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The research results on the synthesis conditions of surface microstruc-
tures of silver sulphide from the plasma of an overvoltage nanosecond
discharge (OND) between electrodes made of polycrystalline Ag,S com-
pound in helium are presented. The discharge is ignited in atmospheric-
pressure helium with a 2 mm-gap between the electrodes. Silver sulphide
vapours are introduced into the He—Ag,S gas—vapour mixture by means of
the ectonic mechanism. The voltage pulses, current, pulsed discharge
power, and energy input into the plasma per pulse are studied at pulse
repetition frequencies of 40—1000 Hz. Spectral and spatial characteristics
of the OND are analysed. Using micro-Raman spectroscopy of laser-
radiation scattering, the Raman scattering spectra of thin films deposited
from the OND plasma onto a quartz substrate located near the electrode
system are investigated and analysed. Based on solving the stationary
Boltzmann kinetic equation for the electron-energy distribution function,
numerical modelling is performed for the plasma transport parameters,
specific energy losses, and rate constants of electron processes as func-
tions of the parameter E/N, where E is the electric-field strength, and N
is the total particle concentration in the working mixture. The discharge
can be utilized as a source of bactericidal radiation, a source of silver sul-
phide microstructures, and as a plasma-chemical reactor for synthesizing
corresponding thin films.

Hasenmeno pesyibraTy DOCHiIKEHHSA YMOB CHUHTE3U IIOBEPXHEBUX MiKPOCTPY-
KTyp cyabdimy ApreuTrymy 3 IJa3MU MepPeHANpPYKeHOr'0 HAHOCEKYHIHOTO
pospany (ITHP) mixk enexkTpomaMu 3 MOJIiIKpUCTANIUYHOI cOIyKu Ag,S B re-
aii. Pospsan samasioBaBcA B reJrii arMocepHOTO THUCKY 3a Bigmasi MixK esek-
TpomamMu y 2 MM. Ilapu cynbhiny ApreHTyMy BHOCHJIMUCS B Ta30IIapoBY CY-
mim He—Ag,S 3a paxXyHOK eKTOHHOro Mexamuismy. IlocaimkeHo iMmyabcu
HAIMPyTU, CTPYMY, iMIIyJIbCHA IOTYKHICTb PO3PANY, €EHEPTETUYHUUN BHECOK Y
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IJIa3My 3a OAUWH iMIYJbC 3a YacTOT IIOBTOpeHHs immyabciB y 40—1000 I'm.
HocaigskeHo crnekTpaybHi Ta mpocTopoBi xapaxrtepucturku IITHP. Mertomom
MiKpOpaMaHiBCbKOI CIEKTPOCKOIIil PO3CiAHHA JIa3epHOT0 BUIIPOMiHEHHS [0-
CJIiI’KeHO Ta NpPOaHAJIi30BaHO CHeKTpum PaMaHOBOro pPO3CiAHHA TOHKUX ILITi-
BOK, AKi Oysnu ocamkeni 3 mirasmu ITHP ma KBaploBy migAKJIagMHKY, BCTAHO-
BJIeHY Oina cucremu eseKkTpon. Ha ocHOBi pimreHHs cramioHapHoro Boubii-
MaHHOBA KiHETUYHOTO PiBHAHHSA s (GyHKIII posmominy ejleKTpPOHIiB 3a eHe-
prisMm BUMKOHAHO YNCJIOBE MOJEJIIOBAHHA TPAHCHOPTHUX IIapaMeTpiB ILIas-
MM, IUTOMUX BTPAT €Heprii Ta KOHCTAHT IIBUAKOCTH €JI€KTPOHHUX IIPOIIECiB
B 3aJIe’KHOCTL Bin BequuuHu napamerpa E/N, ne E — Haupy'KeHICTbH eJIEKT-
pUYHOrO 10, N — IIOBHA KOHIIEHTPAIlid YaCTUHOK y pobouiii cymimri. Pos-
Pan MoKe OYTH BUKOPHCTAHUI SK J:Kepeso 0aKTepPUIIMIHOTO BUIIPOMiHEHHS
Ta I:Kepeio MiKPOCTPYKTYP cyabdimy ApreHTyMmy, a TaKOMK AK IIJIa3MOXeMi-
YHUI peakTop CUHTe3U BiAMIOBiIHUX TOHKUX ILIiBOK.

