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Abstract: Features of nanosecond discharge development in a non-uniform electric field are studied
experimentally. High spatial resolution imaging showed that thin luminous tracks of great length with a cross-
section of a few microns are observed against the background of discharge glow in air and argon. It has been
established that the detected tracks are adjacent to brightly luminous white spots on the electrodes or to the
vicinity of these spots, and are associated with the flight of small particles. It is shown that the traces have
various shapes and change from pulse to pulse. The particle tracks may look like curvy or straight lines. In
some photos, they can change the direction of movement to the opposite. The particle trace was found to
abruptly cut off and a bright flash is visible at the trail break point. The color of the tracks differs from that of
the spark leaders, while the bands of the second positive nitrogen system dominate in the gap spectra during
the existence of a diffuse discharge. Areas of blue light are evident near the electrodes, as well. Development
of glow in the gap during its breakdown is revealed using an ICCD camera. Physical reasons for the observed
phenomena are discussed.
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1. Introduction

At present, the breakdown of highly overvoltage gas-filled gaps continues to be intensively
investigated. In the course of the research, much attention is paid to the study of nanosecond diffuse
discharges in atmospheric air, formed in an inhomogeneous electric field. [1-6]. The formation of
such discharges is accompanied by the generation of run-away electrons and X-rays. [1,3,6], and the
discharges themselves find practical applications in various scientific and technical fields. Thus, the
diffuse discharge formed in the gap with a cathode, which had a small radius of curvature, was used
to clean surfaces from carbon, improve adhesion, oxidize and harden the surface of various metals
[7]. The use of point cathodes makes it possible to form diffuse discharges in pressured gases in a
wide range of experimental conditions [1-6]. A diffuse discharge in air at pressure <460 Torr in a gap
with a positive tip using a short voltage pulse was obtained in the last century, see, for example, [8].
A diffuse discharge in atmospheric air in a gap with an anode with a small radius of curvature was
first realized in [9].

When the voltage pulse duration was increased up to 210 ns, microchannels with an increased
electron number density were evident near a cathode with a small radius of curvature on the
background of a diffuse discharge, and microcraters were found on a flat anode after spark discharge
and at the point of contact of the spots with the electrode surface [10-13]. It was shown in [11-13] that
a large number of microdamages with a diameter from 1 to 20 um are formed on flat metal anodes.
The microdamage number and size were determined by the voltage pulse parameters and the
discharge gap length. The authors of the above works found by laser interferometry, that the erosion
of electrodes is associated with the appearance of microchannels in the diffuse discharge plasma. In
addition, it was suggested in [10] that a decrease in the number density of particles in the
microchannels due to heating. The gas heating facilitates reaching the threshold for the generation of
runaway electrons and makes it possible to detect X-ray bremsstrahlung.
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Microchannels in the plasma of pulsed discharges in atmospheric air in tip-plane gaps of a few
millimeters long was also found in [14-16] for both voltage pulse polarities. Therewith, jets with a
high concentration of ionized particles were detected near the electrodes in the case of spark
breakdown. It was confirmed, see [8], those bright spots appear first on the electrode with a small
radius of curvature. It was established in [15, 16] using multi-frame laser interferometry with a high
temporal resolution that, in short gaps and high electric field on an electrode with a small radius of
curvature, the breakdown is caused by the rapid (within 1 ns) explosive appearance of micron-sized
cathode and anode spots. The spots were found to consist of highly ionized plasma with an electron
number density ne ~ 101020 cm-3, and spark channels of small diameter are formed from these spots.
However, the stages of formation of primary streamers and a diffuse discharge with ne < 10* cm-?
were not studied and there was no information about the observation of particle tracks in [14-16]. No
registration of runaway electrons or X-rays was reported, which contribute to the formation of diffuse
discharges in atmospheric air and other gases, as well.

It should be noted the studies of the initial stage of discharge in an inhomogeneous electric field
were carried out in [17-19]. It was established in [17] that after the appearance of a bright spot on the
cathode with a small radius of curvature, a short anode-directed spark leader is formed, the front of
which moves at a low speed. Then, after a short time, bright spots appear on the flat anode, and
cathode-directed spark leaders emerge from them. The front of the cathode-directed spark leaders
has a high speed and reaches the front of anode-directed leaders near the cathode. After the spark
leaders meet, a spark channel is formed in the gap.

