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ABSTRACT

Discharges of different polarities develop in different modes, resulting in different guiding effects by femtosecond laser filaments. Knowledge
of the contribution of laser filaments to positive and negative discharges is the basis of the laser-guided long-air-gap discharge technique.
This study presents a direct comparison of the inception, propagation, and breakdown characteristics of discharges of both polarities. Long-
air-gap discharge experiments under the switching impulses of both polarities are carried out under the same experimental conditions.
Discharge modes and phases are also considered. The statistical results show that positive discharge inception voltages are transformed from
a Weibull distribution into an exponential distribution under the influence of laser filaments, but there is little effect on the negative dis-
charge inception voltage. The guidance probability of a positive discharge reaches 15% at most during the dark period stage, leading to little
effect on the breakdown discharge probability. However, for negative discharges, the guidance probability can exceed 95%. An investigation
of the filament contributions to both polarity discharges shows that the different migration directions of photoelectrons lead to a difference
in the effects of laser filaments on inception voltages, and the difference in the connection of the two discharge passages leads to a difference
in the guidance probability. Through the results of a simulation model, it is speculated that the connection condition for positive discharges
is that the positive leader overlaps with the laser filaments, and, for negative discharges, the rod electrode is connected to the laser filaments
through bi-directional discharge propagation.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0138646

I. INTRODUCTION
Cloud-ground lightning strikes are a huge threat to important

lightning attraction by guiding the lightning discharge path have been
proposed. Both conductors® and plasma passages” work for this pur-

facilities such as oil fields, refineries, airports, launchpads, power supply
systems, and distribution systems." Lightning discharge is highly ran-
dom and dispersed, with temporal and spatial characteristics that cannot
be accurately predicted or controlled, causing huge difficulties in light-
ning protection. Mature methods, such as lightning rods or lightning
wires, are not robust enough for high lightning protection demands.”
To further improve lightning protection systems, active lightning pro-
tection methods’ that can improve the success rate and reliability of

pose. Plasma passages, which can be generated by ultra-short-pulse
lasers (with laser pulse widths < 10™"*s)° due to their long propaga-
tion distances and high power densities, can affect the discharge process
in the large-scale atmosphere.””'” Ultra-short-pulse laser guiding dis-
charges are considered to be one of the most promising frontier technol-
ogies in the field of active lightning protection.

The physical process of a lightning discharge includes descending
and ascending leaders. About 90% of all descending leader discharges
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are negative and roughly as many ascending discharges are positive.'
Each polarity discharge develops through different mechanisms."” '
The technical route for guiding a lightning discharge can be divided
into two types: the guidance of descending negative discharge and of
ascending positive discharge.

Studies on laser filaments applied to both polarity discharges
have been conducted. The first investigations on the influence of
lasers on the free-stable propagation of leader discharges were con-
ducted using laser-induced discharge experiments in 3-7 m rod-
plate gap discharge circuits.'® The distributions of positive-polarity
voltages of the streamer initiation during different moments of the
laser triggering process were obtained. Four impact regimes were
proposed, depending on the laser shot timing. When the electric
field was too weak, a corona could be triggered after a certain delay,
and the leader discharge could not form. When the electric field was
slightly stronger but still before the natural inception of the first
corona, a corona could be instantaneously triggered by a laser shot.
When the laser pulse was triggered during the dark period, intermit-
tent low-probability induction could be achieved. When the laser
pulse was sent after a natural leader propagation phase, it had no
effect. The abilities of laser filaments to affect positive corona incep-
tion and leader inception at different phases of natural positive dis-
charge were clarified, providing important experimental data on
laser-induced positive-polarity discharges.

Negative discharges develop in a different mode. Previous studies
have shown that a negative discharge can develop along the space
stem generated by laser filaments."” The sphere-plane gap was seen to
expand from 2.3 to 4.5m and to provoke a space stem observed
through a fast-frame camera. The research team of Teramobile com-
pared two polarity discharge characteristics under the influence of
laser filaments with fixed conditions."® A 4 us wavefront lightning
pulse was applied to a 2.5m sphere-plane gap. The decreased break-
down field percentage of negative discharges was shown to be much
larger than that of positive discharges. Furthermore, an experimental
campaign carried out on Santis Mountain in Northeastern Switzerland
observed only negatively charged ascending discharges.'” It is easier to
bridge the gap between filaments and a negative discharge than a posi-
tive discharge connected with a lightning rod. Based on a large amount
of experimental experience,”” " it has become clear that the contribu-
tions of laser filaments to positive and negative discharges are differ-
ent. However, the reason for the difference in the induction results of
positive and negative discharges in long air gaps has not yet been
determined. It would thus be meaningful to accumulate more compar-
ison statistics regarding the two polarity discharges under the same
experimental conditions to clarify this mechanism.