Key words: overvoltage nanosecond discharge, silver sulphide, helium,
radiation spectrum, Raman spectrum, thin film.

Karouori cioBa: mepeHanpy:KeHU HAHOCEKYHIHUII pos3pan, cyiabdim Apre-
HTYMY, T'eJiii, clleKTep BUIIPOMiHeHHs, PamMaHiB cueKTep, TOHKA MJIiBKAa.
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1. INTRODUCTION

An overvoltage nanosecond discharge (OND) of atmospheric pres-
sure between electrodes made of transition metals (Cu, Zn, Fe, Al)
and the CulnSe, compound in air and oxygen was successfully used
for the synthesis of surface micro-nanostructures of electrode mate-
rial on a solid substrate installed near the electrode system [1-—4].
The introduction of vapours of the electrode material in these cases
occurred due to microexplosions of natural inhomogeneities of the
electrode surface in the form of nanopoints in a strong electric field
(formation of ectons) [5]. The plasma of such a discharge was quite
homogeneous in space even without prior ionization of the inte-
relectrode gap [6] and was a source ultraviolet radiation, therefore,
the synthesis of these structural elements took place with the auto-
matic assistance of ultraviolet radiation, which can be promising
for improving the characteristics of the synthesized structures,
conditions of application of such films in solar batteries and other
optoelectronic devices.

A windowless OND-based reactor in atmospheric pressure air be-
tween transition metal electrodes was effectively a source of UV ra-
diation streams and metal oxide nanoparticle streams that were au-
tomatically time-synchronized.

Therefore, it may be promising to use OND in inert gases at at-
mospheric pressure and for the synthesis of surface structures
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based on superionic conductors such as Ag,S, Ag.GeS;, etc. Such
compounds are synthesized by various chemical methods initially in
the form of macroscopic polycrystalline elements. However, their
use in micro-nanotechnology requires the synthesis of such com-
pounds in the form of thin films.

Physical methods for the synthesis of thin films based on superi-
onic conductors were used in Ref. [8], where the synthesis of thin
films from the Ag,S compound in a magnetron discharge was re-
ported, and the results of the synthesis of films from the Ag,S
compound, which was excited in the form of a vapour by a low-
voltage electron beam (E = 800—1600 eV) are given in Ref. [9].

To optimize the process of gas-discharge synthesis of films of su-
perionic conductors, it is necessary to study the characteristics and
parameters of the OND plasma in inert gases between electrodes
made of superionic conductors in the form of polycrystalline sam-
ples. Such characteristics and parameters of plasma currently do
not exist. This restrains the development of new supercapacitors,
batteries, photovoltaic devices and sensitive gas sensors based on
superionic conductors.

The goal and task of this research is the development of new gas-
discharge UV lamps based on the destruction products of superionic
conductors (Ag,S) and the development of a technique for the syn-
thesis of thin nanostructured films with the properties of superion-
ic conductors by using microexplosions of inhomogeneities on the
surface of metal electrodes and electrodes made of superionic con-
ductors in an overvoltage nanosecond electric field discharge (for-
mation of ectons, flow of nanoparticles and clusters of electrode
material and UV plasma radiation).

The article presents the results of an experimental study of elec-
trical and optical characteristics and numerical modelling of the
OND plasma parameters in helium at atmospheric pressure between
silver sulphide electrodes. Thin films from the products of destruc-
tion of electrodes in plasma were synthesized and their qualitative
composition was determined.

2. EXPERIMENTAL METHODOLOGY

Experimental measurements were carried out using the method of
measuring the spectral analysis of the emission of light sources.

A Dbipolar high-voltage discharge with duration of 100-450 ns
was ignited between two electrodes, which were made of a polycrys-
talline Ag,S compound. The distance between the electrodes was 2
mm. The radius of rounding of the end parts of the cylindrical elec-
trodes is of 10 mm. The diameter of the electrodes is of 5 mm.

