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Abstract

CrossMark

In this study we use an experimental investigation to shed light on the lightning inception
problem. From atmospheric observations, it is known that the electric fields in thunderclouds
are significantly lower than required for electric breakdown in air. One theory to explain
lightning inception is that hydrometeors, i.e. any liquid or solid water particles formed in the
atmosphere, greatly enhance the local electric field and can thereby initiate an electron
avalanche leading to a streamer discharge. In this study, we investigate streamer initiation in
the presence of artificial particles with different shapes. A metal or dielectric (TiO,) particle is
suspended between a high-voltage and a grounded planar electrode which are separated by
16 cm in 50 mbar air. The particles are shaped as ellipsoids with a length of 8, 4, 2, and 1 cm
and with different aspect ratios. A negative high voltage pulse is applied with a rise time of
30 ns, a pulse width of 1-10 us, a repetition rate of 1 Hz, and a maximum voltage between 1
and 50 kV. Results show that the required background electric field for breakdown in the
presence of a dielectric particle is decreased to 0.4 times the air breakdown field. Moreover,
we observed bipolar streamer development from the particles where negative streamers are
thicker and slightly slower than positive streamers. Finally, we found that streamers from

longer particles are thicker and faster.

Keywords: streamer inception, hydrometeors, lightning

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

1. Introduction

One of the unanswered fundamental questions in atmospheric
electricity physics is the lightning inception issue [1-4].
Observations have shown that the electric field of a thunder-
cloud is much lower (approximately 1/10) than the critical
electric field, Ey, required for discharge initiation [5]. One of
the main theories to explain this is a streamer-based mech-
anism for lightning initiation [6]. In this model, a system
consisting of a few successful positive streamers can lead to a
significant electric-field enhancement at their origin. However,
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in this model, a main question that remains unanswered is how
the very first streamer is initiated under a sub-breakdown field.
One main hypothesis that has been developed and discussed is
lightning inception by hydrometeors, in which electric fields
can be significantly enhanced near the extremities. A more
advanced model that has been recently suggested by [7] states
that the lightning initiation process begins with an ‘initiating
event’ such as a narrow bipolar event which changes the non-
conducting air into a conducting environment. This initiating
event would then be followed by positive streamer develop-
ment flashes which are able to merge together and form plasma
formation chains or small networks. This process ultimately
would lead to a bidirectional leader. Finally, the breakdown
stage is started where bidirectional leaders merge together. The
lightning flash would then transition to the negative stepped
leader phase after a series of such events.

© 2022 The Author(s). Published by IOP Publishing Ltd
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A streamer is initiated when an electron is available in a
relatively high electric field near the hydrometeor tip where
the ionization coefficient is approximately higher than the
attachment coefficient. Under such conditions, the number of
electrons can start to increase exponentially and eventually
result in an electron avalanche. The number of produced elec-
trons should be higher than the so-called Meek criteria [8],
which has recently been revisited by Montijn and Eber [9].
As soon as the number of electrons meets the Meek crite-
rion, the space charge is sufficient to initiate a streamer. It is
also worth mentioning that this criteria is still under discus-
sion since it describes discharge initiation by single electron
avalanches while experimental investigations have shown the
multi-avalanche nature of streamer formation. In this case, the
large number of primary electrons leads to the formation of
streamers at significantly lower voltages [10].

Streamer inception from hydrometeors has been the focus
of quite a few theoretical and experimental studies. In most
of these, the hydrometeor or ice crystal is considered as a
suspended electrode in the gap and is not connected to an
external circuit. Petersen et al [11] experimentally investigated
streamer inception from ice crystals. They were able to pro-
duce ice crystals and place them between two electrodes at low
temperatures. They established an empirical formula between
the positive corona inception and the temperature and length
of the ice particles. They found that positive streamers can be
initiated in a lower electric field at temperatures well below
—18 °C by longer ice crystals. Furthermore, they showed that
in addition to ice crystal length, tip sharpness can play an
important role. Although ice crystals with sharper tips can
increase the field enhancement, an ice crystal with a very
sharp tip (<100 pm) can also inhibit positive streamers. In
another experiment, Mazur et al [12] used an array of con-
ducting spherical particles in a large-gap, high-voltage setup.
They observed bidirectional and bipolar leader development
from the particles. They showed that the size of the particle
can influence the duration of the discharge. Some questions
were not answered in their study, such as the streamer incep-
tion point and propagation velocity, since their observations
were limited by leader development and no investigation was
conducted regarding primary streamers development.

