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OVERSTRESSED NANOSECOND

DISCHARGE IN THE GASES AT ATMOSPHERIC
PRESSURE AND ITS APPLICATION

FOR THE SYNTHESIS OF NANOSTRUCTURES
BASED ON TRANSITION METALS

The review article presents the characteristics and parameters of an overstressed
nanosecond discharge (OND) in air and argon at atmospheric pressure between elec-
trodes made of zinc, copper, and aluminium. The technique, methods and experi-
mental conditions for studying the characteristics and parameters of the OND and
its application for the synthesis of thin nanostructured films of transition-metal
oxides synthesized under intense ultraviolet (UV) irradiation of the substrate with
film are presented. The microexplosions of inhomogeneities on the surface of elec-
trodes in a strong electric field act as a source of metal vapour in plasma. The
spatial, electrical, and optical characteristics of the OND in air and argon between
transition-metal electrodes, which was ignited in the needle-to-needle electrode sys-
tem, are reported. The results of experimental measurements of the parameters of
the discharge plasma based on the Cu—air gas—vapour mixtures are presented. The
optical characteristics of thin nanostructured transition-metal oxide films synthe-
sized under conditions of automatic UV irradiation of the substrate by the discharge
plasma are considered.
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1. Introduction

Already in the initial studies of the optical characteristics of spark dis-
charge plasma with duration of tens to hundreds of microseconds with
varying degrees of overstress of the discharge gap of the ‘needle-to-
needle’- or ‘needle-to-plane’-type, it was found that radiation from the
interelectrode gap is determined mainly by the spectral lines of atoms and
ions electrodes [1, 2]. Results of research of the physics of processes and
the main characteristics of nanosecond atmospheric pressure discharges
for the period 1960-1990 were summarized in the review [3]. In such
studies, the spectral composition of the spark discharge radiation was
determined mainly by the radiation of the products of electrode erosion
[4]. Thus, in the spectrum of plasma radiation, which was created between
copper or brass electrodes, the main radiation was concentrated in the
spectral range of 200—230 nm. A detailed identification of the emission
spectra was not carried out in Ref. [4]. In a spark discharge between
stainless steel electrodes (d = 3.5 mm), the most intense spectral lines
were in the spectral range of 240-275 nm. Subsequently, in our studies
on the emission characteristics of an OND (overstressed nanosecond
discharge) in the electrode system similar to that described in Refs. [3,
4], these groups of spectral lines were attributed to radiation on transi-
tions of atoms and singly charged ions of copper and iron [5-7].

The vapour of electrode material of overstressed nanosecond dis-
charges are introduced into the interelectrode space because of microex-
plosions of surface irregularities of metal electrodes in a strong electric
field. Thus, during the formation of ectons [8], the use of copper and
zinc is of particular interest for the development of point ultraviolet
(UV) radiation sources, which are characterized the presence of intense
spectral lines in the wavelength range of 200—-230 nm [9, 10]. The in-
troduction of electrode material into the interelectrode gap can also be
used to synthesize thin nanostructured films of transition metals or
their oxides on a dielectric substrate installed near the electrode system
[11]. Especially promising can be the synthesis of nanostructured thin
films of transition-metal oxides (ZnO, CuO, etc.) from the material of
the corresponding electrodes during a discharge in air or in another
oxygen-containing medium, since here automatic UV illumination of the
film is realized in the process of its synthesis, which made it possible
improve its electrical characteristics [12,13].

A study of the characteristics of an OND in air at atmospheric pres-
sure between copper electrodes showed that it is a point source of UV
radiation in the spectral range of 200—-230 nm [7, 8]. A more detailed
study of this discharge revealed that, simultaneously with UV radia-
tion, the discharge also acted as a source of the flow of copper oxide
nanostructures [14]. Nanostructures based on zinc and copper oxides
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are characterized by a pronounced antimicrobial effect [15]; therefore,
in the development of new methods for the simultaneous production of
bactericidal UV radiation and fluxes of transition-metal nanoparticles,
which enhance the inactivation and antimicrobial properties of gas-dis-
charge air plasma, are of considerable interest for applications in micro-
biology, medicine and agricultural technologies. On this basis, the de-
velopment of new methods for the simultaneous production of
bactericidal UV radiation and fluxes of transition-metal nanoparticles is
of considerable interest for applications in biomedical engineering, mi-
crobiology, medicine, and agricultural technologies.

‘Point’ UV lamps on metal vapour can have very small plasma vol-
umes at the level of 1-5 mm?3; so, they are used to calibrate spectral
instruments and various optical elements in the UV spectral range. The
characteristics of these ‘point’ lamps have been most fully investigated
upon excitation of discharge overvoltages with duration of 1-2 ns, when
unique pump generators were used to ignite the discharge [16]. The
characteristics of nanosecond discharges with metal electrodes and small
nonuniformity in the distribution of the electric field in the discharge
gap [17] are less studied. Such conditions are created when we use a
system of electrodes of the ‘sphere—sphere’ type, where the radius of
curvature of the working surface of the electrodes is commensurate
with the value of the interelectrode distance [18]. The use of bipolar
high-voltage pulses makes it possible to construct the discharge device
more compact, and, at the same time, the electrode material is used
more evenly when it is destroyed in a strong electric field due to the
ectonic mechanism [19-27].

The results of studying overstressed discharges of subnanosecond
duration with runaway electrons in gases, the pressure of which in most
cases was less than the atmospheric discharge, were summarized in Ref.
[28]. The results of experimental studies of the optical characteristics
of the spark channel in argon at atmospheric pressure between metal
electrodes, both in and without a magnetic field, are given in Refs.
[29—-31]. Particularly, in Ref. [31], the results of a study of the effect
of a longitudinal magnetic field on the main characteristics of a spark
discharge in argon at atmospheric pressure with an admixture of alu-
minium vapours, which were introduced into the plasma during the
formation of ectons on the surface of electrodes, are presented. As
shown, the magnetic field shifts the maximum of the spectral radiation
density into the UV range of the spectrum, reduces the rate of expan-
sion of the spark channel and losses to transverse radiation, and in-
creases the specific electric power in the spark, the conductivity and
temperature of the plasma at the arc stage of the discharge. This creates
the prerequisites for producing ‘hot’ plasma and developing new gas-
discharge sources of UV and x-ray radiation on its basis.
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The results of studying the conditions for the synthesis of thin
films based on transition metals (Cu, Zn, Fe, Al) from the products of
destruction of electrodes in an overstressed nanosecond discharge of
atmospheric pressure are practically absent. Therefore, the problem of
studying the conditions of synthesis and the main characteristics of
such films in inert and oxygen-containing gases is urgent, but this is
impossible without the use of expensive laser or high-vacuum equip-
ment.

The article reviews and summarizes the results of the study of the
characteristics and parameters of plasma overstressed nanosecond dis-
charge in the system of ‘needle—needle’ electrodes made of transition
metals (Cu, Fe, Zn and Al) in air and high-pressure argon, as well as the
results of the practical application of this type of discharge in nanotech-
nology and lighting engineering. Experimental study was carried out in
recent years at the Department of Quantum Electronics of Uzhhorod
National University.

2. Technique of Experimental Research

At the Department of Quantum Electronics of Uzhhorod National Uni-
versity, the studies of overstressed nanosecond discharges in high-flow
gases began in 2012. They were carried out on an experimental setup,
the diagram of which is shown in Fig. 1, and the diagram of the dis-
charge module is shown in Fig. 2.

The experimental setup included a discharge module (Fig. 2), which
was powered by a repetitively pulsed high-voltage source, a system for
recording optical radiation based on an MDR-2 monochromator, and a
system for recording pulsed electrical and optical characteristics (cur-
rent, voltage, and oscillograms on the most intense spectral lines and
bands) in time based on a 6-LOR multichannel wideband oscilloscope.

The discharge module was connected with metal tubes to a vacuum
system, which provided a range of working gas pressures from 1 to
200 kPa.

To ignite the discharge, bipolar high-voltage pulses with duration of
50—-100 ns and amplitude of +(20—40) kV were applied to the electrodes
of the discharge cell. The voltage pulse repetition rate was chosen equal
to 80—-100 Hz, since, at high frequencies, the discharge module was sig-
nificantly heated. Oscillograms of voltage pulses across the discharge
gap and oscillograms of current pulses were recorded using a broadband
capacitive voltage divider, a Rogowski coil, and a 6LOR-04 broadband
oscilloscope with a time resolution of 2—3 ns.

An intense nanosecond discharge between metal electrodes was ig-
nited in a sealed discharge chamber made of plexiglas. The interelec-
trode distance was 1-7 mm. The chamber with the system of electrodes
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Fig. 1. Diagram of experimental setup for studying overstressed nanosecond dis-
charge in gases: PSD is discharge power supply; FMT 106 is photoelectric multi-
plier tube; PS is power supply unit; ADC is analogue-to-digital signal converter; RC
is Rogowski coil; VD is voltage divider to determine the voltage drop in the circuit;
Gb5-15 is pulse generator; 6LOR is a broadband oscilloscope [32]

Fig. 2. Diagram of the gas-discharge module:
1 is sealed housing of the discharge chamber,
2 is substrate attachment for deposition, 3 is
system for regulating the distance between
electrodes, 4 is chalcopyrite electrodes, 5 is
gas section where sputtering occurs, 6 is
glass or quartz substrate for the deposition
of thin films, 7 is a layer of the sputtered
substance based on the electrode material
[33]

was evacuated by a fore vacuum pump to a residual air pressure of
10 Pa, and then, air, nitrogen, or argon was filled into the chamber; the
buffer gas pressure was in the range of 5—200 kPa. The diameter of the
cylindrical metal electrodes is 5 mm. The radius of curvature of the
working end surface of the electrodes was the same and equal to 3 mm.
In some experiments, the discharge was ignited between electrodes made
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of different metals (Cu, Zn), that made it possible to introduce vapour
of different metals into the interelectrode gap.

A high-current nanosecond discharge was ignited using a bipolar
high-voltage modulator of voltage pulses with a total duration of 50—
150 ns and a total amplitude of positive and negative components of
40-60 kV. The voltage pulse repetition rate could vary within 40—
1000 Hz, however, the main studies were carried out at a frequency of
100 Hz. Oscillograms of voltage pulses across the discharge gap and
oscillograms of current pulses were recorded using a broadband capaci-
tive voltage divider, a Rogowski coil, and a 6LOR-04 broadband oscil-
loscope. The time resolution of this system for measuring the character-
istics of electrical pulses was 2—3 ns.

An MDR-2 monochromator and a photomultiplier (FEU-106) were
used to record the emission spectra of OND plasma. The signal from the
photomultiplier was fed to an amplifier and was recorded using an am-
plitude-digital converter in an automated system for measuring spectra
on a personal computer display. The discharge radiation was investi-
gated in the spectral range of 200-650 nm. The plasma radiation regis-
tration system was calibrated by the radiation of a deuterium lamp in
the spectral range of 200-400 nm and a band lamp in the range of
400-650 nm. Oscillograms of radiation at the transitions of atoms and
ions were recorded using an electronic linear multiplier ELU-14 FS, the
time resolution of which was 1 ns. The pulsed electrical power of the
OND was determined by graphically multiplying the oscillograms of
voltage and current pulses. Time integration of the pulsed power made
it possible to obtain energy in one electrical pulse, which was introduced
into the plasma.

The measurement of the radiation power of the plasma of the OND
was carried out using an ultraviolet meter of the absolute radiation
power ‘TKA-PKM’, which made it possible to carry out measurements
in the spectral range of 200—-400 nm.

When a quartz or glass substrate was installed at a distance of
20—-30 mm from the centre of the discharge gap (Fig. 2) and the dischar-
ge burning time was 1-3 hours (at f = 100 Hz), the deposition of film
from the products of sputtering of the electrode material and a gas me-
dium was recorded on the substrate. The obtained film samples were
investigated for light transmission in a wide spectral region using radia-
tion from deuterium and heat lamps (200—-850 nm). These experiments
were performed using a spectral complex based on an MDR-23 monochro-
mator at room temperature according to the method descri-bed in [33].

In the system of electrodes of the ‘sphere—sphere’ type, at gas pres-
sures in the range of 5-200 kPa and an interelectrode distance
d = 1-3 mm, an OND in the form of a sphere was ignited, which had a
diffuse form, although this discharge was initiated without using a
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separate preionization system [34, 35]. For this type of discharges, a
beam of ‘runaway’ electrons and the accompanying x-ray radiation [36,
37] can play the role of the preionization system.

The discharge was photographed using a digital camera (exposure
time ~1 s). The distance between the electrodes was used as a scale for
establishing the plasma volume.

3. Characteristics of Overstressed Nanosecond Discharges

The main characteristics of overstressed discharges in high-pressure
gases, which are described in the known literature, are as follow: spatial
characteristics of the plasma, recorded at selected times with nanosec-
ond accuracy or time-averaged images, voltage and current pulses,
pulsed electric power of the discharge, and the energy contribution into
the plasma in one discharge pulse [35].

3.1. Spatial and Electrical Characteristics

Let us consider the results of a study of the spatial and electrical char-
acteristics of an overstressed bipolar nanosecond discharge in air and
argon, which was ignited between electrodes made of copper, alumini-
um, and zinc.

Works [7, 34, 35] report the results of studying the spatial charac-
teristics of an OND in the ‘needle-to-needle’ electrode system (at the
radius of curvature of the tip commensurate with the interelectrode
distance) when the discharge gap is supplied with bipolar high-voltage
pulses in atmospheric pressure air between copper electrodes at differ-
ent pulse repetition rates (f = 40-1000 Hz) at 1 s exposure. The mode
of operation of the discharge emitter in the form of a ‘point’ lamp was
achieved only at low repetition rates of voltage pulses (f = 40—-150 Hz).
With an increase in the frequency in the range of 10-150 Hz, it in-
creased from 3 to 25 mm?, and with a further increase in frequency to
1000 Hz, the volume of the overstressed discharge plasma grew to
100 mm?. At pulse repetition rates in the range f = 300-1000 Hz, it was
only possible a short-term operation of the discharge device, since, un-
der these conditions, it was very hot.

The study of the spatial characteristics of an overstressed bipolar
nanosecond discharge was also carried out between copper electrodes in
argon at a pressure of 6.7, 100, and 150 kPa (exposure of taking im-
ages was of 1 s). At distances between the electrodes d = 2 and 7 mm, a
uniform discharge with a duration of about 100-200 ns, with an ampli-
tude of current pulses of 50—200 A and a plasma volume of 10—-500 mm?
was ignited. The discharge gap was overstressed, which created favour-
able conditions for formation of a high-energy runaway electron beam
and accompanying x-ray radiation.
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..

Fig. 3. Images of a high-voltage nanosecond discharge
between copper electrodes in argon at various pres-
sures: p,, = 6.7 (a), 50.5 (b), 100 (c), and 150 kPa (d)
for d = 2 mm [32]

Figures 3 and 4 present images of a bipolar nanosecond discharge at
different argon pressures and different interelectrode distances.

At p,., = 6.7 kPa and d = 2 mm, the discharge looked like a bright
central part with a diameter of about 2 mm, equal interelectrode dis-
tances and a number of weaker plasma jets moved away from the central
part. With increasing the distance between the electrodes to 7 mm, the
brightest part of the discharge plasma was concentrated at the tip of the
needles, which were switched by a thin, less bright plasma channel.
With an increase in argon pressure to 100—150 kPa, the diameter of the
bright central part increased by a factor of 2—3, and the diameter of the
halo that covered it increased, accordingly.

Typical oscillograms of voltage, current, and electrical pulsed power
pulses of an OND between copper electrodes in argon are shown in
Fig. 5. Due to the mismatch between the output resistance of the pulsed
high-voltage modulator and the load (plasma) resistance, the voltage
pulse had the form of individual spikes with duration of 5—-10 ns. This
mode of ignition of a nanosecond high-voltage discharge between metal
electrodes in a ‘needle-to-plane’ electrode system, when the total dura-
tion of a train of 10 nanosecond voltage pulses was ~1-1.5 pus, was used
in Refs. [35—39] to generate plasma jets with material of electrodes.