Silver sulphide is a superionic conductor, and thin films based on
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it are promising for use in high-voltage pulse technology (superca-
pacitors, etc.). Since such films contain silver, in addition to high
ionic conductivity, they can also have bactericidal properties.

The scheme of the installation, the structure of the discharge de-
vice and other conditions for studying the characteristics of the
OND are given in the work [4].

The discharge was ignited by overvoltage of the discharge gap,
when a beam of runaway electrons is formed in it [6]. Under the
action of such a beam, the discharge in atmospheric pressure helium
was uniform and had an aperture close to square, the area of which
was of 4 mm?®. In a strong electric field on the working surface of
the electrode based on the Ag,S superionic conductor, micro-
explosions of inhomogeneities occur on the surface of the electrodes
[6], which contributed to the introduction of vapours of the superi-
onic conductor Ag,S products and their decay (Ag, Ag", S, ...) into
the plasma and the formation of a flow of clusters and of nanopar-
ticles based on the Ag,S compound and its dissociation products in
the plasma, which were further deposited on the quartz substrate in
the form of thin films. For the synthesis of nanostructures of su-
perionic conductors, which are intended for various applications in
micro-nanotechnology, mainly chemical methods are used, i.e.,
methods of exploding thin wires or plates, when a current pulse of
hundreds to thousands of amperes passes through them. Therefore,
the application of synthesis technologies of these nanostructures
based on more technological and less expensive gas discharge tech-
nologies is promising. At the same time, it becomes possible to car-
ry out the synthesis of nanostructures without the use of vacuum
technology in low-cost gases, both in gasostatic conditions and in
low-velocity gas flows.

The UV-radiation power density of the discharge was measured
using a TKA-PCM UV meter at a distance of 15 cm from the centre
of the discharge.

The surface of synthesized samples of thin films was examined
with the help of a microscope with a magnification of 50 times.

The polycrystalline compound of silver sulphide (Ag,S), from
which the electrodes are made, was synthesized in the technological
laboratory of the Uzhhorod National University.

The study of thin films of Ag,S in helium at atmospheric pres-
sure was carried out under the following conditions: the voltage at
the anode of the thyratron modulator of high-voltage nanosecond
pulses was of 13 kV, the frequency of following voltage pulses was
of 80 Hz, the distance from the centre of the discharge to the glass
plate was of 10 mm, the sputtering time was of five cycles of 30
minutes each. Analysis of thin films was carried out using three
available laser wavelengths, 532, 633 and 785 nm, on a Renishaw
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InVia confocal Raman microscope spectrometer at their 100% pow-
er of 60.6, 9.2 and 32 mW, respectively. The diameter of the laser
beam was of 1-2 pm. The micro-Raman method is recognized as a
powerful and versatile tool for the analysis of solid films and con-
densed media in general. This method is non-contact, which allows
non-destructive and quantitative microanalysis of structural and
electrical properties.

The OND plasma parameters were determined numerically and cal-
culated as total integrals of the electron distribution function (EEDF).
The EEDF was found by solving the Boltzmann kinetic equation in
the binomial approximation [13]. EEDF calculations were carried out
using the program [14]. Based on the obtained EEDF, the plasma pa-
rameters were calculated depending on the magnitude of the reduced
electric field—E/N (the ratio of the electric field strength (E) to the
total concentration of helium atoms and a small admixture of silver
sulphide vapours (N)). The range of changes in the parameter
E/N=1-1000 Td (1-10-1-10* V-cm?) included the values of the
parameter E/N, which were implemented in the experiment. These
values of the E/N parameter were of 327 Td and 53 Td at 0 ns and
180 ns from the start of the discharge, respectively (Fig. 1, a).

