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Fast particles and metal vapors from electrodes with small radii
of curvature during nanosecond discharges in gases

In gaps with a non-uniform electric field, the high electric fields (>1 MV/cm) are achieved with a short volt-
age pulse front, which are enhanced by the accumulation of positive ions at the cathode and the formation of
plasma. Based on the known experimental and theoretical studies of vacuum discharge, we hypothesized that
the mechanism of destructive mechanical stresses in the surface layer of electrodes should also take place
during nanosecond breakdown in gases. In this paper, the radiation of diffuse discharge plasma formed be-
tween two electrodes with a small radius of curvature was investigated when the discharge gaps were filled
with air, nitrogen, argon, and helium at atmospheric pressure. With a nanosecond voltage pulse duration and
energy inputs into the gas of <1 mJ/cm3, the tracks of particles emitted from bright spots on the electrodes,
including those at a right angle to their surface, were recorded. It is shown that the length of the tracks de-
pends on the polarity of the electrode and that at low energy inputs in the air the tracks end with a brighter
glow region. It is established that the greatest radiation intensity during discharges in four different gases (air,
nitrogen, argon and helium) are found in tracks that are formed in the air. From this result, as well as from the
recorded duration of track glow pulses in hundreds of microseconds, it follows that the increase in the bright-
ness of the radiation of the ends of the tracks during propagation in the air is determined by the heating of the
electrode material during the interaction of the emitted particles with oxygen.

Keywords: tip-to-tip gap, hanosecond pulses, diffuse discharge, particle tracks.

Introduction

It is known that erosion of the electrode surface occurs during the formation of bright spots on the elec-
trodes due to explosive emission of electrons as a result of breakdown processes [1]. The formation of craters
on the cathode surface in vacuum and gas-filled gaps has been recorded in many studies, see, for example
[1-3] and references in these publications. During nanosecond discharges in gaps filled with various gases,
damage on the cathode surface, including crater-shaped damage, in the region of bright spots before a spark
channel formation is also observed [4-6]. Erosion of the electrode surface is explained by the heating of
microheterogeneities due to an increase in current density in local areas to the melting temperature and rapid
(explosive) evaporation of these microheterogeneities [1]. As a result, a cloud of dense plasma is formed on
the surface of the electrodes with negative polarity before formation of a spark channel. In works [7, 8], de-
voted to the study of the mechanism of vacuum breakdown at high electric field strengths, it was established
that one of the reasons limiting the electrical strength of a vacuum insulation is the effect of a strong electric
field on the mechanical properties of the electrode surface. Calculations carried out in [8] showed that even
in the unheated region, the size of which significantly exceeds the size of the explosive emission center, the
cathode material is also exposed to destructive mechanical stresses. In this case, the primary appearance of
the cathode spot during discharge in a vacuum and the formation of plasma near the electrode surface lead to
multiple local destructions of its relatively smooth surface, including those at the periphery of the cathode
spot.

Based on experimental and theoretical studies of breakdown in a vacuum, described by the authors of
articles [7, 8]), in works [9, 10] it was suggested that the mechanism associated with the occurrence of de-
structive mechanical stresses should also take place during nanosecond breakdown in gases between elec-
trodes with a small radius of curvature. Photographing the discharge with a high (up to 1.7 um) spatial reso-
lution in [9, 10] showed that thin luminous tracks (TLT) of particles appear in the interelectrode gap in both
spark and diffuse discharges, moving along various trajectories. Shooting with a highly sensitive ICCD cam-
era made it possible to establish that particles at a minimum distance from the electrodes are recorded with a
delay of more than 1 ps, and their speed depends on the track diameter and is as high as ~ 40 m/s [9-11].
This speed is significantly less than the plasma expansion speed during explosive emission in a vacuum
(~ 20 km/s), as well as the speed of a liquid metal jet at the cathode (~ 0.4 km/s) [12].
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The results obtained in [9-11] aroused great interest and showed the need to continue studying the con-
ditions for the appearance of TLT from electrodes. Attention to the observation of tracks is due to the lack of
data on the registration of TLT during nanosecond diffuse discharges in a non-uniform electric field, see, for
example, [13-17]. Note that during a spark discharge, a number of studies reported observation of the scat-
tering of particles from the electrodes [8, 18], as well as the production of small-sized particles [19]. In addi-
tion, in [20], it was shown that tip erosion is observed during a corona discharge during generation of a series
of Trichel pulses.