In this study, to comprehensively determine the contribution
of laser filaments to both positive and negative discharges, long-air-
gap discharge experiments under switching impulses of both polari-
ties are performed under the same experimental conditions.
Discharge modes and phases are also considered. The time intervals
for applying a femtosecond laser are based on the natural discharge
phases. The inception and propagation characteristics of natural dis-
charges with laser-influenced discharges are compared. The dis-
charge characteristics during similar discharge periods under
positive and negative-polarity voltages are also compared. Statistical
data are used to analyze the discharge characteristics to shed light
on the underlying mechanisms.

ARTICLE scitation.org/journal/php

Il. EXPERIMENTAL SETUP

All experiments were conducted indoors at the Ultra High
Voltage Test Hall of the Anhui Electric Power Research Institute. A
schematic of the experimental setup is provided in Fig. 1. For the effec-
tive generation of leader initiation and development, a 2 m rod-plate
gap was adopted and a 4.8 MV Marx generator was employed as a
high-voltage source for generating standard voltage impulses (250/
2500 ps) to the rod-plate gap. The rod electrode was 4 m above the
ground, and the 4 x 4 m” plate electrode was 2 m above the ground.
Through a 30 mmradius circular hole, the laser beam propagated
from the grounded plate electrode toward the rod electrode, forming
an angle o with the central axis. The laser system delivered pulses of
100 mJ with pulse durations down to 35 fs. The central wavelength
was 800 nm and the repetition rate was 10 Hz. For the experiments, a
70 mJ/56 fs laser pulse was applied. The energy involved was tested by
an energy meter and the pulse duration by an autocorrelator. After the
laser passed through a 5m focal lens, a 1.5m laser filament was
formed in the gap, which stayed 1 cm away from the rod electrode. At
800 nm, the photon energy of the laser was around 1.5¢V, and the
effective nonlinear order of the multiphoton ionization of air was
around 8. The electron energy is the sum of the potential energy,
which is equal to the atom’s ionization potential, and the kinetic
energy absorbed from the excess energy of the laser field, also called
the above-threshold ionization (ATI).”” The mean average ATI energy
can be expressed as Uyp = K’Lil’ where U, is the pondermotive
energy, and K' is an effective number of photons. In this case, Uyzy
could be estimated to be around 0.5 V. The electron energy distribution
can be found in Sergey’s work.” Through multiphoton ionization, free
electrons can be provided with low kinetic energy in the focal area at
one atmospheric pressure. Due to the mean free time of a released free
electron, which was calculated as 300-800 fs, being longer than the pulse
duration, no inverse Bremsstrahlung or cascade ionization was expected
to occur. The peak electron density of the filament was obtained
through experiments to be above 10'>cm ™. This is based on the charge
collection method, which will be discussed in future work. Defining O
as the coordinate origin, the closest position to the rod electrode, and
the laser propagation direction as the positive direction of the x axis, dg
represents the geometric focal point displacement from position O. For
example, di =0 in Fig. 1. This parameter was used to characterize the
relative positions of the laser plasma and rod electrode.

Switching pulse
on brass rod

=1 f'
S 1!?0. o
i __d_
Mobile

i === 1
0 |
Reflectors |

group |
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FIG. 1. Experimental setup.
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The time intervals between adjacent laser beams reached up to
100 ms, which is much larger than the dissipation times of the filament
plasma and discharge passage. Thus, this influence was regarded as a
contribution from the single laser filament. The time delay between the
laser shot and the voltage impulse was synchronized using a synchroni-
zation system formed by the DG535, a 10kV voltage pulse trigger
device, and photoelectric conversion devices. The jitter of the delay was
controlled to within 20 us, which mainly came from the voltage genera-
tor. The discharge current was recorded by a current measurement
device made of a coaxial resistance shunt and a digital signal optical fiber
transmission system. The coaxial resistance shunt consisted of ten non-
inductance resistors in parallel. Its equivalent resistance was 5 €, its fre-
quency bandwidth was DC-18.3 MHz, and its measurement range was
—40 to 40 A. A high-speed camera with a Nikon lens (8-48 mm, f/1.0)
was placed at a distance of 8 m from the discharge gap, with a maxi-
mum frame rate of 2000000 frames/s. In the experiment, 300000
frames per second with a frame size of 256 x 128 pixels were used to
capture the images of the discharge processes. The environmental con-
ditions were as follows: atmospheric pressure ~ 1atm, temperature
13-18°C, and relative humidity 61%-74%, corresponding to an abso-
lute humidity of 6.91-11.36 g/cm .

lll. DISCHARGE CHARACTERISTICS
A. Inception voltage

The discharge process in a long air gap can be divided into two
phases: inception and development. For positive-polarity discharge, the
first streamer occurs during the inception phase and the development
phase depends on continuous stable leader inception and leader propa-
gation. For negative-polarity discharge, the first streamer occurs during
the inception phase, which is common with positive discharge, while
the development phase depends on negative leader propagation as well
as the connection between the space stem and negative discharge.

Among the aforementioned discharge modes, the first streamer
discharge is only affected by the applied electric field without any influ-
ence from space charge, which can reflect the electric field and has an
impact on the subsequent discharge processes. In this study, the incep-
tion voltage was used to characterize the first streamer process.