On the theoretical and numerical side, there have been
more complicated and advanced studies on this topic. Sadighi
et al [13] modeled a column-shaped ionized patch under sub-
breakdown conditions. They found that at an altitude of 7
km, streamers can be initiated from the hydrometeor at 0.3E.
This can be achieved for hydrometeors with a length between
5 and 8 mm and an ambient background density on the order of
10" m~3. Because of the importance of the hydrometeor
geometry, Dubinova et al [14] investigated the requirements
for a large ellipsoid hydrometeor as a function of the back-
ground field. They found that streamers can be initiated at
lower electric fields from longer and sharper particles. More
specifically, at an ambient background density of 100 free
electrons per cm?, streamer inception is observable from a
hydrometeor with a length of 6 cm and a tip radius-to-length
ratio of 0.005 at approximately 0.15E. In addition to the shape
and size, a unique feature of ice is its dielectric function,

which yields a high dielectric constant (approximately 93) at
low frequencies and a low dielectric constant of 3 at high
frequencies. This can manifest itself in streamer inception
where the very first electrons experience almost a DC field,
while streamer propagation occurs on the order of a few ns
(MHz to GHz). Dubinova et al [ 15] demonstrated the influence
of dielectric properties on streamer propagation and showed
that streamers from particles with a dielectric function of ice
are lower than those of particles with a constant dielectric per-
mittivity of 93. Notably, when discussing dielectric particles,
it is important to consider surface charge accumulation (initial
net charge), which was not considered in Dubinova’s work.
It has been shown that negative charges are accumulated on
particles and increase during streamer propagation [16, 17].
This can generally influence the near-tip electric field enhance-
ment, streamer propagation, and inception, especially if we
work under repetitive discharges. One important missing piece
in theoretical studies is a comparison with experimental data,
which can likely show the mentioned effects in a real-life
experiment. In our previous work [18], we present a theoretical
model which investigates the discharge inception criterion near
ellipsoidal hydrometeors. We showed that longer and sharper
hydrometeors can enhance the electric field near the hydrom-
eteor tip up to 37Ey. Furthermore, in line with [15] we found
an optimal ellipsoidal aspect ratio of 0.1 for corona inception
for representative conditions.

In this study, we implemented an experimental approach
to understand the discharge behavior near ice-like dielectric
particles and compared that with metal particles. Of primary
interest in this work are the effects of particle size and shape
on streamer inception near particles. Of secondary importance
are streamer propagation properties (velocity and thickness)
from different particles to understand the role of particle size
and shape and its dielectric profile.

2. Materials and methods

2.1. Experimental conditions

All experiments in this study were performed in a plane-
to-plane geometry in which an ellipsoid dielectric or metal
particle (a = semi-major and b = semi-minor axis) was sus-
pended by a thin fishing line (diameter of 0.3 mm) between
high-voltage and grounded electrodes (see figures 1 and 2).
Note that no corona formation was detected from the fishing
line. The dielectric and metal ellipsoid particles are composed
of titanium dioxide (TiO,) and brass respectively and have
varying different tip radii (R = b*/a) and lengths (L = 2 x a).
The dielectric particles were formed by annealing and pressing
followed by polishing. Table 1 shows the metal and dielectric
particles used for the experiments based on their shape (R/L)
and aspect ratio (AR = b/a).

