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Abstract: Many scientific teams are currently studying the effects of plasma generated by nanosecond
diffuse discharges on the surfaces of various materials in order to modify their properties. To achieve
this, uniform plasma is required to act on the target being treated, which is often an electrode in a
discharge system. Previously, the surface treatment uniformity of flat electrodes during a nanosecond
discharge in a point-to-plane gap was studied by applying a carbon black layer, and a discharge mode
was identified in which there was no erosion on the treated electrode. In this study, it was established
that during a nanosecond discharge in air at atmospheric pressure in a non-uniform electric field,
carbon black deposited on the surface of a flat anode can ignite. The conditions and dynamics of
carbon black ignition during the nanosecond discharge were determined. It was observed that the
carbon black is ignited on the surface and continues to combust in the gap in the form of flame
plumes for tens of milliseconds. It was also found that the combustion of carbon black can occur in
both diffuse and spark discharges.

Keywords: nanosecond discharge; non-equilibrium; low-temperature plasma; surface treatment;

non-uniform electric field; carbon black; soot; carbon ignition; carbon combustion

1. Introduction

Nanosecond diffuse discharges in atmospheric-pressure gases generate non-equilibrium,
low-temperature plasma that is widely used for the surface treatment of various materi-
als [1-4]. In particular, technologies that use carbon particles of various sizes have been
intensively developed recently [5-9]. A high-voltage nanosecond discharge in a non-
uniform electric field, formed in a “point-to-plane” diode, is one of the ways of producing
this type of plasma (see, e.g., [10]). The diffuse form of discharge is achieved by enhancing
the electric field at the high-voltage electrode with a small radius of curvature (pointed
cathode) and generating high-energy electrons, including runaway ones [11-14]. The flat
electrode (anode) is exposed to reactive species and optical radiation resulting from ioniza-
tion and excitation in plasma, as well as high-energy electrons and X-rays caused by their
deceleration. Some results from modifying the surfaces of various materials with this kind
of plasma are presented in [15].

A number of studies, e.g., [16-22], report that when pulsed discharges are imple-
mented in ‘point-to-plane” gaps, thin channels with a high current density are formed,
which leads to local damage to the anode. These channels were studied using various
methods, including multi-frame laser interferometry. Their occurrence led to a change in
the discharge morphology and, as a consequence, to a deterioration in the uniformity of
the plasma action on the surface of a flat electrode. Images of electrodes with traces of
erosion were provided to confirm this. In several papers, to identify the consequences of
exposure in the form of small inhomogeneities on the surface of a flat metal anode, its
surface is covered with carbon black. This highly sensitive method was proposed and
tested in Ref. [23]. It should be noted that in this study, under conditions of the formation
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of thin channels in the discharge gap and the erosion of the anode, X-ray emission caused
by the braking of runaway electrons near the high-voltage cathode and on the grounded
flat anode was detected. We believe that the damage to the anode surface mentioned in
papers [16,19-22] is due to the relatively long duration of both the voltage pulse itself
and its rise time, which leads to discharge constriction. Our previous studies [15,24] have
shown that local damage to the surface of a flat electrode is only observed when anode
spots are formed, which occur when the interelectrode distance decreases or the energy
input increases. A discharge mode in which uniformity is improved and there is no local
damage to the anode is implemented with an increase in the gap width as well as a decrease
in the amplitude or duration of the applied voltage pulse. This is confirmed by the absence
of traces of impact, including in cases with and without the application of a carbon black
layer to the flat electrode.

The mode without damage to a carbon black layer was obtained when the gap width
was 8-10 mm, the amplitude of the voltage pulse in the incident wave was 18 kV, and the
duration of the voltage pulse at half maximum was 8 ns. Integral photographs of the gap
showed a diffuse discharge form, characterized by the absence of bright spots on the flat
anode. Also, for the single pulse mode, it was found that when the gap width is reduced
and the voltage pulse amplitude remains unchanged, a thin luminous layer appears on the
surface of the flat electrode coated with a layer of carbon black. The transverse size of the
luminous layer exceeded the size of individual damaged areas of small diameter. Since
in [24], the main efforts were aimed at implementing a discharge mode in which damage to
the soot layer did not occur, the reasons leading to the appearance of a luminous layer on
the anode were not studied. During the subsequent analysis of the results of the mentioned
study, it was assumed that the glow observed at the grounded electrode was due to the
ignition of carbon particles.