1. Positive-polarity inception voltage

Thirty tests were performed on the rod-plate discharge gap under
a positive-polarity voltage impulse to obtain the inception voltage. The
moment the current signal rose steeply from 0 was regarded as the
inception moment, and the voltage amplitude at the inception
moment was taken as the inception voltage. To eliminate the effect of
residual charge on the next discharge event, the test interval was set to
be greater than 3min. The peak value of the applied voltage was
selected to be 50% of the discharge voltage, ~ 821 kV. The measured
inception voltages and statistical analysis were collected and analyzed
[Figs. 2(a)-2(f)]. Histograms of the probability density distribution
showed that the positive streamer inception voltage covered a wide
span from 158 to 289 kV. The large dispersion reflected the strong sto-
chastic nature of the first streamer inception.

Five probability models have been used previously to describe the
statistical behavior of a positive streamer inception voltage, including
the Weibull distribution [X ~ Q(k, )], normal distribution [X ~ N(u,
62)], normal logarithmic distribution [InX ~ N(u, 62)], exponential

scitation.org/journal/php

distribution [X ~ E(1/4)], and Gamma distribution [X ~ I'(«, f8)]. The
aforementioned probability density functions and descriptions of their
parameters can be found in previous studies.”* The distribution
parameter values of each probability model were estimated based on
the first streamer inception voltage measurements [Fig. 2(a)]. The
probabilities of the four distributions were derived from data curves
and found to approximate the statistical patterns of the first streamer
inception voltages, except in the case of the exponential distribution.
To sufficiently determine the statistical distribution of the streamer
inception voltages, Q-Q plots were created to further determine
whether the measurement data obeyed the four probability distribu-
tions [Figs. 2(b)-2(f)]. The statistical parameters and Pearson correla-
tion coefficients (corrP) are shown in each figure. The cortP of the
Weibull distribution was 0.9915 and closest to 1 among the five distri-
butions. The positive streamer inception voltage was, thus, more likely
to fit the Weibull distribution.

The femtosecond laser propagated into the discharge gap before
the streamer inception moment, with the time delay of the laser and
voltage signals set from 0 to 10 us. The peak value of the applied volt-
age was set to 50% of the discharge voltage, ~ 821KV, as in the non-
laser experiments. Thirty sets of discharge experiments were carried
out, and the measured inception voltages were statistically analyzed
(Fig. 3). The resulting histograms showed that the positive streamer
inception voltages with a laser filament applied ranged from 76 to
91kV. Compared to the non-laser cases, on the one hand, the average
value decreased from 230.4 to 80.2kV and the dispersion significantly
decreased. On the other hand, the range decreased from 130.7 to
13.9KkV. Probability density curves were fitted, and the corrP parame-
ters of each probability model were calculated. The cortP of the expo-
nential distribution was 0.9647 and the closest to 1. The presence of a
femtosecond laser filament had a great impact on the distribution pat-
tern of the positive streamer inception voltages. With a laser filament
generated from 0 to 10 us, the positive streamer inception voltage was
more likely to fit the exponential distribution.

The first leader discharge occurred via the electric field but was
also contributed to by the space charge left by the preceding discharge.
This made it more susceptible to environmental factors affected by the
applied electric field, such as air temperature and humidity, while the
continuous stable leader inception was affected not only by the exter-
nally applied field. To minimize environmental influences, all experi-
ments were carried out on the same afternoon. The leader inception
was characterized by the leader inception voltage. Based on current and
voltage measurements, the moment that the current signal rose steeply
from 0 was noted, a continuously maintained current was regarded as
the inception moment, and the voltage amplitude at the inception
moment was taken as the leader inception voltage [Figs. 4(a)-4(b)].
Histograms of the probability density distribution showed that, in non-
laser cases, the dispersion of the leader inception voltage was much
larger than the streamer inception voltage, which ranged from 286 to
755kV. The Weibull distribution was used to describe the measurement
data, fitting parameters, and probability distribution functions.

The femtosecond laser propagated into the discharge gap before
the streamer inception, with the time delay of the laser and voltage sig-
nals set from 0 to 10 us. Histograms showed that the positive leader
inception voltage with a laser filament applied ranged from 241 to
422 kV. Compared to non-laser cases, on the one hand, the average
value decreased from 612 to 303kV, and the dispersion significantly
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decreased. On the other hand, the range decreased from 469 to
181kV, and the shape parameter of the Weibull distribution of the
non-laser data decreased, as can be seen from the histograms. The dis-
tribution characteristics gradually degraded to an exponential distribu-
tion; that is, the effect of laser filaments on leader inception was much
more significant than that of the space charges left behind by the first
streamer or other pre-sequence discharges.

2. Negative-polarity inception voltage

Thirty tests were performed on the rod-plate discharge gap under
negative-polarity voltage impulses to obtain the inception voltages.
The moment the current signal rose steeply from 0 was regarded as

the inception moment, and the voltage amplitude at the inception
moment was regarded as the inception voltage. The test interval was
set to greater than 3 min and the peak value of the applied voltage was
set to 50% of the discharge voltage, ~ 1815kV (Fig. 5). Histograms of
the probability density distribution showed that the negative streamer
inception voltage covered a wide span, from —214 to 522kV. The
streamer inception voltage of the negative polarity was not much lower
than that of the positive polarity because the amplitude of the negative
impulse was 2.2 times greater than that of the positive polarity and the
applied voltage wavefront was steeper.