The aim of this work to study possibility of the appearance of tracks and define their shape under the
conditions of a diffuse discharge in air, nitrogen, argon and helium, formed with small energy inputs.

Experimental setup and methods

The studies were performed using setup similar to that described in [9-11]. Schematic diagram of the
setup is shown in Figure 1.
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Figure 1. Block diagram of the experimental setup for studying particle tracks.

Voltage pulses from various high-voltage generators (HV), which are described in detail in [21], were
fed to the input of the discharge chamber transmission line via a coaxial cable. The generators had positive or
negative polarity. Minimum energy inputs into the discharge plasma were achieved using a positive polarity
generator GIN-10 with a voltage pulse duration 195~ 1 ns (FWHM) and its rise time of o1 99~ 0.7 ns. The
amplitude of the incident voltage wave in the transmission line was 11.6 kV. The energy in the pulse did not
exceed 1.2 mJ. In the idle mode, the voltage across the gap doubled. Oscillograms of the incident and re-
flected from the gap waves of the voltage pulses and current through the gap are shown in Figure 2.
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Figure 2. Oscillograms of the pulses of the incident and reflected voltage wave, as well as the current through
the gap of the total and capacitive (dashed line).
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The wave impedance of the transmission line with a built-in shunt was 75 Ohm. The resistance of the
shunt was 8.7 mOhm. This shunt made it possible to record voltage waves incident on the gap and reflected
from it, as well as to restore the voltage pulses reflected from the generator. The current through the gap was
measured by a current shunt assembled from thin-film SMD resistors (Vishay Intertechnology), which was
installed near the grounded electrode. The shunt resistance was 30 mOhm.

The radiative characteristics of the nanosecond discharge were recorded from the area between the elec-
trodes, which were made from sections of sewing needles with a base diameter of 0.75 mm. The length of
the needles was ~ 5.5 mm, and the rounding radii were =~ 35 um. Due to the low energy in the voltage pulse,
the shape of the electrodes did not change significantly from pulse to pulse. We have not used before this
generator to study particle tracks. The gap between the needles was 4 mm. Due to the lack of matching of the
resistances of the gas-discharge, generator and transmission line, voltage pulses were reflected from the gap
and from the generator. As a result, voltage pulses reflected from the generator returned to the gap with the
opposite polarity. When using the GIN-10 generator, this delay was 22 ns. The main part of the energy was
usually deposited in the discharge plasma during the first voltage pulse from the generator. Similar excitation
modes of the diffuse discharge with other generators are described in detail in [9-11].

Waveforms of the incident wave of voltage and current pulses through the gap from the GIN-50-1 gen-
erator with the pulse duration of 13 ns are shown in Figure 3.
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Figure 3. Waveforms of the voltage pulse on the gap and the current through the gap.
Generator GIN-50-1. Rectangles C1, C2, C3 and C4 show the time of photographing the discharge plasma
on different channels of the ICCD camera.

The maximum voltage pulse amplitude at the idle reached 50 kV. The maximum energy input into the
discharge plasma during the first incident pulse were achieved due to the increase in the voltage pulse dura-
tion with this generator. The positive polarity voltage pulse duration of this generator at half-height was
Tos~ 13 ns and its front was ty1 g9~ 4 ns.