Fig. 4. Images of the
OND between copper
electrodes in argon at
Pa, = 6.7 (a) and 100 (b)
kPa (d = 7 mm) [32]
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Fig. 5. Temporal (¢) dependences of the pulsed electric power of the discharge (P),
the voltage between the copper electrodes (U), and the current of a bipolar nanosec-
ond discharge (I) at an interelectrode distance d = 2 mm and p,, = 150 kPa [32]

Oscillograms of voltage and current were in the form of oscillations
decaying in time, which was caused by the mismatch of the output re-
sistance of the high-voltage modulator with the load resistance. The
total duration of the voltage oscillations across the gap and the dis-
charge current reached 450 ns, with the duration of individual voltage
oscillations of 7-10 ns, and the current oscillations had duration of
~70 ns. Short-term oscillations showed up better in voltage waveforms.
In the oscillograms of the current, they were partially integrated in
time due to the large time constant of the Rogowski coil, which was
used in these studies.

For a discharge in argon at atmospheric pressure at d = 2 mm, the
amplitude of the largest voltage drop on the electrodes was achieved at
the initial stage of the discharge and was ~=7-8 kV, current — =100 A,
and pulsed power — 1.2 MW, that provided an energy contribution to
one discharge pulse into the plasma circa of *167 mdJ. With an increase
in argon pressure to 150 kPa, the voltage difference of different polar-
ity in the initial phase of the discharge at t = 10—-30 ns reached 40 kV,
and the current £80—100 A. The maximum value of the electric pulsed
power reached 3.8 MW at ¢t = 70—80 ns. The main energy contribution
to the plasma was made during the first 100 ns from the moment of
ignition of the discharge. The energy of one discharge pulse reached
~470 mdJ (Fig. 5).
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3.2, Spectral and Temporal Characteristics

In Ref. [34], in the study of the emission characteristics of the plasma
of an overstressed nanosecond discharge between zinc electrodes in air
at atmospheric pressure, the broadband radiation of zinc oxide nanopar-
ticles in the spectral range of 370-470 nm was found (for OND in a
helium medium, this broadband radiation was not manifested). There-
fore, it is also important to establish the possibility of manifestation of
radiation of nanostructures of aluminium oxide in the UV and visible
wavelengths. This will make it possible to establish the nature of conti-
nuous radiation (continuum) for atmospheric pressure plasma in gas—
vapour media based on oxygen-containing gases and aluminium vapour.
In an overstressed discharge of atmospheric pressure in argon-contain-
ing mixtures with aluminium or copper vapours, it is possible to synthe-
size nanoparticles of pure aluminium or copper in the form of these films
outside the discharge plasma; therefore, it is important to know the
characteristics and parameters of such plasma. The radiation of the latter
can also be used as a control when comparing the discharge continuum
in argon-containing and oxygen-containing gas mixtures, since alumi-
nium-oxide nanoparticles are not formed in an inert gas environment.

The study of the spectral characteristics of the plasma radiation of
a high-current nanosecond discharge in air at atmospheric pressure be-
tween electrodes made of transition metals (Zn, Cu, Al, Fe) showed that
about 80-90% of its radiation power from the spectral range 200—
1000 nm is concentrated in the spectral intervals 200—220 nm (electro-
des with Zn), 200-230 nm (Cu), 200—260 nm (Al), 200-300 nm (Fe).

Figure 6 presents the radiation spectrum of the plasma of an over-
stressed bipolar nanosecond discharge between zinc electrodes in air.
With a significant overvoltage of the discharge gap, when the distance
between the electrodes is minimal (d = 1 mm) in air at atmospheric pres-
sure, two groups of intense spectral lines of the zinc atom and ion in the
spectral range of 200—280 nm are the main ones in the plasma radiation
spectra. The most intense in the first group of spectral lines were ion
lines, namely, 202.6, 206.2 nm Zn II, and in the second group, the lines
of the zinc atom, namely, 250.2, 255.8 nm Zn I; this correlates well
with the spectral characteristics of the lamp [40]. Compared with the
data of work [40], the UV-radiation spectrum in these areas included
significantly more intense spectral lines of zinc. In the near UV and vis-
ible regions of the spectrum, the spectral lines of zinc were emitted
against a background of broad bands with maxima at wavelengths of
380 and 450 nm, which may be due to the emission of a zinc oxide (Zn0O)
molecule. These broad bands correlate well with the luminescence bands
of nanostructures based on zinc oxide [40, 41].

With increasing the distance between the electrodes to d = 5 mm
and atmospheric air pressure, the electric field strength in the discharge
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Fig. 6. Emission spectrum of plasma of the OND in air (at p = 100 kPa
and d = 1 mm) [33, 34]
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Fig. 7. Segment of the plasma emission spectrum of the OND between
copper electrodes in air with the most intense spectral lines of emission
of Cu atoms and ions (air pressure 10 and 300 kPa, d = 1 mm and
f =40 Hz) [33, 34]

intermediate decreases, which leads to a decrease in the electron tem-
perature and deterioration of the conditions for x-ray preionization. In
this case, the radiation intensity of the spectral lines of zinc atoms and
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ions from the spectral range of 200—-215 nm decreases to almost zero,
and the intensity of the atomic spectral lines of zinc (from the range of
250-280 nm) decreases several times. For air plasma with small impuri-
ties of zinc vapour at d = 5 mm, the spectral lines of zinc in the wave-
length ranges of 250-280 nm become the main ones (in addition to the
ranges 330—350 and 460-510 nm). In the emission spectrum of the plas-
ma of air, water vapour, and zinc, a broad band was recorded in the
spectral range of 370—470 nm, which is not observed in the spectrum of
plasma emission when air is replaced with helium. The maximum emis-
sion for this band is in the spectral range of 410—-415 nm. This band can
belong to molecules or small clusters based on zinc oxides, which are in
an excited state in the gas phase.

Figure 7 presents the sections of the emission spectra (A = 200—
230 nm) of the plasma of a nanosecond discharge in air (p = 100, 30
kPa) between copper electrodes. The main emission spectra were the
spectral lines of copper ions (Table 1). The UV spectrum obtained by us
also correlates well with the emission range of a unipolar subnanosecond
discharge [37].

Table 1. Results of identification of the most intense spectral lines in the emission
spectrum of nanosecond discharge plasma in air (p = 100 kPa) between copper
electrodes (d = 1 mm). Here, A is the wavelength, C.S.—charge state, E is the energy
level, K is electronic configuration, T is term, subscripts ‘v’ and ‘I’ mean

the upper and lower energy levels, I is normalized radiation intensity taking into
account the spectral sensitivity of the photomultiplier and monochromator [32]

No. | %, nm C.S. E, eV K, T, E, eV K, T, | I,au.
1] 2018 | Culll | 976 | 45 |2D,, | 15.92 | 4p | 2D°,,| 56
2 | 2024 | Cul | 0.00 | 4s |25, 6.12 | 5p | ®P,, | 57
3| 2024 | Cul | 0.00 | 45 |25, 6.12 | 5p | P, | 57
4 | 2035 | Cull | 2.97 | 4s |3D, 9.06 | 4p | °D, 100
5 | 204.3 | Cull | 271 | 4s | D, 8.78 | 4p | D, 52
6 | 205.4 | Cull | 2.83 | 4s |°D, 8.86 | 4p | °D, 50
7 | 2104 | Cull | 2.97 | 4s | 3D, 8.86 | 4p | °D, 28
8 | 211.2 | cull | 38.25 | 4s |'D, 9.12 | 4p p, 47
9 | 212.6 | Cull | 2.83 | 4s |°D, 8.66 | 4p | °F, 55

10 | 218.5 | Cull | 2.71 | 4s |°D, 8.52 | 4p | °F, 92

11 | 2148 | Cull | 8.66 | 4p |°F, 14.43 | 4d | D, 32

12 | 218.1 | Cul | 0.00 | 4s |32S,, 5.68 | 4sdp | ®P,, | 43

13 | 219.2 | Cull | 2.83 | 4s |°D, 8.48 | 4p | °F, 61

14 | 2199 | Cul | 1.38 | 452 |:D,, 7.02 | 4p | D, | 20

15 | 221.0 | Cull | 38.25 | 4s |'D, 8.86 | 4p | D, 31

16 | 221.8 | Cull | 2.83 | 4s |3D, 8.42 | 4p | 3P, 39

17 | 223.0 | Cul | 1.38 | 4s* |:D,, 6.94 | 4sdp |°F,, | 31

18 | 224.2 | Cull | 3.25 | 4s | D, 8.78 | 4p | D, 51

19 | 224.7 | Cull | 2.71 | 4s | 3D, 8.23 | 4p | P, 61
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In a discharge between stainless steel electrodes, the spectral lines
of atoms and singly charged iron ions dominate, and the most intense is
the spectral line 249.6 nm of Fe I [34]. In the emission spectrum of a
discharge between copper and stainless electrodes, as well as for a dis-
charge between two copper electrodes, the most intense emission was at
the transitions of singly charged copper ions in the spectral range of
210-220 nm, and the spectral lines of iron only supplemented this spec-
trum in the range of 250—-300 nm. The most intense in this case from
the spectral lines of iron was the 271 nm line of Fe I. Such a distri-
bution of the discharge radiation between copper and stainless steel
electrodes is mainly due to different thermophysical characteristics of
these metals.

The emission of spectral lines of iron was observed from the plasma
of a nanosecond discharge in high-pressure helium (p = 100-500 kPa,
d = 12 mm) between stainless electrodes at an overvoltage of 100—-300%
in the wavelength ranges 360—400 nm, 700-730 nm [42]. The shorter-
wavelength range of radiation was not studied in this work. The most
intense radiation of iron atoms was in the regime of a high-current dif-
fuse discharge, when bright cathode spots were observed on the cathode
surface.

To fight with various forms of the influenza virus, possibly disin-
fecting premises and transport with UV-radiation of lamps based on
mercury atoms (mainly at a wavelength of 254 nm). They are quite ef-
fective, but they have a significant drawback, namely, they kill not only
microbes and viruses, but also the cells of the human body, causing skin
cancer and cataracts of the cornea of the eye. Therefore, for this appli-
cation, it is possible to propose the use of a krypton chloride barrier
discharge pumped gas discharge lamp, which emits at a wavelength of
222 nm, as disinfecting lamps. These lamps currently cost about $ 1000
when there is no batch production cycle. However, when installed in
hospitals, public places and in transport, they are able to counteract ef-
fectively epidemics of influenza, tuberculosis and a number of others,
the pathogens of which are spread by airborne droplets. The windowless
UV lamp on transition metal vapour developed by us operates in normal
atmospheric air and emits in the spectral range of 200—220 nm; it does
not require the use of valuable gases such as krypton, corrosive gases
such as chlorine, and quartz windows or sheaths. Therefore, in addition
to fighting viral infections, it can be recommended for use in disaster
medicine and military medicine (sterilization of medical materials and
instruments, etc.).

Table 2 presents the results of a thorough identification of the
shortest wavelength part of the spectrum (Fig. 7), which was obtained
with an increased resolution of spectral lines, of a nanosecond discharge
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Table 2. Results of identification of the shortest-wavelength part

of the spectrum of overstressed bipolar discharge between copper electrodes

in air at atmospheric pressure. Here, A is the wavelength, E, is the energy
of the upper level, J is principal quantum number, K is configuration, I

is the radiation intensity (in relative units) taking into account the voltage
sensitivity of the photomultiplier; the subscript means the pressure (in atm) [32]

A, nm Object E, eV J, K, | Term I, I, I, I,,

197.9 | Cull 9.09 2 | 4p 3D’ — 4.5 — —

198.9 | Cull 9.06 1 | 4p 3D’ — 4.3 — —

199.9 | Cull 14.62 1 | 4d 3D 11.5 9.6 | 15.7 8.5
201.3 | Culll| 15.92 | 1.5 | 4p 2D 0.7 5.1 4.3 3.1
202.4 | Cul 6.12 | 0.5 | 5p 2P 6.7 9.6 | 10.7 4.9
203.5 | Cull 9.06 1 | 4p 3D 28.7 | 24.7 | 37.5 16.7
204.3 | Cull 8.78 3 | 4p 3D 22.8 | 17.9 | 31.5 13.1
205.4 | Cull 8.86 2 | 4p 3D 20.7 | 18.2 | 34.5 11.7
2079 | Cul 7.34 | 1.5 | 8p 2P 3.4 | 13.1 8.2 10.3
208.7 | Cull 14.59 3 | 4d 3G 8.3 | 21.5| 13.2 5.3
209.5 | Cul 7.55 | 0.5 | 11p | 2P° 7.2 25 11.2 6.7
210.4 | Cull 8.86 2 | 4p 3D 27.1 | 44.3 | 34.1 15.8
211.2 | Cull 9.12 1 | 4p 1P 48.1 | 170.4 | 64.3 25.3
212.6 | Cull 8.66 2 | 4p 3F 72.9 | 89.4 | 94.5 33.1
213.5 | Cull 8.52 4 | 4p 3F |105.7 | 105.1 | 106.9 79.5
214.8 | Cull 14.43 2 | 4d 3D 47.6 | 45.2 | 72.2 36.3
216.5 | Cul 5.72 | 1.5 | 4s4p | 2D 12 19.1 | 17.6 9

217.8 | Cul 5.68 | 1.5 | 4s4p | 2P 20.7 | 77.2| 100 11.7
218.1 | Cul 5.68 | 0.5 | 4s4p | 2P [100.9 | 59.1 | 65.3 65.8
219.2 | Cull 8.48 3 | 4p 3F |148.8 | 113.1 | 160 92.7
219.9 | Cul 7.02 | 2.5 | 4p 2D 48.1 65 71.2 28.5
221.0 | Cull 8.86 2 | 4p 3D |[117.6 | 84.9 | 101.8 59.5
221.8 | Cull 8.42 1 | 4p 3P [127.3 | 117.5 | 134.2 65.8
223.0 | Cul 6.94 | 3.5 | 4s4p | 2F |134.8 | 101.8 | 128.7 44.4
224.2 | Cull 8.78 3 | 4p 3D [112.2 | 109.8 | 153.5 78.6
224.7 | Cull 8.23 2 | 4p 3P [152.1 | 128.9 | 169.4 | 100.8
226.3 | Cull 14.39 3 | 4d 3D 37.3 | 28.6 34 11.2
227.6 | Cull 8.42 1 | 4p 3P 7.2 | 45.2 | 76.7 19

229.4 | Cull 8.23 2 | 4p 3P 87.4 | 47.8 | 68.2 29.4
2319 | Cul 6.98 | 1.5 | 4s4p | 2P° | 11.5 | 13.8 | 13.2 9.4
233.6 | Cull 14.43 2 | 4d 3D 12 12.5 | 11.2 7.1
235.5 | Cull 13.68 2 | 5s 1D 15.8 | 14.6 | 14.7 8.5
236.9 | Cull 8.48 3 | 4p 3F 88.5 | 59.4 | 99.5 31.7
240.3 | Cull 13.39 3 | 5s 3D 29.8 | 26.8 31 13.1
242.4 | Cull 13.64 1 | 5s 3D 13.1| 16.7 | 16.7 9

244.1 | Cul 5.07 | 0.5 | 4s4p | 4P° | 13.1 | 18.5 | 16.5 10.3
246.8 | Culll| 24.06 | 3.5 | 5s 4F 14.7 | 21.1| 19.1 9.4
247.3 | Cull 13.43 2 | 5s 3D 23.9 | 25.3| 22.1 11.7
248.5 | Cu Il 13.64 1 | 5s 3D 33 31.8 | 31.1 13.1
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Fig. 8. Plasma emission spectra of the OND between aluminium electrodes at vari-
ous pressures of air (a) and argon (b): 5.3, 50, 100, and 200 kPa [42-44]

Table 3. Result of deciphering the emission spectrum of the discharge
between aluminium electrodes in argon at atmospheric pressure (Fig. 9, b) [32]

Wavelength Particle Transition Terms Lower energy | Upper energy
A, nm level, eV level, eV

308.21 | AlT | 3s,(1S)3p-3s,('S)3d | 2P*-2D | 0.000000 | 4.021485
309.27 | AIT | 3s,(18)3p-3s,(1S)3d | 2P*-2D | 0.013893 | 4.021651
309.28 | AT | 3s,(S)3p-3s,('S)3d | 2P*—2D | 0.013893 | 4.021485
394.40 | AT | 3s,(1S)3p—3s,('S)ds 2P*-28 0.000000 | 3.142722
3s23p5(2P*(3/2))4s— | 2[3/2]-
394.89 | Arl 3823;%2},*53?2;;51) 2%1?2% 11.548350 | 14.687120
396.15 | AT | 3s,(1S)3p—3s,('S)4s 2P*-28 0.013893 | 3.142722
3s23p°(2P*(3/2))4s— | 2[3/2]-
415.85 | Arl 3823;22},*23?2?;5]) 2E3§2} 11.548350 | 14.528910
3s23p%(2P*(3/2))4s— | 2[3/2]-
3s23p%(2P*(3/2))5p 2[1/2]
3s23p5(2P*(3/2))4s— | 2[3/2]-
3523p°(2P*(3/2))5p 2[5/2]

419.83 Arl 11.623590 | 14.575950

420.06 Ar 1 11.548350 | 14.499050

between copper electrodes in air at various air pressures in the dis-
charge gap. As follows from the data in Table 2, the intensity of the
spectral lines of atoms and ions reached a maximum at an air pressure
of 70 kPa.