The purpose of this study is to identify the conditions and dynamics of the ignition of
a carbon black surface layer. As a result, it was experimentally shown that when carbon
black burns in the gap, an unusual shape of a luminous region is realized in the form of
many flames.

2. Materials and Methods

Figure 1 shows a schematic of the setup used in the experiments. High-voltage voltage
pulses of negative polarity were applied to an interelectrode gap via a 2- or 5-m-length
high-voltage, 75-()-cable connecting a generator and a discharge chamber. Voltage pulses
were produced by generators made of all-solid-state switches [25]. The generators (Table 1)
used in the experiments were NGP-18/3500N (Megaimpulse Ltd., Burbach, St. Petersburg,
Russia) and GIN-100-1 (FID GmbH, Burbach, Germany).
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Figure 1. Schematic of the experimental setup.
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Table 1. Characteristics of a voltage pulse * produced by generators in the experiments.

Model Amplitude, kV Duration **, ns Rise Time, ns
NGP-18/3500N 18 8.0 4.0
GIN-100-1 20 45 2.5

* The characteristics relate to an incident voltage wave. ** Full width at half-maximum.

This discharge chamber was previously used in another study [24]. A diode was
formed by a high-voltage cathode with a small radius of curvature and a flat grounded
anode. The cathode was made of a 5-mm-diameter steel rod with a pointed end, and the
anode was made of a 25-mm-diameter and 1-mm-thick copper plate. The discharge plasma
was formed at a gap width, d, of 4 to 10 mm. In some experiments, the anode surface
was covered with a layer of carbon black with a thickness of approximately 1040 pm. To
cover the carbon layer on the anode surface, diluted gas from ordinary lighters was burned
under it. The size of individual particles discernible using a microscope was no more than
1 um [24]. The discharge chamber was filled with ambient air at atmospheric pressure.

The discharge plasma emission was output through side quartz windows. A Canon
EOS R2 digital camera (Canon Ltd., Tokyo, Japan) was used to take time-integrated images
of the plasma emission. A high-speed four-channel HSFC-PRO ICCD camera (PCO Com-
puter Optics GmbH, Kelheim, Germany) was used to take time-resolved images. The ICCD
camera took up to four consecutive images per discharge implementation. The minimum
exposure duration of each channel was 3 ns. The ICCD camera was triggered by a sync
signal from the high-voltage generator.

Voltage pulses were measured using a 0.014-Q) back-current shunt based on low-
inductance SMD resistors. The waveforms of the electrical signals were recorded with a
TDS MDO3102 digital oscilloscope (Tektronix Inc., Beaverton, OR, USA) with a bandwidth
of 1 GHz and a sampling rate of 5 GS/s. The procedures for data acquisition and analysis
were performed using a desktop computer.

3. Results
3.1. Excitation Conditions

It is well known that plasma formed during nanosecond gas discharges has variable
impedance. Prior to breakdown, the impedance is infinite, resulting in the idling mode
where a voltage pulse is reflected by the gap. The voltage pulse travels along a transmission
line from the generator to the gap and backward. This is repeated until the energy has been
dissipated. The high-voltage 75-()-cable shown in Figure 1 served as a transmission line.
For the diffuse discharge, matching the plasma impedance with that of the transmission
line can be achieved by adjusting the gap width and/or the amplitude of the applied
voltage pulse. However, for spark discharge, a mode with low-resistance discharge plasma
is implemented, which is almost like a short circuit. When using NGP-18/3500N or
GIN-100-1 generators with d = 4 mm, no discharge constriction occurs during the first
pulse. However, it could occur when the first or subsequent reflected pulses arrive at
the gap. Below, images of diffuse and spark discharges are presented. The impedance
of the discharge gap becomes much less than that of the transmission line when a spark
channel is formed. In addition, after the voltage pulse is formed, the internal impedance
of the generator decreases to a value significantly less than the wave impedance of the
transmission line. The inconsistency of the impedance of the setup elements led to multiple
reflections of the voltage pulse occurring, both from the gap and the generator. Due to the
energy losses accompanying reflections, the pulse amplitude decreases. The number of
reflected pulses and their polarity depend on the plasma impedance. During the diffuse
discharge, the plasma impedance is greater than that of the transmission line, and the
voltage pulse is reflected without polarity inversion. Then, the reflected voltage pulse
reverses its polarity when it is reflected from the generator. The delay between pulses in
the waveform is determined by the length of the transmission line. This mode is described
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in more detail in [26], where the tracks of glowing particles between two electrodes with a
small radius of curvature were studied.

