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The generation of runaway electron beams (RAEBs) in high-pressure gases is a fundamental physical 

phenomenon that began to be investigated in the last century, see review [1] and references in [1]. The 

research of RAEBs are ongoing, see, for example, papers [2-4]. Due to RAEBs, diffuse discharges are 

formed in various gases without a source of additional preionization. They are used in different fields, 

including for pumping lasers [5] and exciting excilamps [6, 7]. To obtain runaway beams that can be 

recorded at atmospheric pressure and more behind the anode foil, cathodes with a small radius of curvature 

and voltage pulses with an amplitude of about 100 kV and higher with a subnanosecond rise time are usually 

used.  

This report will present the results of experimental studies of various modes of generation of runaway 

electron beams and X-ray under the action of RAEBs. In particular, a mode in which the greatest amplitudes 

of the beam current are achieved, a mode in which two pulses of the beam current are recorded, a mode in 

which beam current generation in the direction opposite to the anode, see Fig. 1, a mode with x-ray pulses of 

hundreds of nanoseconds duration and other modes will be described.  

   

Fig. 1. The gas diode [8] in what beam current generated in the direction opposite to high voltage anode (on the left) with 1 – coaxial 

line, 2 – insulator, 3 – capacitive voltage divider, 4 – anode, 5 – steel ring, 6 – collector box, 7 – wire grid, 8 – foil, 9 – collector with 

diameter of receiving part 56 mm. The pulses (on the right) of high voltage on gas diode (1) and runaway beam current from 

collectors with accepted part 20 (2) and 3 mm (3).  

In air at atmospheric pressure, the effect of the cathode design and material on the amplitude and 

duration of the beam current pulse will be shown.  
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Hollow-cathode low-pressure glow-type discharges are widely used for different applications [1-7]. In 

particular, such discharges are used for generation of charged particle beams, for surface modification, for 

generation of extreme ultraviolet radiation, for generation of large volume plasmas and so on. A range of 

operating pressures of the discharges under cconsideration corresponds to the left branch of Paschen's curve. 

Under this conditions the electron free path for ionization is much in excess of the electrode separation and 

plasma generation is provided due to hollow cathode effect. 

In our previous papers we presented the model allows explaining the current passage mechanisms for 

the high-current pulsed glow discharge in the main gap and for the low-current steady-state glow discharge 

in the trigger units of the cold-cathode thyratrons [3, 4, 7, 8]. The main idea of the model is that the main 

component of discharge current on the cathode surface is an ion current and electrons from the cathode are 

emitted not only due to the ion bombardment, but also as an external emission current due to photoeffect, 

field emission and explosive emission. 

Model was also used to interpret the current-voltage characteristics of the glow discharge with a hollow 

cathode and hot filament (thermionic cathode) inside the cavity [9], which is used for large-volume plasma 

generation in the installations for the modification of properties of material surfaces. In such installations, the 

role of external emission current is played by the thermionic current from the hot filament that is set and 

changed artificially. Note, that the values of the total discharge currents in this case were at a level of 100 A. 

From the other hand, for the low-current hollow-cathode glow discharge we can realize the conditions 

in which the external emission current from the cathode surface is artificially increased. One of the way is to 

use the special high-emissivity tablet [8] that is served for the reduction of discharge ignition and burning 

voltages of auxiliary glow discharge in the trigger units of commercially produced sealed-off thyratrons.  

In this work we present the results of investigation of steady-state hollow-cathode low-current glow 

discharge for the conditions when the external emission current from the cathode is provided due to special 

high-emissivity tablet, located at the bottom of cathode cavity. The current-voltage characteristics were 

obtained and interpreted with the use of model. 
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Despite the long history of research and a huge number of publications, so far, there are no appropriate 

models of abnormal glow discharge, especially at increased (more than 1 kV) operating voltages. Primarily, 

the problem of cold cathodes emission properties in a gas discharge remains unsolved.  For example, 

applying of generalized emission coefficients under the impact of argon fast atoms and ions γa,i [1] leads to 

physically meaningless results [2]. Therefore, the coefficients γa,i, as well as the photoemission coefficient 

γph, should be taken in the models as unknown quantities and should be acquired from the corresponding 

specific experimental data, in particular from the current-voltage characteristics (I-V characteristics). Even 

for the simplest gas helium, usage of predetermined γ is limited and obtaining experiment-consisting I–V 

characteristics demands of fitting not only γa,i, γph, but also the coefficient of potential emission γp [3]. An 

additional uncertainty is caused by the uncontrolled purity of operating gases [4]. 

The recent studies of discharge properties under relatively pure conditions (initial vacuum in cells is not 

worse than 10
-5 

Torr, purity of working gas is not lower than 10
-3

 %) [5-7] demonstrated significant 

differences of I-V characteristics from those obtained earlier. In particular, it was found that the I-V 

characteristics can take Z-shaped form, and the current at increased voltages, for example, 2 kV, is more than 

2 orders of magnitude lower than in the previously performed studies. 

Present research was carried out in conditions cleaner than in [4-7] experiments. In particular, the initial 

vacuum in the cells was better than 10
-7

 Torr, the initial purity of helium was 10
-4

 %. Molybdenum was used 

as the cathode material, its oxides are much easier to remove from the discharge region than Al2O3 in [4-6] 

and SiO2 in [7]. Molybdenum oxides are the supplier of O2 to the discharge. Abnormal discharge and open 

discharge (a 1.5 mm long discharge between a solid cathode and a grid anode with a geometric transparency 

of ~ 90%, behind which there was a 30 mm long drift space, dimensions were intermediate between those 

used in [4–7]), were investigated. 

Investigations of I-V characteristics and electron beams generation efficiency were carried out in a wide 

range of conditions both in abnormal and open discharges. In general, the I-V characteristics under the 

conditions of the present work have even more pronounced Z-shaped characteristics in comparison with [3-

6], and a higher efficiency of electron beam generation was achieved. The simulation of discharges is carried 

out. The obtained results are explained in terms of the dominant influence of cathode surface modification by 

the operating gas, which determine its emission properties [8]. 
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Investigations of variation of the ion charge composition in low current vacuum arc plasma have both 

theoretical and practical importance. In a fundamental physics area, data of the investigations help to develop 

a model of plasma generation by cathode explosive emission centers in vacuum discharges. And for practical 

applications, it is useful to find a range of applicability for the classical data [1] about the charge composition 

of ions in the vacuum arc plasma, which were obtained in current ranges of tens and hundreds of amperes 

Decreasing of the average charge of cathode material ions in vacuum arc plasma with the discharge 

current was observed in the course of several investigations. This suggests that the number of cells in the low 

current vacuum arc cathode spot influences the charge state of cathode material ions.  

The previously investigated cathode materials were copper and CuCr alloy. To prove the effect of the 

average charge state variation for other cathode materials the study of the microsecond arc on the refractory 

cathode materials was also carried out. 

Molybdenum samples were used as the vacuum arc cathodes in the 3.5 microsecond vacuum arc 

discharge. Pulse source was an LC-line with a quasi-rectangular pulse shape. Arc current varied from 

threshold current of units of ampere to 100 A. Charge state distribution and the average charge state of the 

cathode material ions were measured via the Thomson spectrometer with automated image recording and 

digital data processing.  It was found that the ion charge state distributions were close to the classical data [1] 

at the hundred-ampere currents, and the average charge state significantly decreased with the arc current 

decrease. All the ion signals increase with current, and the average charge variation with an increase in the 

arc current is determined by a remarkable difference between the growth rate of the quantity of the 

differently charged ions. The quantity of the multiply charged ions increased with the current considerably 

faster. It led to decrease of the +1 and +2 ion fractions and increase fractions of ions with the +3 charge and 

higher with the discharge current.  

Therefore the found dependence could be observed not only for copper and CuCr cathodes investigated 

earlier. 
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Emission of radial runaway electron flow (REF) changes the dynamics and characteristics of 

subnanosecond air breakdown in the gap of coaxial line (CL) [1]. However, despite the presence of REF, 

there is no breakdown if the voltage is less in duration and amplitude than the threshold values. We assumed 

that these values can be increased if the gas ionization is localized near the REF emission zone - at the 

central CL electrode. An analogy with vacuum CLs with magnetic self-isolation due to a strong azimuthal 

magnetic field (H) at submegaampere currents is appropriate here. In our case, at a current of 2-4 kA, this 

mode is unrealizable, because field H <1 kOe. As an alternative to H field in CL we use an external 

longitudinal field Hz with a strength of up to 10 kOe created by a pulsed solenoid. In the experiment, the 

REF was emitted from the boundary of the gas plasma which arises after the exit of field-emission electrons 

from the metal of electric field (E) enhancer - a thin disk insert into the central electrode of CL. Voltage 

pulses with an amplitude (modulo) Uin
max 

= 160-190 kV provided E-field near enhancer required for the REF 

emission, and had a duration of ≈ 300 ps (FWHM) sufficient for its acceleration in the entire radial gap. The 

current and resistance of a subsequent discharge were determined by comparing an incident pulse Uin and 

reflected one (Uref) from the breakdown zone. It was revealed that in the absence of Hz, the early emission of 

REF at the front of Uin leads to a higher discharge current (1, Fig. 1a), despite the reduced current (and 

energy) of fast electrons at the anode. Delay in the field emission initiation and the rise in the REF energy at 

a higher (modulo) voltage at the front determine, apparently, a lower degree of gas ionization in the gap due 

to a drop in the impact ionization cross section. As a result, REF current at the anode increases, and 

discharge current (1 in Fig. 1b) turns out to be less than in the case 1 in Fig. 1a. The presence of Hz ≈ 10 kOe 

leads to the absence of REF at the anode in both variants, but relative decrease in Uref and discharge current 

(1→2→3) is more pronounced in Fig. 1b. The question arises about the reason for a relatively weak decrease 

in Uref in a strong field Hz and the nature of the pulses 2 and 3. Analysis of the trajectories of magnetized 

electrons in the vacuum approach (KARAT code) shows (Fig. 1c) that already at Hz ≈ 2 kOe the region of 

the gas ionized by “REF” particles will not reach the anode, and at Hz ≈10 kOe it represents a thin plasma 

layer expanding "along z". It can be assumed that the presence of this conducting region and its radial size 

determine appearance of Uref (and “analogue of the discharge current”) in a strong field Hz. 

 
 

Fig. 1. (a,b) Discharge currents in the CL radial gap. For (b) REF emission occurs 50 ps later. 1–Hz =0; 2–Hz =5 kOe; 3–Hz =10 kOe; 

4–Hz = 0, CL is closed radially. (c) Particle-in-cell “vacuum” modeling of electrons motion at (b)-3 mode. 
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In the work presented, the investigation of the He-induced W "fuzz"electrical properties was carried 

out. The W “fuzz” sample was manufactured in an analogous way as the one described in [1]. For this 

research, an automated experimental setup was designed. The setup was based ona vacuum chamber 

operated under high vacuum condition (~ 10
-7

 Pa).The vacuum diode under investigation comprised of a flat 

W “fuzz” field-emissive cathode with an area of about 1 cm2 and a 2 mm radius cylindrical copper anode 

rounded with a 2 mm radius hemisphere.The cathode-anode distance was about 200 µm. A voltage applied to 

the diode was up to 10 kV. An HV power supply was controlled employing the DAC/ADC module “L Card 

E20-10” (https://en.lcard.ru/products/external/e20-10). This module allowed one to register automatically 

currents and voltages of interest also. As a result of the investigation, the data on the dielectrical strength of 

the vacuum diode with the W “fuzz” cathode were obtained. The effect of the cathode conditioning was 

demonstrated after the number of breakdowns. An increase in the breakdown electric field strength from 

about 4•10
5
 V/cm for the very first breakdown up to 9•10

5
 V/cm for the 20th breakdown was registered. In 

addition, the emissive characteristics of the W "fuzz" cathode were studied in accordance with the Fowler-

Nordheim theory. Under the conditions described, the field-emissive current didn’t exceed several 

microamperes. The estimated value of the electric field enhancement factor β was found to be about 40 

before the breakdown and about 70 after the breakdown. The obtained β values are somewhat smaller than 

the ones obtained by other research groups for the nanostructured W cathodes [2, 3]. This fact should be 

investigated additionally. 
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In this work, we present experimental results on measuring the velocity of vacuum arc discharge plasma 

expansion. The experiments were carried out on an IMRI-5 pulse power generator (500 kA, 500 ns). All 

electrodes of the plasma gun were made of aluminum. The cathode diameter varied from 3 to 6 mm. In the 

experiments, two designs of plasma guns were used. In the first version, the end of the arc discharge cathode 

was located below the plane of the anode, and the surface of the insulator separating them was parallel to the 

axis of symmetry of the plasma gun. In this design, the arc discharge plasma escapes the anode through a 

hole, the diameter of which coincides with the diameter of the cathode. In the second variant, the plane of the 

end face of the arc discharge cathode coincided with the plane of the anode, and the surface of the insulator 

separating them was located perpendicular to the axis of symmetry of the plasma gun.  

A Rogowski coil, an active voltage divider, and an inductive loop were used to register the main 

electrophysical characteristics. To obtain an image of plasma in the optical range, an FER-7 optical streak 

camera was used [1]. The plasma glow registration on the chronograph was carried out with a time base of 

750 ns/cm. The slit width was 200 μm. Given that the chronograph slit was located along the axis of the 

plasma gun, the plasma movement speed was determined in the same direction - from the plasma gun along 

its axis. At a given time base and a known image scale the plasma movement velocity was calculated from 

the inclination angle of plasma image relative to the time axis. 
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According to numerous natural and numerical experiments, picosecond runaway electron flows (REFs) 

in elongated gas electrode gaps with a sharply inhomogeneous electric field are described as a strongly 

diverging layer. Therefore, they are of practical interest when the interaction with an interelectrode medium 

of a large volume or area (at the anode) is required. For a number of applications, increased uniformity of 

REF, current/charge density of a particle bunch can be provided by the method of confinement/focusing in a 

magnetic field. The case with a uniform longitudinal field Bz (Fig. 1a) has already been applied [1] and has 

an obvious analogy with vacuum magnetically insulated coaxial diodes (MICDs), which generate high-

current beams in the explosive electron emission (EEE) mode. Note that the REF duration in gas (tens of ps) 

is shorter than the time of its acceleration in the gap d = 30 mm.  That is, the calculation of the electron flow 

structure by the particle-in-cell method (KARAT code) in a vacuum approach (Fig. 1a) gives an “an open-

shutter” image of the REF path. Nevertheless, it can be seen that, in the transversal cross section, calculated 

vacuum particle flux from a tubular 22 mm-diameter cathode (1) has at Bz = 0.36 T approximately the same 

radial size as we observe in air by the luminescence of the phosphor (Fig. 1b). With an increase in the field 

up to Bz = 4.3 T, the flow becomes a thin tube consisting of many discrete jets. In a weak field, Bz = 0.36 T, 

the discreteness is more pronounced, which resembles the screening effect of the cathode EEE emitters in 

vacuum MICDs. All the noted features take place for a cathode with diameter of 8 mm (2 in Fig. 1a; b) 

where a 50-ps REF current with an amplitude of ≈10 A was recorded at Bz ≈ 3-4 T, and its current density 

reached 40 A/cm
2
. The current density can be significantly increased by applying a magnetic field with 

converging lines of force (Fig. 1c) [2]. Depending on the length of acceleration section (d2 or d1) and the 

cathode diameter (3 or 4), enhancement (difference) of B-field from emitter to the registration area reaches 

10-20 times, respectively. With that, in the region of maximum compression Bz = 5 T. As a result, radial 

compression of the tubular REF reaches 3-4 (Fig. 1d), and from the cathode with diameter of 8 mm we 

obtain a current of ≈ 7 A with a density of up to 100 A/cm
2
. In the described mode, one should consider the 

loss of a part of electrons due to reflection by a magnetic mirror. In fact, we observe only those particles that 

have passed through so-called loss cone - by analogy with processes in open plasma traps. Due to reflections 

increase with the rise in the Bz difference, an increase in the emission edge length for a cathode with 

diameter of 22 mm (4 in Fig. 1c) does not lead to an increase in the REF current in comparison with the 

cathode of a smaller diameter (3 ibid). The report will provide a comparison of the characteristics of 

magnetized REFs in the case of using not only steel, but also graphite cathodes, their time and energy 

characteristics.  

 

       

Fig. 1. (a,c) Experiment layouts for REF emission at a homogeneous and convergent magnetic field, respectively. 1,2 and 3,4 – 

cathodes sizes/positions; 5,6 – locations of luminophor. Reprints of REF for the cases: 1, 2 (b) and 3, 4 (d).      
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Low-frequency sound can be generated by modulating repetitive nanosecond pulse discharge [1]. In this 

paper, the experimental studies on repetitive nanosecond pulse discharges at different experimental 

parameters were carried out, and the time-domain waveforms of voltage, current and corresponding sound 

were obtained. It is shown that the amplitude and harmonic components of the synthetic sound are influenced 

by four main factors, which are discharge deposition energy, channel length, gas recovery characteristics, 

and space environment. The main source of sound generation by gas discharge is the internal energy injected 

into the discharge channel [2, 3]. As the deposition energy and air gap distance increase, the amplitude of the 

synthetic sound increases, and shows certain patterns. In addition, due to gas recovery, the energy injected 

into the discharge channel by repetitive frequency pulse discharge is much smaller than that of a single pulse 

discharge [4]. Several ways were applied to accelerating the gas recovery to enhance the synthetic sound 

effect.  
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The results of the experimental study on a slow ionization wave propagation in a long dielectric 

capillary tube filled with helium at a low (1-10 Torr) pressure will be presented. The external electrode is 

multiple sectioned. Each small section is grounded by an individual resistance to measure the radial current 

generated by the ionization wave propagation. The images of the ionization wave will be correlated with the 

individual currents of the sections, which provides information about the dynamics and spatial distribution of 

the radial current of the wave. The propagation velocity of a slow ionization wave in a dielectric tube is 

usually determined by both the rate of the dielectric wall charging and the rate of ionization processes at the 

wavefront. At the same time, the rate of ionization processes depends on the number of seed electrons in 

front of the wavefront. Therefore, the report will present the results on the influence of a low-current glow 

discharge in a capillary tube on the propagation velocity of an ionization wave. 
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The cold-cathode thyratron under investigation has a trigger unit based on auxiliary glow discharge. 

Sustaining the auxiliary glow discharge powered by +V1 means that there is not only a glow discharge 

between the electrodes A1 and C1, but also a parasitic current to the main cathode cavity C [1]. The parasitic 

current may decrease breakdown voltage of the main gap of the thyratron [1]. 

 

Fig. 1. Sketch design of the thyratron under investigation along with the electric circuit. 

A common element of many electric circuits employed for triggering the thyratron is a few kOhm 

resistor between the electrodes C and C1. It helps initiating a pulse discharge between the electrodes A1 and 

C, facilitating a faster breakdown of the main gap of the thyratron [2]. At the same time, usage of the resistor 

increases the parasitic current. One of the ways to decrease parasitic current is to ground both the electrodes 

C and C1. Though this method of triggering still provides nanosecond jitter, the delay time to breakdown 

increases [3].  

In this work we propose a method of triggering the cold-cathode thyratron where an inductance L 

connects the electrode C1 with the ground cathode C instead of a resistor. On the one hand it decreases the 

parasitic current to the electrode C, and on the other hand it leads to igniting the trigger discharge mainly on 

the electrode С, which decreases delay time to thyratron triggering.  
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The parameters of the radiation of discharges with a duration of 200 ps with a voltage amplitude of 280 

kV, a current of about 5 kA, and a storage energy of 0.3 J in xenon and nitrogen in a pressure range of 0.1 - 3 

atm. were studied. It is shown that the duration of a radiation pulse in xenon is ≤ 1 ns, at a power of about 12 

MW, and the radiation spectrum in the wavelength range of 110-440 nm can be fitted with satisfactory 

accuracy by the Planck distribution with a temperature of about 10 eV. The emission spectrum of a discharge 

in nitrogen at a pressure of 3 atm. in addition to a similar thermal continuum, also contains an intense laser 

line with a wavelength λ = 337 nm. The duration of the laser pulse is 200 ps, the intensity is 1.2 MW. 
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The report is devoted to the study of the generation of runaway electrons with reference to the 

formation of a negative streamer in a sharply inhomogeneous electric field in air and helium at atmospheric 

pressure and below. Nanosecond voltage pulses of negative polarity with an amplitude of 18 kV were 

applied across a point-to-plane gap 8.5 mm long. Our previously studies have shown that a large-diameter 

streamer develops when applying voltage pulse across the gap [1, 2]. The propagation of the streamer in the 

gap is accompanied by the flow of current, the magnitude of which directly depends on the streamer velocity. 

In the non-ionized part of the gap in front of the streamer, this current is the sum of the displacement currents 

caused by a change in voltage across the gap and redistribution of the electric field strength during plasma 

formation (dynamic displacement current - DDC). It is possible to determine with high accuracy the moment 

when the streamer appears and the moment when it arrives at the opposite electrode by measuring DDC 

(Fig. 1a). In addition, DDC and current of runaway electrons can be measured together (Fig. 1b). As a result, 

we can determine exactly when runaway electrons appear. It was found that runaway electrons are generated 

not only during the breakdown of the gap, but also after that. It has been found that the formation time of 

explosive emission centers affects the generation of runaway electrons after breakdown.  

 

Fig. 1. (a) Waveforms of the dynamic displacement current IDDC and СgapdUgap/dt, measured using a collector downstream a grid 

anode under conditions close to the threshold for breakdown (Umax=26 kV): s – streamer appears, f – streamer arrives at the opposite 

electrode. Air at a pressure of 100 kPa. 

(b) Waveforms of voltage across the gap Ugap, discharge current Id and RE current IREs as well as waveforms of voltage across the 

gap Ugap and the sum of the dynamic displacement current and RE current (IDDC + IREs) recorded in a separate experiment.  

Air at a pressure of 25 kPa. 
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Nanosecond gas discharge in atmospheric pressure gases is a source of low-temperature nonequilibrium 

plasma. It can be used to inactivate microorganisms, destroy organic and inorganic pollutants in gases and 

liquids, sterilize medical instruments, food, packaging products [1]. Diffuse discharges are formed in the 

gaps with a highly inhomogeneous electric field. In this case, there is no need to use external sources of 

ionizing radiation. Experimentally and in simulations it was shown that a large-diameter streamer develops 

in the gaps [2]. This report presents the results of studies of the streamer formation in the highly 

inhomogeneous electric fields in air with using a streak camera and a four-channel ICCD camera with 

simultaneously recording waveforms of voltage and runaway electron current pulses. A large diameter 

streamer was observed at various amplitudes of nanosecond voltage pulses. The instantaneous streamer 

velocity was measured using the streak camera. It was found that the streamer has a high velocity at the 

initial stage of the development, but it rapidly decreases. The minimum streamer velocity corresponds to the 

maximum diameter. The streamer velocity increases again by an order of magnitude when it approaches the 

opposite electrode. It was found that the streamer velocity correlates with the value of a displacement current 

induced by its propagation. At the initial stage of the streamer development during subnanosecond 

breakdown, the displacement current can reach several kiloamperes that is comparable to the conduction 

current after the breakdown.  