Figure 8, a, b presents the emission spectra of plasma of an over-
stressed nanosecond discharge between aluminium electrodes in air and
argon [42, 43]. Experiments with argon, which were carried out in the
same current range as with air, were carried out in order to demonstrate
the absence of emission bands of nanostructures of aluminium oxides in
the plasma of inert gases (where there are no oxygen carriers). The spec-
tra are shown in Fig. 8, a, b, recorded under the same conditions of
discharge excitation and under the same conditions of registration.
Therefore, the intensities of the same spectral lines and bands in differ-
ent spectra can be compared with each other in magnitude. The results
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Fig. 9. Plasma emission spectra of the OND between aluminium elec-
trodes at air (I) and argon (2); the pressures equals to 100 kPa;
dashed line designates aluminium oxide nanoparticles [43, 44]

of the identification of the spectral lines of aluminium, which were
emitted by plasma based on a mixture of argon with an admixture of
aluminium vapour, are given in Table 3.

As follows from Fig. 8, the emission intensity of the discharge plas-
ma in air at all pressures under investigation was dominated by the
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emission intensity of the spectral lines and bands of the discharge in
argon. In the emission spectra of air plasma with a small admixture of
aluminium vapours, radiation was recorded at the transitions of an
atom and a singly charged aluminium ion, radicals of nitrogen oxides
and nitrogen molecules, as well as in the plasma emission spectra of an
overstressed unipolar nanosecond discharge between aluminium elec-
trodes in nitrogen [38]. In the argon-based discharge, mainly radiation
was recorded at the transitions of the atom and the aluminium ion
(Fig. 8, b).

The most intense spectral lines of the atom and singly charged ion
of aluminium, which appeared in the spectra of plasma radiation, were
as follow: (256.8 + 257.5 + 257.5) 265.3, 394.4, 396.2 nm Al I; 236.5,
(247.5 + 247.6) 286.9, 622.6, (623.1 + 624.3) nm Al II.

Figure 9 presents the emission spectra of the plasma of an OND
between aluminium electrodes in the air—aluminium vapour gas—vapour
mixture. Experiments with argon, which were carried out at the same
pressure as with air (p = 100 kPa), allowed to demonstrate the absence
of emission bands of nanostructures of aluminium oxide in argon plas-
ma. It follows from Fig. 9 that, in the emission spectra of plasma based
on air with a small admixture of aluminium vapour, emission was ob-
served at the transitions of the atom and singly charged ion of alumin-
ium, nitrogen oxide and nitrogen molecules.

In the emission spectra of the plasma of an OND in air mixtures
with a small admixture of aluminium vapours (Fig. 9, a), broad emis-
sion bands were recorded with maxima in the spectral ranges of 410—
420 nm and 300—390 nm. The maximum radiation intensity of these
bands was obtained at an air pressure of 200 kPa. In a discharge in mix-
tures with argon, these bands were absent in the emission spectra of the
discharge.

In Ref. [45], typical electroluminescence spectra of anodic alumini-
um oxide are presented. These spectra were in the form of broad lumi-
nescence bands in the spectral range with maxima in the spectral range
of 480—-550 nm. Proceeding from this, the most probable source of
broadband radiation from the plasma of the discharge under investiga-
tion can only be nanostructures of aluminium oxide.

It was noted in Ref. [46] that a broad emission band with a maxi-
mum at A = 415 nm was observed in the photoluminescence spectrum of
anion-defective single crystals and nanostructured ceramics based on
alumina upon excitation of the corresponding samples by radiation with
A = 205 nm. This band coincides with that obtained in this experiment.
It is interpreted as the emission band of F-centres (transition 1.S-3P
with a maximum emission spectrum at an energy of 3.0 eV and a decay
time constant of 36—40 ms) [47, 48]. In Ref. [45], the results of study-
ing the cathodoluminescence spectra of nanostructured ceramics of alu-
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Fig. 10. The emission spectrum of a high-voltage nanosecond discharge
in argon between copper electrodes at d = 2 mm and p, = 100 kPa [32]

minium oxide are also presented. Cathodoluminescence was excited by a
pulsed electron beam with a density of 1 A -cm™2, an energy of 180 keV,
and a duration of 3 ns. The spectrum of this cathodoluminescence coin-
cided with the range obtained in our experiment at air pressures of
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100-200 kPa. The main one here was the band with a maximum at
A = 410-420 nm (photon energy 3.0 eV), which was adjacent to a wider
short-wavelength band with maxima of the photon energy at 3.4, 3.8,
4.3 eV. The UV-photocathodoluminescence bands of nanostructured alu-
mina ceramics are caused by the emission of F*-centres created by oxy-
gen vacancies and are characterized by a relatively short decay time at
the level of (0.6—1.0 ps) [45, 46].

As found, the plasma of an overstressed nanosecond discharge,
formed under the action of a packet of 5—10 ns voltage pulses with a
duration of 100-120 ns, between aluminium electrodes at an air pres-
sure of 50—-202 kPa is characterized by a discharge pulsed power of
3—6.5 MW and an energy contribution per pulse 110-153 md. For a
discharge in a mixture of nitrogen and oxygen (100-1) at pressures
p = 50-101 kPa, the pulsed power of the discharge was 3-6.3 MW with
an energy contribution of 110-153 mdJ in the pulse. In both cases, the
plasma was the source of luminescence of nanoparticles of aluminium
oxide in the form of a broad band, which is in the spectral range of
300-430 nm. Broad luminescence bands from the plasma of the investi-
gated discharge were found, assigned to the radiation of the F - and
F*-centres of oxygen vacancies of nanostructured aluminium-oxide ce-
ramics.

We consider the electrical, optical, and temporal characteristics of
the radiation of a discharge between copper electrodes in argon at atmo-
spheric pressure.

The oscillograms of voltage and current had the same form as for a
discharge in air between copper electrodes. For a discharge in argon at
atmospheric pressure at d = 2 mm, the amplitude of the largest voltage
drop on the electrodes reached at the initial stage of the discharge was
~+=7-8 kV, for current, =100 A, and for pulsed power, 1.2 MW that
provided an energy contribution to one discharge pulse into the plasma
of =167 md.

Figure 10 presents the emission spectrum of a high-voltage nanosec-
ond discharge between copper electrodes, which was ignited at
Pa. = 100 kPa and a distance between the electrodes of 2 mm. The re-
sults of spectrum identification (Fig. 10) are summarized in Table 4.

A feature of these emission spectra was the presence of a continu-
um, against which all spectral lines and bands were observed. The con-
tinuum was most pronounced at atmospheric pressure of argon (Fig. 10).
The nature of this continuum under the conditions of our experiment is
associated with thermal and recombination plasma radiation. The shape
of the continuum with a wide maximum at 400—450 nm correlated well
with the results known from the literature. Thus, in Ref. [20], for a
spark discharge in argon at atmospheric pressure between aluminium
electrodes (at d = 10 mm), an intense continuum was recorded in the
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Table 4. Results of deciphering the plasma emission spectra of a high-voltage
nanosecond discharge between copper electrodes at p,, = 100 kPa and d = 2 mm [32]

No. | Ay, nm | I, a.u. | Object E, ., eV E,, eV |Lower term | Upper term

1| 214.89 1.78 Cu II 1.39 7.18 4s% 2D 5f 2F°

2| 216.50 2.07 Cul 0.00 5.72 4s 28 4p' D’

3| 217.49 3.34 Cu II 8.92 14.61 4p Fe 4d 'G

4 | 220.05 1.63 Cu II 9.06 14.70 4p 3D° 4d 3F

5| 221.02 3.34 Cu II 3.26 8.86 4s 'D 4p 3D’

6 | 221.45 4.21 Cul 1.39 6.98 4s% 2D 4p” 2P°

7| 223.84 3.69 Cul 1.64 7.18 4s%2D 5f 2F°

8 | 224.70 4.30 Cu II 2.72 8.23 4s 3D 4p 3P°

9| 226.30 5.00 Cul 1.64 7.12 452D Tp *P°
10 | 227.62 5.05 Cu II 2.98 8.42 4s 3D 4p 3P°
11 | 229.43 1.89 Cu II 2.83 8.23 4s 3D 4p 3P°
12 | 230.31 2.34 Cul 1.64 7.02 4s%2D 4p" 2D’
13 | 236.98 1.82 Cu II 3.26 8.49 4s 'D 4p 3F°
14 | 239.26 2.86 Cul 1.64 6.82 4s%2D 6p 2P’
15 | 244.16 2.12 Cul 0.00 5.08 45?28 4p’ ‘P’
16 | 249.21 2.08 Cul 0.00 4.97 45?28 4p’ ‘P’
17 | 254.48 2.25 Cu II 8.52 13.39 4p 3F° 5s 3D
18 | 261.83 2.55 Cul 1.39 6.12 4s% D 5p 2P’
19 | 279.17 2.86 Cu II 14.33 18.77 4d 3G 6f H’
20 | 282.43 2.5 Cul 1.39 5.78 4s% D 4p' D’
21 | 306.34 3.13 Cul 1.64 5.68 4s% D 4p’ 2P°
22 | 324.75 9.98 Cul 0 3.82 435?28 4p 2P°
23 | 327.39 8.19 Cul 0 3.39 43?8 4p 2P°
24 | 354.89 4.10 N, Second positive system C*I1,"—B?I1," (3; 2)
25 | 357.69 4.37 N, Second positive system C?IT,"—B?I1,* (0; 1)
26 | 420.06 5.04 Arl 11.55 14.50 4s [ST 5p [2S]
27 | 425.93 4.99 Ar1 11.83 14.74 4s' [ST 5p’ [S]
28 | 430.01 3.95 Ar1 11.62 14.51 4s [1ST 5p [1S]
29 | 433.35 5 Ar1 11.83 14.69 4s' [ST 5p’ [1S]
30 | 436.37 3.97 Arl 11.62 14.46 4s [1ST 5p [S]
31 | 442.39 5.13 Arl 11.72 14.52 4s' [ST 5p’' [1S]
32 | 451.07 4.25 Arl 11.83 14.58 4s' [ST 5p [S]
33 | 459.60 3.25 Arl 11.83 14.52 4s' [ST 5p’' [1S]
34 | 460.95 3.32 Ar II 18.45 21.14 4s' D 4p' F°
35 | 462.84 3.96 Ar1 11.83 14.51 4s' [ST 5p [2S]
36 | 470.23 3.03 Ar1 11.83 14.46 4s' [ST 5p’' [1S]
37 | 483.66 4.18 Ar1 12.91 15.47 4p [S] 9s [1S]
38 | 487.62 3.01 Ar1 12.91 15.45 4p [S] 7d [18S]
39 | 492.10 3.39 Ar1 13.09 15.61 4p [2S] 10d [3S]
40 | 511.82 2.47 Ar1 13.09 15.52 4p [2S] 6d' [2S]
41 | 516.22 2.98 Arl 12.91 15.31 4p [S] 6d [S]
42 | 518.77 3.36 Arl 12.91 15.30 4p [S] 5d' [1ST
43 | 521.82 2.4 Cul 3.82 6.19 4p 2P’ 4d D
44 | 525.27 4.53 Arl 13.09 15.45 4p [2S] 7d [3S]
45 | 570.02 1.96 Cul 1.64 3.82 4s% ?D 4p 2P’
46 | 601.36 1.92 Arl 13.08 15.14 4p [2S] 5d [S]
47 | 617.01 1.84 Arl 13.17 15.18 4p [1S] 7s [1S]
48 | 653.81 3.17 Arl 13.08 14.95 4p [2S] 4d' [ST
49 | 659.61 2.85 Arl 13.08 14.95 4p [2S] 4d' [ST
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emission spectrum in the wavelength range of 350—460 nm with a max-
imum at A = 420 nm. The continuous spectrum of plasma radiation be-
gan to be recorded after a time interval At = 40 ns from the beginning
of the discharge, when the intensity of the argon ion lines began to in-
crease sharply.

The maximum intensity of the continuous spectrum Ar II spectral
lines was achieved after a time interval At = 300—400 ns from the onset
of a sharp increase in the current [20, 21].

At the stage of slow expansion of the spark channel, starting from
the time instant 500 ns, the intensity of the continuum decreased, as
for the intensity of the ionic spectral lines of argon, and the intensity
of the atomic lines: 394.9, 308.2 nm Ar I and lines of the electrode ma-
terial (281.6, 289.1 nm Al II) grew [30].

In the emission spectra of the discharge plasma (Fig. 10) on a mix-
ture of argon with copper vapour in the UV-wavelength range of 214—
330 nm (lines 1-23; Table 4), the emission at the transitions of the atom
and singly charged Cu ion was observed. The most intense ionic spectral
line was the line with A = 227.62 nm Cu II, and the atomic intense lines
were the resonance spectral lines of the copper atom with A = 324.75
and 327.39 nm Cu I, in which the lower energy level is the ground level.
The highest energy of the upper level for the Cu II lines was
E, =18.77 eV, and for atomic lines, the maximum energy of the upper
level was E, = 7.18 eV. In the UV spectrum, bands of the second posi-
tive system of the nitrogen molecule were also observed, since, in these
experiments, the discharge chamber was evacuated only to a residual air
pressure of ~10 Pa. In the wavelength range of 360—-659 nm, radiation
was observed mainly at the transitions Ar I, Ar II, as well as an intense
spectral line of the hydrogen atom (A = 656.29 H ), which is due to the
residual air pressure in the chamber after it was pumped out by a fore-
line pump.

When the distance between the electrodes is 2 mm and a bipolar
generator of high-voltage nanosecond pulses is used, one or several (with
a strong overvoltage of the discharge gap) cathode spots are formed,
moving one towards the other.