The signals from the shunts were recorded by a Tektronix MSO64B oscilloscope (8 GHz, sampling fre-
guency 20 samples/ns). The discharge plasma glow images were taken with a Canon EOS 2000D SLR cam-
era (24.7 MP pixel count, 22.3x14.9 mm matrix size, 3.72 um pixel size), which was equipped with a K2
DistaMax long-focus microscope (Infinity Photo-Optical Company) with a CF-3 lens. The microscope in this
configuration provided a magnification of 3.56 with a maximum resolution of 1.7 pm. The camera exposure
time was usually 0.5 s, and the sensitivity was 40000 1SO. In addition, a four-frame ICCD camera HSFC
PRO with frame duration of 3 ns was used to photograph the discharge. This ICCD camera and generators
could be switched on with an accuracy of about 10 ps. This made it possible to record changes in the plasma
glow during the discharge over a time of tens of picoseconds. The shaded rectangles show the switching time
of individual frames of the ICCD camera are shown in Figure 3. An HR2000+ES spectrometer with a 13
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light guide (range 200—1150 nm; optical resolution = 0.9 nm) with a known spectral sensitivity was used to
measure the discharge emission spectra. The discharge chamber had two side windows made of KU-1. Pho-
tographing the discharge and measuring the emission spectra were carried out in the absence of extraneous
lighting.

The gas discharge chamber was evacuated by a forevacuum pump and filled with atmospheric air with a
relative humidity of 23 %, or nitrogen, argon, helium. The studies were carried out at a pressure of
~ 760 Torr.

Results and Discussion

With the GIN-10 generator, the studies of discharge glow in air, nitrogen, argon and helium were car-
ried out at minimum energy inputs, which in our conditions were determined by the short duration of the
voltage pulse (~ 1 ns at half-height) and its amplitude (~ 11.6 kV in the incident wave). In addition, similarly
to [9—-11], the studies were carried out at energy inputs with higher energy inputs by 5 times or more with the
GIN-50-1 generator and generators providing negative polarity of the voltage pulses. Breakdown of the gap
filled with air, nitrogen or argon at pressure of 760 Torr with the GIN-10 generator was usually observed at a
voltage pulse amplitude close to the maximum. Due to short rise time duration of the voltage pulse, a peak of
the capacitive current was stably evident on the oscillogram of the current through the gap, which exceeded
in its amplitude the conduction current, Figure 2. The energy, deposited into the gas in the first voltage pulse
from the generator, in air was about 0.5 mJ and changed slightly (~ 10 %) from pulse to pulse.

As is known, before the breakdown of the gas-filled gap, the idle mode is realized, the resistance of the
discharge plasma decreases due to development of the ionization processes in the gas. If forming a diffuse
discharge with optimal voltage on the gap, a matched mode can be realized for some time, in which the
plasma resistance in the gap is equal to the resistance of the generator transmission line. However, in the case
of nanosecond voltage pulse, the process of matched energy input usually takes only a part of the voltage
pulse duration. For these reasons, it is impossible to achieve complete matching of the discharge plasma re-
sistance and the GIN-10 generator impedance. Figure 2 shows oscillograms of voltage and current pulses in
the gap filled with atmospheric air, which consisted of capacitive current and conduction current. Photo-
graphs of the discharge plasma glow in air and nitrogen under conditions of track appearance at low energy
inputs are shown in Figure 4 and Figure 5, respectively.

Figure 4. Photographs of the integral discharge glow in air, obtained for one voltage pulse
for two different switches of the GIN-10 generator, (a) and (b). HV — high-voltage electrode,
TLT — thin luminous tracks, DD diffuse discharge, GND — grounded electrode.

The discharge mode with the formation of a diffuse discharge and TLT in air for two different voltage
pulses is shown in Figure 4. Tracks are visible at both electrodes, and the TLT with the greatest length were
recorded at the grounded electrode, which had a negative polarity when arriving the first voltage pulse. A
feature of the glow of tracks in air at low energy inputs was the greatest intensity at their end. When the en-
ergy inputs are increased to >5 mJ, see also works [9—-11], most tracks in air and argon had approximately the
same glow brightness along their length.

When the discharge was formed in nitrogen or in helium, in contrast to the discharge in air, the intensity
of the track radiation was maximum at the bright spots on the electrodes and slowly decreased with distance
from the spots, see Figure 5.
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Figure 5. Photographs of the integral discharge glow in nitrogen, obtained for one voltage pulse
of the GIN-10 generator. HV — high-voltage electrode, TLT — thin luminous tracks, GND — grounded electrode.