 

Fig. 1. ICCD and streak images of discharge formation in air at a pressure of 100 kPa. Corresponding waveforms of voltage across 

the gap Ugap, discharge current Id and RE current IREs as well as waveforms of voltage across the gap Ugap and the sum of the dynamic 

displacement current and RE current (IDDC + IREs) recorded in a separate experiment. The rectangles show the moments of switching 

on channels C1–C3 of the ICCD camera. The length of the rectangles corresponds to the duration of the exposure. The exposure time 

of channel C4 was 20 ns. The corresponding time dependences of the electric field strength near the anode Eanode(t) and electron 

concentration ne(t) are also presented. 
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Similarity laws for a nanosecond pulse breakdown for a system of two flat electrodes under various 

conditions E/p = f (pτ), where τ is the discharge formation time, are known [1, 2]. These works deal mainly 

with the discharge development due to Townsend electron multiplication, including discharges with runaway 

electrons. There are discharges in which the breakdown development is determined by other sufficiently 

intense mechanisms to apply the similarity laws to them. In particular, in the open discharge (OD) [3], the 

main mechanism of discharge development is adsorption-activated resonance photoemission. 

In this work the existence of the similarity law E/p = f (pτ) in OD and in OD with generation of counter 

propagating electron beams (CPEB) is investigated. In these discharges, the photoemission mechanism is 

realized in a wide range of conditions. Electron emission occurs under the action of resonant VUV radiation 

of fast heavy particles; therefore, the current rising rate is determined by the type and particles concentration 

of the working gas. Under typical conditions of OD existence (helium pressure 3 - 100 Torr, reduced field 

strength ~ 10
3
 Td), the Townsend electron multiplication coefficient is low and it is insufficient to maintain 

the discharge and the electrons go into the runaway mode and either go into the drift space through the anode 

grid with a geometric transparency of > 80%, or, in the case of the CPEB mode, begin to oscillate between 

the accelerating gaps. The latter is used to implement high-voltage subnanosecond switches. 

The cell design is shown in the figure 1(a). It consists of two identical counter-spaced accelerating gaps 

with 7 mm long. There is a 12 mm drift space (3) between the anode grids (2) grounded through the current-

measuring shunt. The cathodes (1) are made of reaction sintered silicon carbide. Experiments were carried 

out with working gases He, Ne, Ar in two modes: with one accelerating gap and two. In the second case, an 

OD with the generation of CPEB was realized. This led to a much faster discharge formation. The excitation 

pulses had a front of 7 ns with an amplitude of 3.5 to 43 kV. Working gases were in the range of pHe = 20 - 

100 Torr, pNe = 5-25 Topp, pAr = 1-15 Topp. In all cases, similarity curves were obtained. It turned out that 

the similarity exists both for the discharge development delay (Fig. 1(b), curves 2, 4), and for the breakdown 

process itself (Fig. 1(b), curves 1, 3), determined by the level of 0.9 - 0.1 of the voltage drop at the cathode. 

The data obtained on the dependences E/p = f(pτ) differ significantly from the results [1, 2]. The mechanisms 

leading to this difference are discussed.  

(a)                                                                                  (b) 

Fig. 1. (a) Cell design, and (b) breakdown time in ODCPEB (1), OD (2), breakdown delay in ODCPEB (3), OD (4) at pHe = 30 Torr  . 
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 Investigations of the process of near-surface plasma formation during skin explosion of cylindrical 

copper and duralumin conductors in rapidly increasing magnetic fields with their induction on the surface up 

to 500 T were conducted. The experiments were carried out on a high-current MIG generator with a current 

amplitude of up to 2.5 MA and a rise time of 100 ns. The plasma formation on the conductor surface was 

recorded by its glow in the visible range using a four-frame optical camera with an exposure time of each 

frame of 3 ns. In addition, vacuum photoemission diodes recorded the surface plasma reaching a temperature 

of more than 1 eV in the blackbody approximation. The internal structure of the surface plasma, the density 

assessment of the matter in it and of its radial distribution were investigated using shadowgrams obtained by 

X-ray transmission with һν  0.8 keV, which is formed at the "hot point" of the X - pinch. This optimization 

of the X-pinch configuration in order to realize no more than two emitting hot spots made it possible to 

obtain sufficiently clear images of shadowgrams with a magnification factor of more than three. In addition 

to obtaining shadow images of the exploded conductor, the density of the expanding surface plasma was 

estimated using step attenuators from the materials of the conductor under study. A stepped filter was applied 

to a polypropylene film 6 μm thick.  

 A calculation code was developed for the numerical solution of the task of reconstructing the 

distribution profile of a substance from the data of X-ray studies on the conductors electrical explosion in a 

vacuum, that allows using shadow images (X-ray patterns) of the conductors explosion at certain points in 

time as initial data. The spatial characteristics μ(r) (μ - the absorption coefficient of the substance, ρ is its 

density) of the exploded conductor of cylindrical geometry were determined in the selected section by 

measuring the integral ratios I0/I(r) (I0 is the intensity of the probing radiation, I is the intensity of the 

substance of the radiation conductor) directly from the X-ray diffraction patterns. Additionally, the code 

implements the possibility of determining (calibrating) the absorption coefficient μ() from the 

measurements data of the probing radiation flux passage through a step attenuator (since the exact value of 

μ() may be unknown in the experiment). In this case, the calibration results were used as normalization ones 

directly when calculating the dependence (r). 

 The dependences of μρ on the radius of the conductor in the selected section of the X-ray diffraction 

pattern of its explosion are obtained. The value of the mass absorption coefficient of radiation μ was 

determined from the transmission X-ray diffraction patterns of the step filters. The dependences of the load 

substance density on its radius were determined and constructed from the obtained X-ray diffraction patterns 

at different times from the beginning of the current. So at 216 ns at a radius of 1.8 mm of a duralumin 

conductor with an initial diameter of 2.97 mm, the density of the substance is estimated to be 0.008 g/cm
3
. 
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The formation of plasma on the surface of the electrically exploded conductor is a key issue in terms of 

the energy introduced into the metal substance. For the rising rates of magnetic field induction typical for 

magnetically isolated transmission lines of multi-megaampere generators, this question remains 

insufficiently studied. The purpose of this work was to study the dynamics of dense plasma formation on the 

metal surface at magnetic induction values of 2-6 MGs and the rising rates of (2-5)·10
13 

G/s. The 

experiments were carried out on a terawatt MIG generator with current amplitude up to 2.5 MA and a rise 

time of 100 ns. In experiments, the skin electrical explosion of cylindrical conductors made of different 

materials and with different diameters was studied. The formation of plasma on the surface of the conductor 

was recorded using a four-frame optical camera with an exposure time of 3 ns for each frame. It was shown 

that when the current increases, "spots" appear on the surface of a cylindrical conductor. These spots are the 

centers of plasma formation. Later, current channels develop in this surface plasma, as shown in Fig. 1(a). 

The paper discusses the features of the dynamics of plasma formation as a function of the rising rate of the 

magnetic field induction.  

 

Fig. 1. Images of an exploding duralumin conductor of initial diameter 3 mm taken at different times from the beginning of the 

current flow for peak current of 1.3 MA  (a) and 2.0 MA (b).   
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The studies were carried out on discharge XeCl and KrF lasers developed at the HCEI SB RAS, Tomsk. 

It is shown in this work that the formation of the spatial structure of a diffuse plasma through which further 

pumping energy is provided occurs from the moment of breakdown to a decrease in the voltage across the 

discharge gap. In this case, the fraction of the energy deposited during this time period does not exceed 10% 

of the total pump energy. 

The use of this discharge in dense excimer media made it possible to expand the range of stable 

existence of diffuse plasma with an electron concentration up to ~ 8×10
15

 cm
-3

, while maintaining the 

properties of the active medium during the entire duration of the pump pulse. The formation of multiple 

equilibrium diffuse channels was ensured due to the growth rate of the current density dj/dt more than 

6×10
10

 A/cm
2
 s and the reduced field strength at the moment of the discharge gap breakdown not less than 

E/P ~ 3 kV/cm×atm. The choice of the ratio of the electron donor and acceptor in the composition of the as 

mixture makes it possible to implement the completed or incomplete stage of the development of multiple 

diffuse channels in the discharge. 
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Pulsed high-current discharges in liquids and their associated shock waves have a high potential for 

practical application. Research on the use of shock waves in water are carried out for the processing of both 

primary and secondary raw materials [1, 2]. 

One of the main limitations of the extensive use of technologies based on shock waves is the low 

efficiency of transformation of the electrical energy in the capacitive storage of the supply generator into the 

mechanical energy of an acoustic wave, which in many cases does not exceed a few percent [3]. The 

electrical parameters of the generators can be varied over a wide range and optimized in order to increase the 

efficiency. The effect of different discharge durations on the efficiency of acoustic wave generation was 

investigated. 

A mathematical model of a plasma channel in a liquid medium is formulated in relation to the technical 

parameters of the experiment. The model is based on the hypothesis of an isothermal state of the plasma in 

the channel of a pulsed high-current discharge. We assumed the presence of three kinds of particles (free 

electrons, positive ions, and neutral molecules of the same type), as well as the spatial homogeneity of the 

plasma channel along its cross-section and length. A calculation of the dynamics of an acoustic wave is made 

on the basis of a theoretical description of the plasma channel. The model of the dynamics of the expanding 

channel makes it possible to calculate the intensity of the acoustic wave under experimental conditions. 

The model has been tested in relation to experiments carried out on the generators with a 

submicrosecond and microsecond discharge time that allowed us to change the duration of the mode of 

energy output to the plasma channel while maintaining the initial energy storage. The experiments in which 

an electric energy of ~ 70 J is introduced into the channel from an electric pulse generator for 0.4 and 2 μs 

are described. It was shown that plasma in a high-current channel of a pulsed discharge in water is a strongly 

ionized state of a gaseous medium with a number density of neutral particles of ~ 4·10
21

 cm
-3

. The expansion 

of this hot channel occurs at a subsonic velocity of about 400-500 m/s, generating a strong diverging acoustic 

wave in liquid water with initial pressure amplitude in the pulse above 100 MPa. 

              

Fig. 1. Time dynamics of the radius and plasma number density in the discharge channel (left) and instant picture of an acoustic wave 

in discharge chamber (right) 20 μs after the start of the discharge.  
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The work presents the results of an experimental study and numerical modelling of the spatio-temporal 

dynamics of initial stages of discharge in argon at gas pressures up to 10 Torr and the voltage applied to the 

electrodes of 1.5 kV.  

The discharge occurred between a cylindrical cathode with a rectangular slot 0.2 cm wide and 0.6 cm 

deep, located at a distance of 0.6 cm from the flat anode. The discharge area between the cathode and the 

anode is confined on both sides by fiberglass dielectric plates [1]. The numerical simulation was carried out 

with Comsol Multiphysics software using the built-in Plasma Module [2]. A self-consistent system of plasma 

kinetics equations was solved, supplemented by the electron energy distribution function for conditions 

corresponding to the experimental studies performed. 

The results of the numerical simulations show that the electron density ne increases at the initial stages 

in the entire discharge gap. In about 50 ns, ne in the center of the discharge gap becomes significantly (almost 

five times) larger than near the anode. In about 100 ns, ne in the discharge gap reaches 10
11 

cm
-3

 and an 

ionization wave starts from the anode side and propagates to the cathode at a speed of about ~ 5·10
7
 cm/s  

(Fig. 1a). It was established that at the entrance to the cathode cavity, the front of the ionization wave is 

divided into two parts, and two ionization waves propagate in the cavity, sliding along its surfaces (Fig. 1b). 

After reaching the base of the cavity (~ 130 ns), a backward ionization wave is formed and the cavity and the 

discharge gap between the electrodes are filled with plasma. The maximum values of ne reach ~ 5·10
14

 cm
-3

 

(Fig. 1c), and further, due to the recombination processes and diffusion, the value of ne decreases, and the 

discharge passes into the final stage. 

 

Fig. 1. Typical spatio-temporal dynamics of electron density distribution in the discharge gap. 

The paper discusses the regularities of the formation and development of a limited discharge in argon, 

its features and possible physical processes that affect the dynamics of the discharge development and the 

formation of its structure. Special attention is paid to the study of the influence of the amount of charge 

accumulated on the surface of the dielectric plate on the discharge dynamics. 
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The measurements of vacuum arc current parameters at the threshold current were made. The threshold 

currents for Cu, Mo, graphite sand tungsten FUSE cathodes were measured. It was shown that the current 

that vacuum arc chops with has a statistical distribution. The vacuum arc current chopping is accompanied 

with significant ion current burst. The ion current of Mo and Cu cathodes contains intensive peaks with 10-

50 ns durations (see Fig. 1). It was shown that the cathode materials that have intense peaks have significant 

threshold current. 

 

Fig. 1. The waveforms of discharge current, ion current and light emission at a chopping process. 
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Although corona discharges in atmospheric air involve complex electrical, chemical and mechanical 

phenomena, they are easy to enforce. Therefore, they are used in numerous engineering applications, such as 

ozone production, reduction of gaseous pollutants, surface treatment, electrostatic precipitation and more 

recently thrust production for instance. Indeed, when a high potential difference is applied at a thin electrode 

(such as a needle or a wire), air molecules are ionized and a corona discharge is induced. Due to the electric 

field, the produced ions are submitted to Coulomb force, resulting in their motion from the high voltage 

electrode toward the grounded collecting one. The set of all these Coulomb forces results in a volume 

electrohydrodynamic (EHD) force occurring inside the discharge. Hence, in the electrode gap, many 

collisions between ions in motion and neutral air molecules take place, resulting in a momentum transfer that 

produces a gas flow, which is usually called “ionic wind”. 

In this experimental study, we aimed at better understanding the electrohydrodynamic phenomena 

occurring in a 15-mm gap point-to-plate dielectric barrier discharge. For that, current measurements have 

been carried out and the produced ionic wind by the discharge has been precisely characterized with the help 

of a 20 kHz Particle Image Velocimetry system. The influence of several input parameters has been studied 

(voltage, frequency, HV waveform) and will be presented. 

As an example, Fig. 1a presents the discharge current versus time for V = 12 kV and f = 200 Hz. We 

can see that one voltage cycle is composed of a positive streamer discharge and a negative Trichel one. In 

Fig. 1b, we can see that time-averaged ionic wind results in jet starting from the needle and impacting the 

plate perpendicularly, with a maximum velocity of about 5 m/s at the center of the jet. Finally, Fig. 1c shows 

the ionic wind velocity at 1.5 mm far from the needle tip; this highlights that the ionic wind produced during 

the positive discharge is faster than the one during the negative discharge. 
 

 

 

 

 

                     

Fig. 1. Current vs time (a), velocity map of the time-averaged ionic wind (b) and velocity vs time (c). 

(a) 

(c) 

 

(b) 

Tip at x = 0 

and y = 0 

Plate at x = 15 mm 
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This experimental study aimed at better understand the electrical and optical properties of corona 

discharges. As we will see, they depend highly on several input parameters, such as the electrode gap, the 

value of the applied voltage and also the surface state of the needle tip. Indeed, when the needle is a brand-

new tungsten one, the current is pulseless and the discharge regime is always glow, whatever the gap and the 

voltage are. On the contrary, when the tungsten needle has been used during a few minutes (in absence of 

spark), its surface becomes lightly oxidized and the discharge regimes are fully different. In this last case, 

three successive regimes can be observed, including one that has never been reported in the literature to our 

knowledge. In fact, after the ignition voltage, the current is slowly increasing and the current raise follows 

perfectly the theoretical Townsend’s law; this is the glow regime (Figure 1a). When the voltage reaches a 

first threshold (8 kV here), some small current pulses appear. However, it is not the breakdown streamer 

regime as the ionized channels do not cross the entire electrode gap since photographs and iCCD 

visualizations highlighted that the propagation of the streamers toward the grounded plate was limited to an 

half of the gap (Figure 1c). In this regime, the time-averaged current becomes higher than the Townsend’s 

law, each current pulse is composed of only one bump and the pulse frequency is higher than the one of 

breakdown streamer. When the voltage reaches a second threshold (15.6 kV here), the magnitude of the 

current pulses suddenly increases but their frequency decreases; it is the transition toward the breakdown 

streamer regime (Figure 1b). In this regime, each current pulse is composed of two bumps, the first one 

corresponding to the arrival of a primary streamer at the plate and the second one corresponding to a 

secondary streamer. Finally, we investigated the effect of the electrode gap. We observed that the magnitude 

of the current pulses decreases when the gap increases whereas the frequency of the breakdown streamers is 

higher when the gap is smaller. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. I-V characteristics of a 30 mm point-to-plate positive corona discharge (a) and current versus time of a streamer corona (b) 

and a filamentary corona (c). 
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Currently, we are actively studying the possibility of using high-current vacuum arc discharges as a 

source of ionized matter for cylindrical Z-pinch shells [1, 2]. The aim of this work was to obtain magnitude 

quantitative estimates of the plasma gun aluminum electrodes erosion that occurs during the course of a 

high-current vacuum arc discharge. 

The experimental setup consisted of two current generators. The first generator (IMRI-5, capable of 

generating a current with an amplitude of up to 450 kA and a rise time of 500 ns in a short-circuited load 

mode) was used as a current source for a plasma gun. In other words, the load of the IMRI-5 pulse power 

generator was a plasma gun with aluminum electrodes (Fig. 1). The second generator (XPG, 250 kA, 220 ns) 

was used as an X-ray radiograph to visualize the object under study in the soft X-ray range (hν ≈ 0.5–3 keV). 

A high-current vacuum arc discharge was initiated during self-breakdown along the lateral surface of a 

polyethylene insulator 3 mm long separating the cathode and anode of the arc. When a high-current arc 

discharge flowed from the cathode along the insulator to the anode, it formed a plasma jet, which spread 

from the cathode to the grounded anode. The plasma jet, forming in the interelectrode gap of the plasma gun, 

flows into the vacuum chamber of the IMRI-5 generator through a cylindrical channel (in anode) with a 

diameter and length of 4 mm and 2 mm, respectively. The main results and conclusions obtained in the 

course of these investigations are based on the analysis of experimental data obtained by both electrophysical 

and radiographic methods. A functional dependence was obtained between the amount of the evaporated 

cathode substance and the current density of the vacuum arc discharge. 

 

Fig. 1. Experimental arrangement. RC is a Rogowski coil. 
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The work is devoted to the investigation of the features of the conductor explosion in a vacuum under 

the conditions of skinning the current, and specifically, the effect of the magnetic field nonlinear diffusion 

wave spreading over the exploded conductor on its electrical properties [1]. Experiments on the explosion of 

conductors were carried out on the IMRI-5 pulse power generator [2]. The geometry of the load and a typical 

current oscillogram in the short circuit mode are shown in Fig. 1. The exploded conductor was soldered to 

the cathode and mechanically clamped between the plates on the anode. 

 

Fig. 1. Load geometry and current oscillogram in short circuit mode. 

In the experiments, we used two types of conductors, cylindrical and flat (foils). Cylindrical conductors 

were of two types: copper (0.5 mm in diameter) and aluminum (0.44 mm in diameter). Foils were also of two 

types: copper with a thickness of 300 microns and aluminum with a thickness of 200 microns. The foil width 

varied from 1 to 3 mm. The length always remained 30 mm. 

To calculate the circuit inductance and calculate the corrections for the real conductor inductance, we 

used a load that was either a copper foil 600 μm thick and 1 cm wide, or a copper conductor with a diameter 

of 2 mm (short circuit mode). 
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Electron sources with plasma cathodes [1], in which the plasma boundary is stabilized, for example, by 

a metal fine-structured grid, have a unique possibility of mutually independent control of the parameters of 

the electron beam. Thus, such sources make it possible to independently control the energy, amplitude and 

duration of the beam, as well as the pulse repetition rate of the beam current. In particular, this makes it 

possible to control the power of a megawatt-level beam during pulses of submillisecond duration [2]. 

However, in any energy system, that is, in a system in which there is any energy effect of the level of 

units of kilojoules, there are necessarily instabilities associated with a change in the operating conditions of 

the electron source directly during the beam current pulse [3]. Such changes, for example, may include a 

change in the gas conditions during a pulse of the beam current due to the intense bombardment of the 

electrodes in the system by this beam. In particular, bombardment of the collector surface with an intense 

electron beam can lead not only to gas desorption from its surface, but also to melting of its surface. 

Separately, it is worth noting the processes associated with the ionization of the desorbed gas and vapors of 

the collector material, which leads to the appearance of the so-called collector plasma. The plasma velocity 

(~ 10
6
 cm/s) [1] is two orders of magnitude higher than the gas velocity; therefore, these effects can manifest 

themselves even when the beam current pulse duration is equal to several tens of microseconds. 

This paper presents the results on the introduction of negative feedback in the control of an electron 

source with a plasma cathode based on a low pressure arc discharge. The negative feedback is as follows: 

when any instability of the beam current appears, associated with the appearance of a large fraction of 

accelerated ions in the total current in the accelerating gap I0 and the corresponding uncontrolled increase in 

this current I0, the number of electrons extracted from the plasma cathode decreases proportionally. The 

ways and possibilities of introducing such a negative connection are discussed (Fig. 1). 

 

Fig. 1. Scheme for controlling the common current I0 in the acceleration gap in a source with a plasma cathode: Id - discharge current, 

Ie - emission current, Id -  discharge current, Id - ion current, γ - ion-electron emission factor 

 

First of all, the introduction of negative feedback is necessary for better control of the parameters of the 

beam current, and, in particular, for a controlled change in its power during pulses of submillisecond 

duration, which makes it possible to organize a higher repeatability of the process of materials irradiation. 
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Plasma processing includes various plasma technology such as plasma deposition, etching, nitriding etc. 

This plasma processes use different low-pressure discharges providing interaction of active plasma species 

with surface. The quality of the plasma processing depends on comprehending interaction physics and on 

possibility to control the active plasma species concentration during the process.  

Here the OES technique for measuring densities of N atoms is discussed. A control of the N atom 

density is of important for plasma nitriding. OES gives useful information on the densities of electronically 

excited states of the emitting species, which, however, are related to the densities in the ground state. The 

method of the optical emission actinometry makes it possible, in a number of cases, to determine the 

concentrations of molecules, atoms, or radicals in the ground electronic states from the emission spectra of 

these particles [1]. In low-pressure (LP) argon-nitrogen discharges, such as glow discharge and arc 

discharge, N density, it is shown, can be found as [2] 
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where xAr, xN2 are the percentage of argon and nitrogen in the gas mixture with the discharge off and [N2] is 

the input number density of nitrogen molecules, respectively.  

The N2 dissociation degree in the LP glow discharge operating in pressures ranging from 10 to 100 

mTorr and cathode bias of 600-1000 V was measured using INI/IArI intensity ratio (Fig. 1). It was shown that 

in the glow discharge, N2 dissociation degree reaches about 7% with the argon fraction in the Ar-N2 mixture 

< 10% and decreases afterwards approaching to ~ 1-2% when the argon percentage becomes 90% and 

higher. The atomic nitrogen species is produced by electron-impact processes such as, collisions between 

electrons and nitrogen molecules or between electrons and N2
+
 ions. At small Ar fraction in Ar-N2 mixtures, 

the atomic nitrogen species is most likely produced by the collisions between electrons and N2
+
 ions. 