This study focuses on the features of the discharge operation in the gap with d = 4-6 mm
when the combustion of a carbon black (soot) layer on the surface of the flat grounded
electrode is observed. For the 4-mm gap fed by the GIN-100-1 voltage pulse generator,
the waveforms of the voltage across the gap and the discharge current through it during
the arrival of the first nanosecond voltage pulse were reconstructed on the basis of the
incident and reflected voltage waves (Figure 2a). Note that the incident wave was measured
by us earlier and was used to calculate the reflected wave from the signal recorded with
the back-current shunt. Then, the voltage across the gap was determined. Knowing
the incident and reflected waves, it is easy to estimate the power/energy stored in the
incident wave (Figure 2b), as well as the power/energy deposited into the discharge plasma
(Figure 2c). With the energy stored in the incident wave being approximately 16 mJ, the
energy deposited into the discharge plasma during the first pulse is approximately 10 m].
It should be noted that 40% of the energy is carried away by the reflected pulse since the
gap operates in idle mode initially. The energy input into the plasma did not depend on
the material of the electrodes or whether the anode was covered with carbon black or not.
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Figure 2. (a) Reconstructed voltage across the gap and discharge current. (b) Calculated power
and energy in the incident wave. (c) Calculated power and energy deposited into the discharge
plasma during the first voltage pulse when the grounded electrode was covered with carbon black.
GIN-100-1 voltage pulse generator. Air pressure is 1 atm. Gap width is d = 4 mm.

3.2. Time-Integrated Discharge Plasma Glow

During the experiments, it was found that as the carbon black layer thickness increases
and the distance between the electrodes decreases to less than 8 mm, the composition and
shape of the discharge emission in the gap are altered.

The time-integrated images show luminous objects that differ in color from the plasma
emission, as well as the individual spots and tracks of particles. A bright glowing layer is
observed on the surface of the grounded electrode coated with carbon black (Figure 3a,b),
while no emission is observed on the surface of the grounded electrode free from carbon
(Figure 3c). Earlier, such emission was mentioned in our paper [24]. The metal anode sur-
face is cleared of carbon black after 1-3 discharge cases, depending on the layer thickness.

Reducing the distance between the electrodes to 4 mm results in a discharge mode
where flame plumes arise from the surface of the grounded flat electrode coated with
carbon black (Figure 4). The thicker the carbon black layer, the more impressive the flame
plume. In Figure 4c, it looks like wings or a trident. The complex shape of the flame plumes
indicates the presence of vortices caused by post-discharge gas-dynamic flows caused by
pressure gradients. The occurrence of flame plumes is believed to be due to the combustion
of the carbon layer on the surface of the flat grounded electrode. This, in turn, is confirmed
by the fact that neither a bright glowing near-electrode layer nor plums are observed when
using metal electrodes free from any coatings.
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Figure 3. Time-integrated images of diffuse discharge in air at a pressure of 1 atm and at the gap
width of 6 mm. (a,b) Grounded electrode covered with a 20-um carbon layer. (¢) No carbon black
layer. NPG-18/3500N voltage pulse generator. PE—pointed electrode. GE—grounded electrode.
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Figure 4. Time-integrated images of the diffuse discharge in air at a pressure of 1 atm and a gap width
of 4 mm. Grounded electrode covered with black carbon layer with thicknesses of (a) 20 um, (b) 30 um,
and (c) 40 pm. NPG-18/3500N voltage pulse generator. Metal electrodes. PE—pointed electrode.