Moreover, the TLT in nitrogen had higher glow brightness than in helium, but lower than in air. It was
not possible to register particle tracks in argon with the GIN-10 generator. However, TLT were observed
with the GIN-50-1 generator at higher energy inputs and in [9] with the GIN-55-01 generator, when the gas
pressure was decreased.

The dynamics of the formation of a diffuse discharge before the gap is closed by a spark channel is
shown in Figure 6.
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Figure 6. Images of the discharge in air obtained with the ICCD camera for the first voltage pulse from the GIN-50-1
generator, which is shown in Figure 3, where individual frames of the ICCD camera are shown as shaded rectangles.
HV is the high-voltage electrode, GND is the grounded electrode.

The dynamics of the formation of the first spherical streamers is described in detail in [22, 23]. Figure 6
demonstrates the appearance of the first spherical streamer at the high-voltage electrode. Then the second
streamer is formed at the grounded electrode. The streamers collide, and a diffuse discharge is formed in the
gap, see frame C3, as well as the integral photographs in Figure 4 and Figure 5. When the voltage pulse dura-
tion and (or) its amplitude are increased, spark leaders grow from the electrodes. In this case, see frame C4, it
can close the gap and forms a spark channel as expected, see, for example, [6, 9]).
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As expected with HR2000+ES spectrometer, the bands of the second positive system (2*) of molecular
nitrogen dominated in the emission spectra during diffuse discharge stage in air and nitrogen, which is due to
the high electric field strength across the gap during its breakdown by the voltage pulse with sub-nanosecond
rise timed. The spectral density of the radiation energy of the main bands of the 2" nitrogen system was sev-
eral orders of magnitude greater than that of the bands of the first positive (1%) nitrogen system. It was not
possible to register the emission spectra of the TLTs under these conditions. The difficulties in registering
the emission spectra of the tracks can be explained by their thermal nature and, accordingly, by the large
width of the emission spectra of the TLT. The emission of tracks during the expansion of particles from the
electrodes is also affected by the high temperature of the bright plasma spots on the electrodes. These spots
are known to be formed due to the explosive emission of electrons [1]. It follows from the data obtained that
both processes take place during the heating of the particles that form the tracks. In nitrogen, see Figure 5,
and helium, the brightness of the tracks decreased with distance from the electrodes, while in air it was max-
imal at the end of the tracks, see Figure 4. Apparently, particles from the electrodes can also be heated during
collisions with molecules and gas atoms, but this process is less effective.

The studies performed support the hypothesis put forward in [9, 10]. The observed TLTs are traces of
hot metal particles that fly out of the electrode surface in the area of its contact with dense plasma. Initially,
plasma is formed during heating and thermal explosion of microinhomogeneities due to an increase in the
current density in these places. The plasma created strengthens the electric field on the electrode surface.
When the energy input is low, the tracks were found to have a greater length when initiated from an elec-
trode with negative polarity. Note, that in our experiments the greatest electric field strength was achieved on
the high-voltage electrode upon arrival of the first pulse from the generator. The grounded electrode was sur-
rounded by the walls of the discharge chamber, which weakened the electric field at the tip, see Figure 1.
However, the tracks were mainly generated from this electrode and spread over large distances.

Conclusions

In this paper, we study the formation of thin luminous tracks in the gap with electrodes having a small
radius of curvature in diffuse discharge in air, nitrogen, argon, helium at low energy inputs into the gas. It
was found that TLTs are formed mainly from the negative polarity electrode and their length becomes short-
er with decreasing energy inputs into the discharge plasma. It was shown that the ends of the tracks have the
greatest brightness in air, which can be explained by their additional heating during the oxidation of particles
that start from the electrodes. The intensity of track radiation in nitrogen and helium is maximal near bright
spots on the electrodes and decreases with distance from them, which indicates a decrease in the temperature
of the particles, forming the tracks. TLTs in discharge in argon could not be registered, when energy input is
low.