For a high-voltage nanosecond discharge in argon at atmospheric
pressure, some optical and gas-dynamic characteristics of the cathode
spot plasma were given in Refs. [29, 30]. However, in these experiments
carried out at an interelectrode distance d = 10 mm between the alu-
minium electrodes, the radiation of the cathode spot plasma with a di-
ameter of ~0.2-0.3 mm and, attached to it, the diffuse discharge plas-
ma, which occupied in the most of the discharge gap, was clearly
recorded. The formation of cathode spots in an OND is explained by the
explosive emission model, which is based on the introduction of signifi-
cant energy at the microtips of the cathode surface with their subse-
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Fig. 11. Oscillograms of the luminescence at the transitions of Cu and Ar atoms (a):
1 —249.1mmCul,2 —306.34 nmCul, 3 —470.23 nm Ar I, 4 — 521.82 nm Cu I;
and oscillograms of current, voltage across discharge gap, and electric pulsed dis-
charge power (b) at p,, = 100 kPa, d = 2 mm [32]

quent heating and explosion. The cathode spot was formed simultane-
ously with the onset of a sharp increase in the current and a drop in
voltage across the gap, and at the initial stages of formation, it was
hemispherical and had a low expansion rate of ~2.5-10° cm/s. The ki-
netic energy of 50—100 eV corresponded to this speed of movement of
the cathode spot, at which an ‘ecton’ with the number of electrons of
101'-10'2 and a conglomeration of metal vapour were formed. At the
initial stage of the discharge, the radius of the cathode spot did not
predominate ~10°® m, and, with time ¢ from 5 to 50 ns, it increased from
0.5 to 4.3 10 cm [29]. The temperature of electrons near the cathode
argon plasma at atmospheric pressure, which was estimated from the
relative intensity of emission of spectral lines of argon, at the initial
moments of its formation (at a time interval of ~30—40 ns) reached 5 eV
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and, at subsequent moments of time (t = 50—-500 ns) decreased from 4.2
to 3.4 eV [30]. The main part of the discharge energy is introduced into
the cathode spot in the plasma phase, therefore, in the plasma conglom-
eration, it scatters, and the energy is first introduced into the elec-
tronic component with the subsequent transfer of this energy from elec-
trons to ions. Therefore, the mechanism of the excited Cu ions in the
plasma formation can be determined via processes of their excitation by
electrons from the ground state of the corresponding ion. The effective
cross sections for the excitation of transition metal ions by electron
impact are large and, for example, for zinc ions, they reach 107!% cm?
[48]. There are no data on the effective cross sections for the excitation
of a copper ion in the ground energy state by electron impact in the
literature known to us, which may be due to the difficulty of obtaining
stable beams of copper ions suitable for measuring the corresponding
effective cross sections.

The reason for these processes is the high concentration of electrons
in the plasma of overstressed discharges of nanosecond duration with an
ectonic mechanism of electrode sputtering, which reaches 10" cm 2 [49].
Estimates of the concentration of electrons in a spark discharge in ar-
gon at atmospheric pressure, carried out in [30], from the experimen-
tally determined half-width of the spectral line Ar II: AL = 0.42 nm,
showed that it is ~2.4 -10'8 cm 3.

Figure 11 presents oscillograms of radiation at the transitions of
the most intense spectral (resonance) lines of the copper atom and the
bands of the second positive system of the nitrogen molecule at an argon
pressure of 100 kPa.

The emission from the transitions of the copper atom was in the
afterglow of the first maximum of the pulsed power, weak second lumi-
nescence maxima were recorded only for spectral lines with A = 306.34,
521.82 nm Cu I at ¢t = 150 ns. It is likely that, at atmospheric pressure
of argon, the duration of the diffuse stage of the high-voltage nanosec-
ond discharge prevailed 100 ns, and the second maximums of the lumi-
nescence of the lines of the copper atom appear already at the contract-
ed stage of the discharge. Such a picture of the development of such
discharges was established in Ref. [36] during high-speed photography
of the discharge with nanosecond time resolution. The absence of a re-
peated maximum in the oscillogram of the spectral line of 249.1 nm of
Cu I, of which the lower is the main energy level of the copper atom, can
be due to the process of self-absorption of radiation at the channel stage
of the discharge, when the concentration of copper vapour in the plasma
increases. Radiation at the transition of the argon atom with
A = 470.23 nm Ar I, also observed in the afterglow of the first maxi-
mum of the pulsed power of the discharge, can be determined by the
recombination mechanism of population of its upper energy level.
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Fig. 12. Plasma emission spectra of the OND between the copper and
zinc electrodes at p,, = 50 (a), 200 (b) kPa [32]

Investigation of the conditions for the synthesis of bipolar Cu—Zn
nanostructures from the destruction products of zinc and copper elec-
trodes in an OND of atmospheric pressure in inert gases is practically
absent. Therefore, the problem of establishing the conditions for the
deposition of thin composite films based on transition metals (Cu, Zn,
Cd, Fe, etc.), which is carried out without the use of expensive laser or
high-vacuum equipment, is actual.

For a discharge in argon at a pressure of 50 kPa, the amplitude of
the largest voltage drop on the electrodes was achieved at the initial
stage of the discharge and was ~+2—-4 kV, for current, =80—-100 A, and
for pulsed power, 0.8 MW, that provided an energy contribution to one
discharge pulse into plasma ~ 122.6 mJ. With an increase in argon pres-
sure to 200 kPa, the voltage difference of different polarity in the initial
phase of the discharge at 1t = 10—30 ns reached 15 kV, and for the cur-
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Table 5. Results of identification of plasma emission spectra
of an overstressed nanosecond discharge between a copper
electrode and a zinc electrode at p,, = 50 and 200 kPa [32]

2 Iexp, a.u. Iexp, a.u. Lower | Upper
No. I;‘;‘;‘l’ e = P, .= |Object|energy,|energy, Lower term Upper term
= 50 kPa|= 200 kPa eV eV

1]202.54 0.3 1.13 ZnII| 0.00 | 6.11 | 3d™4s°*S,, 3d'4p *P’y ,

21203.93| 0.32 0.84 Zn II| 7.77 | 18.85 | 3d%s®°D;, 3d°(°D)4s4p(°P’) ‘D’; ,

3(207.99| 0.57 1.88 Zn I | 14.23 | 20.19 | 3d°(°D)4s4p(°P")| 8d*4s(°*D)5s ‘D,

2D65 2

41213.59| 0.26 1 Cull| 2.72| 8.52| 4s 3/D 4p °F°

51216.50| 0.23 0.94 Cul 0.00 | 5.72 | 4s?2S 4p' *D°

6(217.49| 0.25 0.94 Cull| 8.92| 14.61 | 4p 'F 4d 'G

71218.17| 0.29 1 Cul 0.00 | 5.68 | 4s2S 4p'*P*

8(226.30| 0.25 1.10 Cul 1.64 7.12 | 4s*?D p 2P°

91229.43| 0.28 1.22 Cull| 2.83| 8.23 | 4s°D 4p 3P°
10(230.31| 0.34 1.23 Cul 1.64 7.02 | 4s%2D 4p” 2D’
111236.98| 0.35 1.47 Cull| 3.26| 8.49 | 4s'D 4p 3F°
12(244.16| 0.66 2.43 Cul 0.00 | 5.08 | 4s2%S 4p’ P’
13 (255.79| 0.47 2.19 Zn Il | 6.11 | 10.96 | 3d'4p °P’;, 3d'%5s %S, ,
141258.24| 0.47 1.83 Zn 1 4.02 | 8.82 | 3d'4s4p °P", 3d'%4s6d °D,
15(268.41| 0.55 2.68 Zn 1 4.02 | 8.64 | 3d'4s4p °P°, 3d'%4s7Ts 38,
16|271.24| 0.69 2.77 Zn 1 4.07 | 8.64 | 3d'4s4p °P°, 3d'%4s7Ts 38,
171275.64| 0.92 3.58 Zn 1 4.00 | 8.50 | 3d'4s4p °P°, 3d'%4s5d *D,
18 (282.43| 0.47 1.93 Cul 1.39 | 5.78 | 4s? 2D 4p’ 2D°
191299.73| 0.56 1.91 Cul 1.64 | 5.78 | 452D 4p' D’
20(303.61| 0.62 2.15 Cul 1.64 | 5.72 | 4s? D 4p’ 2D°
21(320.82| 1.5 3.08 Cul 1.64 | 5.51 | 4s*?D 4p’ D’
221324.31| 1.31 4.59 Cul 0 3.82 | 4s?S 4p 2P°
23(327.39| 3.14 5 Cul 0 3.39 | 4s?%S 4p 2P’
24330.25| 4.61 5 Zn 1 4.02 7.78 | 3d'4s4p *P", 3d'%4s4d *D,
25(344.60( 0.78 2.59 N, Second positive system C*I1, B, (4; 5)
26 (354.89| 0.96 3.42 N, Second positive system C*TI,*—B*T1,* (3; 2)
27/368.65| 0.67 2.13 Cull| 8.49 | 11.85 | 4p °F 4582 'G
28(373.78| 0.62 2.24 ArII| 21.5 24.81 | 4p’ 2De 4d' °F
29(380.31| 0.70 2.34 Ar 11| 21.50 | 24.76 | 4p’ 2D’ 4d' 2D
30(402.26| 0.83 2.42 Cul 3.79 | 6.87 | 4p *P° 5d *D
31(403.54| 0.87 2.43 ArII| 18.43 | 21.5 4s' 2D 4p’ 2D°
32(417.18| 1.48 2.81 Cull|14.99 | 17.96 | 5p °P° 7s 3D
33(433.35| 1.9 4.46 ArT1 | 11.83 | 14.69 | 4s' [S] 5p' [S]
34(440.09| 1.43 3.59 Ar 11| 16.41 | 19.22 | 3d “D 4p ‘P’
35(446.05| 0.78 2.52 Ar1II| 16.44 | 19.22 | 3d ‘D 4p “P*
36 (457.93| 0.79 2.63 ArII|17.26 | 19.97 | 4s %P 4p %8°
37(463.72| 0.69 2 Ar 11| 18.45| 21.13 | 4s 2D 4p %F°
38(465.79| 1.04 3.25 ArII|17.14 | 19.80 | 4s %P 4p 2P°
39(470.33| 2.37 5 ArII|21.67| 24.31 | 3d ?P 4£(2) °P,°
401479.87| 3.02 5 Ar1 | 13.08 | 15.66 | 4p [2S] 12d [3S]
411487.62| 0.73 1.89 ArT1 | 12.91 | 15.45 | 4p [S] 7d [18S]
421500.68| 0.53 2 Cull|14.65| 17.13 | 4d 'D 4f 'F°
431510.55| 0.54 1.57 Cul 1.39 | 38.82 | 4s??D 4p 2P°
441511.82| 0.4 1.84 ArI | 13.09 | 15.52 | 4p [28] 6d' [2S]
451636.95| 0.3 1.13 Ar1 | 13.17 | 15.12 | 4p [18] 5d [S]
46 (656.29| 0.47 0.74 H, |13.08 | 14.95 | 4p [2S] 4d'[SY
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rent, =80—-100 A. The maximum value of the electrical pulsed power
reached 2.5 MW at ¢+ = 50 ns. The main energy contribution to the
plasma was made during the first 100 ns from the moment of ignition
of the discharge. The energy of one discharge pulse reached ~373.8 MdJ.

As for the discharge in argon between copper electrodes, for the
discharge in argon at atmospheric pressure between copper and zinc
electrodes in the emission spectrum (Fig. 12), an intense continuum was
recorded in the wavelength range of 350-460 nm with a maximum at
A = 420 nm. The continuous spectrum of plasma radiation began to be
recorded after a time interval At = 40 ns from the beginning of the dis-
charge, when the intensity of the argon ion lines began to increase
sharply [30].

In the emission spectra of the plasma of a gas—vapour mixture of
argon and copper (Fig. 3) in the UV-wavelength range of 214-330 nm
(lines 1-23, Table 5), emission was observed at the transitions of the
atom and singly charged copper ion. The most intense ionic spectral line
was the line with A = 227.62 nm Cu II, and the atomic intense lines were
the resonance spectral lines of the copper atom with A = 324.75 and
327.39 nm Cu I, in which the lower energy level is the ground level. In
the UV-radiation spectrum, bands of the second positive system of the nitro-
gen molecule were also observed, since, in these experiments, the discharge
chamber was evacuated only up to a residual air pressure of ~10 Pa. In
the wavelength range of 360—-659 nm, radiation was observed mainly at
the transitions Ar I, Ar II, as well as an intense spectral line of the hy-
drogen atom (A = 656.29 H ), which is due to the residual air pressure
in the chamber after it was pumped out by a foreline pump. An increase
in argon pressure from 50 to 200 kPa led to an increase in the intensity
of most of the spectral lines of copper and zinc by a factor of 2—4.

When the distance between the electrodes is 2 mm and a bipolar
generator of high-voltage nanosecond pulses is used, one or several (with
a strong overvoltage of the discharge gap) cathode spots are formed,
moving one towards the other.

The broadening of the emission spectrum of copper and zinc vapour
plasma to a more distant UV region (up to 202.54 nm) as compared to
the copper vapour range increases the efficiency of automatic irradia-
tion of the substrate and the nuclei of the composite film on the sub-
strate with hard UV radiation from the discharge plasma. This is impor-
tant for influencing it electrical and optical characteristics (formation
of antireflection bands) [12, 13].

In Ref. [50], the results of a study of thin-film solar cells Culn, Al Se,
(CIASe), which were prepared on the basis of a sequential process of
selenization of metal layers of precursors, are presented. Polycrystalline
CIAS thin films with a chalcopyrite structure were synthesized. The
best solar cells based on CIASe have short-circuit current density (J.),
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open circuit voltage (V,), fill factor (FF) and efficiency as follow:
29.3 mA/cm?, 430 mV, 51, 1 and 6.5%, respectively, for a total relative
aluminium content Al/(In + Al) equal 0.2. Comparison of these values
with similar data for the device without aluminium showed a significant
increase in their efficiency. These data confirmed a significant improve-
ment of device efficiency due to an increase in the absorber band gap in
quaternary alloys of the CIASe type. Therefore, it is important to de-
velop new physical gas-discharge methods for the synthesis of quater-
nary chalcopyrite based on Cu, In, Al, and Se in the form of thin films,
which can be realized using an overstressed nanosecond discharge be-
tween electrodes made of aluminium and the corresponding ternary
chalcopyrite (CulnSe,).

With increasing the argon pressure from 13.3 to 100 kPa in an OND
between the aluminium-made electrode ternary chalcopyrite, the plasma
resistance increased and the matching with the modulator of high-volt-
age bipolar pulses improved. In this case, the maximum voltage ampli-
tude swing increased to 60 kV, and the duration of the main part of the
voltage oscillogram was ~100 ns. The maximum amplitude of the cur-
rent pulse reached 180-200 A. The maximum value of the pulsed power
of the discharge was observed in the first 130 ns from the moment of
its ignition and was equal to 4 MW. Increasing the argon pressure from
13.3 to 100 kPa results in increasing the energy of an individual elec-
tric pulse from 46 to 423 md.

Control studies of the plasma emission spectra were carried out for
an OND in argon between two aluminium electrodes (Fig. 9, b), as well
as between two electrodes from the CulnSe, compound. At an argon
pressure of 13.3 kPa, two groups of spectral lines of the aluminium
atom prevailed in the emission spectrum of the discharge: 308.21,
309.27, 309.28, 394.40, 394.89, and 396.15 nm. The spectral lines were
less intense: 415.85, 419.83, 420.06 nm Al I. The spectral lines 308.21
and 394.40 nm (resonant) have the lower energy level of the ground state
of the aluminium atom, and the energies of their upper states are 4.02 and
3.14 eV, respectively. The spectral lines are 309.27, 309.28 nm Al I, en-
ding in a low energy level of 0.014 eV. The upper energy levels for the
lines 415.85, 419.83, 420.06 nm Al I are in the range of 14.499-14.529 eV,
and the lower ones are in the energy range of 11.548-11.624 eV.