 

Fig. 1. Intensities of spectral lines NI and ArI (a) and the N2 dissociation degree (b) for the low-pressure glow discharge in Ar-N2 

mixture as functions of the Ar percentage in the mixture.  The discharge voltage is 1000 V and the pressure is 25 mTorr. 

The N2 dissociation degree was also measured in the Ar-N2 plasma of a cascaded large area LP arc 

discharge, where a remote anode was used together with a primary anode [3]. A primary arc current was of 

75 A while the anode current for remote anode was varied from 5 to 200 A. Gas pressure was varied from 2 

to 25 mTorr. The ne increased from 2.5×10
9 

up to 2.5×10
10

 cm
-3

 when the remote anode current was 

increased from 5 up to 75 A. Te was in the range of 1.8-3.0 eV. In opposite to the case of the large-area LP 

glow discharge the N2 dissociation degree in the cascaded large area LP arc discharge increased with the Ar 

fraction. The difference is because of 2-3 eV higher Te in the LP arc as compared with the LP glow 

discharge. Estimations show, provided that Te and ne change a little with Ar fraction, the Arm number density 

rises with increasing Ar fraction, and the most probable mechanism of N2 dissociation under LP arc 

conditions is excitation transfer from Arm to N2. 
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The explosion of the liquid metal jets is considered to be the basic mechanism of the birth of new 

cathode spot cells [1-4]. In this work a two-dimensional axisymmetric model has been developed to describe 

the formation of a liquid metal jet, the droplet pinch-off and temperature runaway in the droplet-jet neck 

during melt splashing from the cathode crater in a vacuum arc. The development of hydrodynamic and 

thermal instabilities has been self-consistent simulated in a copper current-carrying liquid metal jet in the 

“inertial” mode of the melt splashing (see Fig. 1). In this case, a jet with a longitudinal velocity gradient is 

formed and the droplet-jet neck becomes unstable due to the action of capillary forces (Rayleigh–Plateau 

instability). As a result, the neck radius decreases rapidly and the droplet splits off. In a current-carrying jet, 

this process is accompanied by a strong increase in the current density in the neck and its rapid heating due 

to the Joule effect to a critical temperature at certain values of current from the cathode spot plasma. It is 

shown that the heating process has the nature of a temperature runaway and, accordingly, can lead to its 

electric explosion. Assuming a constant current density on the jet surface, its minimum “explosion” value 

was calculated depending on the diameter, velocity and initial temperature of the jet. It is shown that for 

craters and jets of low-current arcs this density does not exceed 10
7
 A/cm

2
 and, accordingly, can be provided 

by the ion current from the plasma of the cathode spot. 

 

 

 
 

Fig. 1. Temporal evolution of the current density a) and temperature b) distributions along the jet. 
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The article [1] studied the initial stage of explosion of aluminum rods with a diameter of 1 mm at a 

current amplitude of about 1 MA. At the initial stage of the explosion, “hot spots” of up to 500 pcs/mm
2
 

were recorded on the surface. At a later stage, a plasma layer was formed on the surface of the conductor, in 

which filaments, that is, current channels, were formed. In this work, on the basis of the ecton theory [2], a 

model of the development of a surface discharge is constructed. The model makes it possible to estimate, 

firstly, the magnitude of the current flowing through the surface plasma, and secondly, the thickness of the 

plasma layer. 
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Among the technological problems of using electric arc plasma, the most urgent is the erosion of 

electrodes in plasmatrons, which determine the continuous operation life of the plasma device and the 

duration of the technological process as a whole. The object of the study is thermionic tungsten cathodes and 

thermochemical cathodes (hafnium, zirconium) when operated in an oxygen-free environment and in air, 

respectively. In fig. 1 shows the diagrams of cylindrical W-cathodes.  

a b c d

 

Fig. 1. Schemes solid cathodes (а, b, c, e). 

Specific erosion of the electrode 𝐺 о is defined as the ablation of the material mass Δm, referred to the 

value of the current I per unit time t, i.e. 𝐺= Δm/(It), kg/C. Knowing the values of 𝐺 and Δm, it is quite 

simple to estimate the continuous operation of the electrode at a given arc discharge current. Erosion of 

electrodes is a consequence of complex thermal, electrical, chemical and other processes in the near-

electrode region, on the surface and inside the crystal lattice. The fundamental phenomenon discovered in the 

70s - the recycling of tungsten atoms - made it possible to explain many experimental results on the resource 

of W-cathodes. The essence of the phenomenon is that tungsten atoms, falling into the electric field of the 

arc, are ionized and return in the form of ions to the end surface of the cathode. Under the influence of a 

powerful heat source from the side of the near-electrode area, the processes of explosive destruction, intense 

melting, evaporation and boiling take place, which actually determine the life of the electrodes. Therefore, 

the desire of researchers to reduce the thermal load on the cathode, to reduce the temperature of the working 

surface of the cathode by expanding the contact zone between the arc and the electrode by increasing the 

length of the cathode (Fig. 1, a, b) or thermal decoupling (Fig. 1, c) is understandable. However, it should be 

taken into account that at the same time the emitting area grows, from which intensive evaporation of the 

material occurs and the erosion of the cathode grows. An effective way to reduce the erosion of the W-

cathode is to reduce the surface from which the tungsten evaporates. Experiments have shown [1] that a 

decrease in the length of the rod electrode (lc > 0) leads to a decrease in cathode erosion and its minimum 

value is reached at lc = 0 (Fig. 1, d).   

The paper presents the calculated and experimental results of studies of the specific erosion of tungsten 

electrodes depending on the length lc, the diameter of the cathode and the arc discharge current. The 

possibility is shown and the long-term operation of W-cathodes in argon, nitrogen, helium, hydrogen is 

realized and implemented in practice [2]. In an oxygen-containing environment, thermochemical cathodes 

(TCC) based on hafnium and zirconium have been recommended as highly efficient cathodes. In air, the 

high-temperature surface of zirconium (hafnium) chemically interacts with nitrogen and oxygen, forming an 

oxonitride film with good emission properties and heat resistance. The formed film reliably protects the 

cathode from further oxidation. The main regularities of TCA erosion from current and operating time have 

been established, which are successfully used in production. Taking into account their limited operation at 

currents of 50-400 A, thermochemical cathodes are widely used in plasmatrons for cutting metals, powder 

metallurgy, spraying, etc. 
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The work is devoted to the study of the high-current vacuum arc discharge characteristics under 

conditions of a limited cross-section of the plasma flow. The experiments were carried out on the IMRI-5 

setup [1] with a sinusoidal arc current amplitude of 300–350 kA and a rise time of 500 ns. Aluminum rods 

with diameters from 3 to 7 mm were used as a cathode. The plasma flow was formed in a channel whose 

diameter was equal to that of the cathode. The features of the formation of a plasma jet with various 

configurations of the used plasma gun are described. The electrophysical parameters of the arc discharge are 

presented. Theoretical estimates of the voltage drop across the high-current arc during the outflow of a 

plasma flow through holes with a limited diameter are provided. 
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Gas-discharge and electron-beam excitation is applied for gas lasers active medium pumping. There are 

two types of discharges which allow to generate electron beams at the operating gas pressure in the active 

volume: a hollow cathode discharge and an open discharge. In the present work the operating parameters of 

these two discharge types in similar geometries were investigated and compared in the scope of their 

application for lasers on self-terminating transitions excitation. Observed discharges are also compared with 

an anomalous glow discharge.  

The hollow cathode discharge and the open discharge were realized in a coaxial geometry with silicon 

carbide cathodes with an inner diameter Dc = 33 mm and a length L = 60 mm. The anode of the open 

discharge cell was a metal grid cylinder 27 mm in diameter, 97% transparency, and a distance between the 

grid wires of 1 mm. The anode of the hollow cathode discharge cell consisted from two metal rings with a 

diameter Dc, located at a distance of 12 mm from both sides of the cathode. The anomalous glow discharge 

was realized between two metal coaxial electrodes with an inner diameter Dc located at a distance L.  

Current-voltage characteristics were investigated at different helium pressures. The open discharge in a 

pulsed mode operates in a wide range of pressures: e.g., 5-50 Tor in helium. In the case of hollow cathode 

and anomalous discharges in the pulsed mode the optimal pressures are significantly lower: up to 7 Torr of 

helium.  

The nature of the excitation of atomic states transitions depends on the excitation cross section and the 

electron energy distribution function (EEDF), which are different for different types of discharges. In the 

hollow-cathode discharge the electron energy distribution differs from the Maxwellian one because the 

region where the electrons gain energy and the region of electron beam deceleration are spatially separated. 

In open discharge almost monoenergetic electron beam is generated due to small length of cathode potential 

drop. The shape of the EEDF determines the relative fraction of the operating atoms or ions levels excitation. 

The effect of differences in EEDF, which occurred in the investigated discharges, was studied on the 

example of population behavior of the helium self-terminating transition 2
1
P1

0
 – 2

1
S0 lower operating level. 

The population of the He(2
1
S0) metastable state was measured in the afterglow by resonant light absorption 

on the helium self-terminating transition 2
1
P1

0
 – 2

1
S0. Laser radiation on the same transition was used as 

probing radiation. The probing laser radiation passed through the investigated device and its absorption was 

measured after the end of the excitation pulse applied to the investigated device. From the absorption data, 

the metastable level population was calculated: 

 
0 )exp(  mI N lI , (1) 

where I0, I are the intensities of reflected and passed through the active medium radiation;  is the 

absorption cross section for Doppler broadening, Nm is the absorbing particles concentration (in this case 

He(2
1
S0)); l is the absorbing layer length. 

The amplifying properties of the active medium, excited by different types of discharges, were 

investigated in the master oscillator power amplifier mode. Same open-discharge device with cathode 

internal diameter of 5 cm and length of 15 cm was used as a master oscillator. Studied devices with different 

types of discharges were successively installed as power amplifier. Gain was measured by changing the 

delay between the voltage pulses applied to the master oscillator and to the electrodes of the investigated 

device. Significant differences in the temporal behavior of ϰ and its maximum value for open and hollow-

cathode discharges are demonstrated. 

 

                                                           
* The work was supported by the State Assignment ISP SB. 

mailto:zakrdm@isp.nsc.ru


51 

FEATURES OF THE ELECTRON AVALANCHE FORMATION PROCESS IN A STRONGLY 

INHOMOGENEOUS ELECTRIC FIELD UNDER HIGH OVERVOLTAGES
 *
 

Y.I. MAMONTOV1, V.V. LISENKOV1,2 

1Institute of Electrophysics, UB, RAS, Yekaterinburg, Russia 
2Ural Federal University, Yekaterinburg, Russia 

e-mail: mamontov@iep.uran.ru  

 

In gas discharge physics, this is an electron avalanche development process that determines largely the 

dynamics of the discharge formation. Under given conditions (a gas type and pressure, a voltage applied to 

the discharge gap, etc.), the rate of the electron number exponential growth and the critical number of 

electrons comprising the avalanche have a strong effect on the distribution of an electric field across a 

discharge gap, as well as on plasma processes taking place, and, eventually, on a gas discharge type. So, the 

Townsend and streamer mechanisms of the discharge development are usually distinguished. However, in 

subnanosecond discharges of high pressure, the explanation of the discharge dynamics using these 

mechanisms may be inapplicable. In particular, in [1], it was shown that the subnanosecond discharge in 

nitrogen of 6 atm pressure developed in a way that differed substantially from the streamer discharge theory 

commonly used for the description of similar discharges. 

In the present paper, the simulation of the electron avalanche formation process in subnanosecond 

discharges of high pressure was carried out by means of the Monte-Carlo approach. The Monte-Carlo code 

used is described in details in [2]. The discharge gap under consideration in the configuration “the finger-

shaped cathode – the hemispherical anode” generating the inhomogeneous distribution of an electric field 

was the same as the one described in [1]. A gas simulated was nitrogen under a pressure in the range from 

1 atm up to 10 atm. An average electric field strength across the discharge gap was about 200 kV/cm. As a 

result, the critical size of the electron avalanche was determined for various nitrogen pressures and voltages 

applied to the discharge gap. In addition, the probabilities of the electron transition into runaway regime 

under various conditions were determined. Pre-ionization of the gas medium by runaway electrons was 

estimated. Special attention was paid to the problem of the electron and ion space charge consideration in the 

investigation of a runaway electron beam propagation process. 

The paper is of importance for the fundamentals of subnanosecond gas discharge physics. Also, it is 

believed that pre-ionization of a gas medium by a beam of fast electrons at the breakdown delay stage 

influences significantly on the commutation time of a high-pressure discharge gap [3]. Also, the pre-

ionization may lead to the initial formation of the subnanosecond high-pressure discharge in a volume form 

before the development of a highly conductive spark channel [4, 5]. Therefore, the results obtained can be 

used in pulsed-power technologies. 
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It is commonly accepted that under the high vacuum conditions, the only factor determining the 

electron current flow in the vacuum diode with an explosive-emission plasma cathode is the throughput of a 

vacuum gap [1, 2]. The throughput is determined by the Child-Langmuir law (which is also known as the 

law of three second degree). However, nowadays, there are a lot of technical applications of electron beams 

travelling through the vacuum of low quality [3, 4]. If the diode is operated under pressure about 10
-1

 Pa and 

higher (forevacuum), there are a lot of residual gas particles in an accelerating gap and in a drift space. These 

particles may be ionized by the emitted electrons. Earlier [5], the expansion of explosive-emission plasma 

front with the constant velocity of 2·10
6
 cm/s and the initial radius of 10 µm was considered in the 

hemispherical forevacuum diode within the zero initial electron velocity assumption using the 1D-3V PIC-

MCC technique. It was shown that the presence of the residual gas at the pressure of more than 1 Pa led to 

significant growth of the plasma-emission electron current for a constant diode voltage of 50 kV. But in [5] it 

was noted that the zero initial electron velocity assumption was rather crude since electrons were emitted 

from the plasma front with the velocity corresponding to the plasma temperature (several eV). Within the 

present work, the numerical model developed has been improved to take into account the finite velocities of 

plasma-emitted electrons. As a result of the simulation, volt-ampere characteristics of the explosive emission 

plasma cathode are presented for the plasma temperature range from 1 eV up to 5 eV. These data have been 

used in the model of the plasma expansion with the constant velocity in the hemispherical forevacuum diode. 

The comparison of new results with the ones obtained within the zero initial electron velocity assumption [5] 

is given. The dynamics of the plasma emission electron current is investigated within the residual gas 

pressure range from 10
-1

 Pa up to 10 Pa. The voltage applied to the forevacuum diode is varied from 10 kV 

up to 100 kV. The determination of the pressure and applied voltage magnitude ranges for which significant 

influence of residual gas ionization on the vacuum spark current was observed was carried out. 
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The generation of runaway electron beams in high pressure gases, in particular, air, is one of the most 

interesting problems in gas discharge physics. The greatest success in the generation of runaway electrons at 

high pressure was achieved using nano- and subnanosecond accelerators [1]. In such a situation, the 

generation of runaway electrons and the formation of a gas discharge occur simultaneously in many cases. If 

the electrons transfer into the runaway mode in the near-cathode region, they can pre-ionize the 

interelectrode gap and convert the discharge into a multi-avalanche or volume form [2]. 

In this paper, a comparative simulation of the generation and acceleration of runaway electrons in the 

discharge gap during the initiation of the discharge by nanosecond and subnanosecond pulses is carried out. 

We used a numerical model based on the PIC-MCC method, described in detail in [2] and in the references 

in this paper. Calculations were carried out for N2 6 atm. pressure. 

 
   a)       b) 

Fig. 1. Energy of runaway electrons vs distance from the cathode (z=0) (z=5 – anode) for nanosecond (a) and subnanosecond (b) 

pulses. Curves 1-3 in (a) and 1-2 in (b) – corresponds of different trajectories of runaway electrons calculated by PIC-MCC methode. 

Curves 4 in (a) and 3 in (b) – trajectories calculated using equation in [3] with Bethe formula. Curves 5 in (a) and 4 in (b) – 

trajectories calculated using equation in [3] with real ionization cross section. 

Fig. 1 shows the results of runaway electron acceleration modeling by PIC-MCC method. Fig. 1 (a) 

corresponds to nanosecond pulse [2]. Fig. 1 (b) corresponds to subnanosecond pulse [4]. Curves 1-3 in (a) 

and 1-2 in (b) – corresponds of different trajectories of runaway electrons. We compared our results with 

calculations using “traditional” differential equation of electron acceleration using braking force in Bethe 

approximation [3] (curves 4 in (a) and 3 in (b)). We solved this equation also for braking force based on real 

(experimental) ionization cross section (curves 5 in (a) and 4 in (b)).  

The reasons for the discrepancy in the calculation results are discussed. 
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The main process that accompanies the penetration of a fast-rising magnetic field in a fully ionized 

plasma is the magnetization of electrons during the field rise. The magnetization time depends on the plasma 

resistivity. If the magnetization of electrons is faster than their collisions with ions, the plasma is 

collisionless and the depth of field penetration is limited by a value of the order of the collisionless electron 

skin layer [1]. In a collisional plasma, the depth of magnetic field penetration is determined by diffusion. 

The conduction phase of a low-density plasma opening switch lasts for no more than ~100 ns. For such 

a switch, the magnetic field velocity is proportional to the square root of the field rise rate to plasma density 

ratio [2]. As the plasma density increases, the plasma gains substantial acceleration in the direction of field 

penetration. However, irrespective of the plasma density, the motion of electrons across a strong magnetic 

field occurs by their drift in crossed magnetic and polarization electric fields, which suppresses the current 

channel conductivity and makes it inversely proportional to the Hall parameter raised to the first or second 

power. 

The motion of electrons off the cathode uncovers an ion sheath whose evolution to a space charge-

limited ion flow needs a separate study at least for determining the actual ion to electron current ratio. In the 

analysis presented, the evolution of such a sheath is studied showing what extreme values of the ion current 

are possible at one or another plasma density and field rise rate. It is also shown that the ion sheath turns to 

the state of space charge-limited flow before its width becomes equal to the Larmor radius of electrons and 

that the charge transfer by ions is no greater than 5% of the total charge transfer. 

The analysis demonstrates that for suppressed current channel conductivity with neglect of plasma 

acceleration, the energies expended in ohmic heating and magnetic field induction in the plasma volume are 

equal. Another outcome of the analysis is the possibility of estimating the electron temperature. 

The applicability domain of estimates derived in the analysis is discussed. Their comparison with 

experimental data is presented. 
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High-frequency torch discharge, excited at atmospheric pressure, is a plasma channel, surrounded by a 

low-luminous diffusion sheath. Burning of a torch discharge is carried out due to the dissipation of the 

energy of an electromagnetic wave propagating along the discharge channel. Therefore, the physical 

characteristics of the discharge substantially depend on the geometry of its channel. When a discharge is 

excited in different media, the shape of its channel changes, which in turn causes changes in the 

characteristics of electromagnetic field. 

In the present study measured the axial distribution of the radial component amplitude of the intensity 

of the electric field torch discharge, burning of gases of different densities, and also analyzed the interaction 

bond forms a discharge channel with its electromagnetic field characteristics. 

As a result of measurements it was found that in relatively heavy gases, such as nitrogen and argon, the 

attenuation of the electromagnetic field along the discharge channel is practically absent. Deficiency of 

attenuation of the electromagnetic field can be explained by the presence in the discharge channel [1] of the 

reflected electromagnetic wave. In this case, the shape of the discharge channel is close to conical. At the 

same time, when a discharge burns in light gases, a significant attenuation of the electromagnetic field is 

observed. The obtained results of measurements of the axial distribution of the electric field strength for 

helium and mixtures of helium with air and argon are shown in fig. 1. 

 
Fig. 1. The axial distribution of the electric field torch discharge channel with a length L. 1 - a mixture of air with helium; 2 - 

helium; 3 - a mixture of argon with helium. 

As can be seen from the figure, the electric field strength of a torch discharge burning in helium 

decreases by half along its channel. The results indicate deficiency reflection of electromagnetic wave us in a 

helium discharge plasma, which in turn is due to a change in its shape of the channel. 
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The report presents the results on studies of the ionization wave propagation in a long capillary tube 

(length 250 mm, inner diameter 2.5 mm) filled with helium at a pressure of 10 Torr. A high-voltage electrode 

in the form of a hollow cylinder is placed inside the tube (Fig. 1), a grounded electrode (continuous or 

sectioned) is located on the outer surface of the tube. The sectioned electrode consists of 16 sections, each is 

grounded through a shunt resistor. Shunts are used to measure the ionization wave current collected by a 

single section. Figure 1 shows a sketch of the discharge tube with a sectioned external electrode. 

 

Fig. 1. Sketch of the experimental setup with a long capillary quartz tube. High Voltage electrode is located inside, sectioned 

grounded electrode outside (16 sections). R – current shunts. 

Fig. 2a shows photographs of the ionization wave (IW) propagating along the tube with sectioned 

external electrode. Images were taken with high-speed ICCD camera PCO.dicam C4. The exposure time of 

each frame is 60 ns, the time delay between frames is 20 ns. Unlike the case with continuous outer electrode 

when the outer electrode is sectioned IW propagates in jumps with a noticeable deceleration before each gap 

between sections as can be seen in Fig. 2a. This effect is illustrated in Fig. 2b, which shows the glow profiles 

of the IW leading edge before and after passing the gap between adjacent sections. At the same time, the 

voltage at the high-voltage electrode remains practically constant (Fig. 2c), however, current oscillograms 

synchronized with the images show that before the IW jumps to the next section, the current in the previous 

section for a short time increases noticeably (Fig. 2.c). This effect is associated with an increase in 

conductivity at the front edge of the IW, leading to an increase in the potential difference between the 

preceding and subsequent sections and the acceleration of the IW (it "jumps" through the gap between the 

sections). 

 
  

a) b) c) 

Fig. 2. a) Photographs of the ionization wave propagating along the tube, 1 – 4 – frame numbers, c – f - serial numbers of sections of 

the external electrode, b) propagation along the x-axis (measured from the high-voltage electrode) of the leading edge of the IW glow 

profile, 1 – 4 frame numbers, c) oscillograms of the voltage at the HV electrode and the current on the sections of the external 

electrode when the IW passes them 1 – 4 frame numbers. 
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The report presents a technique and results of an experimental study of a magnetron discharge based on 

argon plasma emission spectra. A hardware-software measuring complex for recording discharge plasma 

radiation with a high resolution is described. 

For studies of magnetron plasma, a diagnostic complex based on the AvaSpec-2048 spectrophotometer 

is used, which allows automatic registration of radiation from various areas of the discharge, as well as its 

computer processing and analysis [1]. The spectral diagnostics technique is based on the registration of 

spectra with two-coordinate movement of the optical collimator in the plane perpendicular to the magnetron 

axis (see Fig. 1). In the experiment, the following parameters of the magnetron discharge were maintained: 

current I = 0.32 A, voltage U = 400 V, argon pressure in the vacuum chamber P = 2 Pa. 

 

 

Fig. 1. (a) Schematic for capturing plasma radiation by collimator, and (b) spatial distribution of the spectral line emission intensity 

along the observation chords. 