This research was performed within the framework of the State assignment of the IHCE SB RAS, pro-
ject No. FWRM-2021-0014.
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I'azgapaarbl HAHOCEKYHATBIK Pa3psaaATap KediHae KHCHIKTBHIK Paguychbl
a3 JIEKTPOATAPAAH KbLIAaM 06/IIeKTeP MEeH MeTaJlI 0yaapbl

Bipkenki emec anmexTp epici 6ap caHpUIaylapa >KOFapel dJEKTp epicrepiHe (>1 MB/cMm) Kbicka KepHEY
UMITYJIbCT  apKBUTBI KOJ JKCTKi3iiedi, onap KaToATa OH HOHIAPAbIH >KUHATYBIMEH >KOHE IUIa3MaHbIH
Ty3lnyiMeH Kyueieni. BakyyMablk pa3psiaThiH Oenriji 3KCHEPUMEHTTIK KOHE TEOPHSUIBIK 3epTTeysepiHe
CylieHe OTBIPBIN, 0i3 3JIEKTPOATAPAbIH OCTKi KabOaThbIHIAarbl JECTPYKTHUBTI MEXaHHMKAJIBIK KEpHEYICPIiH
MeXaHM3Mi ras3Iap/blH HAHOCEKYHITBHIK BIIBIpaybl Ke3iHAe e Kypyl Kepek [ereH OoypKaM jKacafblk.
Maxkainana aTMocepaiblk KbICHIM Ke3iHJe pa3psAThIK CaHbLIaylap ayaMeH, a30TICH, aprOHMEH JKOHE re-
JIMIMEH TOJTHIPBUIFAH Ke3Je KHCBHIKTBIK PaJuychl a3 eKi 3JIEKTPOA apachiHaa maiaa Gonran auddy3usbik
Pa3psATHI MIa3MaHbIH coylieeHyi 3epTrenai. HaHOCeKYHITHIK KepHEY MMITYJbCiHIH Y3aKThIFbl JKOHE rasfa
Tycerin sueprus monmepi <1 MpK/cm® GOIFaH Ke3ze IeKTPOATAPIAFH XKAPKBIH JaKTapIaH, COHBIH imIimIe
onmapiblH OeTiHe TIK OyphliTa OpHANAcKaH OeJmeKkTepAiH i31epi Tipkenmi. JKommapIbslH Y3BIHABFBI
3IEKTPOATHIH MOJSAPJIBIFbIHA OAIaHBICTBI €KSH/IIM KOHE ayaJarbl TOMCH SHEPIUs KipicTepi Ke3iHme Koyaap
JKapKbIparaH aiMaKIeH asKTaaaTbhiHbl kepcerinren. TepT Typii rasnarsl (aya, a30T, aproH JKoHE rejuii) pas-
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psATap KesiHAe COyNENEHYIIH €H JKOFapbl KapKbIHIBUIBIFBI ayala TY3UICTiH xosiiapia OoJaThIHBI
aHpIKTanapl.  OcCbl  HOTHDKEIEH, COHAAM-aKk  JKY3[leTeH  MHUKPOCEKYHATBIK  TPEKTEpIiH  MKapKbLI
UMITYIbCTAPBIHBIH TIPKENTeH Y3aKThIFBIHAH ayala Tapaly Ke3iHA€ TPeK YINTAPHIHBIH COYJENeHy
JKapBIKTHIFBIHBIH  JKOFapbUIaybl YIIATHIH OOJIIEKTepAiH OTTEriMeH opeKeTTecyi Ke3iHAe JJIEKTPOX
MaTepHAIBIHBIH KbI3YBIMEH aHbIKTaJIa [bl.

Kinm ce30ep: ylIbIHAH YIIbIHA NEHIHTT CaHBLIAY, HAHOCEKYHATBHIK HMITYJILCTAp, MU(GQY3UsUTBIK paspsi,
OeIIeKTepIiH 131epi.