Figure 13, presents the emission spectrum of an overstressed nano-
second discharge between electrodes from chalcopyrite at an argon pres-
sure of 100 kPa. The results of identification of the main spectral lines
and bands of the decay products of the chalcopyrite molecule in plasma
based on various buffer gases, as well as a thorough analysis of the
emission spectra are given in Refs. [61-59]. However, the main feature
of the spectrum shown in Fig. 13 should be noted. The most intense in
the spectrum were the spectral lines of atoms and ions of copper and
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Fig. 13. Plasma emission spectrum of the OND between chalcopyrite
electrodes at p,, = 100 kPa [32]
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Fig. 14. Plasma emission spectrum of the OND between aluminium and
chalcopyrite electrodes at the argon pressure of 100 kPa [32]

indium, which were observed against the background of continuous
plasma radiation. Copper and indium atoms are less bound in the chal-
copyrite molecule, which is the main component of massive electrodes
[60]. Therefore, the linear part of the plasma emission spectrum is
mainly caused by individual spectral lines of atoms and singly charged
Cu and In ions. The emission spectrum of the gaseous component, ar-
gon, did not appear in this spectral region.
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Table 6. Results of identification of the most intense spectral lines of the atom
and singly charged aluminium ion, as well as the molecular bands of the decay
products of the chalcopyrite molecule in the OND at p,, = 100 kPa [32]

No. | Aupmm | L, au. | Object | coRST 0| TRRET L o | o
1| 214.89 | 3.90 |Cul 1.39 7.18 |4s?°D 5f 2F°

2 | 218.17 | 3.94 |cCul 0.00 5.68 |4s7S 4p' 2P

3 | 21956 | 3.29 |Cull 8.78 14.43  |4p D’ 4d °F

4 | 219.95 | 2.88 |Cul 1.39 7.02 |4s?°D 4p" D’
5 | 221.45 | 240 |Cul 1.39 6.98 |4s?°D 4p" 2P’
6 | 224.20 | 2.45 |Cull 3.0 8.49 |4p 3D

7 | 239.07 | 1.07 |AlIl | 13.07 18.26 |4p *P 10d *D
8 | 261.83 | 0.79 |Cul 1.39 6.12 |4s?°D 5p 2P

9 | 284.02 | 0.68 | AlI 4.02 8.39 |3d°D 3d 2D’
10 | 306.34 | 0.92 |Cul 1.64 5.68 |4s2°D 4p' 2P
11| 308.21 | 1.34 | AlI 0.00 4.02 |3p2P 3d ?D
12 | 309.27 | 1.88 | AlI 0.01 4.02 |3p 2P 3d ?D
13| 324.75 | 1.42 |Cul 0 3.82 |4s7S 4p 2P
14 | 327.39 | 1.43 |Cul 0 3.39 |4s2S 4p 2P
15| 329.05 | 1.05 |Cul 5.07 8.84 |4p' 'F 4d' *F
16 | 360.65 | 0.97 | ArI 11.62 15.06  |4s [ST 6p [S]
17 | 394.40 | 1.27 | AlI 0.00 3.14 |3p?2P 4s%S

18 | 396.15 | 1.76 | AlI 0.01 3.14 |3p P’ 4s°S

19 | 402.26 | 0.64 |Cul 3.79 6.87 |4p P 5d 2D
20 | 405.67 | 0.70 | AlIl | 15.47 18.52 |3s4d 'D  |3sl5p 'P°
21| 410.17 | 1.19 |InI - 3.02 |5s®%p 2P’ |5s%6s %S, ,
22 | 415.85 | 1.18 | ArlI 11.55 14.53  |4s [ST 5p [18]
23| 417.83 | 1.12 |ArIl | 16.64 19.61 |4s ‘P 4p ‘D
24 | 419.07 | 0.74 | ArI 11.55 14.51  |4s [ST 5p [2S]
25 | 420.06 | 0.90 | ArI 11.55 14.50  |4s [ST 5p [2S]
26 | 422.26 | 1.22 | ArIl | 19.87 22.80 |4p 2P’ 5s 2P
27 | 425.93 | 0.73 | Arl 11.83 14.74  |4s' [ST 5p' [S]
28 | 426.62 | 0.70 | ArlI 11.62 14.53  |4s [ST 5p [1S]
29 | 427.21 | 0.76 | Arl 11.62 14.52  |4s [ST 5p [1S]
30 | 430.01 | 0.76 | ArlI 11.62 14.51 |45 [ST 5p [2S]
31| 433.35 | 0.89 | ArlI 11.83 14.69 |4s' [S] 5p' [18]
32| 451.13 | 1.65 |InI 0.27 3.02 |5s®%p 2P°  |5s%6s °S,,
33| 484.22 | 1.18 | Cul 5.24 7.80 |4p' 4F 5s' 4D
34| 515.83 | 1.32 | Cul 5.69 8.09 |4p' P 5s' 2D
35| 516.22 | 1.13 | Arl 12.91 15.31  |4p [S] 6d [ST
36 | 518.77 | 1.42 | ArlI 12.91 15.30 |4p [S] 5d' [1ST
37| 549.58 | 1.57 | Arl 13.08 15.33  |4p [2S] 6d [3ST
38 | 555.87 | 1.46 | Arl 12.91 15.14 |4p [S] 5d [18]
39 | 556.69 | 1.45 | Sell — — — —
40 | 594.92 | 2.00 | ArI 13.28 15.35 |4p'[1S]  |6d [18]
41| 603.21 | 2.25 | ArI 13.08 15.13  |4p [2S] 5d [3ST
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Table 7. Results of identification of the most intense spectral lines of the atom
and singly charged aluminium ion, as well as the molecular bands of the decay
products of the chalcopyrite molecule in the OND at p,, = 13.3 kPa [32]

No. | dup i |L,, a| Object | cONEr | TERT L o prce

1| 214.89 | 1.09 | Cul 1.39 7.18 |45 D 5f 2F°

2| 218.17 | 0.47 | Cul 0.00 5.68 |4s?S 4p' P

3| 219.56 | 0.53 | Cull 8.78 14.43  |4p*Dr 4d °F

4| 219.95 | 0.55 | Cul 1.39 7.02 |4s??D 4p" 2D’

5| 221.45 | 0.57 | Cul 1.39 6.98 |4s?2D 4p" 2P

6| 224.20 | 0.49 | Cull 3.0 8.49 |4p 3D

7| 239.07 | 0.82 | AlII 13.07 8.78 |4p °P" 10d *D

8| 261.83 | 0.44 | Cul 1.39 6.12 |4s®2D 5p 2P°

9| 284.02 | 0.27 | Al 4.02 8.39 |3d D 3d 2D°
10 | 306.3¢ | 0.71 | Cul 1.64 5.68 |4s2°D 4p' 2P°
11 | 308.21 | 2.08 | Al 0.00 4.02 |3p:P 3d ?D
12 | 309.27 | 3.02 | Al 0.01 4.02 |3p2P 3d °D
13 | 324.75 | 1.38 |Cul 0 3.82 |4s28 4p 2P
14 | 327.39 | 1.04 |Cul 0 3.39 |4s%S 4p P
15 | 329.05 | 0.79 | Cul 5.07 8.84 |4p' 'F 4d' *F
16 | 360.65 | 0.64 | ArI 11.62 15.06  |4s [ST 6p [S]
17 | 394.40 | 2.54 | Al 0.00 3.14 |3p 2P 4s?S
18 | 396.15 | 2.55 | Al 0.01 3.14 |3p?P 4528
19 | 402.26 | 0.34 | Cul 3.79 6.87 |4p P 5d 2D
20 | 405.67 | 0.58 | AlII 15.47 18.52 |3s4d'D  |3sl5p P
21 | 410.17 | 1.01 |[InI — 3.02 |5s®p P’ | 5s%6s %S, ,
22 | 415.85 | 1.26 | Ar1I 11.55 14.53  |4s [ST 5p [1S]
23 | 417.83 | 0.5 | Ar1II 16.64 19.61 |4s P 4p ‘D’
24 | 419.07 | 0.78 | Ar1I 11.55 14.51  |4s [ST 5p [2S]
25 | 420.06 | 1.51 | Ar1I 11.55 14.50  |4s [ST 5p [2S]
26 | 422.26 | 0.44 | Ar1I 19.87 22.80 |4p 2P’ 5s 2P
27 | 425.93 | 0.73 | Ar1 11.83 14.74 |45 [ST 5p' [S]
28 | 426.62 | 0.61 | ArI 11.62 14.53  |4s [ST 5p [1S]
29 | 427.21 | 0.72 | Ar1I 11.62 14.52  |4s[ST 5p [1S]
30 | 430.01 | 0.62 | ArI 11.62 14.51  |4s' [ST 5p [2S]
31 | 433.35 | 0.81 | Ar1I 11.83 14.69  |4s [ST 5p’ [18]
32 | 451.13 | 1.51 |[InI 0.27 3.02 |5s?p P’ | 5s%6s %S, ,
33 | 484.22 | 1.12 |Cul 5.24 7.80 |4p’ 4F 5s' 4D
34 | 515.83 | 0.49 | Cul 5.69 8.09 |4p' *P’ 5s' 2D
35| 516.22 | 0.53 | ArI 12.91 15.31  |4p [S] 6d [ST
36 | 518.77 | 0.50 | ArI 12.91 15.30 |4p[S] 5d’ [1S]
37 | 549.58 | 0.65 | ArI 13.08 15.33  |4p [2S] 6d [3ST
38 | 555.87 | 0.62 | Ar1I 12.91 15.14 |4p [S] 5d [1ST
39 | 556.69 | 0.60 | SelI — — — —
40 | 594.92 | 0.93 | ArI 13.28 15.35 |4p'[1S]  |6d [1S]
41 | 603.21 | 1.32 | Ar1I 13.08 15.13  |4p [2S] 5d [3ST
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Fig. 15. Plasma emission spectrum of the OND between aluminium
and chalcopyrite electrodes at the argon pressure of 13.3 kPa [32]

The emission spectra and the results of the identification of the
most intense spectral lines of the atom and singly charged Al ion, as
well as the molecular bands of the decay products of the chalcopyrite
molecule in the OND between the Al-made electrode and chalcopyrite (at
Pa, = 101 and 13.3 kPa) are shown in Figs. 14 and 15, Tables 6 and 7.

At an argon pressure of 100 kPa, in the plasma emission spectrum
based on a mixture of aluminium and chalcopyrite vapour, the shortest-
wavelength and most intense part of the spectrum (lines 1-10) were
represented by spectral lines of atoms and singly charged ions of copper
and aluminium. The spectral lines were closely located in the back-
ground of the continuum and actually formed a certain band with a base
length of 50 nm (from 200 to 250 nm).

The second group of spectral lines, which were also observed against
the background of continuous radiation in the spectral range of 308—
451 nm, had a higher degree of separation, but their intensities were
low. In addition to atoms and singly charged ions of copper and alu-
minium, separate lines of Ar I, Ar II were also observed in the violet
and blue regions of the spectrum. Only the atomic spectral lines 410.17
and 451.13 nm of In I appeared in the emission from indium lines.

In the spectral range of 450—-650 nm, the intensity of continuous
radiation strongly increased with increasing radiation wavelength.
Against the background of continuous radiation, the spectral lines of
the argon and copper atoms were mainly observed. The main reason for
the appearance of an intense continuum in the spectrum is the transi-
tion of the diffuse form of an OND into a contracted state (spark) at
atmospheric pressure of argon.
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A decrease in the argon pressure to 13.3 kPa promoted the ignition
of the discharge in a diffuse form, and the contraction was much less
pronounced. This led to a better manifestation in the emission of indi-
vidual spectral lines of atoms and singly charged ions of copper, alu-
minium and argon (Fig. 15). The intensity of the group of spectral lines
of copper and aluminium in the wavelength range of 200—225 nm (lines
1-6) decreased four times. At a reduced argon pressure, the most in-
tense and well-separated spectral lines (7—18) from the wavelength range
of 230-400 nm. The intensity of continuous radiation in this spectral
range was minimal. Here, the most intense were the spectral lines (11,
12, 17, 18): 308.21 (resonance line) 309.27, 394.40, 396.15 nm Al I.
Other spectral lines from this spectral interval belonged mainly to cop-
per and aluminium atoms.

The next rather well separated group of spectral lines (19-33) was
emitted in the wavelength range of 400—500 nm. It was represented by
the spectral lines of the atom and singly charged argon ion and the spec-
tral lines of 451.13 nm In I, 484.22 nm, 515.83 nm Cu I.

In the spectral range of 500—630 nm, continuous radiation (probably
thermal radiation of the plasma) prevailed, against the background of which,
the spectral lines 594.92 nm and 603.21 nm Ar I were distinguished.

With an increase in the argon pressure from 13.3 to 100 kPa, the
intensities of the spectral lines of copper and indium atoms and their
singly charged ions increased. Thus, the maximum increase was found
for the intensity of the 218.17 nm Cu I spectral line (by a factor of 8.6),
the lower for which is the main energy level of the copper atom, and for
the 219.56 nm Cu I ion line, an increase in intensity was recorded by
6.3 times. For the resonance line of the copper atom at 306.34 nm, prob-
ably due to self-absorption of radiation in the plasma, the increase in
intensity was small (only about 1.3 times). An increase in the intensity
of the lines of the indium atom 410.17, and 451.22 nm was also small
(circa 1.1-1.2 times).

For the intensity of the spectral lines of the aluminium atom 308.21,
309.27, 394.40 (resonance line), 396.15 nm with an increase in argon
pressure, a decrease in intensity was observed (Tables 1, 2) from 1.4 to
2.3 times. For the ionic lines of aluminium, 239.07 and 405.67 nm of
Al II, with an increase in argon pressure, an increase in intensity was
recorded (about 1.3 times; Tables 1, 2). For the intensities of the spec-
tral lines of the argon atom at 549.58 and 594.92 nm, with an increase
in its pressure, the greatest increase in the intensity was obtained (2.4
and 2.2 times, respectively; Tables 6, 7). For the argon ionic lines at
417.83 and 422.26 nm of Ar II, the increase in intensity was 2.3 and
2.8 times, respectively (Tables 1, 2).

Based on the spike structure of current pulses, the processes of
stepwise excitation and stepwise ionization through the corresponding
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metastable states typical of high-current high-pressure discharges can
also be important [61]. Therefore, a likely mechanism for the formation
of doubly charged ions of copper, aluminium, and argon in the ground
energy state can be direct and stepwise excitation of the corresponding
singly charged ions by electron impact and the processes of dielectronic
recombination of two and singly charged ions with plasma electrons.

An increase in the argon pressure promotes an increase in the inten-
sity of the spectral lines of Cu and In atoms and their singly charged
ions due to an increase in the efficiency of the recombination mecha-
nism at high pressures of the buffer gas [61], as well as in the processes
of stepwise excitation and ionization of the corresponding atoms with
an increase in the energy contributions to the plasma at an argon pressure
at the level of 100 kPa. The main feature of the introduction of copper
and indium vapours into the plasma is the dissociation reaction of the
chalcopyrite molecule, and the formation of excited atoms and singly
charged aluminium and argon ions in the processes of stepwise electro-
nic excitation and ionization followed by dielectronic recombination.

Aluminium in relation to argon and chalcopyrite molecules is an
easily excited and easily ionized element of the studied plasma. There-
fore, with a high probability, singly and doubly charged ions, primarily
of Al, can be formed directly in the process of microexplosions of natu-
ral inhomogeneities on the surface of an aluminium electrode [8].

3.3. Energy Characteristics

Figures 16 and 17 present the results of optimization of the average
intensity of the UV radiation of the discharge depending on the pulse
repetition rate and on the value of the charging voltage across the work-
ing capacitor of the high-voltage modulator (Fig. 16).

The maximum values of the average power of UV radiation in argon
at an argon pressure of 101 kPa for various UV ranges were as follow:
for UV-C (200-280 nm), 67 mW/m?2, for UV-B (280-315 nm), 656 mW/
m?, and for UV-A (315-400 nm), 204 mW /m? (at U, = 20 kV, f =1 kHz).
With a decrease in argon pressure to 6.7 kPa, the maximum value of the
average power of UV radiation in the UV-C spectral range (200—280 nm)
became 4.4 W/m?2, in the UV-B (280—-315 nm) range, 4.4 mW/m?, and
in the UV-A (315-400 nm) range, 11.7 mW/m? (at U, = 20 kV,
f =1 kHz).