The obtained distributions of the spectral lines intensities of Ar atoms in the near-infrared spectral range 

were used to calculate the electron temperatures in different regions of the discharge. For this, an analysis of 

electron-impact excitation processes and spontaneous emitting transitions was applied according to the 

plasma radiative-collisional model with allowance for metastable levels [2, 3]. Electron energy distribution 

function was considered to be both Maxwellian and non-Maxwellian [4]. As a result, the electron 

temperature chordal distributions were determined, which, due to the cylindrical symmetry, can be 

recalculated into radial distributions in various discharge cross sections using the integral Abel transform. 
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Nowadays, glow discharge plasma sustained in large-volume hollow electrodes is widely used for 

material surface modification [1-5]. Depending on the composition of the modified layer, the plasma in the 

cavity can be either a plasma of negative glow or a plasma of a positive column. In a later case for plasma 

sustaining in the hollow anode the “PINK” plasma generator with combined hollow and thermionic cathode 

is often used [1, 2, 4]. 

One of the problems arising during the processing of a part with large dimensions or several parts of a 

small size is the non-uniformity of surface modification over the part area. This is because most plasma 

generators have cylindrical or conical cathodes with a diameter of 50-150 mm. As a result, the plasma in the 

anode cavity has a large density gradient in the direction from the outlet of the plasma generator to the 

chamber walls [6]. Usually this problem is solved by planetary rotation of parts and installation of several 

plasma generators. 

On the other hand, the efficiency and uniformity of the surface treatment is usually estimated by the 

plasma density distribution within the chamber. In this case, the required plasma density determines the 

discharge parameters, such as the heating current of the thermionic cathode, the discharge burning voltage 

and discharge current. Therefore, the estimation of the plasma density in a large-volume cavity is an 

important task. 

In our recent work [7], a model was proposed that describes the mechanisms of current passage in a 

glow discharge with a combined hollow and thermionic cathode and a large-volume hollow anode. The main 

idea of the approach was that the discharge current at the anode is carried not only by electrons, but also by 

ions from the plasma of the positive column. Despite the good agreement between the estimates of the 

plasma parameters of the positive column and experiment, this approach had a serious drawback. It was 

assumed that the plasma density inside the hollow anode is uniformly distributed. 

The aim of this work is to develop the approach that we proposed earlier for describing the mechanisms 

of maintaining plasma in a large-volume hollow anode, taking into account the non-uniform distribution of 

the plasma density in it. Based on the model, the parameters of the plasma in the anode cavity are estimated 

and the data obtained are compared with the experiment. 
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Plasma generation at low pressure (up to 1000 Pa) along the entire cavity of long metal products is the 

most difficult technological problem. A method was proposed for generating plasma in a metal tube [1] using 

a non-self-sustaining glow discharge with additional external injection of electrons from the auxiliary 

discharge plasma at a pressure of 1 Pa. The research results showed the possibility of such a system to heat 

the walls of pipelines of various shapes with a uniformity of up to ±5% and to perform their ion-plasma 

treatment with a uniformity of the nitrided layer thickness along the entire length up to ±10% of the average 

value. 

This paper [2] presents the results of studying the effect of the parameters of a non-self-sustaining glow 

discharge on the degree of inhomogeneity of the generated plasma inside a hollow cathode, at a glow 

discharge voltage of up to 250 V. Inside a tube with a length of 300 mm and an inner diameter of 25 mm, a 

degree of inhomogeneity of the generated plasma of 11.5% can be achieved. at an average ion current 

density of 13 mA/m
2
 due to multiple oscillations in the hollow cathode, mainly due to electrons injected 

from the auxiliary discharge plasma. 

This work is a continuation of the study of a non-self-sustaining glow discharge plasma generated in a 

long metal cavity. Plasma parameters were investigated using five double probes installed along the cavity. 

An automatic system for measuring the probe parameters was used to measure the VAC characteristic of the 

double probe. 
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When atmospheric air is used as a gas mixture of a TEA CO2 laser, a very serious problem associated 

with the difficulty of igniting a glow discharge in atmospheric air due to the presence of oxygen in it arises. 

In addition, the absence of helium in the gas mixture by more than an order of magnitude reduces the 

relaxation rate of the CO2 (010) level, which ultimately leads to an additional population of the lower laser 

level and a decrease in the CO2 laser efficiency. However, as shown in [1], even in the absence of helium and 

the presence of a large amount of molecular oxygen, a glow gas discharge can be ignited at atmospheric 

pressure. With an efficiency of 0.4%, the output energy of the LVS-1 laser was 400 mJ.  

 

Fig. 1. TEA CO2 laser LVS-2. 

This paper presents theoretical calculations and experimental data on the effect of different 

concentrations of molecular oxygen on the uniformity of a glow discharge and changes in its parameters in a 

repetitively pulsed mode of operation. Experimental studies of the characteristics of a glow discharge in 

atmospheric air with the addition of carbon dioxide were carried out using an LVS-2 pulse-periodic gas-

discharge laser [see Fig. 1].  

The necessary data for calculating the energy characteristics of the discharge are the constants of 

plasma-chemical reactions with the participation of electrons, such as excitation, ionization, and dissociative 

attachment. Their values depend on the electric field in the discharge gap. We calculated these dependencies 

using the Monte Carlo method. The calculation results show that the curves of the dissociative attachment 

frequencies depending on the electric field strength are practically similar when the CO2 fraction changes 

from 0.1 to 0.45. This is because of dissociative attachment to oxygen is significantly higher than to CO2. 

Therefore, an increase in the CO2 fraction from 0.1 to 0.45 almost exactly compensates for a decrease in the 

O2 fraction, respectively, from 0.18 to 0.11. This creates practically equal conditions for energy input in a 

wide range of CO2 concentrations. 
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Corona discharge in atmospheric-pressure air is a specific type of self-sustained stable discharge. The 

specific feature of the corona discharge is that, for its formation, it sufficient to apply high voltage to the 

electrode with a small radius of curvature. However, there is a range of applied voltage value, at which the 

corona discharge has an unstable mode [1]. The Trichel pulse mode was studied both experimentally [2] and 

theoretically [3], but there is still no complete understanding of the process. In this paper, a new two-

dimensional numerical model of negative corona discharge in atmospheric air is presented. 

We use a gas discharge model, based on the two-moment drift-diffusion hydrodynamic time-dependent 

model including two continuity equations for the electron component (density & mean energy) and a number 

of ion continuity equations. The transport equations are coupled to the Poisson’s equation in order to take 

into account the electric field self-consistently. The gas discharge diode represents the tip-to-plate structure 

with small radius of curvature. To consider the most important reactions in the atmospheric air (production 

of single charged ions including photoionization, ions recharging, important conversion reactions, various 

electron energy losses) the simplified plasma-chemical reaction set is implemented in the model. The 

calculations are performed using the COMSOL Multiphysics software. 

We investigated the modes of corona discharge for a pin-to-plane gap of 1 cm, the radius of the tip apex 

was 12, 30 or 100 μm, the gap voltage was from 8 to 100 kV. 

Numerical calculations have been shown that the negative ion cloud triggers the Trichel pulse process. 

Photoionization and detachment processes play important roles in formation of the pulses. The results 

confirm that the amplitude of the first Trichel pulse is several times larger than that of subsequent pulses and 

the frequency of the Trichel pulses increases as the applied voltage is increased. 

The study showed that the Trichel pulse sequence over time builds up a plasma background leading to 

the formation of a stationary discharge. 

 

Fig. 1. Spatial distributions of negative number density ions (left), and electric field strength (right).  
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The studying of vacuum arcs and vacuum discharges cover wide areas of applied physics from the 

development of vacuum interrupters to the arcing in fusion devices and onboard satellite systems [1]. In 

high-current vacuum diodes, the discharge’s initial phase is the formation of a vacuum breakdown due to the 

plasma inflow to the gap. Ions are mainly originating from metal electrodes and the dominating physical 

mechanism here is an explosive emission from cathode [2]. Further dynamics of the vacuum discharge is 

determined by the dense plasma extension into interelectrode gap. According to the available experimental 

data, the plasma flow from cathode to anode is sufficiently fast. Such motion is possible when metal ions 

move towards anode. We conventionally call this form of ion transport "anomalous". In this paper, the 

phenomenon of "anomalous" ion transport is investigated from a standpoint of physical kinetics. 

We use an original theoretical model of a planar one-dimensional vacuum diode with boundary 

conditions simulating continuous emission of ions and electrons from the cathode surface into the initially 

empty interelectrode gap. For simplicity reasons we consider only electrons and single-charged ions are 

considered. Their dynamics is described by two collisionless kinetic equations, respectively. The 

mathematical model is complemented by the Poisson’s equation in order to account the electrostatic field 

change self-consistently [3].  

Numerical calculations have been shown that on the initial stage, due to steady emission the anode-

directed quasineutral plasma flow forms the negative potential region (virtual cathode) near the cathode. Due 

to the virtual cathode voltage drop ions accelerate to anode. Plasma fills the gap between real and virtual 

cathode by forming there a quasi-neutral plasma region. Since electrons are still moving to anode, this leads 

to the displacement of virtual cathode. This, in turn, leads to further ions advancement towards anode and to 

corresponding prolongation of quasineutral dense plasma region. It is important that the effect of 

"anomalous" ion transport is theoretically shown regardless of the discharge gap geometrical peculiarities or 

the ionization of cathode metal atoms. 

 

Fig. 1. Density plots of the electron a) and ion b) distribution functions and corresponding electrostatic potential distribution c).  
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The problem of creating small-sized sealed-off CO2 lasers of superatmospheric pressure operating in the 

pulse-periodical regime is largely related to the method used for pumping gas mixtures through the discharge 

gap. The most acceptable method of pumping gases in small volumes is "electrical wind". At atmospheric 

pressure the "electrical wind" provides pulse repetition rates of 20-50 Hz in TEA-CO2 lasers [1, 2]. 

The properties of the "electrical wind" at pressures of 1 atmosphere have been studied quite fully to 

date. For superatmospheric pressures such information is completely absent. 

The aim of this work is to investigate the current-voltage characteristics of unipolar corona discharges 

and the dependences of the "electrical wind" velocities on the corona discharge currents in CO2-laser 

mixtures in the pressure range of 1-12 atmospheres. 

Experimental investigates were carried out in a cylindrical chamber (diameter 100 mm, length 300 mm) 

made of stainless steel. In the discharge chamber electrode systems were installed to ignite corona discharges 

of positive and negative polarities. We used the electrode systems such as "a set of needles – grid", "thread – 

grid", "blade - grid", "thread – two cylinders", "tip – ring". The size of the "anode-cathode" gap varied from 

2 to 8 mm. The dynamic pressure sensor was located at a distance of 2 cm behind the non-crowning 

electrode. "Electrical wind" velocity was determined according to the measured values of dynamic pressure 

in the gas flow. To determinate of the velocity next formula was used: 

 𝑉𝐸𝑊 = √
2∙𝜌1∙𝑔∙∆𝐻

𝜌2
,  (1) 

where ρ1 – liquid density of vacuum oil in gas-dynamic sensor; ρ2 – density of gas mixture; g - free fall 

acceleration; ΔH – pressure drop in gas-dynamic sensor. 

CO2:N2:He mixtures were used in the ratios from 1:1:1 to 1:1:8. Measurements of the current-voltage 

characteristics of the corona discharge in these mixtures showed a linear increase in the corona discharge 

voltages with pressure. 

The dependencies of the corona discharge current on the voltage increases as the voltage across the gap 

increases and there is a clear tendency for the current to decrease with increasing pressure. 

Measurements of the  "electrical wind" velocity showed that its value does not depend on the pressure 

and the maximum velocity at total pressures up to 12 atmospheres reach 3-3.5 m•s
-1

. 
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This work is devoted to determining of the conditions for the formation of volume discharges in 

CO2:N2:He -, N2:He - and Xe-He - laser mixtures at atmospheric pressure at pulse repetition frequencies 

from 1 to 10 kHz. 

Knowledge of the regularities self- sustained volume discharges ignition at pulse repetition rates of 

more than 1 kHz (up to 20 kHz) makes it possible to create TEA-lasers with an increased level of average 

radiation power. TEA lasers with a high pulse repetition rates with a relatively small values of radiation 

energy per pulse and radiation pulse durations of 10-20 nanoseconds are a new technological tool. 

The main constraining factor to the creation of TEA-lasers with an increased pulse repetition rate is the 

localization of the volume discharge under the influence of many factors [1]. The analytical expression 

obtained in [2] for the limit value of the ignition frequency of the volume discharges in dense gases indicates 

the feasibility of partitioning the discharge gap and exciting the volume discharges in each section from an 

autonomous pulse generator. 

Natural partitioning of the gas-discharge gap takes place in electrode structures of the "tip-plane" type 

(a set of tips – plane) with individual decoupling using resistors or capacitors. In this case it is possible to use 

only one pulse generator. 

Experimental investigates were carried out on a gas-discharge structure formed by a set of tungsten rods 

with a diameter of 1 mm and a profiled monolithic copper anode. The rods were installed at intervals of 1 cm 

at a length of 24 cm. The gas-discharge with interelectrode gap 1.2-2 cm was blown by a gas stream at a 

velocity of up to 50 m•s
-1

. 

High-voltage pulses were generated using a two-stage Marx generator with thyratrons TGI1-1000/25 as 

switches. 

The main results of the research: 

- to stabilize of the discharge current parameters it is necessary to carry out preliminary ionization of 

gases; 

- volume discharges with the energy density of 100-120 mJ•cm
-3

 at pulse repetition frequencies up to 8 

kHz are implemented in CO2-laser mixtures; 

- volume discharges in N2:He - and Xe-He - laser mixtures with energy densities of 80 and 60 mJ•cm
-3

 

are implemented at pulse repetition frequencies up to 10 kHz.  
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Plasma formation on the surface of conductors as a result of a skin explosion is one of the key issues of 

the efficiency of energy transportation along the vacuum lines of powerful terawatt-level pulse generators. 

Non-thermal processes, such as gas-discharge phenomena in desorbed gas or metal vapors, can significantly 

reduce the magnitude of the magnetic field at which a low-temperature plasma is formed on the surface of 

the conductor. Experimental studies of plasma formation on the surface of flat conductors were carried out 

on the MIG generator at a current level of up to 2.5 MA and a rise time of 100 ns. The magnitude of the peak 

magnetic field induction exceeded the values required for the explosion of the conductor surface facing the 

magnetic field in an asymmetric configuration or both surfaces of the conductor in a symmetric 

configuration. The formation of plasma on the surface of the conductor was recorded by its self-emission in 

the visible range using a four-frame optical camera with an exposure time of 3 ns. It was shown that in both 

configurations, a plasma channel is formed on the surface of a copper foil with a thickness of 100 microns 

along its longitudinal axis about 75 ns from the beginning of the current. The features of the formation of this 

channel on the parameters of the foil have been investigated. Experimental data on the dynamics of plasma 

formation at the edges of a flat conductor have been obtained. Magnetohydrodynamic simulations of the 

explosion of flat conductors in a symmetric configuration and their comparison with the experimental results 

have been performed. 
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The article presents the results of a study of the operation of a system for electron-ion-plasma alitization 

using two arc plasma generators: a gas plasma generator based on a non-self-sustaining arc discharge with a 

thermionic cathode and a gas-metal plasma generator based on an arc discharge with a cathode spot. The 

discharge power supply system and samples bias supply (Fig. 1) implies two modes of operation: the mode 

of ion samples cleaning (ion mode) and the mode of electron samples heating (electron mode). The 

sequential switching of power supplies (discharges and bias) to the main one anode (vacuum chamber walls) 

with a surface area of  20 × 10
3
 cm

2
, or an auxiliary anode (sample holder) with a surface area of  200 cm

2
 

was performed for this. Thus, the "Elion" system operation mode was realized. In the course of the 

experiments, both the dependence of the discharges burning average values of currents and voltages on the 

conditions of discharge sustaining and probe measurements of plasma parameters instantaneous values in 

both system operating modes were investigated. It is shown that the electron mode of the system operation is 

characterized by an increased burning voltage, which is caused by the formation of a positive anodic drop in 

the plasma of more than 10 V. Such potential distribution in the discharges ensures the effective heating of 

the samples by the electron component of the discharge plasmas. 

 

 

Fig. 1. Experiment scheme 
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There are extensive studies of runaway electron beam (REB) generation in pulsed discharge, see Refs. 

1-3. It is widely accepted that REB appearance could drastically charge the discharge properties providing a 

tool for pulsed power devices [4, 5]. 

It was proposed that in non-uniform electric field enhanced by a plasma in streamer phase there are two 

groups of runaway electrons – passing and trapped ones [6], named similarly to particle moving in magnetic 

fields with mirrors. Passing electrons (of energy above several 100 s of eV [6,7]) can be continuously 

accelerated in runaway mode throughout whole gap and finally producing x-rays from the anode, whereas 

trapped ones are being absorbed in front of streamer head. (See recent detailed study in Ref. 8.) 

However, the ionization cross section has a maximum at about the same electron energy T ~ 100 eV. 

This means that the acceleration of electrons up to a significantly higher kinetic energy T, including in the 

continuous runaway mode, is less favorable for ionization. Also at a weak field – electron impact ionization 

occurs only by electrons of sufficient energy – from the high-energy tail of their distribution function.  

For the ionization cross-section for nitrogen taken as σ(T) = σ0 * 270 T eV/ [(T + 30 eV)*(T + 120 eV)] 

(where σ0 ≈ 3*10
-16

 cm
2
 [9]) by Poisson equation one may estimate the plasma density ne(T) providing 

enhancement of electric field accelerating electrons up to energy T at the mean free path λ(T) = 1/nσ(T): 

ne = T n
2
 σ

2
(T) / 4πe

2
.       

  

Fig. 1. (left) Plasma density ne, providing the acceleration of electrons to the energy T at the mean free path length λ(T), and the 

induced electric field, and (right) ionization rate vσ versus plasma density ne. 

The ionization rate vσ can be then estimated using approximate dependence of the electron energy from 

produced plasma density T(ne), see fig. 1. One may propose a simple estimation vσ ≈ 10 σ0 ne
1/2

 [1 – (ne/10
16

 

cm
-3

)
3
], which demonstrates that there is a maximum in the ionization rate at a certain density level (near 

plasma-oscillations dominated regime, see [10]), which provides acceleration of the electrons in trapped-

runaway mode. This supports our proposition on importance of trapped-runaway electrons in gas discharge. 
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The parameters of the cathode spot plasma produced by explosive electron emission pulses [1, 2] have 

been estimated from the critical state properties for various materials [3]. The kinetic energy of the cathode 

plasma flare has been estimated as 100 Tcr, where Tcr is the critical temperature of the cathode material [4]. 

Based on a Saha-like equation [5] and a two-temperature simulation of the explosion of a liquid-metal micro 

jet [2, 3], an estimation formula for the average ion charge has been derived, Zav = 1 + Tcr/eV, which fits the 

available experimental data. This has made it possible to explain the linear relationship between average 

charge and kinetic energy obtained experimentally for the cathode plasma ions [6]. Using this formula, the 

previously derived expression for the plasma momentum per transferred charge μ [2] has been simplified to 

become μ ~ 5 (Mi/Mp)
1/2

 g cm/(s C), where Mi/Mp is the ion-to-proton mass ratio.  

 

   
 

Fig. 1. Average ion charge measurements and estimates (left), and EEE plasma momentum per transferred charge: experimental 

values of vi γi and estimates by formulas µ = (Mi Tcr)
1/2 / e(1 + Tcr/eV) and µ = Mi

1/2 / 2e (right). 

The critical temperature values used here have been obtained by Acad. Prof. Vladimir E. Fortov [7] 

who left a legacy in physics of plasmas. 

It is noteworthy that the charge state of plasma ions in a vacuum arc can be measured in detail, in 

contrast to the critical temperatures measured only for several metals, see [8]. This is due to the high energy 

density in such an extreme state of matter (temperature ~ 1 eV, density ~ 10
22

 cm
-3

). 

Thus, we can propose on contrary – to estimate the critical temperature for materials from the measured 

average charge of ions in vacuum arc cathode spot as Tcr = 11594°K × (Zav – 1). 
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The paper presents unified self-consistent discharge models based on an extended fluid description of 

plasma taking into account heating of electrodes, secondary electron emission, thermionic emission, and 

ablation of electrodes [1-4]. On the basis of the formulated models, numerical studies of atmospheric 

pressure discharges in atomic and molecular gases in one-dimensional [1, 2] and two-dimensional 

geometries [3] are carried out. 

Various scenarios of the dependences of the voltage on the discharge on the current density for a one-

dimensional geometry of the discharge and the current-voltage characteristics of the discharge for a two-

dimensional geometry are presented, demonstrating the transition of the discharge from the Townsend mode 

through a normal glow discharge to the arc. The fundamental dependence of the plasma parameters on the 

cooling conditions of the electrodes is shown. 

For the mode corresponding to the transition from the Townsend to a subnormal glow discharge, 

oscillations of current and voltage are analyzed depending on the electro-physical parameters of the 

discharge and the circuit. 

For the transition from a glow discharge to an arc, two scenarios are presented: with the formation of a 

contracted current spot and with the formation of a diffuse current spot. In addition, the possibility of 

forming an arc discharge with a free cathode mode is shown for molecular gases. 

For normal, anomalous, and arc discharges, the effect of ablation of metal electrodes [5] on the 

parameters of the discharge plasma is investigated. 

Additional research has been carried out on the ablation of a germanium anode in an arc discharge. 
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The presented work is a development of research on the dynamics of the formation of a microwave 

discharge in a focusing device which demonstrates an efficient way of energy supplying to supersonic gas 

flows [1-3]. 

On the basis of the extended fluid-dynamic model, numerical experiments have been carried out in the 

two-dimensional approximation; plasma formation and growth in the active phase and the afterglow phase of 

the microwave discharge in nitrogen is studied for extended set of plasma-chemical reactions [3, 4, 5]. 

The dynamics of the constriction of a microwave discharge is investigated depending on the duration of 

the microwave pulse, as well as on the presence of small oxygen impurities in the buffer nitrogen. 

The main channels of gas heating in the active phase and in the afterglow phase of the discharge are 

analyzed. 

The developed self-consistent model and performed numerical experiments make it possible to describe 

in detail the dynamics of plasma formation in focused pulsed microwave discharges in real devices and 

facilities. The results represent an important stage in understanding the physics and mechanics of focused 

microwave discharges and can be used to simulate the interaction of a discharge with supersonic gas flows 

[1]. 
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A self-consistent extended fluid-dynamic model describing a surface barrier discharge in a molecular 

gas is developed [1]. Extended fluid-dynamic model [2] includes k equations of chemical kinetics for the 

number densities of all mixture species (neutral, excited particles, electrons and ions), the equation for the 

electron energy density, the Poisson equation for self-consistent space-charge electric field in plasma, which 

in turn is related to the electric potential. To describe gas dynamic effects and gas heating, the model is 

supplemented by the Navier-Stokes equations, equation of the energy balance for heavy particles, and 

vibrational energy relaxation equation for molecules. 

   k
k k k k s k k k

n
D n z n n S

t



      


E u

, 

 
(1) 

   
3

2
s s e rh el in eV

n
D n n n e Q Q Q Q

t


    


           


E u = E  

, 

 
(2) 

10

N
e

k k e

k

q
z n n

 

 
    

 


, 
,s  E

 

 
(3) 

 
  ˆ :

h

h k k el electronic rec VT

k

h p
h T h Q Q Q Q

t t


  

  
           

  
u u ,

 

 

(4) 

 v
v eV VT

E
E Q Q

t


  


u

, 

 

(5) 

  0
t





 


u

,

 

 

(6) 

 
  ˆp

t


 


    



u
u u

,   
    

2 ˆˆ
3

T
       u u u I

. 