The femtosecond laser propagated into the discharge gap before
the streamer inception moment, with the time delay of the laser and
voltage signals set from 0 to 10 us. The peak value of the applied
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FIG. 3. Probability density of the laser-triggered positive streamer inception voltage.

voltage was selected to be 50% of the discharge voltage, ~ 1815kV, as
in the non-laser experiments. Thirty sets of discharge experiments
were carried out, and the measured inception voltages were statistically
analyzed (Fig. 6). Histograms showed that the negative streamer incep-
tion voltages with a laser filament applied ranged from —258 to
460kV. Compared to the non-laser cases, the average value was close
to —360 kV, almost unchanged, and the range decreased from 306.7 to
200.8kV, which was less significant than that in the positive-polarity
case. The effects of laser filaments on the streamer inception via a neg-
ative impulse were seen to be much less significant than those in the
case of positive polarity.
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B. Breakdown voltage and guidance results

The breakdown characteristics in a long air gap are influenced by
the discharge initiation process and determined by the discharge
development process. The breakdown discharge is often characterized
by the 50% discharge voltage. The applied voltages here were all
selected as 50% of the discharge voltages.

1. Effects of laser delay on discharge behavior

The guidance results for different laser delays in the form of
marked points on the positive voltage waveform indicate three charac-
teristic time periods of the laser incidence process (Fig. 7). t, repre-
sents the moment of the first streamer inception, ., the moment of
leader inception, and f;,, the moment at which the laser was pumped
into the discharge gap. Thus, f;,, < f, is the time region before the first
streamer inception, ty, < t, < fie, is the dark period,” and t;, > #, is
the leader propagation period. Three effects were observed after the
laser pumping. First, no discharge occurred at #,, and no guidance
occurred after #,. It mainly occurred during the leader propagation
period, implying that, after the positive leader was initiated, the laser
filament made almost no difference to the leader discharge. It also
occupied the majority of the ex-streamer period. Second, discharge
occurred at or around f;;,, but no discharge developed along the fila-
ment, performing as a triggered discharge. When £, < ty, six trig-
gered events were observed out of 30 experiments, and, when ty, < f;,
< few 35 out of 60 triggered events were recorded, with the dark
period becoming the time period with the highest probability of trig-
gering positive discharges. Third, the discharge was not only initiated
in advance by the laser filament but also propagated along the filament
for certain lengths, resulting in a guided discharge. This type was, thus,
included in the triggered events. Only four guided events were
observed when t;, < t,, and nine were observed when t, < tiy < fiea-
Notably, the breakdown probability remained the same when ;,, <
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FIG. 4. Comparison of the positive leader inception voltage. (a) The probability density of the leader inception voltage and (b) the probability density of the laser-triggered

leader inception voltage.
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propagating duration of the negative leader was less than 5ms, and
the leader burst with extreme randomness (Fig. 8). Compared to the
positive-polarity case, it was difficult to synchronize the laser delay
with the negative leader propagation process. In this case, two char-
acteristic time regions were identified for the laser incidence. When
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further comparative experiments were performed by changing the
laser delay and filament position.

IV. DISCHARGE BEHAVIORS

Based on the current and optical image observation system
described in Sec. I1, discharge processes and mechanisms were analyzed.

A. Positive discharge process

A typical positive discharge event was selected from a control
group with no laser pumping [Fig. 9(a)]. When the applied voltage
reached 201.1kV (15.1 us), a current pulse with an amplitude of 9.2 A
was generated. The rise time was ~ 30ns, and the pulse duration
stretched to ~ 330 ns, representing the inception of the first streamer
discharge. The discharge current then decayed to 0, representing sus-
pended discharge activity entering the discharge stage of the dark
period. The reason for this early streamer inception was that the radius
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of curvature at the end of the rod electrode was small enough to gener-
ate a strong electric field in the vicinity. However, the applied voltage
at this moment was only 201.1kV, which was too low to produce
enough discharge energy to assist the transformation from a highly
structured, dendritic streamer stem into a leader channel. At the same
time, the migration speed of positive ions was too low to have a con-
siderable displacement, forming a shield-like ion cover and obstructing
recurring discharges. Therefore, after the first streamer process, the
discharge activity in the gap was suspended. The dark period lasted
about 55.8 us. At t=71.5 us, the second current pulse was initiated
with a rise time of tens of nanoseconds. The current reached 0.4 A and
was sustained around that value for 38.1 us, showing that the streamer
stem had completed the transformation to the leader channel.
Notably, the second current pulse turned into a continuous current,
indicating that the leader propagated continuously and steadily in
what is called a continuous stable leader discharge. At t=121.5 us, the
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FIG. 9. Positive discharge behavior with
no laser engaged. (a) Voltage and current
pulses of typical discharge events and (b)
enhanced processed high-speed video
frames recording discharge before and
after the emergence of separated lumi-
nous structures.
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current increased steeply at a rate of 2.5 A/ns, representing the final
jump through the discharge gap.