With an increase in the pulse repetition rate from 40 to 1000 Hz,
the largest increase in the discharge radiation intensity in the UV-A
(315—400 nm) range, in particular, in the frequency range Af = 350—
1000 Hz, it increased from 8 to 95 mW /m?2. In the UV-B, UV-C ranges,
the increase in the radiation power density was less and was observed in
the range of 3.0-25.0 mW /m2. The increase in the intensity of UV ra-
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Fig. 16. The intensity of UV radiation (UV-C, UV-B, UV-A ranges) of high-voltage
nanosecond discharge vs. the repetition rate of voltage pulses at a charging voltage
U =13 kV (f = 80 Hz, p,, = 100 kPa, d = 2 mm) [32]

Fig. 17. The dependence of the intensity of UV radiation (UV-C, UV-B, UV-A ran-
ges) of high-voltage nanosecond discharge on the value of the charging voltage on
the working capacitor of the high-voltage modulator (f = 80 Hz, p,. = 100 kPa,
d =2 mm [32]

diation of the discharge, depending on the value of the charging voltage
on the working capacitor of the high-voltage modulator at a fixed rep-
etition rate, was less effective and was in the range of 8.0-24 mW/m?.
In this case, the relative ratios between the intensities of radiation in
the ranges of UV-C, UV-B, UV-A were the same as for the correspond-
ing dependences on frequency.

Figure 18 presents the dependences of the average power of UV ra-
diation of an overstressed bipolar nanosecond discharge between copper
electrodes in air at atmospheric pressure in the spectral range of 200—
280 nm on the voltage pulse repetition rate and the charging voltage of
the working capacitor of the high-voltage modulator. The frequency
dependency of the UV radiation power of a nanosecond discharge was
nonlinear, its maximum increase was observed in the frequency range of
40-350 Hz. With an increase in the voltage-pulse repetition rate from
35 to 1000 Hz, the average power of the UV radiation of the discharge
increased by about an order of magnitude. An increase in the charging
voltage of the working capacitor from 13 to 20 kV (at f = 35 Hz) led to
an increase in the UV-radiation power of the discharge only twofold.
The results obtained show that to increase the average power of the UV
radiation of the discharge, the most promising is to increase the repeti-
tion rate of voltage pulses.

The results of studying the UV radiation of zinc vapour plasma
were also close to the results shown in Fig. 18.

A study of the energy characteristics of a multi-channel spark dis-
charge [43] showed that it was ignited in the form of a set of successive
microplasma formations with a specific energy contribution of 1 kJ/cm?
and an electron concentration of 10'" cm3. Plasma radiation was domi-
nated by the radiation of atoms and ions of the material of the elec-
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Fig. 18. The average radiation power of the discharge plasma in air between copper
electrodes in the spectral range 200—280 nm vs. the (1) pulse repetition rate (at a fixed
charging voltage of the working capacitor of the high-voltage modulator U = 13 kV,
d =0.001 m, f =35 Hz, p = 101 kPa) and vs. the (2) value of the charging voltage
of the working capacitor of the high-voltage modulator (at f = 35 Hz) [7]

trodes made of copper or stainless steel. The results of measuring the
intensity of UV radiation from plasma, carried out by the actinometry
method, showed that the efficiency of UV radiation relative to the en-
ergy introduced into the discharge reaches 1%, and the energy in a ra-
diation pulse was ~2 md.

4. Plasma Parameters

Let us consider the determination of the parameters of a high-voltage
nanosecond discharge with copper electrodes at various air pressures
based on the relative intensities measured in our experiment.

Using our radiation intensities at the transitions of atoms and ions,
taking into account the relative spectral sensitivity of the experimental
setup, as well as data on the decay times of excited states with different
radiation channels, we calculated the relative populations of excited
states of atoms and singly charged ions [62]:

Ny uln 1)
g T A8
where A is the radiation wavelength, A is the transition probability, I is
the spectral line intensity, g is the statistical weight of the level, and
the j, k subscripts denote the upper and lower levels of the emitting
transition.
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Using the populations of the excited states, the Boltzmann distribu-
tion was constructed in a linear form. The distribution of the natural
logarithm for the population of excited states of atoms and ions with
energies (E) makes it possible to analyse the features of the formation
of excited states, estimate the ratio of the concentrations of atoms and
ions, determine the temperature (T',) and concentration (N,) of electrons
in the plasma, and draw conclusions regarding ionization equilibrium.
Since possible nonradiative transitions within the closely spaced energy
states lead to a redistribution of the population between them, addi-
tional statistical processing is required for them [61]. To determine the
electron temperature, the best result was obtained by statistical process-
ing of the levels, between which the energy gap was less than 0.2 eV.
Working formula for calculations [63] is:

T :L_
° Aln(N/g)

The approximation of the experimental points by a linear depen-
dence was carried out with a minimum sum of deviations. To determine
the concentration of electrons using the Saha equation during statistical
processing with dE < 0.5 eV, the working formula [63, 64] is:
LA ¢ 0436. 10*' T exp (—uj (3)
ILAg,\, T

(2)

n = 2

e
e

where subscript 2 refers to ion, 1 to atom. Substituting the electron
temperature and the energy of the upper level (in electron-volts, eV), we
obtain the electron concentration in cm™3. To determine the degree of
plasma ionization and to determine the ionization equilibrium tempera-
ture, the values of the population of the ground state of atoms and ions
were used after constructing the combined distribution of the popula-
tion.

To calculate the plasma parameters at various air pressures, radia-
tion spectra were obtained in the wavelength range of 200—650 nm. The
identification of the spectra showed the presence of atoms and atomic
ions of copper and nitrogen. The discharge is ignited in air, which re-
sults in the formation of ionized particles, causing the sputtering of
copper electrodes. The main component of air is molecular nitrogen, and
its dissociation and ionization occurs before sputtering and provides
information about the destruction of electrodes, the energy characteris-
tics of this process. That is why we mainly focus on the study of nitro-
gen radiation and the use of these data to estimate the parameters of the
discharge plasma. Intensities of radiation of atoms and atomic ions of
nitrogen at air pressures of 0.3—2 atmospheres are shown in Table 8
[32]. In Table 8, the following designations are made: A is wavelength in
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nanometers; E,  is the energy of the upper state in eV; J, is principal
quantum number; K, is electronic configuration of the upper position; I
is the radiation intensity in relative units (the voltage sensitivity of the
photomultiplier, spectral sensitivity and zero shift due to heating dur-
ing operation are taken into account), and the subscript means pressure
in atmospheres.

After normalizing the intensity, the energy distribution of the pop-
ulation was plotted. The analysis was carried out separately for each
element and the degree of its ionization using statistical data processing

Table 8. Deciphering the emission spectrum of air plasma in the OND
with copper electrodes at different air pressures (in terms
of the decomposition products of the nitrogen molecule) [32]

A, nm | Object | E ,eV | J, | K, | Term I, I, I, I,,

333.0 NII 24.37 0 | 4s | 3P 48.1 60 80.1 61.7
343.7 NII 22.10 0| 3p 1S 39.5 88.5 75.6 54
383.8 NII 24.39 2 | 4s | 3P 35.7 39.2 55.3 36.3
391.9 NII 23.57 1 |3d| 1P 41.1 44.3 64.3 39.9
395.6 NII 21.60 2 | 3p 1D 41.7 40.4 58.8 33.1
399.5 NII 21.60 2 | 3p 1D 91.7 98.3 174 119.5
404.1 NII 28.22 2 | 7Ts | 3P 68.6 65.3 81.1 59
411.0 NI 13.71 |2.5| 3p | 2D’ 74.5 55.5 95.5 59.6
422.8 NII 24.53 1| 4s | 1P 83.7 71.3 187.3 79.5
438.6 NI 14.95 |1.5| 3d 28 |105.7 48.1 71.2 61.7

444.7 NII 23.20 2 | 3| 1D 97.1 66.5 94 85.4
463.1 NII 21.16 2 | 3p 3P 60.8 53.8 148.6 82.2
469.9 NII 30.37 0 |3d| 5D 29.3 26.5 50.4 34
478.8 NII 23.24 2 | 3d| 3D 22.8 22.3 29.5 21.2
480.3 NII 23.25 3 |3d| 3D 26.6 26.2 39 24
500.5 NII 23.14 4 | 3d | 3F 65.4 68.3 188.7 145
517.6 NII 30.13 4 | 3d 5F 23.3 23.8 41.4 28.9
520.2 NI 13.99 |1.5| 54 | 2P 21.2 19.4 22 15.3

548.0 NII 23.42 1 | 3d| 3P 12.3 16.1 15.2 12.6
552.0 NI 14.00 |0.5| 5d | 4D 17.4 16.4 18.6 16.7
553.5 NII 27.75 4 | 3p | 5D 8.8 13.4 16 14.4
566.7 NII 20.65 2 | 3p| 38D 18.5 25.3 56.8 44.4
568.0 NII 20.67 3 | 3p| 38D 9.9 15.5 18.6 15.3

575.3 NI 14.00 |3.5| bd | 4D 11 15.2 14.2 11.6
590.0 NII 28.35 1 |3p | 3D 6.1 15.2 21.6 21
591.0 NII 28.35 1 |3p | 3D 4.8 16.4 17.1 18.9
593.2 NII 23.24 2 | 84| 3D 3.4 14.3 13.7 13.5
648.2 NII 20.41 1| 3p 1P 10.2 15.2 12.7 16.7

650.0 NI 13.66 | 2.5| 4d 4F 29.8 22.3 38.5 23.1
655.4 NII 25.13 1 |4p | 3D — 20 25.6 19.4
662.3 NI 13.63 | 2.5 5s 4P — 14.6 14.7 —
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Fig. 20. Population distribution of excited states of singly charged nitrogen ions [32]

for levels, the energy gap between which is less than 0.2 eV. In the se-
lected pressure range, the radiation of atoms and atomic ions in the
time-averaged spectra was much more intense from the radiation of
molecules. A typical change in intensity with a change in air pressure is
shown in Fig. 19.

The increase in pressure contributed to a better energy contribution
and radiation manifestation. For nitrogen, up to a pressure of 1 atmo-
sphere, a rapid growth dominates for the emission of ions, and after, for
atoms. It is possible to assume that an increase in air pressure improves
the process of sputtering of electrodes, redistribution of energy between
plasma components, and contributes to a greater efficiency of recombi-
nation processes. The distribution of the population of the excited states
of nitrogen ions clearly indicates a thermal nature and makes it possible
to determine unambiguously the electron temperature, which is shown
in Fig. 20.

The generalized data in Fig. 20, together with the overlapping of
the population distribution for atoms and ions, makes it possible to es-
timate the electron concentration and the degree of ionization of atomic
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nitrogen from the ratio of the population of the ground states of atoms
and ions.

From Figure 21, it follows that an increase in air pressure leads to
a sharp decrease in the degree of nitrogen ionization from 19.5 to
11.5%. The electron concentration decreases by three orders of magni-
tude (10'¥-10'° cm?), and the temperature decreases from 3.7 to 2.4 eV.
The ionization energy of nitrogen atoms is 14.53 eV.

Ionization equilibrium, according to the combined distribution of
the population of nitrogen atoms and ions, corresponds to a temperature
close to the ionization energy of copper (7.72 eV). Having the relative
ratios of the population of atoms, one and two charged ions, the abso-
lute values of the temperature and concentration of electrons, using the
ratio of molecular physics, we can make estimates of the absolute values
of the concentrations of atoms, molecules, atomic ions, and determine
the degree of dissociation of nitrogen molecules at different pressures.
These values are shown in Fig. 22.

The concentration of singly charged ions of atomic nitrogen with
increasing pressure decreases in the range of 10'¥*-10' c¢m™3. The con-
centration of doubly charged ions at a pressure of 0.3 atmospheres
reaches a value of more than 10'® cm™3; however, at a pressure of two
atmospheres, it drops to 10'® cm™. The concentration of molecules be-
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fore breakdown with a change in pressure is in the vicinity of 10!° cm™3,
and the concentration of atoms in the discharge decreases from 4-10®
to 2-10% ecm™ with increasing pressure. The degree of dissociation of
molecules with an increase in pressure from 0.3 to 2 atm drops sharply
from 0.5 to 2-10*. With a small change in the concentration of mole-
cules with pressure (within one order of magnitude), this behaviour in-
dicates the presence of features of processes in plasma with the partici-
pation of molecules, which are interesting for study, but due to the
weak manifestation of molecular radiation in the integral spectra, it
requires additional experimental approaches. Generally, judging by the
emission of the atomic component, nitrogen is best manifested in the
form of excited states of ions and highly excited energy states of atoms,
probably due to associative-dissociative processes involving atoms in the
ground state, molecules and their ions.

Based on the experimentally measured spectral characteristics of air
plasma in an overstressed nanosecond discharge between copper elec-
trodes (in terms of the relative intensity of spectral lines of nitrogen
atoms), the temperature and concentration of electrons in the plasma
are calculated. This made it possible to judge the energy aspects of the
sputtering of copper electrodes, the typical concentrations of the atomic
and ionic components of the plasma, as well as the possible influence of
chemical processes in the technological application of this type of dis-
charge in air.

The process of plasma expansion of the cathode spot and the forma-
tion of shock waves at the stage of formation and development of a
pulsed volume discharge in argon at atmospheric pressure was studied
using the emission spectra of the near-cathode plasma and the space-
time patterns of the development of the glowing body in [29—-31]. Ana-
lytical expressions were obtained for calculating the radius of the cath-
ode spot plasma and the rate of its expansion, which were in
satisfactory agreement with the experimental results. Microexplosions
on the electrode surface initiate the transition from volumetric to spark
discharge in high-pressure gases. This leads to local heating of the cath-
ode and plasma expansion with a velocity of ~10° cm/s. In this case, a
shock wave propagates in the weakly ionized discharge plasma. For a
spark channel that expands, a stage with a supersonic speed and a stage
with a subsonic speed are distinguished, when the shock wave front
breaks away from the boundary of the spark channel. The first stage
lasts hundreds of nanoseconds, during which a shock wave is formed.
The intensity of the latter is determined by the rate at which energy is
introduced into the discharge. Volumetric discharges collide into a spark
due to the development of near-electrode instabilities. After applying a
voltage pulse with amplitude greater than the amplitude of the static
breakdown in the pre-ionized gap, a weak diffuse glow with a diameter
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of 0.5 cm appears along its anode after a time of 250 ns, propagating
towards the cathode at a speed of ~107 cm/s. As the ionization of the
front toward the cathode developed, the intensity of this glow increased
and the cathode region was closed by a narrow (d ~ 0.2 mm) filamentary
glow. The diameter of the diffuse channel at this stage was 4 mm, and
after 20—25 ns, a cathode spot was formed on the cathode. In this case,
the discharge took the form of a cone with apex at the cathode.