 

(7) 

A detailed description of the model, functions and notation in the equations can be found in [1, 2]. 

Based on formulated model numerical simulations of the formation of surface barrier discharge in pure 

nitrogen [2] and air (for reduced and extended plasma-chemical sets) [1, 3, 4]. 

The effect of fast gas heating has been demonstrated, which can be used in aerodynamic applications, 

including for UAVs. 
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This paper discusses the issues of a possible change of the type of cathode attachment of high-current 

vacuum arcs (HCVA) with an average cathode current density of more than 10
5 

A/cm
2
. This type of HCVA 

is used as pumping plasma gun in experiments with plasma puff z-pinches ([1] for example). These 

experiments showed that the measured linear mass of the HCVA plasma jet is much higher (by a factor of 10 

or more) than the expected mass, which can be obtained from the assumption that cathode attachment occurs 

only through a multitude of cathode spots emitting supersonic plasma jets. A simple explanation for this 

discrepancy is the assumption that cathode spots are not the only type of cathode attachment in this case. 

Indeed, at an average current density at the cathode > 10
5
 A/cm

2
, less than 1% of the cathode surface is 

occupied by the cathode spots. But in HCVA, the cathode surface is heated under the influence of various 

heat fluxes, such as: the flux of ions from the plasma of the vacuum arc column, the flux of radiant energy 

from the plasma and heating from moving cathode spots. Under the influence of these heat fluxes in a 

discharge of sufficient duration, the cathode surface temperature can exceed the boiling point. After that, the 

cathode surface, not occupied by cathode spots, becomes an additional source of erosion for the HCVA jet. 

In addition, a thermionic current arises, which has a relatively low density, but due to the large cathode 

surface area makes a significant contribution to the total arc current (Fig. 1 a). Thus, in HCVA of the type 

under consideration, at some time instant there are two types of cathode attachments - cathode spots and 

thermionic erosion attachment (TEA). It can be said that HCVA of this type have a hybrid cathodic 

attachment. Unlike cathode spots, TEA produces a subsonic plasma flow, which contributes to an increase in 

the linear mass of the HCVA plasma jet.  

In this paper, we discuss the emergence of a hybrid cathode attachment and carry out a self-consistent 

calculation of HCVA using the previously developed hybrid method [2].  
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Fig. 1a. Current components at HCVA cathode. Total current 

(Itotal), cathode spot current (Isp), TEA ion current (Ii), TEA 

electron emisson current (Iem). Cathode radius – 0.75 mm. 

Fig. 1b. Heat flux components at HCVA cathode. Cathode spot 

heating (Qsp), TEA ion heating (Qi), TEA emission cooling (-

Qem), TEA evaporation cooling (-Qvap), radiative heating (Qrad). 
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A two-dimensional kinetic simulation of the expansion of the current-carrying plasma of the cathode 

spot of a vacuum arc is carried out. The modeling was performed by Particle-in-Cell and Direct Simulation 

Monte Carlo methods. The processes of ionization and recombination and Coulomb scattering were taken 

into account. Two fundamentally different solutions are demonstrated for an expanding plasma in an external 

electric field, but in contrast to [1] in a two-dimensional version. The first solution is a “quiet” expansion of 

the plasma at a relatively low current. At low current only ion-acoustic current instabilities arise (Fig. 1 a), 

which do not lead to catastrophic consequences. In this regime, the plasma expands at a speed of ~ 10
6
 cm/s, 

the electron temperature of the plasma reaches 3 eV, and the average charge state of ions (Cu) is ~ 2 (Typical 

distributions of the plasma parameters are shown in Figs below.). In the second case, the current is large 

enough to excite the Buneman instability, after which the plasma plume decays and ions with relatively high 

energies scatter towards the anode and cathode. 

 
 

Fig. 1a. Ion phase plot along the plasma plume axis. Fig. 1b. Ion plasma density at t=21 ps. 

 

  

Fig. 1c. Electron temperature at t=21 ps. Fig. 1d. Electric potential at t=21 ps. 
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From a practical point of view, the effect of self-focusing (cumulation) of an electron beam [1, 2] is 

attractive, first of all, by the possibility of increasing the beam current density and, accordingly, increasing 

the power density in the cumulation zone. This effect can be used to generate highly ionized plasma and 

powerful X-ray radiation, in the study of matter at elevated pressure and thermonuclear research, in the fields 

of radiation chemistry and solid state physics, to generate powerful radiation in the terahertz frequency 

range, excitation of luminescence of artificial and synthetic crystals and in a number of other applications [3–

5]. 

The effect of cumulation of an electron beam was studied during the formation of a high-voltage 

nanosecond discharge in gas-filled (air) and vacuum diodes (Figs. 1ab). It was established that in both cases 

the distribution of the beam current density in the plane of a grounded anode is non-uniform (Figs. 1cd). The 

highest beam current density occurs in the axial part of the anode. It was found that in the case of a gas diode 

(pressure 0.2 Torr), ~ 2 ns after the onset of the beam current pulse, the self-focusing effect is enhanced. 

    

a) b) c) d) 

Fig. 1. (a) Photo of a discharge gap with a hole formed in a 30-μm-thickness aluminum foil. (b) Glow of a plexiglass plate installed 

behind an anode made of a 15-μm-thickness aluminum foil. pair ≈ 0.2 Torr. (c, d) Waveforms of the current pulses of the electron 

beam passing through holes in the anode (one hole on the diode axis (curve 1) and four holes on the periphery (curve 2)) at pressures 

of 0.2 Torr (c) and 10-5 Torr (d). 

The results of studies indicate that in a gas diode, in addition to the effect of self-focusing of the beam, 

a few nanoseconds after the onset of the beam current pulse, an additional self-focusing mechanism is 

activated. The most probable reason for the additional self-focusing of the electron beam in the gas-filled 

diode is the effect of compensation of the electron charge by the charge of positive ions arising as a result of 

gas ionization by electrons of the beam. The values of the characteristic ionization time τi required for the 

manifestation of the charge compensation effect at a pressure of 0.2 Torr obtained on the basis of 

experimental data and as a result of estimates are close to each other (~ 2 ns). Their real difference may be 

smaller if we take into account the possibility of forming at the initial stage a beam of electrons with an 

energy of less than 40 keV. 
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We investigate splitting of the ionization wave [1] (IW) that occurs during a pulsed single-electrode 

breakdown [2, 3] in one of the channels of an Y-shaped discharge system (DS) in the experiment with neon 

at a pressure of 1 Torr. The DS consists of three tubes equipped with electrodes on one edge and welded 

together by other edges at the branch point (x0) of the system. Its geometry made it possible to study the split 

at 45
○
 and 90

○
 angles relative to the initial direction of IW motion. The IW x-t diagrams (Fig. 1) before and 

after the branch point were obtained by recording the wave optical signals in different points of DS and then 

analyzed.  

 

(a) 

 

(b) 

Fig. 1. x-t diagrams of IW splitting in x0 point for (I) positive, and (II) negative polarity. а) Symmetrical split at the angle 45○, b) 

asymmetric split at the angles: 45○ and 90○. Ne 1 Torr, U = 2.5 kV, voltage pulse repetition rate 500 Hz. 

The black curves of the diagrams correspond to the IW propagation in the central channel, and the 

colored curves show the IW propagation along the branching channels. Fig. 1a illustrates the IW symmetric 

splitting into two waves diverging at 45
○ 

angle to the initial direction of propagation while Fig. 1b shows 

asymmetric IW splitting at 45
○
 and 90

○
 angles. In both cases we observed a sharp drop in the IW velocity at 

the moment of its splitting in x0 (horizontal shift of the diagrams). In the case of symmetric split, two 

identical IWs appear with velocities restoring to the initial IW velocity during their propagation. But the 

negative IWs may appear with significant time shift. In case of asymmetric split, the smaller the splitting 

angle the higher the speed of the resulting IW. This pattern was found for both polarities. In case of positive 

polarity we observed almost complete stop of initial IW in branch point prior to splitting, while the negative 

IW split without considerable time shift.  
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Microhollow cathode discharge is realized in a gas region with micron dimensions, where an anode and 

a cathode are separated by a dielectric of micron thickness. Due to a small micron size of the gap the Pendel 

effect, a vibrational motion of electrons near the hollow cathode, leading to a strong ionization of the gap, is 

observed [1]. 

Discharges in plasma cell with diameters of the microhole d from 200 to 500 µm were studied. Cuprum 

served as a material of electrodes, ceramic laminate Rogers RO4000 served as a dielectric material. Negative 

DC voltage Vin with amplitude from 600 V to 1400 V was applied to the electrodes. The input current in the 

discharge cell Iin was limited by 200 kΩ ballast resistor. The voltage across the discharge gap V was 

measured with a high-voltage probe, and the current through the cell I was measured by a resistive sensor 

connected in series with the cell. Typical waveforms of voltage at the gap and discharge current at input 

voltage Vin = - 600 V for d = 400 μm are presented in Fig. 1a. 

 

а) 

 

b)  

 

Fig. 1. Waveforms of the discharge current I and voltage across the discharge gap V at input voltage Vdc = - 600 V and input current 

Iin = 5 mA for d = 400 μm 

 

According to the Volt-Ampere Curve (Fig. 1b) there were made conclusions about a self-pulsing mode 

of the discharge [2]. There were plotted dependencies of the peak current value Ipk and the discharge ignition 

voltage Vdg on the input current Iin for the cathode holes from 200 to 500 µm.  

It was found that with an increase in the input current Iin, the peak value of the discharge current Ipk 

increases and the discharge ignition voltage Vdg decreases. It should be noted that the ignition voltage was at 

600 V ± 50 V in all cases when the input current was more than 2 mA. Besides, with an increase in the input 

current, the discharge becomes unstable, it is realized in the train of pulses with different time intervals 

between them. 
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High-current discharges with initiation of a vacuum arc on the surface of a hydrogen-containing 

dielectric form a plasma flow with a pronounced precursor. This plasma precursor (prepulse) consists of 

hydrogen ions and has a velocity of  10 cm/μs. Ceramics were used to suppress the precursor amplitude and 

form a plasma flow of heavy ions to initiate the arc. The paper presents the results of experiments on the 

study of a plasma flow formed by a high-current discharge with a current of up to 20 kA in vapors of the 

electrode material (copper, aluminum), initiated by breakdown along the corundum surface. 

 

Fig. 1. Types of electrode systems for initiating a vacuum arc discharge over the ceramic surface: (a) end-face, (b) capillary. 1 - 

aluminum electrodes, 2 - ceramics, 3 - cable RK 75-9. 

The motion of plasma jets in the interelectrode gap of a magnetically insulated transmission line 

(MITL) is investigated. It is shown that at equal amplitudes of the discharge current, the capillary source has 

a higher penetration rate into the transverse magnetic field. Probe measurements of the velocity of free 

expansion of plasma bunches showed that for the electrode system in Fig. 1 (a) the maximum concentration 

of the plasma flow moves at a speed of ~ 6 cm / μs, and for the electrode system (b) - (8-9) cm / μs. This may 

be due to an increase in the electron temperature Te in the discharge in a capillary, which leads to an increase 

in the electric field of the space charge and, accordingly, to an increase in the ion velocity: v ~ 

[(kTe/mi)*ln(Temi/Time)]
1/2

 [1]. 

The design of the anode unit of a crowbar spark gap based on a plasma switch built into the MITL is 

presented. The installation of arc plasma sources (8 or 16) along the perimeter of the anode unit made it 

possible to controllably bridge the interelectrode gap of the MITL with a long cutoff of the generator from 

the load circuit. 
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In experiments on the GIT-12 generator, the critical parameters of 12X18N10T stainless steel (SS) were 

measured for the microsecond growth mode of ultrahigh magnetic fields, in which a skin explosion of the 

conductor material takes place with the formation of a dense plasma and its expansion into the interelectrode 

gap of the vacuum transmission line. The experiments were carried out with stainless steel samples in the 

form of rods or tubes with an outer diameter of 3, 4, 6 mm and a wall thickness of 0.25, 0.5, 0.9, 1 mm. In 

addition, we investigated two-layer conductors with an outer layer of stainless steel with a wall thickness of 

0.25, 0.5, 1 mm, and a tightly inserted copper conductor with diameters of 2, 3, and 3.5 mm inside. The 

samples either had a uniform structure along their entire length, or were composite. The upper anode half of 

the cylinder remained solid, while the lower half was a stainless steel layer with a copper insert. The 

experimental technique is described in detail in [1]. 

Analysis of experiments with a current amplitude in the samples of 4.3 MA with a rise time of ~ 1.8 μs 

made it possible to establish the following characteristics for stainless steel 12X18N10T. The value of the 

characteristic magnetic field B0  100±10 T was determined, above which the effect of nonlinear diffusion of 

the magnetic field into the conductor takes place. The values of the integral of the specific action hSS  

1.2±0.1*10
9
 А

2
s / cm

4
 and the temperature coefficient of resistance SS ~ 7.8±0.1*10

-4
 1/K are estimated. 

The critical magnetic field is found to be Bcr  260 Т, exceeding which leads to the formation of a dense 

plasma on the surface of a massive conductor. A method is proposed for increasing the critical magnetic field 

on the surface of a conductor up to 1.5 times by choosing the optimal thickness of the conducting surface, 

and criteria for its determination are given. In our experiments on the GIT-12 generator, the average rate of 

rise of the magnetic field is k  3*10
8
 T/s and the optimal thickness is   1 mm (see Fig. 1, frame 2). The 

effect of an increase in the critical magnetic field on the surface of a two-layer sample and the creation of a 

pressure in the megabar range until the moment of expansion of the explosion products of an inner conductor 

with high conductivity has been tested. The increase in critical parameters is due to the non-monotonic 

distribution of the current in the sample volume due to the interaction of competing skin-effect processes and 

nonlinear diffusion of the magnetic field into the conductor. 

 

Fig. 1. Images obtained with optical cameras "Nanogate Frame-9" with a frame exposure time of 10 ns at different times from the 

beginning of the current: 1 - 1280 ns, 2 - 1500 ns, 3 - 1900 ns. On the right, the structure of a stainless steel sample is shown. 
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Despite the progress in the development of semiconductor lasers, atmospheric pressure gas lasers 

reliably occupy their own place as powerful laser sources. The main problem that limits their capabilities is 

the instability of pump discharges with increasing pump power and discharges themselves are fundamentally 

inhomogeneous. With sufficient preionization of the discharge gap, the inhomogeneity of the discharge is 

associated with the appearance of plasma spots on the cathode surface. The discharge is represented by 

overlapping diffuse channels, which are attached to these spots. The more cathode spots appear on the 

cathode surface, the longer the discharge retains glow form.  

In this work, we present the results of a numerical study of the development of a discharge with several 

cathode spots. A detailed model of an inhomogeneous discharge is presented in [1]. The emitting centers on 

the cathode were modeled by the regular structure of the tips on its surface. It was found that with a 

geometric difference in the sizes of the tips, the oppression of smaller cathode spots by larger neighbors 

occurs. An analysis of the mechanism for intercepting the discharge current by larger channels showed that 

in most cases, the number of emitting centers on the cathode surface, which are the nuclei of cathode spots, 

is greater than the number of observed cathode spots at the maximum of the discharge current (see Fig. 1).  

 

       (a)            b) 

Fig. 1. Isolines of the discharge current density: (a) the distance between adjacent tips dx = 4 mm, and (b) dx = 2 mm. Height 

difference between adjacent tips is 0.01mm. Total cathode width 2 cm. 
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Runaway (continuously accelerated in a gas or plasma medium in a sufficiently strong electric field) 

electrons play an important role in the pulsed gas breakdown [1, 2]. Crossing the gap in times comparable 

with the propagation time of light, they ionize it, providing conditions for the ignition of a volume discharge 

[3, 4]. Recent active experimental and theoretical studies have provided an explanation for many important 

phenomena associated with runaway electrons. However, no satisfactory explanation has yet been given for 

the reasons for generation of runaway electrons in gases of high – tens of atmospheres – pressure under 

conditions of the uniform field in the gap when the reduced field  (i.e., the ratio of its strength to pressure), 

firstly, is an order of magnitude lower than that required for the transition of thermal electrons into the 

runaway regime and, secondly, so low that the characteristic time of the avalanche multiplication of thermal 

electrons is longer than the duration of the voltage pulse (see the experimental work [5]).  

In the present work (see also our recent paper [7]), a mechanism for the initiation of explosive electron 

emission [6] at the interface between the cathode and a dense gas is proposed, based on the accumulation of 

positive ions near natural protrusions of micron size, which are formed as a result of gas ionization by field-

emission electrons. The distance at which ions are born decreases with increasing gas density, which leads to 

an increase in their Coulomb field on the emitting surface. As a result, an explosive increase in the emission 

current density occurs for a high-pressure (tens of atmospheres) gas leading to the formation of many 

explosive-emission centers in tens of picoseconds. They give a start to the development of plasma channels 

growing towards the anode. Runaway electrons are generated at the tops of the plasma tips, which ionize the 

gas, providing its subnanosecond breakdown. This scenario of the breakdown development can be 

implemented under conditions of a critically low reduced electric field, as, for example, in Ref. [5]. 
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One of the directions of using plasma sources is the formation of plasma emitters for electron beams as 

part of direct-action charged particle accelerators. The parameters of the accelerator generators require 

mutual matching with the characteristics of the plasma emitters. The paper describes the design, composition 

and diagnostic equipment of an experimental stand based on a vacuum chamber of a pulsed electron 

accelerator for testing plasma sources of pulsed electron beams. The stand includes a vacuum volume with a 

high-voltage bushing, pumping out pipes, diagnostic windows along the perimeter and a mounting flange of 

a complex device for diagnosing the characteristics of pulsed electron beams [1]. The stand provides the 

possibility of controlled supply of gas and liquid to the formation region of the plasma emitter of electrons 

under the influence of an accelerating voltage pulse [2]. The location of the diagnostic windows and flanges 

of the stand allows direct optical observations of the plasma formation region in the frontal and profile 

directions. The use of the stand will make it possible to determine the characteristics of the tested plasma 

emitters for their operation as part of a vacuum electron diode of a pulse accelerator. 
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A high-current non-self-sustained low-pressure glow discharge with a hollow cathode provides a high 

degree of homogeneity in the distribution of plasma parameters over the volume of a vacuum chamber [1] 

and it is promising for surface treatment of large-sized items, including for an ion-plasma nitriding 

processes [2]. 

For some steel grades it is necessary to avoid the appearance a compound layer consisting of brittle 

phases on the surface. The solution to this problem is using a nitrogen-argon gas mixture with a high argon 

content, which makes it possible to reduce the nitrogen flow at the plasma-solid boundary. 

In this work, we measured the emission spectra of a glow discharge plasma with a change in the 

nitrogen content in a nitrogen-argon gas mixture from 100 to 0% with a step of decreasing the nitrogen 

fraction of 25%, and also considered in more detail the region with a nitrogen content of less than 25% (10% 

and 15%) at a total pressure p = 1 Pa with maintaining the same values of the voltage and discharge current 

due to a change in the electron emission current from the auxiliary discharge plasma. An increase in the 

intensity of the emission lines of argon ions at small fractions of the volumetric nitrogen content is observed. 

Possible reasons for the manifestation of this effect are given. It is also shown that argon has a significant 

effect on the generation of molecular nitrogen ions and atomic nitrogen when the volumetric nitrogen content 

changes from 50% to 75%. 
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High repetitive (≤ 100 kHz) and short nanosecond (~ 10 ns) pulsed discharge was investigated. 

With a voltage of 40 kV in amplitude, if only one pulse is applied, the length of the gap is only 1 mm for 

the reliable breakdown. However, if 1000 repetitive pulses are applied, the longest gap that can be broken 

down dramatically increases with the repetitive rate and reaches to 90 mm at 100 kHz. The voltage 

recovery was determined with two-pulse method. The similarities between the gas recovery after the short 

nanosecond pulsed breakdown and that after the microsecond pulsed breakdown were found and the reason 

for this similarities was given. The evolution in the discharge mode with the applied voltage and the 

repetitive rate was observed. The existence of the multichannel spark discharge was confirmed with 10ns 

time-resolved photo. The reason for the formation of the multichannel spark was given. 
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In this work, based on the current continuity equation and the Gauss theorem, we analyze the currents 

and voltages in the diode when the boundary of the conductive channel moves at a constant speed in the gap 

bounded by two parallel electrodes. It is shown that the high speed of movement of the boundary of the 

conducting channel leads to the fact that at the moment when it completely overlaps the interelectrode gap, 

the current flowing in the gap differs from the current determined by Ohm's law. 
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 The theoretical background and historical development of the similarity theory during the past decades 

are reviewed. We demonstrate similar discharges in local and nonlocal kinetic regimes, taking the low-

pressure capacitive radio frequency (rf) discharges and microdischarges as examples. By using fully kinetic 

particle-in-cell simulations, we verify the similarity law (SL) and show a violation of frequency scaling (f-

scaling) in the low-pressure capacitive rf plasmas [1, 2]. The SL scaling relations for electron density and 

electron power absorption are confirmed in similar rf discharges. With only the driving frequency varied, the 

f-scaling for electron density is also validated, showing almost the same trend as the SL scaling, across most 

of the frequency regime. However, violations of the f-scaling are observed at lower frequencies, which are 

found to be relevant to the electron heating mode transition from stochastic to Ohmic heating. The scaling 

characteristics have also been comprehensively studied for microdischarges with dimensions from hundreds 

to several microns, with transition from secondary electron dominated regime to field emission regime [3, 4]. 

Finally, practical applications of the similarity and scaling laws are summarized. 
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The results of an investigation of a self-sustained subnanosecond discharge in nitrogen at a pressure of 

6 atm are presented. For our investigations, we chose the experimental condition range for which, according 

to the classical concepts, both in an average electric field across the discharge gap and in the enhanced 

electric field domain determined by the cathode geometry generation of runaway electrons (RAEs) didn’t 

have to occur, but the electric field was sufficient for the discharge initiation through the field emission of 

electrons from microprotrusions on the cathode surface. A high voltage pulse with front of 770 ps was 

applied to the studied gas gap. In this case, the voltage rise rate in the discharge gap at the prebreakdown 

stage was 1.45х10
14

 V/s. A breakdown occurs at the end of the front of the voltage pulse. The cathode 

geometry used provided a 3.3 fold enhancement of an electric field in the near-cathode spatial domain. It is 

shown that at the initial stage the discharge is of a volumetric form which turns into a spark form further. The 

discharge contraction starts from a cathode and an anode almost simultaneously. The propagation rate of 

ionization waves accompanying the spark channel development is 4.2х10
8
 cm/s. The initial volumetric form 

of the discharge is provided by preliminary ionization of a gas medium by RAEs. Generation of RAEs takes 

place in the enhanced electric field area formed near a microprotrusion on the cathode surface, while the 

macro-geometry of the discharge gap doesn’t ensure enhancing of the electric field up to the value which is 

sufficient to implementation of the RAE generation criterion. Numerical simulation of a formation process of 

the electron avalanche initiated by an electron field-emitted from the top of the cathode microprotrusion was 

carried out taking into account the motion of each electron in the avalanche. To simulate electron motion 

through the discharge gap, the 3D Monte-Carlo technique was employed. The following runaway electron 

parameters were calculated: characteristic RAE trajectories; RAE energy gained during the motion through 

the discharge gap; times required for RAEs to reach the anode. 
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Fig. 1. A typical streak image of the discharge glow (nitrogen, p = 6 atm, d = 5 mm). The time moment corresponding to the voltage 

rise onset across the discharge gap is set to be the zero time scale point. IWc and IWa are, correspondingly, the cathode and anode 

ionization waves accompanying the spark channel development. t1 is  the beginning of the volumetric phase of the discharge, t2 is  the 

beginning of the contraction, t3 is the moment of time corresponding to the overlap of the discharge gap by the conducting channel. 