In the integral of collisions of electrons with helium atoms and
silver atoms, the following processes are taken into account: elastic
scattering of electrons on helium and silver atoms; excitation of the
energy level of helium atoms (threshold energy of 19.80 eV); ioniza-
tion of a helium atom (threshold energy of 24.58 eV); excitation of
energy levels of atoms and silver ions (threshold energies of 6.01
eV, 5.99 eV, 3.78 eV, 3.66 eV, 7.19 eV, 7.02 eV, 6.71 eV, 5.99 eV,
and 17.00 eV); ionization of silver atoms (threshold energy of 8.00
eV); electron—electron and electron—ion collisions. Effective sections
of processes were taken from databases [15—18].

3. RESULTS AND DISCUSSION

In Figure 1, the oscillograms of voltage and current pulses, the
pulsed power of the OND and the energy contribution to the plasma
of the He—Ag,S gas—vapour mixture for one discharge pulse are
shown.

The total duration of voltage pulses reached 450 ns. The voltage
pulse included oscillations decaying in time with duration of 40—
50 ns. The maximum values of the electrical characteristics of the
OND were observed at the atmospheric pressure of helium. Thus,
the greatest drop in the value of the voltage of positive polarity
during the discharge interval was of 17 kV, and the maximum am-
plitude of the pulse of the current of positive polarity reached 150
A. The maximum impulse power of the discharge was observed at
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Fig. 1. Oscillograms of current pulses, voltages, pulsed power, and energy
contribution to the plasma of an overvoltage nanosecond discharge for one
discharge pulse: (a) p(He) =101 kPa, (b) p(He) =13.3 kPa; f=1000 Hz.

p(He) =101 kPa in the first 110 ns from the moment of its ignition
and reached 2.3 MW (at t =110 ns). The energy of a single electric
pulse at p(He) =101 kPa was of 91 mdJ, and at p(He)=13.3 kPa, it
decreased to 35.6 md.

Let us consider the dependence of the radiation intensity of the
discharge in He—Ag,S gas—vapour mixtures on the value of the he-
lium pressure and the main parameters of its excitation system—
the pulse tracking frequency and the value of the charging voltage
of the working capacitor of the high-voltage modulator of nanosec-
ond pulses.

Figures 2, 3 present the dependence of the intensity of UV-
radiation on the frequency of repetition of voltage pulses and the
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Fig. 2. Dependences of the UV-radiation intensity in the UV-C, UV-B, and
UV-A ranges for OND plasma on the value of the repetition frequency of
voltage pulses at a charging voltage of U=13 kV in helium between Ag,S
electrodes at a He pressure of 101 kPa.
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Fig. 3. Dependences of the UV-radiation intensity in the UV-C, UV-B, UV-
A ranges for the OND plasma on the voltage on the electrodes at a fre-
quency f=80 Hz in helium between the Ag,S electrodes at a He pressure
of 101 kPa.

value of the charging voltage.

The highest value of the average power of plasma UV radiation
was observed at a helium pressure equal to 101 kPa at a maximum
frequency f=1000 Hz and a charging voltage of 19 kV (Figs. 2, 3).

The emission spectra of OND in the He—Ag,S gas—vapour mixture
at different helium pressures and different repetition frequencies of
voltage pulses are shown in Fig. 4. For the spectrum in Fig. 4, the
reference book [10] was used to decode the spectrum.
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Fig. 4. The emission spectra of OND between the Ag,S-compound electrodes
at: p(He) = 101 kPa, f = 1000 Hz (a); p(He) = 13.3 kPa, f = 80 Hz (b).

TABLE 1. The maximum values of the power of UV-OND radiation in he-
lium-silver sulphide steam—gas mixtures at different pressures of helium
(U.,=20 kV, f=1000 Hz).

p(He) = 13.3 kPa p(He) =101 kPa
Spectral range W, o W,
UV-C (200-280 nm) 1.4 3.3
UV-B (280-315 nm) 0.8 1.2
UV-A (315-400 nm) 1.7 3.8

As can be seen in Table 1, in the ultraviolet part of the OND-
plasma spectrum, radiation at the transitions of an atom and a sin-
gly charged silver ion is prevailing.
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The results of identification of spectral lines are shown in Table 2.