The breakdown between two point electrodes in nitrogen and its mixture with water vapor was
studied in [18]. Shooting with an ICCD camera showed that the breakdown begins with the formation
of a streamer at the positive tip, and then a diffuse discharge is formed, which passes into a spark. A
streak camera was used to study the discharge dynamics in air and nitrogen in [19]. Based on results
obtained, it was stated that two stages of a streamerless spark discharge are observed at atmospheric
gas pressure. The plasma radiation is dominated by the second positive and first negative nitrogen
systems in the first stage with a duration of about 2 ns, while the emission of NO* molecules and the
first positive nitrogen system predominates during the second stage. It can be assumed that in [19],
as in [1-3,17], a diffuse discharge was formed at the first stage due to streamers, and the diffuse
discharge mainly radiates on the transitions of the second positive nitrogen system [17].

Note that, in the works cited above, luminous traces of particles (tracks) were not observed in
discharges at atmospheric air pressure. However, it is well known that, on the cathode of vacuum
discharges, bright spots are formed, from which particles of various sizes fly apart [20]. Glowing
tracks of plasma crystals were observed in a high-frequency discharge at low argon pressures in Ref.
[21].

Finally, traces of luminous particles in atmospheric air discharge, formed by nanosecond voltage
pulses, were discovered in recent works [22,23]. Figure 3 in [22] shows an image in which two
streamers propagate from a particle in opposite directions. Straight particle tracks initiated from a
tungsten wire cathode were shown in Figure 4(a) of this article at a generator voltage of 120 kV and
a hydrogen pressure of 30 Torr, whereas no tracks were observed in hydrogen and other gases at
atmospheric pressure. In addition, nanoparticles with sizes of #500 nm or less were found on the
polyamide chamber wall at an air pressure of 100 Torr, see Figure 4(b) in [22].

The aim of this work is to study the discharge plasma radiation between two electrodes with a
small radius of curvature in air and argon with a high spatial resolution and to confirm the
appearance of thin luminous tracks.

Simultaneously, voltage and discharge current pulses were measured with a picosecond time
resolution. The emission spectra and the glow of streamers and diffuse discharge, including those
with spots on the electrodes, were recorded with an ICCD camera, as well.

2. Materials and Methods

An experimental setup similar to that described in detail in [24] is shown in Figure 1. Voltage
pulses from GIN-55-01 (negative polarity) or GIN-50-1 (positive polarity) generators, the principle of
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operation of which is described in [25], were applied via a transmission line to electrodes located in
a discharge chamber with side windows made from fused quartz.
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Figure 1. Schematic diagram of the experimental setup [25].

The GIN-55-01 generator forms voltage pulses with an amplitude in the incident wave up to -38
kV and a duration at half maximum tos = 0.7 ns. Most of the results presented in this paper were
obtained with the voltages pulses of -18 and -33 kV. The GIN-50-1 generator forms voltage pulses
with an amplitude in the incident wave up to +25 kV and a duration at half maximum tos = 10 ns. The
pulse front duration was to.1-09 = 3 ns. Most of the results presented in this paper were obtained with
voltages pulses of +6, +11 and +16 kV. At idle, their amplitudes doubled. The presence of X-ray
radiation from the discharge was measured with an HR-GaAs:Cr X-ray detector, described in [26],
which was installed instead of the window after a copper foil 20 microns thick. This X-ray detector
with a semiconductor sensor input window diameter of 3 mm had a high sensitivity but the pulse
response was about 2 ns.

The discharge chamber was connected to the high-voltage generator by two 1-m length coaxial
transmission lines (Z = 75 Ohm) and a 3-m length coaxial high-voltage cable. The transmission line
near the discharge chamber had built-in capacitive voltage dividers, which were located near the
discharge chamber and at a distance of 2 m from it. Such an arrangement of the dividers made it
possible to measure the incident and reflected voltage waves and restore the voltage across the gap.
The discharge current was measured by a current shunt with a resistance of 8.7 m(), assembled from
thin-film SMD resistors (Vishay Intertechnology).