In each experiment, a particle was suspended between neg-
ative high-voltage and grounded plane electrodes of 20 cm
diameter separated by a fixed 15 cm gap distance. The
grounded electrode is placed on a fixed larger size grounded
electrode fixed to the vacuum vessel. A high-voltage pulse was
applied by a circuit consisting of a high-voltage semiconductor
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Figure 1. (a) Metal (brass) and dielectric (TiO,) particles used for this experiment, (b) long exposure camera image of discharges with a
dielectric particle (L = 4 cm and AR = 0.1) placed between a negative high-voltage electrode (Vgy = 15 kV) and a grounded electrode.

switch (HTS 401-10-GSM, Behlke) and a 1 nF high voltage
capacitor. This produced a negative high-voltage pulse with a
rise time of 40 ns, a repetition rate of 1 Hz, a pulse width of
1-10 ms and a maximum voltage of 60 kV. The experiments
were conducted in synthetic air with a composition of 80%
N, and 20% O, at pressure 50 mbar. To prevent discharges
between the high-voltage electrode and the vessel body, we
used a PVC rounded insulator around the electrode.

2.2. Dielectric properties of TiO,

To measure the dielectric profile of the dielectric particles, a
cylindrical disk from TiO, material with a diameter of 3 cm
and height of 1 cm was prepared. We measured the permittivity
of this material using dielectric material measurement fixtures
(1 kHz-5 MHz: Agilent 16451B and 5 MHz—10 GHz: Agilent
16453A) and a network analyzer (ES071C Agilent). Figure 3
shows the measured relative permittivity of TiO, and ice (taken
from Mavrovic et al [19]) as a function of frequency. Below
10* Hz, the relative permittivity of ice is approximately 90.
In this range, the TiO, dielectric constant was measured to be
140 =+ 30. The relative permittivity of ice decreases from 90 to
3 at approximately 10 kHz. For TiO,, the dielectric constant
continuously decreases to less than 10. Note that the step in
the dielectric constant profile of TiO, at 5 x 10° Hz is due to
a switch in measurement device at this frequency and has no
physical meaning.

2.3. Inception voltage measurements

To collect the photons from the inception phase, a photo-
multiplier tube (PMT, Hamamatsu H10720-1 10) with 15 cm
lens were placed in front of the vessel to capture photons pro-
duced by the corona around the particle tips. The PMT output

signal showed a peak for each streamer discharge event. When
the peak was 3 times higher than the background level, it was
recorded as a streamer initiation. Moreover, the PMT signal
matches with the current probe signal on the high voltage
side. This confirms that the PMT signals are indeed associated
with discharge events. The inception voltage is the voltage at
which the discharge initiated. The HV pulse width for these
measurements was set to fyy = 10 ps to give enough time to
initiate the discharge.

2.4. Streamers thickness and velocity measurement

To measure the streamer thickness, we used an intensified
CCD camera (ICCD, Stanford Computer Optics 4QuickE)
with a Nikkor UV 105 mm f/4.5 camera lens mounted directly
on the camera. The intensifier enabled us to take streamer
images with a nanosecond exposure time. The camera was
placed in front of the vessel. For better clarity, the output
images are rendered in false color. To measure the streamer
thickness, the camera gate was open for 300 ns from the
beginning of the HV pulse. Vv and tyy of the HV pulse
were fixed to 15 kV and 1 ps at 50 mbar, respectively. This
is sufficient time for streamers to fully develop and cross
the gap. We scaled the applied voltage for different pressures
by keeping V/p constant. From the measured images, several
cross sections at 0 (tip), 20%, 40%, 60%, 80% and 100%
(electrodes) of the gap for upward and downward streamers
were obtained. The streamer thickness was measured as the
full width at half maximum in that cross section as we did that
in the previous studies [20].

To measure the streamer propagation velocity, we obtained
two images with a very short camera exposure time (5 ns) when
streamers crossed half of the gap. The two images were taken
with a difference in exposure delay of 10 ns. The velocity was
determined by dividing the distance between streamer head
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Figure 2. (a) schematic of the setup where an ellipsoid particle with semi-major axis a and semi-minor axis b is suspended by a thin fishing
line between a negative high-voltage and grounded electrode. (b) ICCD image of streamer development from a dielectric particle (@ = 1 cm

and b/a = 0.44).

Table 1. List of metal and dielectric particles with different shapes

and AR.