TABLE 2. The results of the identification of the emission spectra of OND
between the electrodes of the Ag,S compound at atmospheric pressure of
helium (f = 1000 Hz).
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The most intense lines were the resonant spectral lines of the sil-
ver atom at 328.06 nm of Agl and 338.28 nm of Agl. The 224.64
lines stood out from the ion spectral lines by intensity at 232.02
nm.
The most intense spectral lines include lines 388.86, 447.14,
501.56, 587.59, 667.81, 706.51 nm of Hel. These lines of the He
atom in a pulsed atmospheric pressure plasma are observed, when
the process of energy transfer from the lower metastable levels of
Hel to some impurity (for example, silver sulphide molecules and
its dissociation products) is effective [11, 12].

When the frequency of voltage pulses was reduced to 80 Hz and
the He pressure was reduced to 13.3 kPa, a decrease in the intensi-
ty of all spectral lines of silver was observed that is caused by a de-
crease in the concentration of the electrode material in the dis-
charge plasma.

The formation of excited silver atoms and ions can occur during
the excitation of a silver atom by electrons, in the processes of exci-
tation of a singly charged silver ion by electrons with subsequent
recombination of silver ions (AglI, AgIII).

When the quartz substrate was installed at a distance of 2-3 cm
from the centre of the discharge gap and the burning time of the dis-
charge was of 30—60 minutes, the deposition of a thin film from the
products of sputtering of the electrode material in atmospheric-
pressure helium was recorded on the substrate (Fig. 5). As can be
seen from this photo, the surface of the synthesized thin film is
quite uniform. Against the background of a homogeneous surface,
individual surface microstructures with characteristic dimensions of

Fig. 5. Photo of the surface of the current film obtained at a 50-fold mag-
nification and synthesized from OND products between electrodes from the
superionic conductor Ag,S at atmospheric pressure of helium.
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10-20 pm can be observed (in the photo, they have a dark gray col-
our and an ellipsoidal shape). It is most likely that these are pieces
broken off from the electrodes, when their surface is affected by
the powerful electric field of the OND. Therefore, in order to im-
prove the uniformity of the film, it is worth reducing the pulsed
power of the OND energy contribution to the plasma.

Of all buffer inert gases (Ne, Ar, Kr), the energy characteristics
of OND in Ne are minimal. It is also possible to reduce the energy
characteristics of the OND by reducing the pressure of the buffer
gas and the magnitude of the electric field between the electrodes
(lowering the charging voltage on the anode of the thyratron), but
this will lead to significant changes in the value of the E/N param-
eter, as indicated by the results of modelling plasma parameters [2]
and the result of calculations shown below.

Figures 6—8 show the Raman spectra of a thin film that was syn-
thesized from OND products between silver sulphide electrodes at
atmospheric helium pressure using laser radiation at wavelengths
A=785 nm, =532 nm and A =633 nm, in accordance. The use of
different wavelengths of laser radiation allows obtaining additional
information about the properties of Ag,S nanoparticles, since the
intensity and position of the bands in the Raman scattering spectra
depend on the wavelength of the excitation radiation. The wave-
length affects the depth of radiation penetration into the sample
and the efficiency of the induced oscillations in the crystals. This
can lead to a difference in the intensity and position of the spectral
bands of scattered light.

When examining the samples using laser radiation at A = 785 nm,
the spectra in Fig. 6, a, b, ¢ are characterized by bands in the range
of 100-300 cm™, in particular, at 228 cm™ (Fig. 6, a), 235 cm™*
(Fig. 6, c); laser spectrum at A =532 nm in Fig. 7, a are character-
ized by bands in the range of 100-300 cm™, in particular, at
242 cm™ (Fig. 7, a); laser spectra at L =633 nm are characterized
by bands in the range of 100—-300 cm ™, in particular, at 238 cm™
(Fig. 8, a), 242 cm™ (Fig. 8, b). Broad bands in the range of 210-
250 cm™’, in particular, the maxima in this range given above
caused by Ag,S nanoparticles, are associated with symmetric longi-
tudinal vibrational modes of Ag—S—Ag bonds. Bands with a maxi-
mum at 604 cm™ (Fig. 6, ¢), 595 cm™* (Fig. 8, a), 602 cm™ (Fig. 8,
b) can be attributed to O—S—0O bonds (asymmetric bending). Bands
with a maximum at 960 cm™ (Fig. 2, ¢), 957 cm™ (Fig. 8, a—d) re-
fer to the symmetric stretching of S—O bonds.