The evolution of the optical morphology characteristic of a typi-
cal discharge process was recorded [Fig. 9(b)]. The discharge morphol-
ogy at the inception of a continuous stable leader is shown in frame
#1, and frames #1 to #15 cover the continuous propagation process of
the leader. The propagation speed was ~ 1.5 x 10* m/s. In frame #16,
the leader channel was connected to the plate electrode in the form
of the final jump.

The voltage—current waveform of a typical laser-guided positive
discharge showed that, as the applied voltage reached 197.5kV
(15.2 ps), the first streamer current pulse was generated [Fig. 10(a)]
with an amplitude of 7.7 A. The rise time was ~ 20 ns, and the pulse
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duration stretched to ~ 280 ns, representing the natural inception of
the first streamer discharge. At ¢ =40.2 us, the laser was pumped dur-
ing the dark period, leading to a current pulse with an amplitude of
1.4 A, which was 1 A (3.5 times) higher than that with no laser fila-
ment. Notably, the pulse peaked at ~ 1 us after ;,, and was then trans-
formed into a continuous current over 0.15 A, which was maintained
for ~ 15 us until the final jump at t="77.2 ps.

The optical morphology characteristic evolution of the guided
discharge process was recorded [Fig. 10(b)]. The discharge morphol-
ogy at the inception moment was recorded in frame #1, which is
brighter than frame #1 in Fig. 9(b), but with no considerable differ-
ences in the discharge length. Frames #1 to #6 cover the continuous
propagation of the leader discharge. The connection between the
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leader and laser filament channels was recorded in frame #7, corre-
sponding to the current pulse at t=65 us. In frame #8, the leader
channel propagated along the laser plasma channel with a speed of
10° m/s, corresponding to a current amplitude of 4 A and resulting in
a strong streamer discharge at the end of the leader channel. The dis-
charge then continued to propagate as the morphology of the leader
connected to the rod electrode and a streamer at the head of the dis-
charge channel.

B. Negative discharge process

Unlike positive discharge, negative discharge generally includes
three discharge forms. The first is the negative leader, which is initiated
from the rod electrode. The second is the space leader, which is initi-
ated at a point in the gap and propagates to the rod electrode, possibly
accompanied by reillumination after connecting with the negative
leader. This reillumination phenomenon can prolong the original dis-
charge channel. Finally, the positive leader is initiated from the rough
or convex part of the plate electrode and propagates toward the rod
electrode. The positive leader occurs during the final jump, which was
not considered in this study. The ionized structure before the connec-
tion of the negative leader and the space leader was seen to be more
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complicated than that of the positive-polarity discharges. The negative
discharge was distinguished from the positive mainly through the
space leader. The space leader developed from an ionized zone as a
“luminous nucleus” originating in the discharge gap, called the space
stem, which was left independent in the gap by previous streamer dis-
charges. This helped the negative discharge to propagate more than
2 m in air, rather than in the form of a continuous leader for positive
discharge propagation. The streamers associated with the space stem
propagated Dbidirectionally toward both electrodes. The positive
streamer propagated and connected with the previous negative dis-
charge, forming a spindle-shaped discharge area.

A typical voltage—current waveform of the space leader was
selected from a control group with no laser pumping (Fig. 11). From
the current waveform, the reillumination phenomenon was seen to
correspond to a steep current front. The amplified current waveform
and highspeed camera images showed that frames #1-3 recorded three
consecutive frames of the bidirectional development of the streamers
from the space leader (Fig. 11). Considering both the exposure and
dead time of the camera, one frame took 1.11 us in total. Before the
connection of the space leader and negative leader channel, which cor-
responded to the steep front of the current waveform, stage A in the
current waveform corresponded to a time of 2-3 frames recorded by
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the camera, implicated the bi-directional propagation of the negative
discharge and the discharge initiated from the space leader. The space
leader lengthened during this phase of stable propagation with a
higher velocity (~ 9 cm/us) toward the cathode than that of the nega-
tive leader toward the space leader (~ 6 cm/us). When the connection
was completed, the current rose at a rate of ~ 280 A/us with the reillu-
mination phenomenon.

For comparison purposes, the morphologies of the discharge and
current waveforms were recorded. Although the connection part
occurred too quickly to be recorded, similar current characteristics
were observed. Before the steep current front, there was also a slowly
increasing stage lasting ~ 3 us, corresponding to the connection phase
between the space leader and negative leader channel. The connection
point could be inferred from frame #3, and considering that the stage
A interval was 0.03 us, the propagation speed of the discharge initiated
from the space leader was found to be ~ 11 cm/us toward the rod
electrode, and the speed of the negative streamer was found to be
~ 6 cm/ps toward the plate electrode, which was comparable with the
no-laser case. A steep front then rose from 10% of the current peak
(6.8A) to 90% of the current peak (61.2A) in 149ns, optically
observed as frames #1-2. The rising rate was ~ 1.3 times greater than
in the no-laser case, which cannot be regarded as a significant variation
because of the dispersibility.