The large total length of the two lines made it possible to record a series of reflected voltage
pulses from the discharge gap and the generator, whose resistance decreased to fractions of an ohm
within ~10 ns. The reflected voltage pulses in the absence of the gap breakdown returned to it after
~50 ns with the opposite polarity. In the case of the gap breakdown, it was possible to determine the
energy deposited into the discharge plasma from measured current and voltage pulses, both in the
main pulse and in reflected decayed pulses. When a diffuse discharge was formed in the gap, the
impedance of the coaxial line and the plasma resistance for some time turn out to be close. This leads
to efficient energy transfer to the discharge plasma, and the mode of energy input can be changed
with air pressure and the generator voltage. In particular, the main part of the energy can be
transferred to the discharge plasma from the first voltage pulse arriving at the gap, which greatly
reduced the effect of reflected pulses on the discharge radiation characteristics.

The gap 4 mm long was formed by two needles with a base diameter of 0.75 mm. Their length
after a long training was 5.5 mm, and the radii of curvature were =100 um for the potential needle
and =300 um for the grounded one. Therewith the grounded needle during the preliminary training
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changed its shape over a longer length and became blunt. As a result, the radius of curvature of the
transition region from the end surface of the tip with a radius of 300 um to the surface of the cone at
the tip of the needle was =100 pm. The training procedure with multiple pulses was used in the
experiments to ensure that the shape of the needles did not change significantly from pulse to pulse.
As is known, see, for example, [27], if bright spots are formed on the electrodes in a diffuse discharge,
the surfaces of both electrodes are eroded. Therewith the radius of curvature of sharp needles changes
significantly due to the melting of the tip after one nanosecond voltage pulse [8]. In the case of low
energies per pulse and large radii of curvature of the tips, micrometer-sized craters form on their
surface, but the general shape of the needles changed insignificantly [27]. In our experiments, the
GIN-55-01 generator provides an energy input of 8 mJ to the matched load with a resistance of 75 Q
at a voltage pulse amplitude of 33 kV and only 3.5 mJ at 18 kV.

The signals from the capacitive voltage divider and the current shunt were fed to a Tektronix
MSO64B oscilloscope (8 GHz, 20 GS/s).

The glow in the discharge gap was recorded using a Canon EOS 2000D SLR camera (number of
pixels 24.7 Mp, matrix size 22.x4.9 mm, pixel size 3.72 um) equipped with a K2 DistaMax long-
distance microscope (Infinity Photo-Optical Company) with a CF-3 objective. According to the
datasheet, the microscope in this configuration provided a magnification of 3.56 with a maximum
resolution of 1.7 um. The exposure duration of the camera was 1 s, and the sensitivity varied in the
range of 100-3200 ISO. The spectral composition of the discharge radiation was determined using an
OceanOptics HR2000 spectrometer with a known spectral sensitivity in the range of 180-1100 nm. A
four-frame HSFC PRO ICCD camera was used to observe the discharge dynamics.

The chamber was evacuated with a fore-vacuum pump and filled with atmospheric air with a
relative humidity of 23% or argon with purity no worse than 99.99%. Atmospheric air at pressures of
30, 100, 300 and 760 Torr and argon at pressures of 100 and 760 Torr were used in experiments

3. Results

3.1. Measurement of voltage, discharge current and X-ray radiation

The characteristics of discharge formed in a non-uniform electric field were studied during first
step. The task was to measure the features of breakdown and to determine whether runaway
electrons (RAE) are generated in discharge when luminous tracks of particles with micron
dimensions are evident. It was found that RAE occurs under the conditions of our experiments. This
follows from the formation of the diffuse discharge at elevated pressures without an additional
preionization source. Studies of the diffuse discharge formation with the measurement of the run-
away electron current and X-ray radiation are performed in many works, see, for example, [10,28,29].
In our previous works [1,3,30] under similar experimental conditions runaway electrons were
recorded behind a flat foil anode by a collector with a picosecond time resolution which was carried
out.