In Figures 6, b, 7, b, 8, d, visible broad bands in the range of
1460-1600 cm ™" are associated with fluctuations of silver and sul-
phur oxide compounds, which are formed during the photoinduced
decomposition of Ag,S.
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Fig. 6. Raman spectra of light scattering by a thin film deposited from
OND plasma at atmospheric helium pressure, which were obtained using
laser radiation at A = 785 nm (a, b, c).
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Fig. 7. Raman spectra of light scattering by a thin film deposited from an
OND plasma at atmospheric helium pressure, which were obtained using
laser radiation at A = 532 nm (a, b).

Therefore, the results showed that the Raman spectra reflect the
characteristic features of Ag,S films and their oxides. In particular,
bands were observed that corresponded to chemical bonds in the
composition of Ag,S compounds. This indicates a successful synthe-
sis and formation of films with the desired properties.

Let us consider the results of numerical modelling of the parame-
ters of the OND plasma in the He—Ag,S gas—vapour mixture.
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Fig. 8. Raman spectra of light scattering by a thin film deposited from
OND plasma at atmospheric helium pressure, which were obtained using
laser radiation at A = 633 nm (a—d).
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Fig. 9. Dependence of the average energy of electrons in the plasma of a
gas—vapour mixture, He:Ag,S=101000:300 [Pa], at a total pressure
p=101300 Pa on the value of the parameter E/N.

Figure 9 shows the dependence of the average energy of electrons
in the discharge on the value of the reduced electric field strength
for the gas—vapour mixture He:Ag,S =101000:300 [Pa].

The mean energy of discharge electrons in the gas—vapour mix-
ture increased from 0.3778 to 118.8 eV (Fig. 9) as the reduced elec-
tric-field strength increased from 1 to 1000 Td. At the same time,
an increase in the rate of its change was observed in the range of
growth of the E/N parameter from 100 to 1000 Td.
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TABLE 3. Electron-transport characteristics for times 60 and 180 ns at
electric-field strength E=8-10° V/m and 1.3-10° V/m for a discharge in a
gas—vapour mixture He:Ag,S=101000:300 [Pa] at total pressure p=
=101300 Pa.

Mi H :A = ]_ ]_ : P
,ns |E/N,Td ixture He:Ag,S =101000:300 [Pa]

g, eV T, K | V,, m/s | N, m3
60 327 28. 54 331 064 6.7-10° 2.4-10"°
180 53 4.774 51 898 8.4.10* 2.3:10%

TABLE 4. The value of the specific power of discharge losses due to the
elastic and inelastic processes of collisions of electrons with helium and
silver atoms in the plasma of the steam—gas mixture He:Ag,S=
=101000:300 [Pa] for the reduced electric-field strength on the plasma,
which was reached at the moment of time t=60 ns and 130 ns from the
start of the breakdown of the bit gap.

Mixture He:Ag,S=101000:300 [Pa]
E/N, Td | Elastic, Power/N, eV-m?/s | Inelastic, Power /N, eV-m?®/s
327 0.4371-107%° 0.1519-10712
53 0.1041-107%° 0.2532-107

Table 3 shows the results of calculating the transport characteris-
tics of discharge electrons: mean energy (g), temperature (T, K) and
drift speed (V,,) of electrons for plasma on a mixture of helium and
silver. The following regularities were observed: the mean energy,
temperature, and electron drift speed increased with an increase in
the applied voltage and were of 28.54 eV and 4.774 eV, 331.064 K
and 51.898 K, 6.7-10° m/s and 8.4-10*m/s for E/N =327 Td and 53
Td, respectively, which were reached at the time t=60 ns and 180
ns from the start of breakdown between the electrodes. The values
of the electron concentration at these moments of time were of
2.4-10” m™@ and 2.3-10* m™® at the current density of (2.55 and
3.06)-10° A/m® on the surface of the electrode of the radiation
source (0.196:107* m?) for the reduced electric-field strengths
E/N =327 Td and 53 Td (Fig. 2).