The voltage—current and charge quantity waveforms of a typical
laser-guided negative discharge with the laser pumped at =220 us
were obtained [Fig. 12(a)]. Although the connection process between
the filament and electrode could not be separately recorded by the
camera, the process was determined from the current waveform.
Comparing the current waveforms, the two discharge processes were
found to have similar current characteristics, with both including a
slow ramp-up stage and steep front stage before reaching peak values
(Figs. 11 and 12). The closer streamer initiation point than the no-
laser case resulted in a shorter duration of the increasing stage, and the
plasma charge in the filament thus provoked a steeper front that rose
from 10% of the current peak value to 90% in 24 ns. Statistical results
showed that the current peak value was a multiple of 1-3 times that of
the no-laser cases. The filament not only provided a steeper front but
also a steeper falling edge, and the full pulse width reduced from 1 us
to ~ 176 ns in this event. The discharge process with guidance from
the filament was similar to the discharge process when connected to
the space leader.

V. DISCUSSIONS

The contributions of the laser filaments to the discharge process
were analyzed based on two aspects: the contribution to the discharge
inception and the contribution to the discharge propagation.

A. Differences between the effects of laser filaments
on positive and negative discharge inceptions

Regarding discharge inception, studies by Comtois et al.'® have
made significant contributions to positive discharge inception. It was
found that early laser input could not lead to advanced discharge
inception. However, if the laser was pumped when the applied electric
field was slightly stronger but still before the natural inception of the
first streamer, advanced discharge inception was observed, in accor-
dance with results in Sec. I1], and valuable qualitative explanations for
this were put forth. In this study, quantitative descriptions through a
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FIG. 12. Laser-guided negative discharge behavior. (a) Voltage and current pulses
of a typical discharge event and (b) one major process of negative discharge devel-
opment. In the upper panel, the pseudo-color images are transformed from unpro-
cessed gray frame recordings at each step. These unprocessed frames are gray
images with a 14 bit depth. The dimensions of the grayscale matrix extracted from
the unprocessed frames were 256 x 128. The colors of the pixels in these pseudo-
color images represent these values in the grayscale matrix. The deepest red cor-
responds to the maximum grayscale value of 4050. The coordinates marked in
pseudo-color images represent row and column numbers of the grayscale matrix,
and the bottom panel shows the enlarged current pulse from 196.5-199.5 us.

statistical analysis have been presented, based on time delay control
and hundreds of experiments (30 of these were selected for the analy-
sis). In addition, detailed studies on laser-influenced negative discharge
inception have been lacking, but this was considered carefully in this
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study through the same experimental system and mathematical meth-
ods. This comparative study contributes to an understanding of laser
effects on discharge inception characteristics with both polarities.

From Sec. 111, for a positive discharge and an applied voltage at
tin less than the natural streamer inception voltage (£, =0-10 us), the
laser filament was observed to change the positive streamer inception
voltage distribution from a Weibull to an exponential distribution.
However, this also reduced the average value of the inception voltage
by 65.2% and the range by 88.5%. For a negative discharge, laser fila-
ments had little impact on the breakdown voltage or the average value
of the inception voltage, with the inception voltage range only decreas-
ing by 34.4%. The huge differences between the two polarities were
analyzed. At the moment the laser entered the gap, the air was weakly
ionized by multi-photon absorption, where the electron density was
determined by the peak power and area of the laser beam. The migra-
tion and accumulation of photoelectrons were ongoing under the
applied electric field, distorting the local electric field, especially at the
ends of the laser filament. As the supply of seed electrons and the local
electric field increased, an electron avalanche occurred, and it was eas-
ier to achieve an avalanche-to-streamer transition. However, for differ-
ent polarities of the applied electric field, the migration and
accumulation of particles were different, resulting in a different impact
on the avalanche-to-streamer transition. Therefore, the contribution
of laser filaments to discharge inception mainly depended on three
processes—photoelectron generation, migration, and accumulation—
as well as the distortion of the local electric field by the post-filament.

For positive polarity, ionized electrons in the air moved toward
the rod electrode. As the laser beam was 1 cm away from the rod end
surface, at a migration speed of 0.2 x 10° m/s, only a nanosecond-
length delay was needed for electrons entering the strong electric field
area. This migration caused local distortion of the electric field and,
thus, ionization as well as the avalanche. For negative polarity, elec-
trons appearing in the gap moved away from the strong electric field
area toward the ground electrode at a decreasing speed. Although the
heavier positive ions of the filament plasma moved toward the rod, the
speed was too slow for a certain distance to distort the field, with a
group of positive space charges left 1 cm from the rod electrode. In
this case, it was only when electrons formed on the rod surface and
entered the strong electric field area that the electron avalanche
occurred. When the avalanche developed to the positive space-charge
area, the probability of forming a self-sustaining discharge increased.
The quantitative estimates of the electric field distortion will be dis-
cussed in more detail in the simulation part in Discussion B.