In this work, it was difficult to install a collector behind the anode or near it to detect runaway
electrons, therefore X-ray pulses (XR) were measured to prove RAE generation. The runaway
electrons were decelerated on a grounded electrode and chamber walls and produced X-ray quanta
propagating in different directions. X-rays were recorded through a side window, covered with
copper foil. Voltage pulses across the gap in the idle running and in the case of gap breakdown along
with the X-ray pulse are shown in Figure 2.

The X-ray pulse amplitude increased with the generator voltage increased and the gas pressure
decreased, as expected. The X-ray pulse duration corresponded to the pulse response of the detector,
see the data in [26]. The presence of XR, along with a diffuse discharge formation confirms the
generation of runaway electrons.
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Figure 2. Waveforms of voltage pulses across the gap at no load operation (idle) and in the case of
discharge formation (a); X-ray bremsstrahlung pulse from the side window behind 20 pum thick
copper foil. Air pressure p=760 Torr, the voltage pulse amplitude in the incident wave is Uo =34 kV,
generator GIN-55-01 (b).

RAE pulse under similar conditions in atmospheric air is much shorter and amounts to =100 ps
[1,3]. When using the GIN-50-1 generator, due to its positive polarity and screening of the grounded
cathode by the chamber walls along with the lower amplitude of the voltage pulse and its long rise
time, the sensitivity of the X-ray sensor was insufficient in atmospheric air. In addition, soft X-rays
were absorbed by the copper foil. However, even with the positive voltage pulses, a diffuse discharge
was first formed in the gap, which then contracted with an increase in air pressure and voltage. This
conclusion follows from an analysis of images, which show a diffuse discharge, and luminescence
spectra in the gap. These data will be described further in Section 3.3.

The breakdown voltage depended on the gas pressure and the generator parameters.
Waveforms of the voltage pulses across the gap and the discharge current in atmospheric air obtained
with both generators are shown in Figure 3.
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Figure 3. Voltage and current pulses obtained with the GIN-55-01 generator, Uo=-33 kV, air pressure
p=760 Torr (a, b), and with the GIN-50-1 generator, Uo=+11kV, p =100 Torr (c,d). The reflected voltage
and current pulses arriving with a delay of /50 ns are seen after the first pulses.

With amplitude in the incident wave of -33 kV, the breakdown of gap occurred during the first
voltage pulse at =-37 kV and was accompanied by a discharge current with an amplitude of 324 A
(see first pulses in Figure 3a. The second voltage pulse (the first reflected one) had a complex shape.
Its beginning was positive. This occurs due to the reflection of part of the pulse from the discharge
gap before its breakdown and subsequent reflection from the generator, which impedance decreased
to a few ohms within 10 ns. The second part of the pulse had a negative polarity, which is associated
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with a sub-ns breakdown time and sharp drop of the discharge plasma resistance to a value lower
than the transmission line impedance. It follows from Figure 3a,b that the main electric energy is
deposited into the gas-discharge load during the first voltage pulse. The second pulse of the discharge
current has a low amplitude, and the third one is practically not noticeable.

When working with the GIN-50-1 generator at the voltage amplitude Uo=+11 kV, 22 kV in the
idle mode, the gap breakdown during the first pulse occurs at air pressure not higher than 100 Torr,
see Figure 3c,d. Therewith the gap breakdown occurs immediately after reaching the open circuit
voltage at the beginning of the flat top of the first pulse, see Figure 3c. It is evident from the current
and voltage waveforms that the main energy input into the discharge plasma was provided during
the first voltage pulse. The amplitude of the reflected voltage pulses significantly decreased, but the
discharge current pulses during the reflected voltage pulses had relatively large amplitude. This is
explained by the discharge contraction and sharp decrease of the plasma resistance. The gap
breakdown can occur during one of the reflected voltage pulses when air pressure was increased to
760 Torr and (or) the voltage amplitude Uo was increased.