It should be noted that in the experiments, both diffuse and spark discharges could be
formed at the same gap width, regardless of the presence of a carbon black layer. Sparks
can occur due to the development of thermal-ionization instabilities at high specific energy
input (see, e.g., Refs. [27-29]). A spark discharge against the background of the diffuse one
can be seen in the time-integrated images for the 4-mm gap width with the flat electrode
coated with carbon black and the electrode free from it (Figure 5). Discharge constriction
does not prevent the appearance of flame plumes, but the emission intensity of the spark
channel is typically higher. No flame plumes are present in the absence of a carbon black
layer (Figure 5c), as seen in the case of the diffuse discharge.
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Figure 5. Time-integrated images of spark discharge in air at a pressure of 1 atm and at a gap width
of 4 mm. (a,b) Grounded electrode covered with a 30-um carbon layer. (c) No carbon black layer.
NPG-18/3500N voltage pulse generator. PE—pointed electrode.
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3.3. Discharge Glow Dynamics with and without Carbon Black on the Anode Surface

This section presents the time-resolved ICCD images that illustrate the discharge
development dynamics in the 4-mm gap. The presented data pertain to both diffuse and
spark discharges. Although the images produced by the ICCD camera are in grayscale,
various formations in the gap can be distinguished by the glowing shapes. Figure 6 displays
the discharge plasma emission during the first and second voltage pulses, as well as the
integral image of that for 750 ps after the appearance of the first voltage pulse at the gap
for the metal flat electrode not covered with carbon black.

diffuse

discharge

grounded electrode grounded electrode grounded electrode

Figure 6. ICCD images of discharge development in air at a pressure of 1 atm and a gap width of
4 mm, taken at different exposure durations: (a) 10 ns, (b) 20 ns, with a delay relative to the first
image of 25 ns, and (c) 1 ms (after the first pulse). No carbon black layer on the grounded electrode.
GIN-100-1 voltage pulse generator. PE—pointed electrode.

From Figure 64, it can be seen that during the first (main) voltage pulse, the diffuse
discharge is implemented. Bright cathode spots are visible on the pointed electrode. At
the arrival of the second pulse (the first reflected one), a bright spark channel is observed
in the second frame (Figure 6b). Figure 6¢, obtained with an exposure of 1 ms, shows an
increase in the intensity of the spark channel radiation and its expansion. The intensity of
the diffuse discharge plasma emission appears to be much lower than that of the spark
channel (Figure 6a vs. Figure 6b). This is entirely due to the extremely short emission phase
of a nanosecond excitation pulse duration [12]. When the flat grounded electrode is coated
with a layer of carbon black under the same excitation conditions, a bright luminous layer
near its surface is observed (Figure 7).

diffuse

grounded’electrode

Figure 7. ICCD images of discharge development in air at a pressure of 1 atm and a gap width of
4 mm, taken at different exposure durations: (a) 10 ns, (b) 20 ns, with a delay relative to the first
image of 25 ns, and (c) 1 ms (after the first pulse). Grounded electrode covered with a 30-um carbon
black layer. GIN-100-1 voltage pulse generator. PE—pointed electrode.
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grounded electrode

During the first pulse, a diffuse discharge accompanied by bright spots on the pointed
cathode is formed (Figure 7a). The arrival of the first reflected pulse at the gap leads to the
development of spark channels (Figure 7b). A relatively weak glow is observed near the
grounded electrode surface. Flame plumes are seen in Figure 7c, taken at a 1-ms exposure.

It is important to note that the shape of the flames in the ICCD images corresponds to
that in the time-integrated images taken both during diffuse (Figure 4c) and spark discharge
(Figure 5b).

The brightly glowing layer near the flat electrode surface is formed before the flame
plumes. According to experimental data, this occurs within the first 20 ns after the incident
voltage wave arrives at the gap, and then the propagation process of flame plumes into the
interelectrode space begins (Figure 8).

diffuse

discharge

grounded electrode grounded electrode grounded electrode

Figure 8. ICCD images of discharge development in air at a pressure of 1 atm and a gap width of
4 mm, taken at different exposure durations: (a) 20 ns, (b) 1.5 ms, and (c) 50 ms. Grounded electrode
covered with a 40-pum carbon black layer. GIN-100-1 voltage pulse generator. PE—pointed electrode.

Figure 8a demonstrates the fact that the formation of the brightly glowing layer occurs
at the stage of the diffuse discharge. The ICCD images in Figure 8b,c illustrate the process
of the slow propagation of the flame plumes from the grounded electrode surface into the
interelectrode space, resulting in the formation of ‘wings’ or a ‘trident’. When the carbon
layer thickness was 40 um, the probability of flame plume occurrence exceeded 50%.