The discharge stage in sync with the laser filaments played a deci-
sive role in the laser contribution to different polarity discharges.
When the laser was pumped in the gap after the natural streamer
inception, the effect was reversed. Although the applied voltage had
reached the voltage for discharge inception, the electric field in front of
the rod was weakened by the preceding streamer process. However, if
the electric field distribution interfered with the re-satisfaction of the
discharge inception, the discharge could be initiated in advance during
the dark period. From the experimental results in Sec. IV, after the
laser was seen to enter the discharge gap, regardless of positive or neg-
ative polarity, the discharge could be initiated, only with different
probabilities, indicating that the laser filament plasma had a significant
effect on the electric field distribution. As long as the weakening from
the space charges was supplemented, the superimposed electric field,
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formed by the applied voltage and space charge, increased to satisfy
the discharge inception condition again, such that recurring discharge
could be reinitiated.

During the discharge propagation stage, the discharge channel
was transformed from the streamer to the leader channel (internal
temperature of the channel > 1500 K*°) The enhancement effect of the
laser filament plasma on the local electric field was far less than that of
the leader channel directly connected to the rod electrode, such that a
new streamer discharge could not be re-initiated during this period.

B. Differences between the effects of laser filaments
on positive and negative discharge propagations

In previous studies, * laser-guided positive discharge events were
only occasionally observed during the dark period, which is consistent
with the finding in this work that the possibility of laser filaments trig-
gering a guided leader is the biggest with f;;, during the dark period but
does not occur with t,, during the leader propagation.

In Sec. 111, it was seen that the contribution of laser filaments to
positive discharge propagation mainly converged on the dark period.
Nevertheless, the effects of nine guidance events from 60 events indi-
cated a lower probability of 15% compared with the laser-guided nega-
tive-polarity discharge. The low guidance probability indicated that
the breakdown probability was not significantly increased. In addition,
it was found in this study that when #, < ty,, there was also a small
possibility of guiding a leader discharge. This phenomenon was related
to thermodynamic processes, which heated up the filament more than
100K, turning the filament into a thin hot wire. With gas expansion,
the gas number density N in the filament decreased and, thus, the area
with reduced electric field E/N was more likely to guide the discharge
propagation. For t, < fy, the time interval between t;,, and t., was
dozens of us, which was much larger than the dissipation time of the
plasma. However, the heating channel could be maintained for several
ms, which allowed the leader discharge to propagate along the left
heating channel. Without the attraction by a distorted electric field
produced by plasmas, the guiding possibility appeared much less than
tin during the dark period.

For negative discharges, the space stem formed by laser filaments
was observed in previous studies,'” revealing that laser-guided negative
discharges may obey similar mechanisms to natural negative dis-
charges. In this study, low-noise current waveforms were recorded
from which two discharge periods were confirmed. Furthermore, by
comparative study, the current waveform characteristics provided
more evidence of the underlying mechanism, in which the laser fila-
ment acted as a space stem in the discharge propagation stage. It was
also shown that the laser-guided positive and negative discharges had
different mechanisms.

The experiments from Sec. III showed that the guidance proba-
bility exceeded 95%; that is, as long as the applied voltage reached the
streamer inception voltage, laser filaments could offer a rather high
probability of guiding the discharge path to propagate along the laser
compared to the positive-discharge case. From Sec. IV, it seemed that
the discharge guidance probability depended on the connection pro-
cess of the discharge initiated from the rod electrode and discharge ini-
tiated from the laser plasma, corresponding to the slow-rising phase in
the current waveform. The slow ramp-up time of the current wave-
form was seen to be produced by a laser-guided negative-polarity dis-
charge of 0.03 us before the steep wavefront, while in the positive
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FIG. 13. Evolution of the electron density distribution of the filament under a uniform background electric field.

discharge case, the current peaked at ~ 1 us only with a steep wavefront
(Figs. 10 and 12). Such differences in the current waveforms of the con-
nection process were related to the connection modes of the rod dis-
charge and laser filaments, and a possible conjecture was put forth here.
The condition for the positive discharge propagating along laser fila-
ments involved the positive leader being initiated from the rod electrode,
which coincided with the laser plasma channel in the spatial position
during the propagation process. The condition for the negative dis-
charge propagating along laser filaments involved the connection of bi-
directional discharges, which were the negative leader discharge from
the rod electrode and the positive streamer from the laser filament.

To further examine this conjecture, a simulation model was con-
structed. A uniform background electric field of 5kV/cm was repre-
sented by a 4mm plate-plate gap with DC voltage and a 1 mm
filament plasma placed in the middle position of the gap. The govern-
ing equations can be found in Ref. 38. The discharge process of the fil-
ament plasma under the background electric field with an anodic
upper plate is shown in Fig. 13. The discharges from the filament
plasma were seen to develop on both sides in the form of bipolar
streamers. The positive streamer developed until it connected with the
cathode, while the negative streamer could not meet the conditions for
streamer discharge due to the outward electron diffusion. Under
experimental conditions, a similar inference was drawn. During the
positive leader propagation phase, the negative streamer at the end of
the laser plasma could not effectively develop to form an electric field
distribution that could attract the positive leader. Thus, it was only
when the positive leader developed to the filament plasma channel
that guidance could form with a low probability. During the negative
leader propagation phase, the positive streamer at the end of the laser
plasma could develop toward the rod under the integrative electric
field. The bi-directional development of discharges greatly improved
the probability of connection between the two channels.