From the data in Figure 3, as well as from the voltage and current waveforms, obtained under
different Uo and p, it follows that the gap breakdown conditions could be changed by varying the air
pressure and the generator voltage. As will be shown below, the breakdown conditions have a strong
effect on the glow of the discharge plasma and the formation of the thin luminous tracks.

3.2. Radiation characteristics of the discharge formed by negative voltage pulses

The most important data were obtained in our work using the long-focus microscope with a

spatial resolution of 1.7 um, which was apparently used for the first time to study the nanosecond
discharge in a non-uniform electric field. Figure 4 depicts images of the interelectrode gap and the
discharge glow in air at a pressure of 760 Torr and its relative humidity of 23%.
These images show that different areas can be distinguished in the discharge by their brightness,
color and shape. A program for correction of the levels of brightness and contrast of the images was
used for analyzing the image to show the diffuse discharge emission and highlight the thin luminous
tracks (TLT) initiated by metal particles emitted from the electrodes. This was necessary because of
the high brightness of white (1) and blue spots (3) observed at the electrodes. The glow of these spots
dominates the original image, see Figure 4b. Spark leaders (2), which start from white bright spots,
are also seen in this figure. However, in this case, the glow of the diffuse discharge and the TLT is
practically not noticeable. The glow of the diffuse discharge, which occupies the whole gap, and TLT
(4) become visible in the image only after correction of the luminosity and contrast levels, see Figure
4c,d. Moreover, the tracks are more noticeable in areas without a diffuse discharge; see, for example,
the track in the lower left corner in Figure 4d.
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Figure 4. The discharge gap image, G and HV are grounded and potential electrodes (a); original
image of the glow in the discharge gap (b); the same image after adjusting the brightness and contrast
levels (c); image after correction of brightness and contrast levels, obtained under the same conditions
as in (c), but with another voltage pulse (d); 1 — bright white spots on the electrodes on and near, 2 —
spark leaders, 3 — areas of blue glow near the electrodes, 4 — thin luminous tracks with curves, 4* —
straight luminous track. Air pressure p~760 Torr, the voltage pulse amplitude in the incident wave
Uo=-33 xB.

The TLT color (4), as can be seen from Figure 4c,d, differs from the color of the spark leader (2),
which indicates different mechanisms of their formation. The minimal track cross-section did not
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exceed 2 um, which corresponds to the microscope spatial resolution. The size of the particles that
lead to the formation of thin luminous tracks should be smaller. Thus, the transverse particle size on
the chamber wall was ~500 nm and less [22]. The width of the observed tracks was also affected by
their position relative to the gap center. When moving away from the plane of the objective focus,
tuned to the central axis of the discharge, the image was blurred and became wider.

The shape of the tracks and their length are very diverse and changed from pulse to pulse.
However, TLT always adjoined the region of bright white spots on the electrodes or their periphery.
TLTs could sharply reverse their direction of propagation, see Figure 4d, the region above the left
electrode. Therewith several tracks can adjoin one bright spot, including those on the periphery of
the white bright spot. Such a straight long track (4*) is seen in Figure 4d. Current and voltage
waveforms, taken simultaneously with these images, practically did not change from pulse to pulse
and were close to those shown in Figure 3(a). However, the shape and position of the white and blue
spots near the electrodes, the shape and the number of spark leaders and TLCs changed from pulse
to pulse. In addition, TLCs always adjoined bright white spots, which indicates the escape of particles
from a part of the electrode surface, on which the bright white spots appear. For the appearance of a
large number of TLC, bright white spots should be located on the tips of the electrodes. The
probability of such an arrangement of bright spots increased with an increase in voltage and a
decrease in air pressure.

Spectral measurements showed that with the GIN-55-01 generator in the whole pressure range
(760, 300, 100, and 30 Torr), the bands of the second positive nitrogen system (2+), peak intensity on
ClTu(v=0)—B3I1g(v=0) transition at 337.1 nm, dominates in the diffuse discharge glow as it shown in
Figure 5. Therewith emission of white and blue spots dominating in the visible region in the images
in Figure 4, is not visible in the spectrum which shows the spectral energy density of radiation W.
This can be associated with the low W value in individual lines and bands of white and blue spots
compared to the UV emission on the 2* system and wide spectral range of the spot emission.