Length (cm) Shape R/L AR bla Material

8 0.1 0.44 TiO, and brass
0.05 0.1 TiO, and brass
0.01 0.044 Brass

4 0.1 0.44 TiO, and brass
0.05 0.1 TiO, and brass
0.01 0.044 Brass

2 0.1 0.44 TiO, and brass
0.05 0.1 Brass
0.01 0.044 NA

1 0.1 0.44 TiO, and brass
0.05 0.1 Brass
0.01 0.044 NA

positions in the two images by this delay time. Note that at
the applied voltages, we observed low jitter (<5 ns) during
streamer inception, which makes them reproducible. Before
taking the images at each exposure time, we checked the ICCD

images to ensure the reproducibility of the streamers.

200

150

100

Relative permittivity €

50

0_
10? 10° 10* 10° 106 107 108 10° 10"
Frequency (Hz)

Figure 3. Measured relative permittivity of TiO, and ice. The data
for ice was taken from [19].

Finally, the error bars show standard deviation of three
independent experiments.
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Figure 4. Inception voltage with the metal (red) and dielectric
(black) particles for different L and AR at 50 mbar in air. o, J and A
represent data for the particles with AR = 0.44, 0.1 and 0.044,
respectively. The dashed line shows the breakdown voltage without
a particle in the gap. The error bars show standard deviation of three
independent experiments.

3. Results and discussion

3.1. Streamer inception from particles

We measured the streamer inception voltage from different
metal and dielectric particles under a negative HV pulse with a
pulse width of 10 us. The inception voltage was the minimum
voltage for which we observed a peak in the PMT signal.
To support our observation, we made an ICCD-image with
a camera gate of 10 us to observe streamers at the inception
voltage.

Figure 4 shows the streamer inception voltage from the
metal and dielectric particles with different aspect ratios. The
measured breakdown voltage for the empty gap is shown as a
dashed line. It can be seen that the longer particles with the
same aspect ratio had a lower inception voltage. The inception
voltage for 8 cm dielectric particles decreased to less than half
of the breakdown voltage. At the same length, the sharper
particles generally had a lower inception voltage. For 4 cm
metal particles, the inception voltage for particles with an
aspect ratio of 0.044 was approximately half the inception
voltage of the particles with an aspect ratio of 0.44. This was
also observed for dielectric particles but less pronounced than
for metal particles (the inception voltages of the dielectric
particles with aspect ratios of 0.44 and 0.1 were 11.8 and
10.9 kV). Considering the particle materials, the difference
between the inception voltages of metal and dielectric particles
was not significant. For the 8 cm particles we observed that the
inception voltage for metal particles is significantly lower than
that of dielectric particles (6 £ 2 kV compared to 9 £+ 1 kV).
A possible reason may be surface charge density. A large
dielectric particle with a larger surface area can carry more
charge to influence the streamer initiation. We also observed a
similar trend for 25 and 100 mbar pressures (data not shown).
According to a previous simulation study [21] for larger

Dielectric (e = 90)
©  Metal

Dielectric (e =2) | |

= = 'Empty gap

w S
T
I

Electric field (kV/cm)

S}

0 5 10 15
Gap distance (cm)

Figure 5. Electric field on the center axis of the gap as a function of
gap distance to the grounded electrode for dielectric particles with a
permittivity of 90 (blue), 2 (yellow) and metal particles (circle) (L =
4 cm, AR = 0.044) and the gap without particles (dashed black). The
high-voltage electrode (breakdown voltage of empty gap = 23 kV
(dashed line) and others 12.5 kV) was placed at 15 cm, the grounded
electrode was placed at 0 cm, and the particle was placed in the
middle of the gap.

charged particles, size and shape are the determining factors
for the critical inception field value and not the surface charges,
while for the smaller ones the surface charge accumulation
is more important. Moreover, higher surface charge density
results in a lower critical inception field. They considered a
lower Meek number for discharge initiation criteria when they
studied charged hydrometeors. According to their results for
column hydrometeors with 0.8 mm tip size (similar to the
smallest particle size in our experiments) that is charged by
200 pC the electrified strength is around 10° V. m~! compared
t0 0.5 x10° V. m~! for a non-charged hydrometeor.