The evolution of the axial electric field is shown in Fig. 14, where
the plate connected to the ground is at z=0 and 2kV is at z=0.004
m. Electric field distortions were seen to occur at both ends of the fila-
ment with different directions, formed by charge accumulation after
polarization. The electric field approaching the cathode was in the
direction of the applied field, while the field approaching the anode
was in the opposite direction. At ¢ = 1 ns, the distorted electric field in
front of the positive streamer reached ~ 90kV/cm and developed at a
speed of ~18cm/us, which was similar to that of the observed

lplatc tonnected to ground 2kV
200 —— 1= Ins
applied electric field t=2ns
e e
———=13ns
150 L 1 ns
— 1t =4ns
~ 100 |-
g
L
=
=< 50
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FIG. 14. Evolution of the electric field distribution of a filament under a uniform
background electric field.
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discharge in a long-air-gap experiment with a negative voltage applied.
The field approaching the anode was also seen to be distorted but did
not transform into a discharge propagation due to the field shielding
from negative ions combined with electrons migrating to the anode
and neutral particles. As the positive ions were relatively static at the
other end of the filament, the propagation of negative discharges was
much more difficult than that of positive discharges. Correspondingly,
in long-air-gap experiments with a positive voltage applied, ionization
activities at the end of the filament were not able to affect the electric
field in front of the electrode but only able to provide seed electrons,
such that the contribution to negative discharges was seen to be less
than that of positive discharges.

Although this simulation tool can offer valuable insight into spe-
cific aspects of the gas discharge phenomenon, it cannot yet account
for the dynamic processes relevant to leader or breakdown discharges
in long air gaps. The present work is thus meant to focus on the
dynamical processes relevant to plasma evolution from laser filaments
under an applied electric field, and provides a valuable reference for
the analysis of the contribution of laser filaments to discharges of both
polarities.

VI. CONCLUSIONS

In this study, rod-to-plate air gap discharge experiments under
switching impulses of both positive and negative polarities were car-
ried out. Based on a synchronous system of laser, impulse, and mea-
surement devices, the discharge processes were characterized by
current waveforms and optical images. The inception, propagation,
and breakdown characteristics of discharges of both polarities were
analyzed statistically. The differences between the laser filament con-
tributions to each polarity discharge were discussed. The guidance
mechanism was further investigated through a simulation model. The
main conclusions were as follows:

(a) Statistical results under a 50% discharge voltage of 821 kV
showed that positive natural streamer and leader inception
voltages were strongly dispersive and obeyed a Weibull distri-
bution. When the laser was pumped at t;, < tg,, the streamer
and leader inception voltage were both strongly dropped over
50%, also with a reduced dispersion. The probability distribu-
tions were transformed into an exponential distribution.

(b) The contribution of laser filaments to negative-polarity dis-
charge inception was significantly less than their contribution
to positive-polarity inception. With the laser pumped at #;,
< tgn the inception voltage characteristics, including the
mean value, dispersion, and probability distribution, had little
changes from natural negative discharge cases.

(c)  The contribution of laser filaments to discharge inception was
speculated to include three processes: (1) Air is weakly ion-
ized by multiphoton absorption or tunneling ionization, gen-
erating ionized particles in front of the electrode. (2)
Photoelectrons migrate and accumulate under the applied
electric field, thus affecting the local electric field. (3) As the
local supply of seed electrons and the electron growth envi-
ronment (electric field distribution) are changed, the streamer
is generated with different characteristics under the same
mechanism. Under the applied voltages of different polarities,
the different migration directions of photoelectrons lead to
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differences in laser effects on the inception of positive- and
negative-polarity discharges.

(d) Statistical results showed that the guidance probability of pos-
itive discharge could reach 15% when the laser was pumped
during the dark period stage, leading to little effect on the
breakdown discharge probability.

(e) Statistical results showed that the guidance probability of the
negative discharge could exceed 95% during the dark period.
Under the applied voltages of different polarities, the differ-
ent connection probabilities led to differences in laser effects
on the propagation of positive- and negative-polarity
discharges.

(f)  The difference in the connection of a discharge initiated from
the rod electrode with the laser plasma channel was specu-
lated to lead to differences in the guidance probability. The
connection condition for a positive discharge was that the
positive leader propagated until it was superimposed on
the laser plasma channel. The connection condition for nega-
tive discharge was that the discharge initiated from the rod
electrode connected to the positive streamer initiated from
the end of the laser plasma channel through bi-directional
discharge propagation.

SUPPLEMENTARY MATERIAL

See the supplementary material for the details of the simulation
of laser plasma dynamics under a uniform electric field.
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