 

Fig. 2. The integral glow of the discharge (nitrogen, p = 6 atm, d = 5 mm).   
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The object of research in this work is a completed partial discharge burning in a pulsed plasmatron [1]. 

Investigations, in particular, high-speed photographing of a partial discharge (PD) in the presence of an 

electrolyte, have shown that with a completed partial discharge, a bright flash occurs with a lifetime of 

0.001 s. In contrast to the classical partial discharge, i.e. without electrolyte, the brightness of the discharge is 

comparable to the brightness of the welding arc. 

To characterize the radiation intensity of a completed partial discharge, the illumination created by this 

discharge at a certain distance was used. 

The illumination was measured using the TMD 4903 optical sensor, which is part of the equipment of 

the Xiaomi smartphone. Data on the characteristics of the radiation detector were taken from [2]. Based on 

the characteristics of the radiation detector, the parameters of radiation in the visible region of the spectrum 

were measured in the course of the experiments. 

A pulsed RC generator described in [3] was used to power the plasmatron. 

Due to the discrepancy between the discharge lifetime and the time constant of the radiation receiver 

(about 1 s), to obtain real values of illumination, the readings of the illumination sensor were recalculated 

according to the formula Ecalc = Emeas * (t2 / t1), where t2 is twice the time constant (the reaction time to the 

appearance of a flash and its extinction), t1 is the lifetime of the discharge. 

Illumination measurements were carried out for discharges that occurred in the absence and in the 

presence of ballast resistance Rb in the discharge circuit. 

The data obtained during the experiments are shown in table 1. 

Table 1 - The results of measuring the illumination created by the completed PD in the presence of an 

electrolyte (discharge gap 3 mm). 

№  U, V Rb, 

Ohm 

r, mm E (measured), lx E (calculated), Mlx 

1 950 0 150 354 0.7 

2 850
 

14 0.028 

3 68 150
 

19 0.038 

4 850 4 0.008 

 

A very high value of the calculated illumination at small distances from the discharge significantly 

exceeds the range of illumination measurement by the TMD 4903 sensor, in which the linearity of the 

sensitivity characteristic remains (up to 60000 lx). 

In this regard, the distance from the discharge during measurements should exceed 400 mm (based on 

the data in Table 1). 

The sensitivity of the radiation detector used did not make it possible to determine the radiation 

parameters of an incomplete partial discharge due to its significantly lower brightness. 
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A pulsed gas discharge in crossed ExH fields (Penning discharge) was studied in this paper. It is worth 

noting the relevance of these studies. The Penning discharge is widely used in ion sources (PIS) for 

miniature linear accelerators (MLA) of a neutron generator [1]. For the stable PIS operation, it is necessary 

that the extracted pulsed ion current must be square type with short leading and trailing edges. In this case, 

the discharge current (and the extracted ion current) should linearly depend on the pressure and the 

extraction coefficient (the ratio of the extracted ion current to the discharge current) should be the maximum. 

In this paper, experimental and numerical studies of the current pulses depending on the magnitude and 

configuration of the magnetic field and pressure were done. We used deuterium as a working gas. The details 

of the physical measurements are published in the article [2]. The simulation was carried out using a three-

dimensional PIC code (in combination with the Monte Carlo method for modeling gas kinetics). The 

obtained results indicate the existence of various (stable and unstable) discharge modes, which are realized 

depending on the magnetic field and pressure. 

For an unstable discharge mode, the following stages can be detected: 

1. gradual accumulation of volume charge. The electrons are distributed fairly evenly. Electron 

concentration slight increases in the anode central part. The ions are distributed mainly in the anode center in 

the cylinder form with rather vague edges. 

2. the rapid growth of the particle number and the sharp accumulation of the volume charge. The 

electrons occupy almost the entire anode volume. In this case, the electron concentration increases in the 

cylinder at a small radius from the system axis. The electron distribution in this cylinder is uneven and 

constantly changes. Almost all ions are located in the same cylinder with clear boundaries. 

3. chaotic mixing of plasma. The electron-neutral plasma spots fall on the anode. After that, the particle 

concentration drops rapidly. 

4. redistribution of the remaining charged particles by the PIS volume. In this case, the distribution of 

charged particles returns to the case of gradual volume charge accumulation. The process is then repeated. 

This discharge process has a strict periodicity. In this case, the period may vary depending on the 

geometry and physical parameters of the penning discharge. Also, conditionally, the "stationary" discharge 

mode stages can be described: 

1. the charge accumulation stage. The electrons are not evenly distributed and occupy only part of the 

anode. In this case, the rotation of the electron cloud around the anode axis is observed over time. The ions 

are distributed mainly in the anode center in the cylinder form with rather vague edges. 

2. the stage of establishing a stationary mode. Due to the particle concentration increase, their 

redistribution occurs. Part of the charged particles goes to the anode. The electronic cloud becomes more 

concentrated with fairly clear boundaries, but smaller in volume. Almost all the ions are evenly distributed 

over a cylinder with clear boundaries. 

3. the stationary mode stage. Here, the main part of the electrons forms a stable cloud rotating around 

the PIS axis. The ions are evenly distributed throughout the cylinder. This charge distribution picture does 

not change over time in the future. 

REFERENCES 

[1] V. Valkovic // 14 MeV Neutrons. Physics and Applications. CRC Press Taylor&Francis Group, Boca Raton, London, New York, 2016, 500 р. 

[2] N.V. Mamedov, A.V. Gubarev, et al, Plasma Sources Sci. Technol. 29 (2020) 025001 (9 pp)., DOI: 10.1088/1361-6595/ab6758. 

 

mailto:M_nikitos@mail.ru


89 

STUDY OF ANODE AND CATHODE PLASMAS FORMATION IN AN ELECTRON DIODE WITH 

AN EXPLOSIVE EMISSION CATHODE
*
 

A.I. PUSHKAREV, A.I. PRIMA 

Tomsk Polytechnic University, Tomsk, Russia  

e-mail: aipush@mail.ru  

 

We presents the results of simulation and experimental study of anode and cathode plasmas formation 

in a vacuum diode with an explosive emission cathode during generation of a pulsed electron beam with a 

current density of 0.3-0.4 kA/cm
2
, an accelerating voltage of 300-500 kV and pulse duration 80 ns. The 

studies were carried out on accelerator TEU-500 [1]. We used a diode with a flat cylindrical cathode with a 

diameter of 60 mm, made of different materials, anode-cathode (A-K) gap spacing of 12 mm. A 92 mm in 

diameter flat copper collector of a Faraday cup was used as the anode. 

The performed analysis showed that during the generation of an electron beam in a vacuum diode with 

a passive cathode, in the A-K gap, in addition to the explosive-emission plasma, the anode and cathode gas 

plasmas are present. These plasma regions are formed during desorption of molecules from the surface of the 

diode electrodes, dissociation of desorbed molecules, and ionization of atoms by electrons. The plasma 

concentration was calculated from the linear energy losses of electrons. Low efficiency of electron-

stimulated desorption of molecules from the working surface of the anode ( one molecule per electron) and 

insignificant linear energy losses of electrons (less than 20 eV/cm) in the anode gas layer provide a low 

concentration of the anode plasma, which does not exceed 10
12

 сm
-3

 (see Fig. 1a), the degree ionization of 

the anode plasma is equal to  10
-4

.  

  

Fig. 1. Waveforms of the accelerating voltage and the change in the concentration of the anode plasma (a), cathode gas and 

explosive-emission plasmas (b) 

The expansion rate of the anode plasma is  0.17 cm/s, the thickness of the plasma layer is 0.14 mm at 

an A-K gap of 1018 mm. Therefore, the anode plasma does not make a significant contribution to the 

operation of a vacuum diode with a passive cathode at a pulse duration of less than 0.1 μs. 

The complete desorption of molecules from the working surface of the cathode (during explosive-

emission plasma formation), and the high efficiency of ionization of atoms in the cathode gas layer provide a 

high plasma concentration  10
15

 cm
-3

 (see Fig. 1b) and a high degree of ionization  10
-2

. 

The charge of the explosive-emission plasma layer is much less, than the charge of the electron beam, 

and the main source of electrons is not the explosive-emission plasma, but the cathode gas plasma. In this 

case, the electron current is limited by the concentration of the cathode plasma. The use of a cathode with a 

developed surface (a cathode with a carbon cloth coating, multipoint copper or tungsten cathodes) makes it 

possible to increase the total charge of the electron beam by more than 1.5 times without changing the 

cathode diameter and A-K gap spacing. 
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The work examines the transient dynamics of single-component systems. The problem on dynamics of 

flat layer and spherical symmetric configuration is considered. A classical clash-free system is considered, 

described using the "Meshchersky integral" and the "conjugate" integral of motion. States characterized by 

constant charge in non-stationary coordinates are obtained. 

The study of non-stationary systems that interact intensively with their own field is of great interest 

both from an experimental and theoretical point of view. In this work, a non-stationary Hamiltonian will be 

used, the next of Meshchersky's works [1]. A similar Hamiltonian was used in work [2], in which, 

apparently, for the first time, the problem of accurately accounting for one's own field was solved. 

It should be noted that the model Hamiltonian of a non-stationary system can be used both for the 

quantum mechanical system and for the classical one. 
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Tonks-Langmuir free-fall theory [1] and different hydrodynamic models of plasma [2] use the 

Boltzmann's law to describe electron space distribution. This assumption is valid if plasma potential is higher 

significantly then anode potential. At the same time a positive anode fall was observed in many experiments. 

In our opinion, the reason of the discrepancy is the unjustified neglect of the contribution made by the 

primary electrons to the plasma concentration. 

We have developed a hydrodynamic model of plasma, which takes into account both secondary and 

primary electrons. The quasi-neutrality condition was written in the following form 

 1nnnn ei  , (1) 

where n is the plasma concentration, which coincides with the concentration of ions ni, n1 and ne are the 

concentrations of primary and secondary electrons, respectively. 

It was believed that the primary electrons are uniformly distributed in the plasma, and the ionization of 

atoms is carried out only by the primary electrons. For secondary electrons and ions, the equations of 

continuity and motion were used in the following form 
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where М and m are masses of ion and electron, respectively, vi and ve are the average velocities of ions and 

secondary electrons, Те is the electron temperature, i  is the ionization frequency,  is the potential.  

It turned out that a solution of the system (1-5) with a plasma potential higher than the anode potential 

is possible if the ionization frequency is higher than some critical value. At lower ionization frequencies, it is 

possible to obtain a solution with a plasma potential below the anode potential. 
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In avalanches of runaway electrons, which are formed in high-altitude atmospheric discharges, the 

average electron energy is several megaelectronvolts [1]. For such high-energy electrons, the loss of energy 

by bremsstrahlung is significant when they collide with gas atoms [2]. The aim of this study was to evaluate 

the effect of bremsstrahlung on the exponential growth length of a runaway electron avalanche. It has been 

shown that taking account of the bremsstrahlung produced by the electrons of an avalanche gives corrections 

of no more than a few percent to the avalanche exponential growth length. The corrections are maximum for 

electric field strengths close to the threshold below which the avalanche electrons fail to become 

continuously accelerated. The effect of bremsstrahlung decreases with increasing electric field strength. The 

higher the atomic number of the gas in which an avalanche of runaway electrons propagates, the greater the 

corrections. 
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The modification of the surface layer of 40Cr steel, performed by multi-cycle high-speed melting of the 

"film (Si + Nb) / substrate (40Cr steel)" system with an intense pulsed electron beam with an impact area of 

several square centimeters was implemented in a single vacuum space on COMPLEX setup [1]. For this 

purpose, thin (0.2 μm each) films of silicon and niobium were successively deposited to the polished surface 

of the specimens. The deposition of a silicon film was carried out by the magnetron method, and niobium 

films - by an arc discharge method with plasma assistance. Next, the resulting "film / substrate" system was 

irradiated with a pulsed electron beam in the selected mode. A similar procedure was repeated up to five 

times (1, 2, 3, 4, and 5 cycles of modification of the steel surface layer). 

The mode of irradiation of the "film (Si (0.2 μm) + Nb (0.2 μm)) / substrate (40Cr steel)" system with 

an intense pulsed electron beam (20 J/cm
2
, 200 μs, 3 pulses, 3 cycles), which makes it possible to form a 

surface layer characterized by high hardness, more than 3 times higher than the hardness of 40Cr steel in the 

initial (ferrite-pearlite structure) state, and wear resistance, more than 90 times higher than the wear 

resistance of the original 40Cr steel, was revealed. It is shown that high strength and tribological properties 

of steel are due to the formation of particles of the hardening phase (niobium silicides of Nb5Si3 

composition). It has been established that the multi-cycle mode of modification of 40Cr steel makes it 

possible to form a thermally stable state in the surface layer of the material, the hardness of which exceeds 

hardness of the initial state of 40Cr steel by more than 20%, wear resistance - more than 20 times after 

annealing for 3 hours at a temperature of 650°C. 

  

Fig. 1. SEM image of the surface structure of specimen of 40Cr steel, formed as a result of irradiation of the "film (Si (0.2 μm) + Nb 

(0.2 μm)) / substrate (40Cr steel)" system by a pulsed electron beam with parameters 20 J/cm2, 3 pulses (a) and 30 pulses (b). Three-

cycle processing. 

The results obtained can be recommended for use in industry in surface treatment of parts operating in 

friction pairs under increased temperature-power operating conditions. 
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The purpose of the present studies is to develop a method for the formation and study of parameters 

(electron temperature, plasma potential and concentration), elemental and charge composition of plasma 

generated by sputtering of a boron powder target. The target was amorphous boron, powder with “A" grade 

(TU 2112-001-49534204-2003) of the following composition (wt.%): B – 96.2, Fe – 0.3, Si – 0.2, H2O – 0.3. 

Experiments were carried out in a COMPLEX equipment [1]. The scheme of the experiment is shown 

in Fig. 1, a. Input of high-frequency (HF) radiation 6 with electrode-holder of boron powder 8 is installed in 

sputtering chamber 9. On the upper flanges of the vacuum chamber there is a window from quartz glass 2 for 

spectroscopic measurements and a flange with a cylindrical Langmuir probe 4 for probe measurements of 

plasma parameters. Gas plasma was created using a PINK plasma source with thermionic and hollow 

cathodes. Argon was used as a working gas at a pressure of (0.5-0.6) Pa. 

 

Fig. 1. Scheme of experiment (a): 1 – spectrometer with light guide; 2 – window with quartz glass; 3 – PINK gas plasma generator; 

4 – Langmuir cylindrical probe; 5 – treated samples; 6 – RF generator with matching device; 7 – thermocouple; 8 – RF electrode 

with boron powder suspension; 9 - working vacuum chamber; an optical radiation spectrum of plasma (b) generated during sputtering 

of a powder target from amorphous boron in the wavelength range of (205-305) nm (parameters: gas – Ar, p = 0.2 Pa, W = 600 W). 

On insert (b) there is a fully heated anode-crucible with boron powder. 

The optimization was carried out and the samples of sintered boron powder in graphite crucibles with a 

diameter of 35 mm and a powder filling thickness of up to 8 mm were obtained (Fig. 1, b, insert). This 

system is used to obtain sintered cathodes from boron powder for an arc evaporator with a hot cathode. A 

pulsed arc evaporator with a hot cathode made of sintered boron powder was developed, designed, produced 

and tested. Charge and elemental composition of boron-containing plasma generated during powder target 

sputtering from amorphous boron are determined by spectrometry method. It was shown that the generated 

plasma contains mainly neutral atoms and single-charge boron ions, as well as iron, silicon, copper and argon 

(Fig. 1, b). 
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The aim of this work is to establish the regularities of the formation of the structure and properties of 

AISI 310 steel, subjected to complex processing, combining irradiation with an intense pulsed electron beam 

and subsequent nitriding in the plasma of a low-pressure gas discharge using a PINK plasma generator. 

Irradiation of steel was carried out on an SOLO electron-beam setup with an electron source based on a 

pulsed low-pressure arc discharge with grid stabilization of the cathode plasma boundary and an open anode 

plasma boundary [1]. Irradiation was carried out with the following parameters: the energy of accelerated 

electrons eV = 18 keV; electron beam energy density ES (J/cm
2
) = 10, 20 and 30; pulse duration τ (μs) = 50 

and 200; the number of pulses of exposure N = 3; pulse repetition rate f = 0.3 s
-1

; residual gas pressure 

(argon) in the working chamber ~ 0.02 Pa. Steel nitriding was carried out on a modernized unit of NNV-6.6-

I1 type, equipped with a PINK plasma generator. The nitriding temperature was 723 K, 793 K and 873 K, the 

nitriding time - 1, 3, 5 hours. The structure and phase composition of the material was studied by scanning 

and transmission diffraction electron microscopy and X-ray diffraction analysis. The properties of the 

modified layer were characterized by microhardness and wear resistance. 

It has been established that AISI 310 steel in the initial state is a polycrystalline material. Globular 

particles of the second phase (chromium and iron carbides) of submicron sizes are located in the bulk and 

along the grain boundaries. It has been shown that electron-beam processing of steel leads to the dissolution 

of globular particles of the carbide phase and the formation of a cellular crystallization structure [2]. Along 

the boundaries of the cells, nanosized (≈ 25 nm) particles of chromium and iron carbides are located, which 

stabilize the defective substructure of the material. Subsequent nitriding of steel is accompanied by the 

formation of chromium and iron nitrides and carbonitrides in the surface layer, the relative content of which 

depends on the parameters of combined processing. It was found that the highest tribological properties are 

possessed by steel samples, the complex processing of which was carried out with the following parameters: 

irradiation with a pulsed electron beam of 30 J/cm
2
, 200 μs, 3 pulses; subsequent nitriding at a temperature of 

973 K for 3 hours. In this case, the wear resistance of the steel exceeds the wear resistance of the initial 

material by more than 100 times. The hardness of the surface layer of steel modified with these parameters 

exceeds the hardness of the original material by more than 12 times. The performed studies of the structure 

and phase composition of the modified steel made it possible to make assumptions about the physical 

mechanisms that make it possible to multiply the tribological and strength properties of AISI 310 high-

chromium steel. 
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In the approximation of kinetic energy transfer in collision cascades [1, 2], a numerical estimate of the 

coefficient of sputtering of the central copper anode of a planar magnetron by an accelerated beam of argon 

ions in the design of a sputtering gas-discharge device is considered [3]. 

Based on the solution of the equations of the cascade theory [1], the formula for calculating the copper 

sputtering coefficient YCu(0) for kiloelectron-volt energies and average masses of sputtering ions can be led 

to the form  

𝑌𝐶𝑢(0) =
0,467𝛼𝑒2𝛼𝑜 𝑠𝑛(𝜀)

𝑈𝑜
∙
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1
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1
2 )

2
3

 ·   
𝑀𝐴𝑟

(𝑀𝐴𝑟 + 𝑀𝐶𝑢)
 ,                                 (1) 

where α - dimensionless ratio function MCu/MAr sputtered atom mass to atomizing ion mass; αо - Bohr radius; 

ZAr, ZCu – atomic numbers; e
2
- electron charge square; sn(ε) - reduced nuclear deceleration cross section for 

the Thomas-Fermi interaction; Uo – sublimation energy Cu. 

Calculated dependence of the sputtering coefficient at normal incidence of ions θ = 0 (θ – angle of 

incidence of ions) on the ion energy is shown in Fig. 1, which is in good agreement with the experimental 

values of the sputtering coefficients of Cu by the Ar
+
 ions in the energy range of 1-10 keV [2]. 

 

Fig. 1. Calculated energy dependence of the copper sputtering coefficient on energy of sputtering argon ions. 

It is shown that when a 1-10 keV and 4 mA ion beam is injected into a magnetron, the sputtering 

coefficient of the copper anode of the magnetron is 3-6 atoms (Fig. 1) per incident ion. Which makes it 

possible to introduce and control with high accuracy and in small fractional ratios (units at.% ) an impurity, 

in particular, copper in the conditions of synthesis of superhard TiN-Cu coatings by reactive sputtering in a 

magnetron discharge and to affect directly to the nanocrystalline structure of the coatings. 

REFERENCES 

[1] P. Sigmund, “Theory of sputtering. 1. Sputtering yield of amorphous and polycrystalline targets,” Phys. Rev., vol.184, No. 2, pp. 383-416, 1969. 

[2] M.D. Gabovich, N.V. Pleshivtsev, N.N. Semashko, Ion and atom beams for controlled thermonuclear fusion and technological purposes. 
Moscow: Energoatomizdat, 1986. 

[3] A.P. Semenov, I.A. Semenova, D.B-D. Tsyrenov, E.O. Nikolaev, “A gas-discharge sputtering device based on a planar magnetron with an ion 
source,” Instruments and Experimental Techniques, vol. 63. No. 5, pp. 782–786, 2020. 

                                                           
* This study was supported by the Russian Foundation for Basic Research (project no. 20-08-00207_а) and the State Job of the Ministry of Science 
and Education of the Russian Federation (topic no. 0270-2021-0001). 

mailto:alexandersemenov2018@mail.ru


98 

FEATURES OF THE DISCHARGE AND DEPOSITION OF THE CrNX COATINGS 

WHEN USING MAGNETRON WITH A HOT TARGET 

G.A. BLEYKHER, V.A. GRUDININ, D.V. SIDELEV, V.P. KRIVOBOKOV 

Tomsk Polytechnic University, Tomsk, Russia 

e-mail: bga@tpu.ru  

 

Our previous studies have shown that the use of a hot chromium target undergoing sublimation can 

significantly increase the deposition rate of chromium coatings during the operation of magnetron sputtering 

systems [1, 2]. This circumstance was used for the synthesis of coatings based on chromium-nitrogen 

compounds, which are of great interest for various industries. It seems that in this case it will be possible to 

significantly increase the productivity of applying such coatings to the surface of products. 

A new scheme for the synthesis of CrNx films in an atmosphere of argon and nitrogen during the 

operation of a magnetron sputtering system has been developed and implemented in experiments. Its 

specifics are as follows. The inlet of argon and nitrogen is carried out separately in the space of the vacuum 

chamber. A magnetron with a hot chromium target operates in a metallic mode and creates a flow of atomic 

chromium particles on the substrate. To increase the reactivity of nitrogen, an assisting radio-frequency 

inductively coupled plasma (RF-ICP) source is used. The regions of the RF-ICP discharge and the nitrogen 

flow into the chamber are combined and are significantly distant from the region of the magnetron discharge 

localization. Experiments have shown that this technique reduces the flow of nitrogen particles to the surface 

of the magnetron target (i.e., prevents its "poisoning") and provides conditions for intensive dissociation and 

ionization of nitrogen, which are necessary for the synthesis of chromium nitride on the substrate surface. 