3.3. Optical parameters of discharge radiation formed by positive voltage pulses

Images of the discharge glow obtained with the GIN-50-1 generator, providing voltage pulses
with positive polarity and duration at half maximum of =10 ns are shown in Figure 6. Changing
voltage pulse parameters affected the characteristics of the discharge. Diffuse discharge without
spark channel was seen in the corrected images only at low voltage amplitude in the incident wave
(not higher +6 kV) and air pressures of 30 and 100 Torr, see Figure 6a. Therewith, both curved tracks
with a change in the direction of motion to the opposite (4) and straight tracks (4*) were evident.
Spark leaders (2) and blue glow regions (3) were also formed, but the discharge constriction did not
occur.

Formation of a wide spark channel was seen in the gap when Uo and air pressure were increased
to +11 kV and 100 Torr, respectively, see Figure 6b. The discharge constriction is confirmed with
the current and voltage waveforms, shown in Figure 3(b), which indicate a sharp decrease in the
discharge plasma resistance. Note that, particle tracks were also recorded in atmospheric air, but the
probability of their appearance decreases with the GIN-50-1 generator.
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Figure 5. Emission spectra of the discharge plasma obtained with the GIN-55-1 generator, Uo=-33 kV
(a) and GIN-50-1 generator, Uo=+6 kV (b). The pulse repetition rate is 10 Hz. (vi)-(vj) denotes transitions
of nitrogen 2* system in nm.
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Figure 6. Images of the discharge after correction of the brightness and contrast levels, obtained in air
(a,b) and argon (c) at p=100 Torr for different amplitudes of the voltage +Uo in the incident wave from
the GIN-50-1 generator. G and HV designate grounded potential electrodes. 1 —bright white spots on
the electrodes near the tips, 2 — spark leaders, 3 — glowing blue area near the electrodes, 4 — thin
luminous tracks with curves, 4* — straight track.
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Recording the spectra at different pressures (760, 100, and 30 Torr) with the GIN-50-1 generator
showed that bands of the second positive nitrogen system dominate in discharge glow only at p =30
Torr and Uo= 6 kV, see. Figure 5(b). However, even under these conditions, visible and UV broadband
radiation appears in the spectra. The intensity and bandwidth of this radiation increase with air
pressure and amplitude of the voltage pulse. The broadband radiation with wavelengths <280 nm, as
was established earlier in [17], is emitted from bright white spots on the electrodes, spark leaders, the
spark channel and observed in different gases (He, Hz, CO, Xe, COz). The total radiation energy
density W from discharge in atmospheric air exceeds the most intense band of 2* nitrogen system at
337.1 nm. The number of registered TLTs decreases, as well.

TLTs were observed when air was replaced with argon, Figure 6(c). However, the number of
TLTs in a single pulse and the number of pulses in which thin luminous tracks were observed
decreased. From the comparison of Figure 6(b,c), it follows that only one track is visible in argon,
which is adjacent to the grounded electrode of negative polarity, ceteris paribus. The number of TLTs
in air is an order of magnitude greater, and the tracks originate from bright white spots on both
electrodes, Figure 6(b).

4. Discussion

From the analysis of the images, the number of which was more than 150, the following
conclusions can be made.

1. TLTs are formed mainly from the part of the electrode surface with bright white spots
appearing. The shape and number of the tracks vary from pulse to pulse and depend on the gas type
and pressure, the voltage pulse amplitude.

2. A decrease in the amplitude of the voltage pulse from the GIN-55-01 generator usually reduces
the length of the TLTs, and their number. As, the number of visible TLTs decreases with the gas
pressure, while their apparent length shortens. At a pressure of 30 Torr, short TLTs were observed
only at Uo=-18 kV. A decrease in the amplitude of the voltage pulse from the GIN-55-01 generator
usually shortens the length of the TLTs and reduces their number. The number of visible TLTs also
becomes smaller and their apparent length shortens at low gas pressure. At a pressure of 30 Torr and
Uo=-18 kV, only short TLTs were observed.