Table 4 shows the values of the specific power of discharge losses
due to elastic and inelastic processes of collisions of electrons with
helium and silver atoms in the plasma of the gas—vapour mixture
He:Ag,S=101000:300 [Pa] at a total pressure of p=101300 Pa for
the reduced electric-field strength between the electrodes, which was
reached at the time 1=60 ns and 180 ns from the start of break-
down. The maximum value of the specific power of discharge losses
was obtained for inelastic processes, and it was of 0.1519-107'2
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Fig. 10. Dependence of the specific power of discharge losses on the elastic
and inelastic processes of collisions of electrons with helium and silver at-
oms on the reduced electric-field strength in the plasma of the vapour—gas
mixture He:Ag,S =101000:300 [Pa] at a total pressure of p=101300 Pa.

eV-m®/s for E/N =327 Td.

Specific discharge power losses in the mixture of He:Ag,S=
=101000:300 [Pa] were the largest for elastic scattering on helium
atoms (Fig. 10, curve 1) at E/N =1 Td. For the total inelastic scat-
tering and ionization of electrons on silver atoms, they were of
80% for E/N =35.4 Td; a smaller value (34.8%) was reached for
E/N =248 Td for the process of atom ionization helium. Excitation
of the energy level of helium atoms (threshold energy of 19.80 eV),
namely, by 27.3% at E/N =104 Td, and for ionization of silver at-
oms, by 5% at E/N =50 Td. The specific discharge power losses for
the excitation of energy levels of silver atoms had maximum values
at E/N =30 Td for the excitation of energy levels of silver atoms
(threshold energy of 3.78 eV, A =328.068 nm and threshold energy
of 3.66 eV, A=338.289 nm), and they are of 3.8% and 2.2%, re-
spectively.

This completeness was consistent with the radiation spectrum of
the discharge, where these spectral lines were the most intense (Fig.
2), for ionization of silver atoms (threshold energy of 8 eV), by
3.2% at a reduced electric-field strength of 70 Td.

The rate of rise and fall of discharge power losses due to the pro-
cesses of excitation of electronic states and ionization and its mag-
nitude are related to the nature of the dependence of the effective
cross sections of inelastic processes of collisions of electrons with
the components of the mixture on the energies of electrons, their
absolute values, and the dependence of the electrons’ distribution
function on the values of the reduced field strength and threshold
energy values of the process.

The rate constants of electron collisions with helium and silver at-
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TABLE 5. Excitation-rate constants of the spectral lines of silver atoms
for fixed values of the reduced electric-field strength in the plasma on a
gas—vapour mixture of helium with silver at time points of 50 ns and 100
ns from the start of discharge ignition.

E/N, Td| Mixture He:Ag = 101000:300 [Pa]
397 A, nm 328.06 338.28 405.54 421.09
k, m®/s 0.1914.107'2 0.1138.107'% 0.2362-10° 0.2362.107
A, nm  328.068 338.289 405.54 421.09
53 Ag

k, m*/s 0.9089-10* 0.5541-107'" 0.5791-107'" 0.5791-10"7

oms on the E/N parameter in the discharge on gas—vapour mixtures
varied in the range of k~10'2-10% m?®/s that is related to the val-
ues of the absolute effective cross sections of the corresponding pro-
cesses. For silver atoms, they are maximal for the excitation of lines
with wavelengths L =328.06 nm and 338.28 nm (Table 5) and reached
values of 0.1914-107" m®/s and 0.1138-107'2 m®/s at the value of the
reduced electric field of 327 Td. The elastic-scattering rate constant
of electrons on helium atoms was greater than the elastic-scattering
rate constant on silver atoms, namely, 0.6666-10® on helium and
0.1815-107'2 on silver, both for the parameter E/N =327 Td, and for
the parameter E/N =53 Td of the reduced electric field, they are of
0.7151-107"2 on helium and 0.4276-107*2 on silver.