The effect of target heating on the functioning of the magnetron discharge is investigated. It is shown 

that under these conditions there is practically no hysteresis in the behavior of current and voltage depending 

on the rate of nitrogen flow into the chamber. Analysis of the target substance after a series of experiments 

showed the absence of chromium and nitrogen compounds in it. The contribution of the sublimation of the 

chromium target to the increase in the deposition rate of the chromium and CrNx coating with the increase in 

the magnetron power is revealed experimentally and by calculations. The kinetics of the particles entering 

the substrate during the coating formation is studied. The balance of the fluxes of various types of particles 

and energy on the substrate is constructed, and its heating is analyzed depending on the power of the 

magnetron, the RF-ICP source, and the nitrogen input into the chamber. It is shown that for this deposition 

scheme, an increase in the rate of nitrogen flow into the chamber leads to an increase in the growth rate of 

the CrNx-based coating. The elemental composition and structure of the formed coatings are studied 

depending on various parameters that control the deposition. 
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Improvement of technology and equipment, allowing to create protective coatings, is an urgent 

scientific and technical task [1]. Plasma installations are widely used in the creation of functional coatings 

[2]. The plasma method is also used to produce nanodispersed powders, including those used in additive 

technologies [3]. 

In the coating process, powder materials are used as raw materials, which are fed into the plasma flow. 

The degree of heating depends on the point of introduction of powder raw materials, which affects the 

quality of the applied coatings. The result of coating and powder production is influenced by several factors. 

The temperature of the plasma jet plays a special role. Developers and consumers of technological 

equipment need to consider the temperature distribution in the space of the plasma jet to select a rational area 

for inputting raw materials. Therefore, the determination of the temperature of the flow of a plasma jet is an 

urgent task and determines the scientific significance. The purpose of the article is to create an objective 

computer model of a plasma installation that allows an adequate description of the plasma jet flow. The 

problem is solved numerically using the ANSYS software package, which implements the finite element 

method. 

In the literature, the use of finite element analysis for solving such problems is described quite fully [4]. 

As a prototype for creating a computer model, a laboratory plasma installation in IMET UB RAS was 

adopted, which is used both for coating and to produce powders. 

To verify the results of the computer experiment, a full-scale experiment was carried out to establish the 

temperature value at a characteristic point. The results were averaged and compared with the results of a 

numerical experiment. Comparative analysis of the results of numerical and field experiments showed 

satisfactory convergence. To assess the statistical error, a few parallel experiments were carried out and 

methods of statistical data processing were used. A histogram of the distributions of the results of 

measurements of the numerical experiment was constructed and it was demonstrated that the distribution of 

the investigated quantity at the characteristic point obeys the normal Gaussian distribution law. 

The presented results are of practical use for manufacturers and consumers of technological equipment. 

The presented computer model makes it possible to predict the parameters of the plasma jet. 
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The main objective of this work is a theoretically and experimentally demonstrate the possibility of 

holding the surface temperature when exposed to a submillisecond modulated megawatt electron beam with 

a controlled variable power, as well as numerical simulation and comparison with experiment. To study the 

possibility of controlling the temperature field and depth of the sample melted layer by the numerical 

simulation. 

The mathematical formulation of the problem of the temperature field dynamics under the high-energy 

action of the electron beam on the sample consists of writing the heat transfer equation taking into account 

the assumed assumptions of the mathematical model, boundary and initial conditions. In the experiment, the 

electron beam is low-energy (the electron beam energy is < 15 keV), the beam diameter is much greater than 

the heating depth per irradiation pulse. Therefore, it is possible to consider the source of energy impact as 

surface, and consider the thermal processes in the sample in a one-dimensional approximation. 

The mathematical model includes the presence of a two-phase zone, which in the solid-liquid system is 

characterized by the average volume fraction of the liquid phase  [1, 2]. The phase transition occurs in the 

temperature range ΔT, in which the material phase, is modelled by a smoothed function θ, varying from 1 to 

0. The effective thermal conductivity of the solid-liquid system  is related to the conductivity of the solid s 

and the conductivity of the liquid l : = (1 − 𝜃)𝑠 + 𝜃𝑙,the density of the two-phase region and the heat 

capacity were considered, the latent heat of fusion L is included as an additional term in the heat capacity: 

𝑐 = 𝑐𝑆 + 𝐿/Т: 

        

Fig. 1. (a) Change of the power of the heat source, and (b) calculated (___) and experimental surface temperature (---). 

Fig. 1а shows the power of the heat source. The calculated surface temperature T(t) (Fig. 1b) obtained 

for experimental current and voltage pulses is in good agreement with experimental temperature 

measurements. The pulsed character of the T(t) dependence while maintaining the surface temperature is 

associated with oscillations of the beam current. 
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This paper presents the results of surface modification of steel samples used in drilling equipment. 

Samples with high tribological characteristics were obtained. The work was carried out using a plasma 

modification unit UPM MAK-10, created by us at IMET UB RAS. The installation works with arc 

plasmatrons of direct (direct and reverse polarity) and indirect action with power up to 10 kW. The 

versatility of UPM MAK-10 lies in its mobility, both when moving in space, and when reconfiguring the 

power module for various technological operations: finishing plasma hardening, plasma surfacing using filler 

materials, argon-arc welding in an inert gas environment with direct and alternating current. 

Samples of tool steel (40 × 20 × 15 mm) were used as the material for the modification. Strengthening 

was carried out with the following characteristics: anode nozzle diameter 10 mm; the distance from the 

nozzle exit to the sample surface is 15 mm; the speed of movement of the plasmatron along the sample was 

chosen such as to prevent fusion. The width of the heat-affected zone in this case reached 12-15 mm per 

1 pass. 

 

Fig. 1. Wear resistance of samples of tool steel with surface modification. 

The studies of the wear resistance of the samples were carried out at IMET UB RAS on an upgraded 

SMT-1M friction machine with a digital unit for measuring parameters according to the stationary shoe 

scheme tool steel sample (40 × 20 × 15 mm) - a hard rotating disk (counterbody). The weight of the samples 

was measured on a high-precision balance MWP-150 with an accuracy of 0.005 g. Proceeding from this, it 

can be argued that the measurement error is not more than 3%. 

For a comparative analysis of the degree of wear of steel samples after plasma surface modification, the 

constancy of the parameters characterizing the operation of the friction machine was observed: the rotation 

speed of the counterbody υ = 200 rpm, the load on the sample P = 200 N. Each of the samples was worn out 

for 1 hour. Every 15 minutes the machine was stopped and the sample was weighed. 

From the experimental results for five samples (Fig. 1), it follows that the wear of plasma-hardened 

samples (samples 1 to 4) of tool steel is much lower (2-2.5 times) than that of an unmodified sample 

(0 sample). Samples (1-4) differ in the operating modes of the plasma installation for a current from 100 to 

200 A. In this case, the best (curves 3 and 4) are observed at a higher current. 
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Method of deposition of TiSiCN-coatings by anodic evaporation of Ti and decomposition of 

organosilicon precursor (hexamethyldisilazane, HMDS) in nitrogen-argon low-pressure (~1 mTorr) hollow 

cathode arc discharge was investigated (Fig. 1). The analysis of plasma composition by optical emission 

spectroscopy was carried out. The influence of discharge current (10-50 A), flow of HMDS (1-10 g/h) and 

Ti-vapors flow on plasma composition and HMDS decomposition degree was investigated. It is shown that 

the proposed method provides both an intense flow and a high activation degree of metal vapors, and a 

sufficient degree of decomposition of precursor vapors for the formation of solid TiSiCN coatings at a high 

deposition rate. On the surface of samples made of stainless steel TiSiCN-coatings up to 6 µm thick with 

hardness up to 31 GPа were obtained during 1 hour at 400ºС. Coatings composition was analyzed by FTIR 

and XRD methods, the influence of the deposition conditions on the hardness of the resulting coatings has 

been studied. 
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Fig. 2. The optical spectrum of discharge plasma in a mixture of 

Ar+N2+Ti+HMDS. PTotal=0.7 mTorr, discharge current 20 A, 
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Fig. 1. Experimental scheme of discharge system. 
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The need for energy storage devices of elevated efficiency becomes obvious under the actual conditions 

of rising demand in various application fields of highly energy-consuming applications, such as electric and 

hybrid vehicles. Among the present-date devices, the lithium-ion batteries (LIB) enjoy a considerable 

success on the market, due to a broad range of applications they may serve, from portable or implantable 

medical devices to the electric transport vehicles and electric networks. To match the rising demands by new 

technologies, the next-generation LIB must possess elevated energy density and combine good performance 

parameters with high safety standards and low cost. In the contents of properties of the materials involved, 

the capacity and disposability of LIB are usually conditioned by the development of cheap and highly 

efficient cathode materials. Layered lithium-cobalt mixed oxide (LiCoO2) was the first cathode material 

which found use in commercial LIB. If a total removal of lithium would, in theory, yield as high capacity as 

about 274 mAh/g, the Li1-xCoO2 structure turned out to be unstable at low lithium content (x>0.5); therefore, 

the useful specific capacity of LiCoO2 is lower than 150 mAh/g. Moreover, LiCoO2 is expensive and highly 

toxic material, that, on one hand, boosts its production costs, and, on the other hand, is damaging for 

environment. Under this perspective, the use of LiNiO2 might look preferential, due to its lower cost per 

given energy density, yet the synthesis of LiNiO2 is much more complex than that of LiCoO2. 

Among other materials under discussion for the use as LIB cathodes, vanadium pentoxide (V2O5) 

attracted attention due to itshigh attainable energy density, low cost, broad availability and easy conditions of 

synthesis, combined with acceptable safety properties [1]. The theoretical capacity of V2O5 reaches about 

294 mAh/g, by far higher than in other conventionally used cathode materials (150 mAh/g for LiCoO2, 

170 mAh/g for LiFePO4, 148 mAh/g for LiMn2O4), that makes V2O5 a promising candidate for next-

generation LIB. Unfortunately, low diffusion coefficient of Li
+
 ions and moderate electrical conductivity are 

obstacles for a broad use of V2O5. These shortcomings can be hopefully healed via cation doping, which is 

considered an efficient way to improve the intercalation of lithium ions. Indeed, V2O5 doped with Ni
2+

 

exhibited reversable capacitance of 262 mAh/g at 1C [2]. The doping with Mn
2+

 brings about the formation 

of oxygen vacancies, that facilitates the diffusion of Li
+
 ions and improves the electron conductivity [3]. 

Similarly, V2O5 doped with Cu
+
 ions delivered higher reversible specific capacities, better cycling stabilities 

and excellent rate capabilities [4]. 

The abovementioned improvements of the V2O5 performance are largely based on empirical studies. A 

deep understanding of underlying physics, which would facilitate intentional optimization of certain target 

properties, is largely absent. This concerns the microstructure of doping (substitution or interstitial sites, 

creation of vacancies or other secondary defects etc.) as well as the related electronic structure (formation of 

localized states, charge transfers and charge states of different atoms). Both these aspects would affect the 

placement and drift of lithium ions, as well as electron transport. The aim of the present study is to contribute 

to elucidating these issues, by combined efforts from experiment and theory. We provide the XPS and DFT 

results for the V2O5 cathode materials implanted with 3d ions (Cu, Ni etc.). 
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The «TRIO» installation was modernized which consist of the development and creation of the arc 

evaporator cathode unit, as well as the power supply system, which provides for the electron-ion-plasma 

treatment (alitizing and nitriding) of materials in the arc discharges (gas and metal) plasma in a single 

vacuum cycle. The dependences of the currents and voltages of the used discharges on the working pressure, 

type of gas, operating mode of the system were obtained. Oscillography of discharge currents and voltages 

was carried out both in the mode of substrate ionic cleaning and in the mode of its electronic heating under 

the conditions of both joint operation of plasma generators and their operation separately. In addition, the 

parameters of gas and gas-metal plasma were obtained for both operating modes. 

  

Fig. 1. Experiment scheme. 

Preliminary studies to determine the boundary conditions for the alitizing process showed that the 

process proceeds with different efficiency in all investigated ranges of substrate temperature (520 - 830°C), 

negative substrate bias (0-1000 V), and current ratio arc discharges. However, it is advisable to keep the 

substrate temperature slightly above the aluminum (670°C) melting point and keep the arc evaporator current 

as low as possible. 

It was shown that the suggested processing methods provide surface alitizing to a depth of tens of 

micrometers. The microhardness of the samples measured on the surface and its wear resistance decreases by 

up to 15% during electron-ion-plasma alitizing, while the distribution of microhardness along the depth for 

these samples shows an almost twofold increase in microhardness at a depth of ≈ 10 μm. 
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The Al2O3 coating with a corundum structure was deposited by anodic evaporation in a low-pressure 

arc with a self-heated hollow cathode. The conditions were created for increasing the energy of plasma 

electrons and a corresponding increase in the frequency of O2 dissociation by contraction of the discharge in 

the anode region [1]. The discharge was maintained in a combined mode with a constant current level (70-

100 A), on which pulses (100 μs, 1 kHz) with an amplitude adjustable to 220 A were superimposed. This 

mode ensured a change in the degree of O2 dissociation (nO / 2nO2, there n – concentration of atomic O and 

molecular O2 particles) in the range of 0.3 - 0.5 (Fig. 1) at constant average discharge current and Al 

evaporation rate. It is shown that an increase in the degree of O2 dissociation in the indicated range leads to 

an increase in the rate of coating deposition by a factor of 1.3 (Fig. 1) and an promotion of the preferred 

(300) orientation of crystallites (Fig. 2). The effect is due to the difference in the features of the adsorption of 

molecular and atomic oxygen on the Al2O3 surface, and is consistent with the results of molecular dynamics 

modeling [2]. 

 

 
 

 

 

Fig. 1. The dependences of coating deposition rate and O2 

dissociation degeree vs discharge current amplitude. The average 

discharge current 100 A. 

Fig. 2. XRD patterns of the Al2O3 coatings deposited under 

differend discharge current amplitude. The average discharge 

current 100 A. 
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The surface flashover across the vacuum-insulator interface is a key factor to restrict the development 

of vacuum devices [1]. The surface modification of insulating materials is one of important applications for 

low temperature plasma. In this paper, the polytetrafluoroethylene (PTFE) film was treated by atmospheric 

pressure plasma jet (APPJ), and the SiOx thin film was deposited on the PTFE surface. The effect of different 

processing conditions on the surface insulation properties was studied. Then the surface chemical composition 

and crystalline state were measured by Fourier Transform Infrared Spectrum (FTIR) and X-Ray Diffraction 

(XRD). The surface trap parameters and space charge distribution in PTFE film were obtained by means of 

isothermal surface potential decay (ISPD) and pulsed electro-acoustic (PEA). The surface resistance was also 

measured by high resistance meter to analyze the relationship between the surface charge and surface 

withstand voltage. At last the experiment of vacuum surface flashover was developed under DC and 

microsecond pulsed voltages. The results show that some inorganic groups (Si-O-Si and Si-OH) are introduced 

on the PTFE surface. After APPJ treatment, the trap density increases, the trap energy level is deeper first, and 

then shallower with increase of treatment time. Moreover, the space charge in PTFE shows a positive 

correlation with the shallow trap density. The vacuum flashover voltage of PTFE film decreases first and then 

increases with the treatment time. The introduced shallow trap and low surface resistance after APPJ 

treatment are main reasons for the enhancement of vacuum flashover voltage [2, 3]. 
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In a gas-discharge system with a self-heated hollow cathode and an anode-crucible, the use of an 

additional anode which collected the main fraction of the electron discharge current (up to 100 A) through 

the contraction channel, the degree of O2 dissociation reaches ~ 0.25 [1]. By imposing the pulses with a 

duration of 100 μs, a frequency of 1 kHz on the DC discharge current, the increasing of O2 dissociation 

degree and its regulation by changing the current amplitude (up to 200 A) provided [2]. The paper presents 

the results of probe diagnostics and emission optical spectroscopy of Ar-O2 plasma generated under 

evaporation of Al and an increased (0.32 - 0.48) degree of O2 dissociation. It is shown that an increase in the 

degree of O2 dissociation at a constant gas flow into the discharge gap leads to a significant (more than 

1.5 times) decrease in the density of evaporated atoms flux and a corresponding decrease in the coating 

deposition rate (Fig. 1). The observed effect is due to the accelerated growth of the oxide film on the melt 

surface, which leads to the limitation of the flow of evaporated Al atoms by the rate of diffusion through the 

alumina. Pulsed (1 kHz, 100 μs, 20-100 A) heating of the crucible provides an increase in the evaporation 

rate at low current values in the crucible circuit 3 times less than in DC mode. 

 

Fig. 1. Al2O3 coating deposition rate vs discharge current amplitude. 
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Ceramics are characterized by a set of unique physical and chemical properties, such as hardness, 

compressive strength, bending strength, increased corrosion resistance, resistance to aggressive 

environments, and many others [1]. Gradient ceramics, and in particular the system based on Al2O3-ZrO2, 

currently displaces a number of metals and alloys for structural purposes [2]. Earlier, the prospects of using 

an electron beam formed by a forevacuum plasma electron source for sintering ceramic compacts were 

shown [3]. 

In this paper, the influence of electron-beam irradiation modes of gradient ceramics on its structure is 

presented. 

A forevacuum plasma electron source was used for sintering [4]. The source formed a narrowly focused 

electron beam with a diameter of 0.5 mm. Disks consisting of several layers of zirconium oxide and 

aluminum powders were used as sintered samples. The percentages of zirconium oxide and aluminum oxide 

varied with the depth of the sample. 

As a result of irradiation for 10 minutes at different heating temperatures, a set of samples with different 

structure and mechanical properties was obtained. The most dense samples were obtained when heated to 

1450 degrees. Further research will be aimed at improving the strength properties of the samples. 
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Ferrites are semiconductor materials of great technological importance. The high resistivity of ferrites 

makes them suitable for use in microelectronics. The development of communication technologies based on 

microwave and millimeter waves, the production of dielectric resonators has become one of the fastest 

growing types of electro-ceramic production. The dielectric properties of ferrites depend on several factors, 

such as the method of preparation, chemical composition, and structure or grain size [1, 2]. One of the new 

methods for the synthesis of materials using ceramic technology is electron-beam sintering in the 

forevacuum pressure range [3]. The purpose of this work is to study the possibility of electron-beam 

sintering of Mn-Zn ferrites pre-pressed from coarse-grained powders of the same composition, Fig. 1 а.  

Electron beam sintering was performed using a forevacuum plasma electron source [4] in a helium 

atmosphere at a pressure of 30 Pa. The sintering temperature is 1250 degrees. The duration of heating is 20 

minutes, the duration of isothermal exposure is 10 minutes. The sample cooling time is 20 minutes. 

  

Fig. 1. SEM image of the initial Mn-Zn ferrite powder (a) and after electron beam irradiation (b). 

As a result, a sintered sample of manganese-zinc ferrite was obtained. The irradiated side, Fig. 1b, 

completely lost zinc due to the high temperature. On the non-irradiated side, there is a slight decrease in the 

content of zinc and oxygen compared to the composition of the initial powder. The latter circumstance 

indicates the possibility of electron-beam sintering of ferrites, but careful selection of sintering modes is 

required. 
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Boron saturation of the surface layer of steel is used for a fast-cutting and stamping tool. Boriding 

technology is made according to various methods, the application of which is dictated by the peculiarities of 

production and the types of processed products. The process mode depends on the desired coating thickness 

and steel grade. Usually, boriding steels contain a significant content of carbon and alloying components.  In 

the work, boron saturation of the surface of steel D5 was investigated under the influence of continuous and 

pulsed electron beams in a vacuum (Fig. 1). The influence of alloying elements on the formation of iron 

boride layers is considered. Thermophysical processes were simulated using COMSOL Multiphysics 

software. A study of the distribution of temperatures and their rates of change under the influence of an 

electron beam was carried out. The obtained calculations showed that the temperature-time conditions of 

heating and cooling determine the nature of structural transformations. 

 

Fig. 1. Boride layer on die steel D5. 

The microstructure and microhardness of the obtained Fe2B layers were also investigated. The thickness 

of the layer reaches 1 mm. The microhardness of steel D5 is 2560 MPa. It is seen that the microhardness of 

the boride layer reaches up to 8500 MPa, and of the base up to 4000 MPa (Fig. 2). Hence, we can conclude 

that the heat tempering of steel with an electron beam. 

 

Fig. 2. Microhardness of boride layer on die steel D5. 

The results obtained in this investigation give us the opportunity to consider the application of boriding 

of dies steels with electron beams in industrial production. 
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It is known that oxide coatings (Al2O3, SiO2, TiO2, ZrO2, B2O3, HfO2, CeO2) have a number of 

properties that are not inherent in metallic and other types of coatings - low thermal conductivity, chemical 

inertness, and wear resistance. Most oxides have a high melting point, hardness and wear resistance, are the 

most versatile in operating conditions and can be used as corrosion-resistant, heat-resistant, heat-shielding, 

electrical insulating and wear-resistant. Aluminum oxide coating is one of the most suitable materials for 

metal cutting tool applications. Among the various modifications of aluminum oxide, α-Al2O3 is the most 

preferable due to its better properties compared to other modifications [1, 2]. To obtain coatings from 

aluminum oxide, the CVD method is often used. This method is not widely used due to the. the fact that the 

temperature of coating deposition in these installations is 1050°C, metastable modifications of Al2O3 are 

obtained by the CVD method, since the temperature of the transition of θ-Al2O3 to a less porous and more 

solid modification of α-Al2O3 is 1200°C [3]. 

When applying coatings based on aluminum oxide by the method of cathodic-arc deposition due to the 

lower temperature of the process, the formation of an amorphous or other phase of aluminum oxide 

occurs [4, 5]. 

Figure 1 shows a diagram of the setup for carrying out the experiment. The installation is equipped with 

two electric arc evaporators and a plasma source with a hollow cathode for plasma assistance for the coating 

process. 

 

Fig. 1. Experimental installation NNV-6.6 I1. 

In [6], the influence of the reference voltage on the phase composition and physical and mechanical 

properties was considered. This paper will consider the effect of plasma-assisted alumina-based coating on 

coating properties. 
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Modern research on the production of multilayer coatings is aimed at creating alternating layers of high-

strength ceramics and a bonding layer of metal. One of the most common methods for producing such 

multilayer coatings is the method of condensation with ion bombardment. But it has great inertia when 

passing between layers, which reduces the strength properties of the resulting coatings. The aim of this work 

was to develop an original method for applying vacuum-arc multilayer coatings with a sharp boundary 

between the layers. 

The studies were conducted on the vacuum ion-plasma unit "Quinta" [1]. The installation can be used 

for: cleaning, heating and activating a surface in a low-pressure gas-discharge plasma; nitriding or oxidizing 

in low pressure arc discharges; vacuum arc plasma-assisted deposition of coatings of different composition 

and function. For ion-plasma nitriding, final cleaning and activation of the surfaces of materials and 

products, as well as for plasma assisting in the vacuum electric arc deposition of functional coatings, а 

plasma generator based on low-pressure non-self-sustaining arc discharge was used. To generate the metal 

plasma, the electric arc evaporator was used. 