3.1.1. Electric field calculation. Using the electrostatic mod-
ule in COSMOL multiphysics [22], we were able to calculate
the electric field in the presence of dielectric and metal parti-
cles. For this purpose, a particle (L = 4 cm and AR = 0.044)
was virtually suspended between two electrodes as described
in section 2.1. For the dielectric particles, we used isotropic
relative permittivity values of 90 and 2. For metal particles, we
used a floating potential with no charge on it. In both cases, the
top electrode was connected to 12.5 kV (the inception voltage
according to figure 4). Additionally, to measure the empty gap
inception voltage (at 50 mbar) between two electrodes, the
particle was removed, and the top electrode voltage was set
to 23.5 kV, as shown in figure 4. The results are shown in
figure 5. The electric field increased near the particle tips to
approximately 5 times the empty gap inception voltage. It is
important to note that while the field enhancement is greater
than the breakdown electric field, electrons need enough space
to initiate an avalanche. Hence, streamers need to be initiated
at an electric field higher than the breakdown field. Figure 5
shows the similarity between the electric field profile of the
TiO, and metal particles. Obviously, a particle with a lower
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35 ns

75 ns

Figure 6. Phase resolved images of bipolar discharge development from a dielectric particle with L =4 cm and AR = 0.44 in 50 mbar air
with Vgy = 15 kV and 5y = 1 ps in a gap of 15 cm. The camera gate time is 5 ns and the exposure start time with respect to the high
voltage pulse is indicated in each image. Each image was taken from a different discharge event under the same conditions.

permittivity (e.g., e = 2) results in less field enhancement, and
we expect to require a higher applied electric field to initiate
a discharge. From the electric field profile, we can conclude
that because of the similar electric field strength between TiO,
and metal particles, their inception voltages should be close to
each other. This is in line with our measurement in figure 4.
Note that the asymmetry of the electric field between the top
and bottom of the particle is due to the different sizes of
the high-voltage and grounded electrodes. We have tried to
compensate this effect by moving the particle closer to the
top or bottom electrodes. However, it was not enough to have
an equal electric field on the top and bottom of the particle.
Furthermore, we did not include surface charge accumulation
due to the repetitive pulse discharges on the dielectric particles
in our calculations. This might have some effects on the incep-
tion voltage. We observed roughly similar profiles for particles
with a length of 8 cm (data not shown). The results are in line
with the previous modeling work of Dubinova et al [14] in
which, at the same AR = 0.01, if the length of the hydrometeor
increased by a factor of four, the inception voltage was halved
(note that we perform the experiments in a finite gap).

3.2. Streamer development from particles

In this section, we study streamer development from the metal
and dielectric particles. Figure 6 shows the streamer propaga-
tion from a dielectric particle with L = 4 cm and AR = 0.44
under a —15 kV, 1 us HV pulse at 50 mbar. Since the top
electrode was connected to a negative power supply, a positive
streamer initiated from the top of the particle and propagated
to the cathode. A positive streamer initiates first due to the
lower initiation voltage of positive streamers [23-25]. After
a propagation time of the positive streamers of approximately
75 ns, a discharge initiates on the bottom of the particle. Since
negative charges accumulate on the bottom of the particle, a
negative discharge begins to propagate toward the grounded
electrode. An explanation for the negative streamer initiation
is that the accumulated charges on the bottom of the particle are
enough to produce the required electric field for its initiation.
Negative streamers need higher inception fields than positive
streamers. Therefore, the positive streamer must propagate
some distance to increase the field at the bottom. A similar
bipolar discharge from spherical hydrometers was investigated
by [16], who showed that positive streamers precede negative
streamers due to their lower inception fields. Furthermore,
Luque ef al [23] showed that for a double-headed streamer
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Figure 7. Streamer thickness measured from ICCD images from different stages of the streamer development from dielectric particles at
50 mbar in air when 15 kV is applied to the electrode (a) at a fixed AR = 0.44 and various values of L and (b) at a fixed L = 4 cm and
different values of AR. The top electrode is placed at 100% and the bottom electrode at —100% while the top and bottom of the particle are
located at 0%. The error bars show standard deviation of three independent experiments.

discharge, the negative discharge is wider than the positive
discharge since negative streamers propagate in the direction
of the electron drift. Moreover, they observed that positive
streamers are faster than negative due to the higher field
enhancement in the narrower positive streamers. In the next
sections, we investigate the streamer thickness and velocity
under different conditions. Similar results were obtained by
[26].