4. CONCLUSIONS

As a result of studies of the characteristics and parameters of the
plasma of an overvoltage nanosecond discharge in helium at atmos-
pheric pressure between electrodes made of a polycrystalline Ag,S
compound, the following was revealed:

— with the total duration of the voltage pulses up to 450 ns, the
maximum amplitude of the voltage of positive polarity between the
electrodes reached 17 kV, and the maximum amplitude of the cur-
rent pulses reached 150 A, the largest pulsed electric power of the
discharge reached 2.3 MW with the energy in a single pulse of 91
md; decreasing the helium pressure to 13.3 kPa led to a decrease in
the amplitudes of voltage, current, and pulse power, and the energy
in the pulse decreased to 35.6 mdJ, the maximum intensity of UV
radiation was achieved at the atmospheric pressure of helium, the
frequency was of 1000 Hz, and the value of the charging voltage
was of 19 kV;

— discharge plasma radiated in the UV range of wavelengths at the
transitions of an atom and a singly charged silver ion; resonance
spectral lines of the silver atom (328.06 and 338.28 nm of Agl)
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were distinguished by intensity; the discharge plasma is the source
of the flow of UV radiation and the flow of silver sulphide
nanostructures that is promising for applications in micro-
nanotechnology, microbiology and biomedical engineering; the high-
est intensity of UV radiation at the transitions of atoms and singly
charged silver ions was obtained at the atmospheric pressure of he-
lium at the repetition frequency of voltage pulses f=1000 Hz;

— surface microstructures with dimensions of 10—-20 ym were syn-
thesized during deposition of electrode-erosion products on a quartz
substrate installed near the electrode system;

— the results of Raman light-scattering spectra of synthesized
films showed that they consist exclusively of silver sulphide and are
quite homogeneous in terms of surface structure;

Analysis of the plasma parameters of an overvoltage discharge in
a gas—vapour mixture of helium and silver sulphide showed the fol-
lowing patterns:

— an increase in the reduced electric-field intensity led to an in-
crease in the number of ‘fast’ electrons in the discharge and an in-
crease in the mean electron energy from 0.3778 eV to 118.8 eV in
the range of E/N =1-1000 Td; the mean energy, temperature, and
electron drift speed increased with increasing applied voltage and
were of 4.774 eV and 28.54 eV, 51898 K and 331064 K, 8.4-10* m/s
and 6.7-10° m/s for E/N =53 Td and 327 Td, respectively, which
were reached at the moment of time t=180 ns and 60 ns from the
beginning of the breakdown between the electrodes; the electron
concentration at these moments was of 2.3-:10°° m™ and 2.4.10" m™
for reduced electric-field strength E/N =53 Td and 327 Td;

— an increase in power losses was observed with an increase in the
reduced electric-field strength, both for elastic electronic processes
and for inelastic electronic processes; for inelastic processes, dis-
charge losses were approximately three orders of magnitude higher
for E/N =327 Td and approximately two orders of magnitude high-
er for E/N =53 Td; the maximum value of the specific power of
discharge losses was for inelastic processes, and it was equal to
0.1519-107"% eV-m®/s for E/N =327 Td; the specific discharge power
losses for the excitation of the energy levels of silver atoms had
maximum values at E/N =30 Td for the excitation of the energy
levels of silver atoms at A =328.068 nm and A=338.289 nm, and
they are of 3.8% and 2.2%, respectively; for ionization of silver
atoms, A loss is of 3.2% at E/N =70 Td.

Taking into account the results of our work [20], in which the
characteristics of OND between selenium electrodes in an inert gas
atmosphere are given, it is possible to propose a gas-discharge
plasma chemical reactor based on OND for the synthesis of complex
compounds of the Ag,Se—Ag,S type, which will combine the proper-
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ties of individual silver chalcogens and can find new fields of appli-
cation in medicine, biomedical engineering and biotechnology. For
this, one electrode made of selenium and another one made of sul-
phur sulphide should be installed in the reactor and filled with he-
lium at atmospheric pressure.
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