The cathode region was clearly outlined by a boundary with a diam-
eter of d = 0.2-0.3 mm. The cathode spot was formed simultaneously
with the onset of a sharp increase in current and a drop in voltage
across the gap (the resistance of the gap between the electrodes when
the cathode region was closed was 1 kQ). At the initial stages of forma-
tion of the cathode spot, it was hemispherical with an expansion rate of
~2.5-10% cm/s. The explosive-simulation model of formation of a cath-
ode spot is based on the introduction of significant energy at the mi-
cropoints of the cathode surface, followed by their heating and explo-
sion. The current density in the spark channel formed after a time
T = 30—40 ns from the beginning of the discharge reaches 10% A/cm?2. At
the same time, the rate of growth of the spark channel from the cathode
spot increased almost linearly from 1.8 to 5.5 -10° cm/s with an increase
in the current density within (1-9) - 105 A/cm?. When a large number of
cathode spots are formed in the discharge, many parallel plasma chan-
nels are observed, which at the initial stages of the discharge merge
with each other and form a homogeneous plasma column with high con-
ductivity. With the formation of the cathode spot, the radiation spec-
trum of the near-cathode plasma was characterized by intense lines of
the cathode material, namely, Al I 396.1, 394.4, 280.1, 281.6 nm, and
an intense continuum was recorded in the 260-360 nm region of the
spectrum. The emission intensity of Al I spectral lines reached a maxi-
mum after 20—30 ns, and the intensity of the continuum was the high-
est at A = 420 nm. The temperature of the cathode plasma was esti-
mated from the relative radiation intensity of the spectral lines of argon,
after a time 1 = 30—40 ns, was of 4-5 eV, and the temperature of elec-
trons in the diffuse channel, which was tied to the cathode spot, was
1 eV. A spark channel grew from the cathode spot towards the anode.

At the initial stage of the cathode spot development (at t = 20—-30
ns), the electron concentration in the diffuse channel was 10'°-10'¢ cm™.
According to modern concepts, the emission of electrons from a micro-
tip on the cathode surface (at a sufficiently large near-cathode potential
drop before its explosion) lasts a time ¢t = 1-10 ns. Therefore, the pro-
cess that determines the duration of the uniform burning of the dis-
charge is the formation of a near-cathode potential drop (E ~ 10° V/cm).
The process of the formation of a cathode spot at the beginning of its
development includes the stage of heating the metal in a solid state,
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melting it, and heating the liquid metal until the beginning of vaporiza-
tion. At this stage, the density of the metal is considered constant. The
second stage corresponding to an explosion is characterized by a sharp
increase in the resistance of the conductor and is difficult for quantita-
tive research.

For comparison, the plasma temperatures of the spark channel in
argon were estimated at various strengths of the external magnetic
field H. T, was determined by the method of relative radiation intensi-
ties (Orshtein’s method), from three pairs of spectral lines Ar I: 448.2
and 454.5 nm, 480.6 and 476.4 nm, 484.74 and 476.4 nm. The electron
temperature decreased during the time interval t = 10-300 ns. When
the strength of the external magnetic field H = 0, the value of T, de-
creased from 4.2 to 3.4 eV during the time interval t = 100-500 ns. The
explosive nature of the formation of the cathode spot during the release
of plasma energy is confirmed by the fact that the radial expansion of
the cathode spot plasma stops very quickly. Comparison of the expan-
sion rates of the cathode spot in argon and air showed that the expan-
sion rate in air at the same energy inputs is much lower than the expan-
sion rate of the cathode spot in argon. This indicates that the decay of
the shock wave that carries the ionization front in air occurs faster in
argon. Unlike argon in air, the shock wave energy is additionally spent
on the dissociation of molecules. Since the bulk of the energy is intro-
duced into the cathode spot in the plasma phase, a plasma bunch ex-
pands, in which energy is introduced into the substance by heating the
electronic component with the subsequent transfer of energy from elec-
trons to ions. The obtained speeds of movement at the level of 2 -10° cm/s
correspond to a kinetic energy of 50—100 eV. According to the explosive
mechanism of the formation of the cathode spot, an ‘ecton’ is formed,
which has the number of electrons of 10''-10'2, and the metal clot that
evaporates can be positively charged. Therefore, the electrostatic field
will additionally accelerate the ionic component of the plasma. At the
initial stage of the discharge of the expansion of the cathode spot, its
radius was ~10°°® m. With an external magnetic field H = 0, the radius
of the cathode spot increased in the range (0.5-4.3)-10* cm with in-
creasing time ¢ from 5 to 50 ns.

The results of an experimental study of the emitting and spectral
characteristics of a spark channel in argon at atmospheric pressure,
both in a magnetic field and without it, are presented in Refs. [30, 31].
It was found that the imposition of a magnetic field significantly chang-
es the distribution of the discharge radiation intensity (meanwhile, the
magnetic field is an effective tool for manipulating charge transfer in
materials [65—67]). The channel stage of the spark discharge in high-
pressure gases is characterized by the maximum glow brightness. How-
ever, for the construction of a theory of a spark discharge and the de-

ISSN 1608-1021. Usp. Fiz. Met., 2021, Vol. 22, No. 3 423



O.K. Shuaibov and A.O. Malinina

velopment of appropriate radiation sources, it is important to investigate
the plasma parameters and physical conditions in the plasma of the
spark discharge channel. Early studies of this kind showed that the av-
erage gas density in the spark channel at the later stages of develop-
ment is 5 -10°® g/cm?, which corresponds to a concentration of ~10'” cm™.
In this case, the average temperature of the plasma in the channel
reached 40 -10* K. The constancy of the temperature in the spark chan-
nel was carried out over a wide range of changes in the rate of energy
input into the plasma. From this, it was concluded that the saturation
of the brightness of the spark channel radiation is limited by the plasma
temperature inside the plasma channel. The spectrum of the pre-spark
diffuse channel included mainly intense spectral lines Ar I: 442.3, 436.3,
433.5, 355.6 nm. The broadening of these spectral lines at this stage of
the discharge was small (0.05—-0.1 nm) and corresponded to an electron
concentration of about 10'® cm™. In the early stages of the discharge,
some ionic lines were also intensely excited, namely, Ar II: 372.9, 358.8,
354.5 nm, which have excitation energies of 19.96, 22.94, 24.62 eV,
respectively, as well as an intense continuum in the spectral range of
350—-460 nm with a maximum at A = 420 nm. Over a period, the bright-
ness of the ion lines increased, and a continuous spectrum began to be
recorded. The maximum brightness of the ionic lines and the continuous
spectrum was reached in a time of 300—400 ns from the beginning of the
sharp increase in the current. The electrode material (Al) was repre-
sented by spectral lines of 289.1, 281.6 nm Al I. Relative intensity of
the spectral lines of the argon atom: 480.6, 454.5, 422.8 nm in the ab-
sence of a magnetic field were 10, 3.39, 2.51 relative units, respective-
ly, for time ¢ = 300 ns.

To determine the temperature of the electrons in the spark channel,
we used the method of relative intensities of spectral lines. The follow-
ing Ar II lines were chosen: 448.18, 454.5, 480.6, 476.4, 484.7 nm. For
these lines of the argon ion, the profile distortions due to self-absorp-
tion were insignificant. The optical thickness at N, ~ 10" cm™ and
kT = 3 eV for A = 480.6 nm is of 1 cm, which significantly dominated
the characteristic dimensions of the spark channel. For the spectral line
A = 480.6 nm Ar II, the mode of local thermodynamic equilibrium is
fulfilled for stationary plasma with N, > 10’ cm™® and BT = 3 eV. For
given plasma concentration, the equilibration time was 7 ns, and for
N, =~ 10" cm™, this time decreased to 1 ns. According to the criterion
for an over-spark discharge, only partial local thermodynamic equilib-
rium (LTEE) is possible that was established in less than 10 ns and
shown by the example of spectral lines of 480.6, 484.7nm at N_~ 10" cm™®
and ET = 3 eV. Therefore, the value of the plasma temperature was de-
termined for the instant of time 40 ns after the onset of a sharp increase
in the current: 5.2 - 10* K. The time of equalization of the temperature
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of electrons and ions in the plasma at N, =~ 10'® cm™® was about 10 ns,
and the average temperature of electrons determined from the relation
of the intensities of the Ar II lines was of about 3.7 eV. At the stage of
slow expansion of the spark channel, that is, starting from the moment
of 500 ns, the intensity of continuous radiation decreased, as did the
intensity of the argon ion lines. At the same time, the intensity of the
lines Ar I: 394.9, 308.2 nm and lines Al II: 281.6, 289.1 nm was grow-
ing. In the absence of a magnetic field, the temperature of plasma elec-
trons dropped rapidly (¢ = 1.5 pus; T ~ 28:10% K), and in a magnetic field,
the temperature drop slowed down (¢ = 1.5 pus; T ~ 26103 K). The
maximum radiation energy in a magnetic field shifted the short-wave-
length region of the spectrum, which was due to an increase in the
plasma temperature. The width of the spectral lines at significant con-
centrations of charged particles in the plasma is determined by the
Stark broadening. Thus, the half-width of the 480.6 nm line of Ar II at
a current of 600 A (¢ = 300 ns) was of 0.42 nm that corresponded to an
electron concentration of 2.4 - 10'® cm™3, and for the 422.8 nm line, the
half-width was of 0.24 nm and N, ~ 2.1 - 10" cm™®. That is, the electron
concentrations determined from the half-widths of various Ar II lines
turned out to be close.

5. Nanotechnological Application of the OND

Synthesizing nanostructures of transition metal oxides using a glow
discharge with a liquid non-metallic electrode in air at atmospheric pres-
sure [64] or also a high-voltage discharge of nanosecond duration [68,
69], a colloidal solution with the corresponding nanostructures is ob-
tained, and not films or ultradispersed powders. Powders can be isolated
from such solutions by evaporation, and the synthesis of thin nano-
structured films is best performed in a high-voltage gas discharge be-
tween metal or semiconductor electrodes in a corresponding high-pres-
sure gas medium.

The deposition of thin films was carried out for 0.5-2 hours with
the installation of a glass substrate at a distance of 2—3 c¢m from the
centre of the discharge and a gas pressure of 13—-200 kPa and a distance
between the electrodes of 1-3 mm.

The photoluminescence spectra of the synthesized films were stud-
ied by irradiating the film with a high-pressure mercury arc lamp in the
wavelength range: 270—-540 nm. In this case, the radiation of the mer-
cury lamp in the spectral intervals of 5 nm stood out in the vicinity of
the selected wavelengths nm using a monochromator and directed to the
film surface. The photoluminescence spectrum of the nanostructures
was recorded using another monochromator equipped with a separate
photoelectric radiation detection system.
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Fig. 23. The structure of the
film surface synthesized on a
glass substrate from the prod-
ucts of the sputtering of cop-
per electrodes in air at atmos-
pheric pressure for 30 minutes
under the influence of nano-
second discharge factors (f =
=100 Hz) [14]

Fig. 24. The same as in the
previous figure, but for zinc
electrodes [69]

The study of the transmission (absorption) spectra of light by the
deposited film nanostructures was carried out on an Ocean Optics USB-
2000 spectrometer and was programmatically processed on a computer
taking into account the absorption by a glass substrate.

The image of the surface of thin nanostructured films was recorded
using a CrossBeam Workstation Auriga (Carl Zeiss) scanning electron
microscope.

Raman spectra were excited with an argon ion laser, which gener-
ated radiation at a wavelength of 514.5 nm. Raman spectra of light
scattering from thin-film nanostructures of transition metal oxides
were recorded using nVia Renishaw spectrometer.

Figures 23 and 24 present images of the surfaces of films deposited
from the plasma of an OND between metal electrodes in air or argon. To
determine the size of the nanostructures, a gel based on standard spher-
ical gold nanostructures with a diameter of 20 nm was applied to the
film surface. Comparative analysis of the sizes of spherical gold nano-
structures and nanostructures synthesized from nanosecond discharge
products showed that the sizes of synthesized nanostructures are in the
range of 2—-20 nm. The cross-section of zinc-based nanostructures had
dimensions predominantly in the range of 10-50 nm; the formation of
micron-sized zinc agglomerates was also observed. The study of the
cross-sectional surface of nanostructures and a glass substrate (in the
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Fig. 25. Raman scattering spectra of zinc oxide nanostructures synthesized on a
glass substrate based on sputtering products of zinc electrodes in air at atmospher-
ic pressure for 30 minutes (1) and Raman scattering spectra of ZnO nanostructures
on AlL,O, substrate (2) [14]

Fig. 26. Transmission spectra of films obtained by sputtering copper, iron, and zinc
electrodes in air at atmospheric pressure [6, 14]

direction perpendicular to the substrate) has not been carried out, but,
based on the known conditions for the synthesis of such nanostructures
using a magnetron discharge, it is possible to assume that these can be
nanowhiskers of copper or zinc oxides. At elevated air pressures and the
energy contribution to the plasma (when using magnetrons, nanosecond
discharges in liquid or air), the formation of nanodispersion or nano-
structures of complex-shaped transition metal oxides is recorded [51—
61, 68-T71].

The cross section of nanostructures based on zinc oxide also had
dimensions close to those of copper nanostructures, but the formation
of micron-sized zinc agglomerates was also observed. The study of the
cross-sectional surface of nanostructures and a glass substrate (in the
direction perpendicular to the substrate) has not been carried out, but,
based on the known conditions for the synthesis of such nanostructures
using a magnetron discharge, it is possible to assume that these can be
nanowhiskers of copper or zinc oxides.

Our hypothesis was confirmed for ZnO-based nanostructures after
studying the Raman scattering spectrum of radiation from an argon ion
laser at a wavelength of 514.5 nm and comparing it with the corre-
sponding Raman scattering spectrum of the same laser radiation by
nanopillars with ZnO. In paper [73], zinc oxide nanopillars were synthe-
sized by the action of a high-power exciplex KrF laser with a generation
wavelength of 248 nm on the surface of a ceramic target with ZnO,
which was constantly rotating.

As follows from Fig. 25, the spectrum of Raman scattering of laser
radiation from an Ar* laser that we obtained is in good agreement with
the data of [72], where scattering by zinc oxide nanopillars with a diam-

ISSN 1608-1021. Usp. Fiz. Met., 2021, Vol. 22, No. 3 427



O.K. Shuaibov and A.O. Malinina

I, a.u.

80 |

70

— Cu_Center Fig. 27. Transmission spec-
—— Cu_Center R trum of the film based on
—— Cu Random copper oxide nanostructures
N at localization of the spec-
I I I trometer at various points
400 500 600 700 A, nm of deposition [6, 14]

60

50

eter of 8-35 nm was studied. The differences in our Raman spectra and
the data from Ref. [72] in the wavelength range 200—-800 cm ! are due
to different types of substrates on which these nanostructures were
synthesized. Therefore, with a high degree of probability, we can as-
sume that, under our conditions, nanopillars with ZnO were synthesized
directly onto a glass substrate without using transition film structures
with nuclei for the growth of nanopillars.

The transmission spectrum of films based on nanostructures of zinc,
copper and iron in the visible region of wavelengths is shown in Fig. 26
[74, 75]. The transmission of the films was studied in the middle of the
radius of the substrate. It was found that films along the radius are
rather inhomogeneous (Fig. 27), which is mainly due to gas-dynamic
phenomena inside the discharge gap and the use of a point source of
vapours of the electrode material. It is possible to improve the unifor-
mity of deposited nanostructures with a substrate radius by moving the
substrate relative to the discharge gap at a certain low speed and using
a ruler from the discharge gaps when sputtering large-area films.

The general view of the transmission band of nanostructures, when
the transmission of the film sharply increases in the visible region of
the spectrum (continuum without maxima and minima from 500 to
700 nm) corresponds well to the transmission of cuprous oxide (Cu,0)
nanostructures [76]. The absorption band of the film in the wavelength
range of 550—-580 nm corresponds to the absorption band of copper
nanostructures [77]. Narrow antireflection bands of the film in the blue
part of the spectrum (at wavelengths of 420 and 450 nm) most likely are
caused by the action of UV radiation of the discharge plasma in the
spectral range of 200—230 nm. During the deposition of the film, the
UV irradiation results in the radiation defects (see, e.g., [78, 79]) in
nanostructured films based on cuprous oxide and copper oxide and the
formation of new energy levels of these compounds. Nanostructures of
cuprous oxide and copper oxide as well as their colloidal solutions are
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characterized by broad structureless transmission spectra in the ultra-
violet, visible and near infrared wavelength regions [80, 81], but not
narrow areas of bleaching that were observed in this experiment. The
most intense antireflection bands were nanostructured films based on
the products of sputtering of copper and zinc electrodes, which corre-
lates with the selective and intense radiation of a nanosecond discharge
in the spectral range of 200—230 nm. For a discharge between stainless
steel electrodes, the selectivity and intensity of plasma radiation de-
crease, which also leads to a decrease in the antireflection peaks of films
based on iron nanostructures (Fig. 26).