3.2.1. Streamerthickness. Figure 7(a) shows the thickness of
the positive and negative streamers as a function of distance
percentage for dielectric particles with AR = 0.44. Here, it
shows that positive and negative streamers become thicker
during propagation. For L = 4 cm, the thickness increased to
0.5 cm at 80% of the gap. As the streamers approach the elec-
trodes, we observe that the streamers became thinner. A pos-
sible reason for this is the higher electric field when streamers
approach the electrodes. In this situation, the proximity effect
occurs in which a counter-streamer can initiated from the elec-
trode that can totally change the streamer behavior. Briels et al
[27], measured streamer diameters created in a pin-to-plate
setup at a reduced field (V/(p - d)) of about 25 kV cm~! bar~!
and found a minimal diameter of about 3 mm. This is close
to our observations for the streamers that are initiated from
the 1 cm length dielectric particle (which has a minimal effect
in the shape of the electric field and has the sharpest tip).
However, note that the basic setup configuration of that work is
different from our research which might influence the electric
field distribution in the gap.

When comparing particles with different lengths, we
observe that streamers from longer particles are thicker. Pos-
itive streamers from the particle with a length of 8 cm are
1.8 times thicker than those from the 1 cm long particle at
40% of the gap. This ratio is the same for negative streamers
although negative streamers are wider than positive streamers,

as discussed above. This is mainly due to the higher field
enhancement in the longer particles.

For a fixed L and varying AR for dielectric particles,
figure 7(b) shows thicker positive streamers from thicker par-
ticles. For particles with AR = (.44, the streamer thickness is
0.5 cm at 40% of the gap compared 3.7 mm for the particles
with AR = 0.1. For negative streamers, the thicknesses are
much closer, within the error margins.

3.2.2. Streamer velocity. We have plotted the measured the
streamer propagation velocity in figure 8. We observe that
longer metal and dielectric particles have higher propagation
velocities. The streamer velocity for 8§ cm long particles was
almost twice that of particles with a length of 1 cm. In figure 7,
we see that longer particles with the same shape had thicker
and faster streamers. Moreover, streamer propagation from
dielectric particles was faster than that from metal particles.
For the 4 cm long particles, the velocity of streamers ini-
tiated by the dielectric particles was, on average, 1.2 times
higher than that of streamers initiated from the metal particles.
Figure 5 shows that the electric field enhancement near a TiO,
particle was slightly less than near a metal particle. However,
the average velocity of positive streamers from dielectric par-
ticles was higher than of those initiated from metal particles. A
possible explanation is that we did not take the surface charge
on the dielectric particles into account which might change the
electric field distribution near the dielectric particle.

When comparing propagation velocities for different aspect
ratios while keeping L = 4 cm fixed in figure 8(b), we see
that positive streamers initiated by particles with a blunt tip
are faster. The mean positive streamer velocity for a dielectric
particle with AR = 0.44 was 7.5 x10° m s~!, while for a
dielectric particle with AR = 0.044, this value was observed
to be 5.1 x10°> m s~!. Similar to our previous explanation,
we observed that the streamer velocity from dielectric particles
was higher than from metal particles.
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Figure 8. Velocity of streamers initiated by particles under a voltage of 15 kV at 50 mbar in air (a) at a fixed AR = 0.44 and various L, (b) at
a fixed L = 4 cm and different AR. The error bars show standard deviation of three independent experiments.

Finally, we compare positive and negative streamers, and
observe that positive streamers are slightly faster than negative
streamers for the same conditions. This seems to be surprising
at the first glance because for negative streamers the space-
charge front propagates with the electron drift. However, as
Luque et al [23] suggested and we observe in figure 7, a
thinner positive streamers head leads to more field enhance-
ment and consequently faster propagation while outward drift
motion of electrons in negative streamers leads to a loss of
focus of streamer head and subsequently decrease in field
enhancement.