Figure 9 shows the initial phase of flame plume development.

Figure 9. ICCD images of discharge development in air at a pressure of 1 atm and a gap width of
4 mm, taken at different exposure durations: (a) 20 ns, (b) 0.5 us, (c) 1 us, and (d) 10 ps. The delays
relative to the moment of applying the voltage pulse from the generator to the gap were 0, 0.5, 1,
and 10 s, respectively, for (a—d). The grounded electrode covered with a 40-pum carbon black layer.
GIN-100-1 voltage pulse generator. PE—pointed electrode.

As mentioned above, the emission near the grounded electrode surface occurs within
20 ns after the formation of the diffuse discharge (Figure 9a). The diffuse discharge plasma
glow is almost indistinguishable against the bright region occupied by flames that develop
within fractions of microseconds after the breakdown. The movement speed of these flames
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varies from pulse to pulse and depends on the thickness of the carbon black layer, but
the average value estimated from the ICCD images for the case of the diffuse discharge
is ~60 m/s. The data in Figure 9 also confirm the conclusion that only the diffuse dis-
charge energy is sufficient for the combustion of the carbon black layer on the grounded
electrode surface.

4. Discussion

Many scientific groups have studied the ignition and combustion of different substances,
including carbon and its compounds, in various states of aggregation (refer to [30-37] for
more information). Let us analyze the results obtained.

The carbon black layer on the flat grounded electrode is ignited within 20 ns after
the application of a high-voltage voltage pulse to the gap and the formation of the diffuse
discharge (as shown in Figures 8a and 9a,c). The ignition temperature of carbon in air
varies depending on its state. For example, as the size of individual particles decreases,
the temperature threshold for ignition also decreases, which is true for carbon. This effect
may cause carbon black to ignite more quickly under these conditions; however, it is not
the main factor. The sublimation threshold for graphite is too high, ~3630 °C, which is
not achievable in this experiment with the energy input into the discharge at ~10 m]. It
is believed that the presence of high-molecular hydrocarbons in the carbon black layer
plays the main role in its ignition. The ignition of high-molecular hydrocarbons requires
significantly less energy and lower temperatures compared with graphite. The rapid cooling
of combustion products during carbon black layer application promotes the formation of
high-molecular hydrocarbons on the flat copper electrode. No carbon combustion was
observed when using a flat electrode made of dense graphite. Based on the fact that carbon
ignition occurs during the diffuse discharge when the plasma temperature is still low
and close to room temperature, it can be assumed that the process is possible due to the
presence of a high concentration of various excited atoms and oxygen molecules in the
plasma of the diffuse discharge. These elements are responsible for the oxidation process
of carbon. This hypothesis can be tested by implementing a discharge, for example, in
pure nitrogen. It is worth noting that hot electrode spots formed during the explosion
of microprotrusions due to the high current density in them can also provide the initial
impetus for the ignition process.

5. Conclusions

In this study, the conditions and dynamics of flame plumes in the form of intricate
structures that occur during a nanosecond discharge in air above an electrode coated with
a layer of carbon black are investigated. The flame plumes are the result of carbon black
combustion initiated by plasma treatment. The study showed that carbon combustion can
occur both in spark and diffuse discharges. To understand the dynamics of the discharge
and flame development processes, a four-channel ICCD camera was used. It was revealed
that the ignition of carbon black occurs within 20 nanoseconds, right after the first voltage
pulse. This rapid ignition is probably made possible by the formation of excited atoms and
oxygen molecules of high concentrations. However, it is important to note that the electrode
surface may not only contain pure carbon particles but also high-molecular compounds of
carbon and hydrogen formed during the combustion of gasoline when the carbon black
layer is applied to the electrode. To ignite carbon black in the discharge gap volume
during a diffuse discharge, a specific energy input of 1 MW /cm? and more is sufficient.
For surface ignition, the discharge current density must exceed 50 A/cm? with a pulse
duration of 5 ns at half maximum. To obtain these data, we used the results of our previous
work [24]. The results of the research demonstrate that a diffuse nanosecond discharge in
air at atmospheric pressure can be effectively utilized as a non-invasive method for cleaning
surfaces from soot contamination.
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