotNy+ O;
N;+ O+M - N,O+M
N3+ O+M - Not+ O+M
N3+ 0O = Not+ O
N;+03+M - No+ O+ M
N;+05 = Not O,
N;+03 = Not O3
0;+O0+M - Os+ M
Oy + O +M - 0,+0+ M
03+ 0 - 040

0, +03+M - Ox+ O+ M
0,405 = Ox+ O,
05+03; — Ox+ O3

etNy - e+ Ny(A%X)
e+Nz = e+ N(BIl,)
etN, - e+ No(C’I1,)
et0; » etO+0

O+0 — Oxte

05+0 - 0, +0+e

etNj — N+N

et0; — 0+0
Na(CTL)+N2 = Nao(B I, V4N,
No(C3I1,)+02 = N +O+ O
Nz(C3Hu) - Ny+hy
Ny(B*)+0; - No+0+0
Nz(B3Hg)+N2 - Nz(A3Eu)+N2(V)
Na(A3Z,)+0, >N, +0+0
0+0 = O+0y

O+N; = O+N,

e+0; N, > Not O,

04+ N2 » O3N,+ 0,

@5 Not O =N+ 0,+0
O;Not+ @3 =No+ Oxt O,
05N+ 05 —Ny+ Ot O;

107

107

107

107

2x102%(300/ Tgas)**
2x102%(300/ Tgas)**
2x107%(300/ Tas)*?
2x102%(300/ Tgas)**
2x107%(300/ Tas)**
2x107%(300/ Tas)*?
2x102%(300/ Tgas)**
2x102%(300/ Tgas)**
2x107%(300/ Tgas)®
2x1025%(300/ Tgas) 2
2x107%(300/ Tgas)®
2x107x(300/ T’
&)

&)

&)

&) IS
5x107°

1.5%10710

2.8%107% (300/Te) **
2x107x(300/T.)
1x10™"

3x1071°

2.38x107

3x10°1°

1x10™"
2.5%1072X(Tgas/300)°
3.3x10"" xexp(67/ Teas)
1.8x10"" xexp(107/Teas)
1.3x10%xexp(300/T¢) *3

4.61x1072x(Tsas/300)>Sxexp(-

2650/ Teas)
107
107
107

*Unit of rate ¢onstants are s~

1

is'the electron temperature, units in K.

,em? s and cm®s7!. Ty is the gas temperature, units in K. 7.

Appendix B. Comparison of ionization wave length in simulation and

experiment.
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1
2
z The comparison between simulation and experimental results of discharge length under
5 positive and negative polarity in a 20% mixture is shown in Fig. B1. The ionization wave length
6 in the simulation is determined by the position of the maximum electric field on the axis. In the
; negative polarity, both the simulated and experimental diffuse ionization waves reach the plane
9 electrode at 5 ns. During their development, the simulation develops slightly slower, but.due to
10 the poor repeatability of negative polarity, the simulation results still fall within the error bar
1 range of the experimental data.
1 g In the positive polarity, the experimental and simulation results for the first discharge show
14 good agreement in length, and their development speeds are largely consistent. However;the
15 simulation reaches the plane electrode 0.5 ns later than the experiment. For the second discharge
1? with a 20 ps pulse interval, the results differ more significantly from the experiment. Although
18 both reach the plane electrode after 5 ns, the simulation shows a faster development speed
19 during the process. ~
20 18 18 —
21 —_ ( ) ,-E O first ionization wave20%-Exp. (b)
a ionization wayv 6-Cal.

2 Euof £ 16| i g
23 = 14l £ 14 | A=20us 20%:Cal. N

0 14 0 O first ionization wave |1%-Exp,
24 gt 51, first iGization wave l%-Cal.
26 g10f 101
;é £ g| S 3N

= w

g D/
: il i /Y

= p O first ionization wave 20%-Expf =
32 E,D 2r first jonization wave 20%—(‘3:? é 2r
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35
36 Fig. B1 Comparison of the length of negative and positive ionization wave versus time in
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