B.®. Tapacenko, /I.B. benomioros, .A. Copokun, A.H. [Tanuenko

BLICTpBIC YaCTUIbI U Mapbl METAJJIOB C 3JICKTPOA0B, UMEIOIIHUX
MaJibI€ PAJINYyCbl KPUBU3HbI, IPH HAHOCEKYH/IHBIX pPa3psalax B ra3dax

B mpomexyTkax ¢ HEOTHOPOJHBIM AJIEKTPUYECKHM MOJIEM IPH KOPOTKOM (POHTE HMITyJIbCa HANPSDKEHUS
JOCTUTAIOTCS BRICOKHE 3JIeKTprdeckue mois (>1 MV/cm), KoTopsle YCHINBAIOTCS 3a CUET HAKOIUICHHS y Ka-
TOJa TIOJIOXKUTEIBHBIX HOHOB M 00pa3oBaHUs IUIa3Mbl. Ha OCHOBaHMH M3BECTHBIX IKCIEPHUMEHTAJIBHBIX U
TEOPETHYECKHX UCCIEIOBaHUH BaKyyMHOTO pa3ps/ia HaMH OBUIO BBICKa3aHO IPEIIONIOKEHHE, YTO MEXaHH3M
pa3pyIIAOINX MEXaHHYECKUX HAIPSDKEHHH B IIOBEPXHOCTHOM CJIOE 3JIEKTPOIOB JOJDKCH UMETh MECTO U TIpU
HAaHOCEKYHIHOM IIpoOoe B razax. B craThe IpH 3aloNHEHHH Pa3psAHBIX MPOMEXYTKOB BO3IYXOM, a30TOM,
aproHOM M TrefreM aTMoc()epHOrO AaBJICHHUS HMCCIIEAOBAHO M3IYYEHHUE IIa3Mbl Tuddy3Horo paspsna, dhop-
MHpPYEMOH MEXIy IBYMs SJIEKTPOAAMHU C MAJIBIM PagnyCOM KpHUBH3HBL [Ipy HAaHOCEKYHIHOW IMTEIBHOCTH
MMITYJIbCA HATIPSDKSHHS H SHEPrOBKIazax B ra3 <l mJ/cm® saperncrpupoBaHbl TPEKH YaCTHII, BBUIETAIONIAX
U3 SIPKUX IISITEH Ha JJIEKTPOJax, B TOM YHCIIE O MPSMBIM YIJIOM K HX ITOBEPXHOCTH. [loka3aHo, 4TO JuTHA
TPEKOB 3aBUCUT OT HOJIIPHOCTH 3JIEKTPOJA, H, YTO MPH MaJIBIX YHEPrOBKIIAJaX B BO3IyXe TPEKH 3aKaHUUBaA-
I0TCsl OoJiee SIPKOil 00JacThI0 CBEYEHHs. Y CTAaHOBJICHO, YTO HAMOOJBIIYI0 WHTEHCHBHOCTh M3JIyYCHHUS IIPH
pa3psiax B 4ETHIPEX pas3IMyuHbIX razax (BO3/AyX, a30T, apTOH U I'ejlnii) HMEIOT TPEKH, KOTopble popMHUpyOTCS
B Bo3zyxe. 113 3TOro pesyspTaTa, a TAkKe U3 3aperUCTPUPOBAHHOM JTUTEIBHOCTH HMITYJILCOB CBEUCHUS Tpe-
KOB B COTHM MHKPOCEKYH]I CJICyeT, YTO YCHJICHUE SIPKOCTH M3JIy4CHHUs OKOHYaHUi TPEKOB IPH pPacnpocTpa-
HEHMH B BO3/LyXE OIPEeNIsAeTCs HarpeBOM MaTepHaa 3JeKTPOa PH B3aUMO/ICHCTBUY BBUICTAIOIINX YaCTHI
C KHCIIOPOJIOM.

Kniouesvie cnosa: mpoMexxyTok octpué—octpué, muddy3Hblii paspsia, TPEKH YaCTHIL.
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