3. TLT can change the direction of movement and move in the opposite direction.

4. TLT can be connected to both high-voltage and grounded electrodes.

5. Discharge constriction does not limit the appearance of TLTs.

6. Studies of the formation of streamers and diffuse discharge with the ICCD camera showed
that TLTs are not observed on the background of streamers forming diffuse discharge and on the
background of the diffuse discharge with bright spots on the electrodes.

The formation of TLTs can be explained in the following way. The observed tracks are traces of
hot metal particles that fly out of the electrode surface in the area of its contact with the dense plasma.
Therefore, the TLT color differs from the color of the spark leaders. Initial plasma is created due to
heating and thermal explosion of micro-inhomogeneities through which a current with a high density
flows [27]. As was shown in [31-34], a decrease in the breakdown voltage in a vacuum cannot be
associated only with explosive electron emission from the cathode. Various phenomena must be
considered to understand the limitations of the electrical strength of vacuum insulation. Thus, the
calculations made in [34] show that the cathode material is subjected to destructive mechanical
stresses in an unheated region, the size of which significantly exceeds the size of the explosive
electron emission center. As a result, the appearance of a primary cathode spot during vacuum
breakdown and the plasma formation near the electrode surface result in multiple local destructions
on the periphery of the electrode surface under the action of mechanical stresses.

In our conditions as the spot sizes increased, some of the spots initiated TLTs. Moreover, the
tracks were observed from the electrode surface with both voltage pulse polarities. The visible
luminescence of TLTs is explained by their comparatively high temperature. The sharp curves of the
tracks and the change of direction of their movement can be explained by a change in the polarity
and magnitude of the TSC charge along with the change of the voltage polarity across the gap
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reflected pulses. It has been established that TSTs during one voltage pulse are adjacent to both
electrodes. There are pulses in which a large number of TLTs are in contact with one bright spot, and
some of TLTs are in contact with the electrode at the periphery of the bright spots. It can be assumed
that the appearance of TSCs in our experiments is associated with an increase in the electric field near
electrodes with a small radius of curvature, and the appearance of a dense plasma near the electrodes
as in vacuum discharges, see [31-34]. This leads to the departure of micro- and nanoparticles of metal
from the electrode surface under the influence of mechanical stresses.

High voltage pulses with short rise time can increase mechanical stresses. Apparently, this is not
enough. Additional amplification of the electric field is necessary, and the explosion of
microprotrusions on the electrodes due to the formation of plasma (white bright spots) can provide
field enhancement. The formation of bright spots on the electrodes was discussed in [34].

It can also be assumed that nanoparticles increase the electric field in the region of their
appearance and at a distance from the electrodes. This can lead to the formation of thin streamers
with high electron number density.

5. Conclusion.

The plasma of nanosecond discharges formed in an inhomogeneous electric field was studied
with a high spatial resolution using a long-distance microscope. Thin luminous tracks with a
minimum transverse size of lower 2 um were found against the background of diffuse discharge in
air and argon between the electrodes, as well as on the side of the electrodes. It has been established
that TLTs are usually adjacent to bright spots on the electrodes, have a variety of shapes, and can
change the direction of their movement to the opposite. Their length in atmospheric air can reach the
length of the discharge gap.

We assume that the TLT formation is associated with the escape of metal particles from the
surface of the electrodes under the influence of stresses that arise due to mechanical phenomena. In
this case, the amplification of the electric field due to the shape of the electrodes and the formation of
a dense plasma via a thermal explosion of microprotrusions affect the TLT occurrence. A similar
phenomenon is observed in vacuum discharges due to explosive electron emission [31-34]. TLTs in
diffuse discharges in air, argon and, apparently, in other gases, are in contact with both electrodes in
contrast to the vacuum discharges

The tracks differ in color from the spark leaders, which lead to the formation of spark channels
in diffuse discharges. In addition, the metal particles, escaping from electrodes, can enhance the
electric field in the region of their appearance during voltage pulses and initiate the development of
streamers and then along their path. The trajectories of TLTs and streamers should coincide in
separate sections of their path and be straight, which was recorded in many pulses, see Figure 4(b).
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