Figure 28 presents typical photoluminescence spectra of nanostruc-
tured films based on cuprous oxide and copper oxide. As Figure 28
demonstrates, there are three characteristic photoluminescence spectra
for wavelengths when the luminescence intensity is significant.

The excitation wavelength is indicated on each band. The spectra
shown start at the excitation wavelength and end at 850 nm. A charac-
teristic feature of the lightening spectra is the presence of two broad
emission bands of different intensities and different positions in the
spectral range that was studied.

The photoluminescence spectra were characterized by two broad
maxima in the spectral range of 400—600 nm, which shifted to the long-
wavelength region of the spectrum and decreased in intensity when go-
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I, a.u.
Fig. 30. Transmission spectra of the
0.30 Cu- and Al-based films in the spectral
region 350-800 nm (band lamp): I is
0.20 glass substrate, 2 is film obtained by
sputtering aluminium electrodes in a
discharge on the nitrogen—oxygen
0.10 MixXbUre (D00 Pocygen = 100—1 kPa);
the voltage pulse repetition rate is of
0 T L L L 40 Hz, and the film deposition time

400 500 600 700 L, nm is of 3 h[72, 81]

ing from the excitation wavelength at 330 nm, both to the region of
270 nm and to the region of 380 nm. It was pointed out in [12, 13] that
assisting the growth of transparent conducting layers based on zinc ox-
ide nanostructures by ultraviolet radiation from a mercury lamp im-
proves their electrical characteristics by creating additional donor cen-
tres and reducing the scattering of charge carriers at grain boundaries
of nanowhiskers. In our case, there is no need to use external sources of
UV radiation, since the studied plasma itself is a selective emitter in the
spectral range of 200—230 nm.

In order to carry out a certain quantitative analysis of the antire-
flection spectra, their brightness was calculated and analyzed as a func-
tion of the radiation energy with which the excitation was carried out.
The brightness value is normalized for the range of the studied values.
The calculation result is shown in Fig. 29. A qualitative analysis of the
obtained dependence revealed a clear maximum at energy of 3.8 eV,
which corresponds to a wavelength of 330 nm. This fact indicates the
presence in the deposited objects in this energy range of a significant
density of levels involved in radiative transitions in the 360-490 nm
region, which is of considerable interest for research.

Figure 30 presents the transmission spectra of film samples on a
glass plate of 1.4 mm thick in the range 350-800 nm (incandescent
lamp), respectively. The spectra were obtained using the technique and
measuring stand described in Ref. [82]. In glass plates, transmission
spectra begin to be recorded at wavelengths A exceeding 300 nm.

As follows from Fig. 30, the synthesized thin film is characterized
by weak transmission of visible radiation. Studies of the characteristics
of an OND showed that between the aluminium and chalcopyrite elec-
trodes at argon pressures of 13.3 and 101 kPa, a diffuse discharge is
ignited at the initial moments of time, which is further contracted, as
evidenced by the presence of a characteristic spark continuum of radia-
tion in the spectral region of 200-650 nm. The spark continuum of
plasma radiation was most pronounced at an argon pressure of 101.3 kPa,
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which indicates the contraction of the discharge after the first half-
wave of the reflected voltage pulse because of the inconsistency of the
plasma resistance with the resistance of the discharge power supply
system. Therefore, for a more efficient use of the diffuse stage of the
discharge, it is necessary to ignite it at pressures in the argon pressure
range of 10—-30 kPa.

The maximum pulsed electric power of the discharge reached 4 MW,
and the energy contribution to the plasma in one pulse was 423 md. The
study of the spectral characteristics of plasma based on the Ar—Al-
CulnSe, vapour—gas mixtures showed that the most intense spectral
lines of the copper atom in the range of 200—-250 nm, and the spectral
lines of atoms and ions of indium and aluminium were observed in the
longer wavelength region of the spectrum. The nature of the plasma
emission spectra does not allow one to assume the existence of such se-
lective mechanisms of the formation of excited metal atoms and ions
because of the transfer of energy from metastable atoms or argon mol-
ecules to atoms of aluminium, copper, or indium. To diagnose the depo-
sition of films of quaternary chalcopyrite of the Culn,— Al Se, type in
real time, the following separately placed and most intense lines in the
spectral range of 300—460 nm can be used: 307.38 Cu I, 329.05 Cu I,
410.171In1, 451.13 nm In I, as well as 308.21, 309.27, 394.40, 396.15 nm
Al 1. The presence of the main spectral lines of aluminium, copper and
indium in the plasma emission spectra allows one to assume the possibil-
ity of deposition of a thin film with the composition of the quaternary
chalcopyrite Culn,— Al Se, outside the plasma medium, as was realized
for the ternary CulnSe, chalcopyrite.

According to Ref. [47], films based on nanostructured ceramics
made of aluminium oxide are practically opaque in the visible region of
the spectrum, their transmittance begins to increase only in the spectral
range 0.8-2.0 ym from 1-3 to 25%. During the deposition of the de-
struction products of aluminium electrodes and oxygen molecules in air
plasma on a glass substrate, thin films based on nanostructures of alu-
minium oxide were synthesized, which were characterized by low trans-
parency in the visible region of the spectrum.

6. Summary and Conclusions

Thus, in the study of the characteristics of an overstressed bipolar nano-
second discharge of atmospheric pressure between electrodes made of
transition metals the following is noteworthy.

e An intense nanosecond discharge in air between zinc and copper
electrodes is a selective source of UV radiation in the spectral ranges of
200-215 nm and 200-230 nm, respectively. Discharge radiation be-
tween stainless steel electrodes filled a relatively wide spectral range of
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200-300 nm. The maximum pulsed energy contribution to the plasma
was reached as 4 MW, and the energy introduced into the discharge in
one pulse reached 0.1 J. The most probable mechanism for the excita-
tion of UV radiation of atoms and ions of transition metals is the ec-
tonic mechanism of erosion of the metal electrodes’ surface, the excita-
tion and ionization of atoms and ions of transition metals by electron
impact, as well as the formation of excited atoms and metal ions in the
processes of electron—ion recombination of singly and doubly charged
metal ions with electrons.

e The plasma of an OND between aluminium electrodes at air pres-
sures of 50-202 kPa, a pulsed discharge power of 3-6.5 MW, and an
energy contribution of 110-153 md per discharge pulse is a source of
electroluminescence of aluminium oxide nanoparticles in the form of a
wide band, which is located in the spectral range of 300-430 nm. Dur-
ing the deposition of the products of destruction of electrodes and air
molecules in plasma on a glass substrate, thin films based on aluminium
oxides (Al,O,) are synthesized, which are characterized by low transpar-
ency in the visible wavelength range.

e At an argon pressure of 100 kPa between copper electrodes and
an interelectrode distance of 2 mm, a sufficiently homogeneous over-
stressed nanosecond discharge with a pulsed electric power of up to
1.2 MW was ignited, and the energy contribution to the plasma in one
pulse was of 176 mdJ. Studies of the spectral characteristics of plasma
based on the copper—argon vapour—gas mixtures showed that the most
intense were the spectral resonance spectral lines of the copper atom
(A= 324.75 and 327.39 nm Cu I) from the lines of a singly charged cop-
per ion in the range of 200—-330 nm, and the most intense was the spec-
tral line A = 227.62 nm Cu II; automatic irradiations of the substrate
and film nuclei on the substrate with hard UV radiation of copper atoms
and ions from the discharge plasma are promising for influencing the
electrical characteristics of the synthesized films, in particular, reduc-
ing their resistance.

e As found, at an argon pressure of 200 kPa between a copper
electrode and a zinc electrode at an interelectrode distance of 2 mm, an
overstressed nanosecond discharge uniform in space with a pulsed elec-
tric power of up to 2.5 MW was ignited with an energy contribution to
the plasma in one pulse of ~374 md.

e The study of the spectral characteristics of plasma based on the
copper—zinc—argon vapour—gas mixtures showed that the most intense
were the spectral resonance spectral lines of the copper atom (A = 324.75
and 327.39 nm Cu I) from the lines of a singly charged copper ion in the
range 200—-330 nm, the most intense there was a line A = 227.62 nm
Cu II. The line with A = 618.86 nm Cu II was distinguished from ionic
spectral lines in the visible spectral region. The introduction of zinc
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vapour into the discharge made it possible to offset the short-wave-
length boundary of the emission spectrum to 202—-207 nm due to the
intense ionic lines of zinc and to enrich the spectrum of UV radiation of
plasma with intense spectral lines 258.24, 268.41, 271.24, and 275.64 nm
Zn I. An increase in the Ar pressure from 50 to 200 kPa leads to in-
creasing the intensity of most of the spectral lines of Cu and Zn. The
presence in the emission spectrum of plasma based on vapour—gas mix-
tures ‘copper—zinc—argon’ creates the necessary conditions for the depo-
sition of composite films of the Cu—Zn type on a substrate installed near
the electrode system.

e Studying the characteristics of an OND showed that between the
aluminium and chalcopyrite electrodes at an argon pressure of 100 kPa,
a diffuse discharge is ignited at the initial moments of time, which is
further contracted, as evidenced by the presence of a characteristic
spark continuum of radiation in the spectral region of 200—-650 nm. The
spark continuum of plasma radiation was most pronounced at an argon
pressure of 100 kPa, which indicates the contraction of the discharge
after the first half-wave of the reflected voltage pulse because of the
mismatch of the plasma resistance with the resistance of the discharge
power supply system. The maximum pulsed electrical power of the dis-
charge reached 4 MW, and the energy contribution to the plasma in one
pulse was 423 md. Studies of the spectral characteristics of plasma
based on the Ar—Al-CulnSe, vapour—gas mixtures showed that the most
intense spectral lines of the copper atom in the range of 200-250 nm,
and the spectral lines of atoms and ions of indium and aluminium were
observed in the longer wavelength region of the spectrum. To diagnose
the deposition of films of quaternary chalcopyrite of the Culn,— Al Se,
type in real time, the following separately placed and most intense lines
in the spectral range of 300—460 nm can be used: 307.38 Cu I, 329.05
Cu I, 410.17 In I, 451.13 nm In I, and also 308.21, 309.27, 394.40,
396.15 nm Al I. The presence in the plasma emission the spectra of the
main spectral lines of Al, Cu, and In allows one to assume the possibil-
ity of deposition of a thin film with the composition of the quaternary
chalcopyrite Culn,— Al Se, outside the plasma medium.

As found for an OND between copper electrodes in argon at atmo-
spheric pressure, the maximum value of the average power of UV radia-
tion was observed for the UV-A range, and the absolute radiation densi-
ties in various UV ranges reached as follow: in UV-C, 67 mW/m?2, in
UV-B, 65 mW/m?, and in UV-A, 204 mW/m2 For a discharge at
Pa, = 6.7 kPa, the radiation power decreased by more than an order of
magnitude. The most effective was an increase in the pulse repeti-
tion rate up to 1000 Hz, rather than an increase in the value of the
charging voltage on the working capacitor of the high-voltage modula-
tor, but, when the UV-radiation source operates in the frequency range
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of 300—1000 Hz, it is necessary to use forced cooling of the dischar-
ge device.

Based on the results of an experimental study of the spectral char-
acteristics of air plasma in an OND between Cu electrodes, at air pres-
sures in the range of 30—200 kPa, it is shown that the calculated values
of the temperature and concentration of electrons are 2.4-3.7 eV (T)
and 10%-10'® cm—3? (n,). With an increase in the air pressure in the dis-
charge gap of 1 mm from 30 to 200 kPa, the concentration of doubly
charged atomic nitrogen ions decreased from 10'¢ to 10!® cm—3. The re-
sults obtained also make it possible to judge the energy aspects of elec-
trode sputtering, typical concentrations of the atomic and ionic compo-
nents of plasma, and the possible effect of chemical processes in the
technological application of this type of discharge in air.

Thin films based on nanostructures of copper, zinc and oxides of
copper, zinc with dimensions of 2—40 nm are synthesized. As found,
when assisting the deposition of copper films by UV radiation of plasma
in the spectral range of 200—230 nm, narrow bands of antireflection of
the films are formed at wavelengths of 420 and 450 nm. This may be
due to the formation of radiation defects in these films. It was revealed
photoluminescence of nanostructured copper films in the visible spec-
tral range, which was characterized by two maxima at wavelengths in
the spectral range of 400 and 520 nm, when it was excited by photons
with an energy of 3.8 eV (at a wavelength of 330 nm), for photons with
an energy of 2.95 eV. A secondary maximum of lower amplitude was
observed in the luminescence efficiency of the films under the action of
a high-pressure mercury-arc lamp.
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Hapogaua miora, 3, 88000 Vixkropon, Ykpaina

IIEPEHAIIPYKEHUN HAHOCEKYHIHUI PO3PAI V TABAX
3A ATMOC®EPHOTO TUCKY TA MOTO 3ACTOCYBAHHSI
OJIT CHHTE3Y HAHOCTPYKTYP HA OCHOBI ITEPEXIITHIX METAJIIB

B orsamoBiii craTTi HaBeIeHO XapaKTePUCTUKU Ta ITapaMeTPU IepeHanpy KeHOTo Ha-
HOCEKYHJIHOTO PO3PAAY MilK eJIeKTpoJaMu 3 IIMHKY, Mifi ¥ ajioMiHio y moBiTpi it
aprosi 3a armocdepuoro Tucky. IIpeacraBieHO METOOUKY, TEXHIKY i1 YyMOBH eKCIIepU-
MEHTiB 3 HOCJIiPKeHHA XapaKTepPUCTUK i mapaMeTpiB mepeHanpyKeHOro HaHOCEeKYH/-
HOT'0 POBPAAY Ta HOr0o 3aCTOCYBaHHA AJIA CUHTE3y TOHKUX HAHOCTPYKTYPOBAHUX ILIi-
BOK OKCHJiB IepexiTHUX MeTajiB, CHHTEe30BaHUX B YMOBaX iHTEHCUBHOI'O yJabTpadio-
aetoBoro (Y®P) onpomiHeHHA HigKJIagMHKU 3 ILIiBKOMO. [[Kepesiom mapiB meTasiB y
IJa3Mi CTaloTh MiKpOBUOYXM HEOJHOPiAHOCTEHN HA IMOBEPXHi €JIeKTPOAIB y CUJILHOMY
eJeKTpUYHOMY IoJIi. HaBemeHO IpocTOPOBi, eIeKTPUYHI I ONTUYHI XapaKTePUCTUKU
ImepeHanpyKeHOoT0 HaHOCEKYHIHOTO PO3PALY y MOBIiTPi I aproHi MimK erexkTpomaMu 3
mepexiHUX MeTajiB, AKWI 3amajiloBaBCd B CHCTEMAX €JEeKTPOMIiB «TOJKAa—TOJKa».
HaBenmeHo pesynbTaTy €KCIEePUMEHTAJBHOTO MipAHHS IIapaMeTpiB IJIa3MHU PO3PALY
Ha OCHOBi razomapoBux cymimreit Cu—toBiTpA. Po3riigHyTO ONTUYHI XapaKTepPUCTUKU
TOHKHUX HAHOCTPYKTYPOBAHUX ILJIIBOK OKCHUIIB IEpexXifHUX MeTajiB, CHHTe30BaHUX B
YMOBax aBTOMATHUYHOTO YP-ompoMiHEeHHS HMiAKJIAAUHKY ILJIa3MOIO PO3PALY.

Kiarouosi ciroBa: mepeHanpy KeHUH HAHOCEKYHIHUN PO3PAI, IMHKOBL, MigHi i1 amxomi-
HifIOBi eJIEKTPOaU, TOHKI HAHOCTPYKTYPOBaHI ILIiBKU.
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