4. Summary and conclusions

In this work, we showed that streamers can be initiated from
centimeter-size ellipsoidal particles at background fields sig-
nificantly lower than the classical breakdown fields. In our
experiments, we used dielectric particles with a similar profile
to ice and compared them with metal particles. We observed
that longer and sharper particles resulted in streamer inception
as low as 0.4F; (from an 8 cm, AR = 0.44 dielectric particle).
This is in line with previous experimental results with ice
crystals at low temperatures [11]. This shows that to initiate
a discharge with field enhancement near a sharp tip, the mini-
mum ionization area close to the tip must provide enough space
for the electron avalanche process. This was also predicted by
[14], who observed an optimal AR for inception, while a longer
and sharper hydrometeor resulted in greater field enhancement
near the tip but too little space to start an avalanche. Moreover,
a recent simulation study by Hu er al [21] shows that the
initiation electric field decreases for larger hydrometeors. They

showed that with a large enough column-shaped hydrometeor,
the critical electric field for streamer initiation can be as low
as 0.3E;. Our particle sizes are initially based on a previous
simulation study by Dubinova et al [14]. These particle sizes
are on the extreme large side of observed hydrometeor size
distributions in thunderclouds, as observations have shown that
such hydrometeors only have a density of about 0.1 m~3 [28].
Note that in thunderclouds, there might be a system of multiple
hydrometeors that can act as a large hydrometeor via inter-
discharge connections between them. From the dielectric pro-
file measurements and the results obtained during inception,
we can conclude that metal particles are very similar to TiO,
dielectric particles and ice. This shows that in future studies,
metal particle models can be used to predict the streamer
inception behavior.

A bipolar duo of a positive and a negative streamer initiates
from both dielectric and metal particles. First, the positive
streamer starts from the positive tip of the particle since posi-
tive streamers require a lower electric field to be initiated than
negative streamers. After ~75 ns, when the negative charge
accumulation on the particle is sufficient, a negative streamer
starts to propagate from the other tip of the particle. This phe-
nomenon was also studied in a thundercloud [29, 30], where
a long series of random and independent bipolar radio pulses
were observed, which may originate from the synchronization
of multiple hydrometeor discharges stimulated by low-energy
electrons generated by the runaway breakdown process.

Negative streamers are thicker than positive streamers, due
to outward drift of the electrons, the streamer head becomes
wider which results in less field enhancement. This likely
explains our observation that negative streamers are slower
than positive streamers. Streamers initiated from longer and
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thicker particles are faster and thicker. Moreover, streamers
from dielectric particles are slightly faster than those from
metal particles. This last observation is contrary to our expec-
tation since field enhancement near a metal particle is higher
than near a dielectric particle. A possible reason for this finding
is charge accumulation on the surface of the dielectric due to
the leftover charges of the repetitive discharges, which was not
included in our field calculations.

We performed our experiments at room temperature; how-
ever, it should be noted that in a thundercloud environment,
most lightning may be initiated at altitudes of 4—9 km, where
the temperature can be below freezing to —30 °C [31]. While
[32] reported a significant decrease in the corona current below
—18 °C, Petersen et al. [33] showed that positive stream-
ers can initiate from ice crystals at temperatures as low as
—38 °C. Moreover, Petersen et al [11] showed that at for
constant pressure and ice crystal length, lower temperatures
will lead to increased onset fields.

The next parameter to be considered is the source of the
very first electron. In thunderclouds, cosmic rays can produce
the free electrons that are required for the inception, and
Dubinova ef al [14] predicted that to initiate a discharge, 100
free electrons cm? are required. Another possible free electron
source is electron detachment from metastable oxygen and
nitrogen, as suggested by Lowke [34]. In our experiment,
we exert the experiments under repetitive pulsed conditions.
Previously, we have shown that in repetitive discharges, due to
a memory effect, an inhomogeneous distribution of negative
ions can be formed and remain for a long time in the gap, which
can influence the discharge inception in the preceding pulses
[35]. This can induce different effects on the inception voltage
and differentiates it from the real situation in thunderclouds.

In summary, we showed that streamers can be initiated from
dielectric and metal particles at background electric fields far
below the classical breakdown electric field. A bidirectional
positive and negative streamer was observed initiating from
the tips of the particles.
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