Experiments on vacuum-arc plasma-assisted deposition of multilayer coatings have been carried out. In 

this work, we used a low-inertia method for formation of the coatings with a sharp boundary between the 

layers. This is achieved by changing the discharge current of the low-pressure non-self-sustaining arc 

discharge, which changes the proportion of nitrogen ions in the discharge gap. In this case, the discharge 

current of the arc evaporator, as well as the composition and pressure of the working gas remain unchanged. 

In the work, 4 types of coatings were deposited and investigated. The composition was Nb/NbN. Two 

layer thicknesses were taken: 10 nm and 100 nm. The multilayer coatings were formed by two methods: 

traditional (by gas type changing) and new low-inertia (by changing arc current of gas plasma source). 
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The results of investigations of multilayer coatings with alternating layers synthesized in nitrogen or 

argon are presented. The coatings were applied by changing the parameter S (the ratio of the thickness of 

alternating macro-layers). The first technology consists in the deposition of 3-layer coatings with alternating 

layers of Ti-TiAl-TiAlN (hTiAlN = 1.5 * hTiAl = 3 * hTi), 2-4 technology is the alternation of TiAl-TiAlN 

layers with different thickness ratios (hTiAlN = 0.3 * hTiAl, hTiAlN = 1.5 * hTiAl, hTiAlN = hTiAl). The 

thickness of the macrolayers was varied in the range from 40 to 500 nm. The architecture of the coatings and 

photos of spherical holes for measuring the thickness of the layers are shown in fig 1. 

 

Fig. 1. The architecture of the investigated coatings and spherical sections for determining the thickness of the coatings. 

The results of sclerometric tests showed that composite coatings based on the Ti-Al intermetallic 

compound do not fail under loads up to 30 N. The coating with the number of macrolayers = 60 does not 

have a region of elastic-plastic deformation and the coefficient of elastic recovery We = 33%, an increase in 

the thickness of macrolayers to 500 nm and a decrease in their number to 8 leads to an increase in the 

coefficient of elastic recovery to 75%. According to the results of nanoindeting (Fig. 1), it was found that an 

increase in the thickness of macrolayers up to 500 nm leads to an increase in nanohardness up to 45 GPa at 

an elastic modulus = 230 GPa. 
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In late 1990s the term MAX phases was coined and determined as new family of nitrides and carbides 

with chemical formula Mn+1AXn, where n=1…3, M is an early transitional metal, A is an A-group element, 

and X is carbon or nitrogen. MAX phases have interesting properties both in bulk form and in thin film 

coating form. One of prospective methods to synthesize MAX phase thin film is a reactive cathodic arc 

deposition (as well as reactive magnetron sputtering). Ti3AlC2 and especially Ti2AlC are promising MAX 

phases in terms of high-temperature applications, therefore a technology of these phases synthesis is 

important for exploration. 

In this work Ti2AlC was a desired MAX phase for thin film deposition. There are 2 ways to evaporate 

and deposit Ti and Al: using 2 elemental targets made from pure titanium and aluminum and using one Ti-Al 

target. In some works, it was shown that deposition from 2 different targets are more preferably due to 

possibility to use optimal evaporation mode for each element. It is also known that the following annealing 

can significantly improve formation and amount of desired MAX phase in coating. Therefore, in current 

work reactive Arc-PVD technology with 2 cathodes was used. After deposition some samples were annealed 

in vacuum at 800
O
C. Chamber atmosphere consisted of C2H2/Ar mixture which was supplied through 

hollow-cathode plasma generator. 

 

Fig. 1. Deposition scheme 

Initial results shown that amount of Ti2AlC phase in coating is not 100%, but following annealing 

improves MAX phase formation, as was described before. For further MAX phase formation improvement 

more significant samples heating during process is required. Current temperature is about 400
O
C, and 

planned heating at 700
O
C should significantly intensify formation of Ti2AlC.  
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This work is devoted to the study of the effect of the duration of ion nitriding in a glow discharge (see 

Fig. 1 a) on the physical and mechanical properties of tool steel with different initial structure. We used 

specimens of R6M5 tool steel with a coarse-grained structure obtained after annealing at a temperature of 

850 ° C and with a fine-grained structure obtained after severe plastic deformation by torsion discharge (see 

Fig. 1 b). With an increase in the duration of ion nitriding, the thickness of the hardened layer and wear 

resistance increase. The combination of plastic deformation with ion nitriding in a glow discharge increases 

the diffusion rate of the saturating element due to the creation of a highly fragmented and disoriented fine-

grained structure. 

      

(a)     (b) 

Fig. 1. (a) scheme of the experimental ion nitriding by glow discharge, and (b) scheme of severe plastic deformation of the samples. 
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Low-dimensional, in particular, one-dimensional modifications of carbon (isolated chains of atoms, 

carbyne, graphidyne, etc.) attract the attention of researchers due to their unique physical properties [1]. 

Their electronic characteristics are determined by the distribution of the types of covalent bonds and the type 

of hybridization of the orbitals of carbon atoms. One of the successful methods for the synthesis of such 

structures is the pulsed deposition from a low-temperature carbon plasma, which can be accompanied by 

stimulation with an additional ion beam [2]. Changing the synthesis modes (energy and fluence of the 

stimulating ion beam, the type of substrate and geometry of the experiment, the introduction of dopants) 

makes it possible to control the band structure of the material, in particular, to carry out the metal-

semiconductor transition. A fundamental problem in this area is the lack of detailed studies, and, 

consequently, understanding of the relationship between the modes of ion-stimulated synthesis, the structure 

and properties of low-dimensional carbon structures, including doped ones, on metal and semiconductor 

substrates with different types of conductivity. The lack of an adequate model of the micromechanisms of 

ion-stimulated plasma synthesis prevents the intentional control of the properties of the synthesized 

structures. The complexity of describing the complex of phenomena in the course of ion-stimulated 

formation of nanocarbon is the combination of long time intervals with the need to take into account the 

excited states of the ions involved. At the same time, examples of successful modeling of the PECVD 

process with additional irradiation with argon ions by molecular dynamics methods are already known [3]. In 

order to simulate the low-temperature plasma synthesis of low-dimensional carbon coatings successfully, it 

is necessary to choose a suitable theoretical method to consider possible charge transfer processes. In our 

recent work, we studied numerically the breaking of the carbon bond CC under irradiation with slow argon 

ions for model molecules having sp
3
-, sp

2
 and sp-hybridization. Bond cleavage threshold energies were 

calculated for carbon atoms in three hybridizations at three levels of theory: classical dynamics, Car-

Parrinello method and Ehrenfest's approach, the results were compared with experimental data [4]. Based on 

the accuracy of the results obtained, a combined QM/MM approach to modeling ion-stimulated plasma 

synthesis is proposed and implemented in the current study to examine the deposition of carbon chains on 

diamond and silicon substrate (Fig. 1). A set of optimal parameters is elaborated for experimental synthesis 

enhancement. 

 

Fig. 1. Structure of a diamond substrate under carbon species deposition in molecular dynamics simulation with ReaxFF force field. 

REFERENCES 

[1] C.S. Casari, A. Milani, “Carbyne: from the elusive allotrope to stable carbon atom wires,” MRS Commun, 2018, vol. 8, pp. 207-219. 

[2] E.A. Buntov, A.F. Zatsepin et al,” Effect of thickness and substrate type on the structure and low vacuum photoemission of carbyne-containing 
films,” Carbon, 2019, vol. 152, pp. 388-395. 

[3] E. Neyts, P. Brault, “Molecular dynamics simulations for plasma-surface interactions,” Plasma Process. Polym. 2017, vol. 14, pp. 1600145. 

[4] E.A. Buntov, A.F. Zatsepin, “Carbon bond breaking under Ar+-Ion irradiation in dependence on sp hybridization: car-parrinello, ehrenfest, and 
classical dynamics study,” Journal of Physical Chemistry A, 2020, vol. 124 (44), pp. 9128-9132. 

                                                           
*
 The work was supported by the Russian Scientific Foundation project no. 21-12-00392. 

mailto:e.a.buntov@urfu.ru


117 

ADVANTAGES OF USING OF PLASMA OF PULSE-PERIODIC LOW-PRESSURE DISCHARGES 

FOR SURFACE TREATMENT
 *
 

V.V. DENISOV, YU.A. DENISOVA, S.S. KOVALSKY, A.A. LEONOV, E.V. OSTROVERKHOV, V.N. TISHCHENKO, 

V.V. YAKOVLEV 

Institute of High Current Electronics, SB, RAS, Tomsk, Russia 

e-mail: denisov@opee.hcei.tsc.ru  

 

In this paper, we consider some technological capabilities of the plasma generated by pulsed-periodic 

low-pressure discharges [1, 2]. The advantages of using of a pulsed nitrogen-containing plasma of low-

pressure discharges in comparison with a plasma of stationary discharges for the processes of ion-plasma 

nitriding and plasma-assisted cathodic arc deposition of functional coatings on the surface of products of 

complex shape are justified. Examples of successfully processed products are given. 
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As it is known, W and C are the most suitable as plasma facing materials for the divertor of a 

thermonuclear reactor [1]. The presence of various materials, as well as impurities, in the installation 

chamber will lead to the formation of mixed layers in the surfaces facing the plasma, which can affect the 

interaction with hydrogen isotopes from the boundary plasma. To study diffusion of hydrogen isotopes and 

their retention in W with mixed layers, in particular with a carbidized surface, co-deposition of W and C in a 

tokamak divertor are simulated by various methods of surface coating deposition. 

To study the surface carbidization of tungsten, a series of experimental works were carried out in a 

plasma-beam installation (PPI) [2, 3]. Figure 1 presents general scheme of the installation. 

 

Fig. 1. Schematic diagram of PBI. 

Based on the results of X-ray diffraction analysis, it was found that a change in the surface temperature 

of the tungsten sample and the irradiation time leads to different degrees of carbidization of the tungsten 

surface. The low intensity peaks of the WC, W2C crystalline phases were noted at a temperature of 1573 K 

staying in methane for 600 s. A further increase in temperature at a given irradiation time leads to an increase 

in the W2C crystalline phase. An increase exposure time from 300 s to 3600 s at a constant temperature of 

the sample surface of 1773 K accelerates diffusion and interaction of C, which leads to the transformation of 

W2C into WC. 
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The purpose of this work was to investigate the structure, phase composition and wear resistance of 

composite TiN-Cu layers on the T16K6 alloy obtained at different values of the arc current, magnetron 

discharge current, and working gas pressure. The deposition of the composite layers was carried out on a 

modernized installation with a vacuum arc evaporator and a planar magnetron [1]. 

TiN-Cu coatings were deposited in copper vapor in the mode of titanium evaporation in argon and 

nitrogen-containing plasma, dissociation of molecular nitrogen N2 - 2N, and chemical reaction of Ti and N. 

Samples of alloy T15K6, 18x16 mm in size and 5 mm thick, were used as substrates. For a more efficient 

sputtering of the magnetron target, a gas mixer was used, in which nitrogen and argon were mixed in 

different proportions. The proportion of argon ranged from 20% to 50% of the total volume of the working 

gas. X-ray phase analysis (XRD) was performed on a Phaser 2D Bruker diffractometer (Cukα - radiation). 

The microstructure of the layers was investigated on a METAM PB-22 microscope. Using a scanning atomic 

force microscope MultiMode8, the topology and structure of the surface of the TiN-Cu coating were studied. 

The microhardness of the formed layers was determined using a PMT-3 microhardness meter. X-ray phase 

analysis was performed according to which the samples contained TiN phases with different crystal lattice 

and volume fraction. In addition, reflections of copper reflections were recorded, the intensity of which was 

about 1–2%. The thickness of the TiN layers and the TiN-Cu composite ranged from 2-3 microns to 5-8 

microns depending on the deposition time. 

 

Fig. 1. XRD pattern for coating TiN on alloy T15K6. 
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Of great interest is the modification with the use of ion-plasma technologies of functional materials, the 

properties, in particular, catalytic and corrosion-resistant, which are determined primarily by the composition 

of the surface [1]. The goal of our research is the formation of catalytic also corrosion protective layers with 

use of ion beam assisted deposition (IBAD) of active or alloying metals from vacuum arc discharge plasma, 

which is generated in metal vapor. We carried out IBAD mode in which the deposition of the metal and the 

mixing of deposited layer with the substrate are carried out by accelerated (U = 10 or 5 kV) ions of the same 

metal. Deposition of the metal and mixing of the deposited layer with substrate by accelerated ions of the 

same metal were performed in an experimental unit, respectively, from a neutral fraction of metal vapor and 

the vacuum arc discharge plasma of a pulse arc ion source, respectively. The pressure in work chamber 

was ~ 10
–2

 Pa. 

Catalytic surface layers were prepared by IBAD of platinum as basic active metal and one of metals (Ir, 

Sn, Ce, Gd, Dy, Ho, Yb) as an activating additive. Active layers were formed by IBAD of metals onto 

substrates from valve metals (Al, Ti, and Ta) and carbon materials (glassy carbon, Toray Carbon Fiber Paper 

TGP-H-060 T and AVCarb
®
 Carbon Fiber Paper P50 carbon fiber catalyst carriers) also on Nafion™ N115 

membrane which are used as material of diffusion layers and electrolyte of membrane electrode assemblies 

of electrolyzers and low-temperature fuel cells with polymer membrane electrolyte [2–4]. Corrosion 

protective layers were formed by IBAD of alloying metals (Zn, Cd, Al) onto carbon steel and stainless-steel 

[5], (Zn, Cd, Zr, Cr) – onto pure aluminum and aluminum alloy [6]. The composition of the layers were 

studied by energy dispersive electron-probe microanalysis (EDX) with scanning electron microscopy (SEM), 

wave dispersive X-ray fluorescence analysis (WD-XRF), Rutherford backscattering spectrometry (RBS), and 

X-ray photoelectron spectroscopy (XPS). The activity of electrocatalysts with prepared layers was studied in 

reactions of the hydrogen evolution and electrochemical oxidation of methanol and ethanol, which determine 

the principle of action of low-temperature fuel cells. Corrosion properties of samples with IBAD produced 

layers were tested with use of electrochemical polarization method. It has been established that the obtained 

layers are characterized by amorphous atomic structure and contain atoms of the deposited metals, substrate 

material, as well as impurities of oxygen and carbon; their thickness reaches ~ 50–80 nm. The content of 

each deposited metal is several percent by weight. Inclusions of the deposited metals of about several 

micrometers occur on the surface which is conditioned by metal drops deposition from the arc source; they 

cover less than 1% of the surface area. Electrocatalysts with the obtained layers exhibit activity in processes 

of hydrogen evolution and oxidation of alcohols – methanol and ethanol. Corrosion characteristics of 

samples with layers formed by IBAD of alloying metals are analogous to those of samples with coatings 

obtained by electrochemical metal deposition. As compared to electrochemical treatment, vacuum ion-beam 

assisted deposition is distinguished by the simple preparation of substrate surfaces, single-stage treatment, 

environmental safety, and cost efficiency. 
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The cathode spot of a vacuum arc discharge generates a plasma flow consisting of electrons, ions and 

microdroplets from cathode material. Microdroplets reduce the technological properties of depositing 

coatings. This problem solved by using magnetic separation systems [1] or improving the cooling system of 

the cathode [2]. 

In this paper the pulse-periodic mode of arc discharge burning with cathode spot at low pressure for 

different cathode materials has been studied. The ways to reduce microdroplets fraction value in the coating 

obtained in this mode of vacuum arc discharge burning were investigated. 
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Tungsten is known to be considered as a plasma facing material in future fusion reactors [1]. However, 

to date, either tungsten coatings applied to graphite tile, or uncoated graphite tile, as in the Kazakhstani 

Material Testing Tokamak KTM [2, 3], are used as the first wall material in the most fusion reactors. Since 

plasma-facing materials of a fusion reactor will be exposed to intense fluxes of incident particles and thermal 

stress, changes in their composition and structure should be expected. Consequently, study of tungsten 

carbide formation is still of great importance. 

The tungsten carbide formation in a beam-plasma discharge was studied on an imitation stand with a 

plasma-beam installation [4, 5]. Methane was used as a plasma-forming gas. The working gas pressure in the 

chamber was (1.01-1.06)∙10
-3 

Torr. Experiments on the formation of tungsten carbides were carried out in the 

temperature range from 700°C to 1000°C with a step of 100°C. Figure 1 provides the results of X-ray phase 

analysis of the sample surface. 

 

Fig. 1. Diffraction patterns of the initial sample and T-700, T-800, T-900, T-1000 samples (orange indicates locations of the WC 

phase peaks, green indicates the W2C phase, and blue indicates the W peaks). 

It was found that in the initial state and at temperatures of 700°C and 800°C, the basis of the phase 

composition of sample surface is metallic tungsten of the BCC structure. After heating the surface to 900°C, 

the W2C phase of the orthorhombic system appears in the phase composition with a content of less than 5% 

according to the data of automatic standardless analysis. In this case, the basis of the phase composition 

remains metallic W. After heating to 1000°C, in addition to the phase of orthorhombic carbide W2C (< 5%), 

the WC phase of the hexagonal system fixes, the quantitative content of which is about 15%.  
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Vacuum arc nitride coatings based on various systems are used in industry to harden the surface of cut 

and die tools. Despite significant progress in the development of wear resistant coatings and a large quantity 

of studies in this area, there are no works in the literature describing complex studies of coatings on die steels 

for cold deformation. The aim of this work was to study the effect of the composition of TiCrN nitride 

coatings on their mechanical and tribological characteristics. 

The coatings of the TiCrN system were deposited by vacuum arc plasma assisted method on the 

"QUADRO" device on pre-hardened Cr6WV die steel. To generate a metal plasma flow used two arc 

evaporators with cylindrical cathodes 80 mm in diameter made of Ti grade VT1-0 and Cr (99.8% pure). A 

source of gas plasma with a glowing and hollow cathode "PINK" was used for heating steel samples and 

preliminary cleaning of their surface by ion etching with gas ions, as well as for additional ionization of the 

gas and assist in the deposition of coatings. Influence of the ratio of Cr and Ti in the coating on its 

characteristics a series of experiments was carried out with different ratios of the currents of electric arc 

evaporators Id (Cr) and Id (Ti). The current of the arc evaporator with a titanium cathode Id (Ti) in all 

processes was equal to 80 A, and with a chromium cathode Id (Cr) was varied in the range from 100 A to 

40 A (Table 1). The deposition of coatings was carried out at a working gas pressure P (N2 + Ar (10%)) = 

0.6 Pa, a substrate bias voltage Ub = – 150 V, and a substrate temperature Tsub = 400℃. The elemental 

composition (Table 1), phase composition, mechanical and tribotechnical characteristics of the obtained 

TiCrN coatings were studied. 

 

Table 1. Elemental composition of coatings based on the TiCrN system on Cr6WV steel. 

 

№ of coating Deposition conditions Cr, at. % Ti, at. % N, at. % 

№1 Id(Cr)/ Id(Ti) = 100/80 29 27 44 

№2 Id(Cr)/ Id(Ti) = 80/80 23 28 49 

№3 Id(Cr)/ Id(Ti) = 60/80 19 32 49 

№4 Id(Cr)/ Id(Ti) = 40/80 14 38 48 

 

The results of nanohardness measurements showed that the maximum value of hardness is achieved at a 

certain elemental composition of the TiCrN coating in deposition modes № (2-4) and is 34-36 GPa, which is 

approximately 2 times higher than the hardness of CrN and 1.5 times higher than for TiN. The H/E ratio for 

these coatings is 0.09. Tribotechnical tests of coatings were carried out on a TRIBOtechniс tribometer under 

dry friction conditions with reciprocating movement of the sample relative to the counterbody (Al2O3 ball). It 

was found that TiCrN coatings have a fairly low friction coefficient (about 0.13-0.14). The most wear 

resistant coating is formed in deposition mode № 2, which has a wear coefficient of 3.75*10
-7

 mm
3
/N*m. 

According to the data of XRD analysis, in the TiCrN coating deposited during the simultaneous operation of 

two arc evaporators, the main phase is (Ti, Cr)N – a phase with a face-centered cubic lattice of the NaCl 

type. 
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The use of electromagnetic impulse irradiations as preparatory operations preceding the flotation 

process makes it possible to increase the efficiency of the flotation separation of sulfide minerals with similar 

physical and chemical properties due to contrast changes in the phase composition and physicochemical 

properties of the sulfide surface [1]. The nonthermal effect of the high-power nanosecond electromagnetic 

pulses (HPEMP) on the chemical and phase compositions of mineral surface, electrochemical, physical-

chemical, and flotation properties of sulfide minerals (pyrite, arsenopyrite, and other sulfide minerals) was 

the subject of our previous studies [1]. In this work, using the methods of scanning electron microscopy, 

potentiometric titration (electrode potential; E, mV), sorption and flotation measurements, we studied the 

mechanism of the influence of electromagnetic pulsed actions of two types, namely, a high-voltage 

nanosecond electromagnetic pulses and dielectric barrier discharge (DBD) in air at atmospheric pressure, on 

the surface morphology, and the physicochemical properties of the natural pyrrhotite. The purpose of our 

research is to increase the efficiency of the processing of refractory sulfide copper-nickel ores. 

The nanosecond pulse generator (HPEMP) operates at a frequency of 100 Hz (pulse repetition rate), the 

output pulse amplitude is ~ 25 kV, the duration of the leading edge of the pulse varies from pulse to pulse 

within 2-5 ns, and the pulse duration varies within 4-10 ns. Video pulses of a bipolar shape are generated, 

pulse energy ~ 0.1 J, electric field strength in the interelectrode gap (0.5-1)×10
7
 V/m, time range of the 

pulsed treatment of the mineral samples ttreat =10-150 s. We consider different modes of the existence and 

development of a dielectric barrier discharge (DBD) upon a change in applied stress and the frequency of 

pulse repetition. We establish the operating parameters of pulses that initiate a discharge at which the 

greatest changes in the structural-sensitive properties of minerals are observed: the length of the leading edge 

of a pulse is 250-300 ns, the length of pulse is 8 μs, the electrode voltage in the barrier discharge cell is 

20 kV, and the frequency of pulse repetition is 16 kHz. The range of change in the duration of the DBD-

treatment of the samples is ttreat=10-150 s. The flow of a discharge current in a discharge cell was limited by 

one dielectric layer, and the sizes of the electrodes exceeded the length of the inter-electrode space (~ 5 mm). 

As a result of exposure to HPEMP (ttreat = 10-30 s), new micro- and nano-phases of hydrophobic 

elemental sulfur (S
0
) and polysulfide sulfur (Sn

2–
), and iron oxides and insoluble polysulfide's of complex 

morphology were found on the pyrrhotite surface. Under the action of DBD, the effect of the formation of 

microcracks and electric breakdown channels was established, as well as the removal of microcrystalline 

fragments of the mineral substance (micro-chips) from the mineral surface, due to mass transfer under the 

action of an electric field and/or, possibly, ponderomotive forces. During a short-term electric pulse (ttreat = 

10 s) processing of pyrrhotite, the electrode potential of the mineral shifted in the direction of negative 

values. The maximum difference in the values of the electrode potential before and after treatment was 

73 mV and was achieved in an alkaline medium at pH 10. The minimum sorption of the flotation reagent on 

the surface of the mineral was also found in the case of a short-term mode of impulse action (ttreat =10 s), it is 

consistent with the data on the HPEMP effect on the electrode potential of the mineral. A sharp shift in E of 

pyrrhotite to the region of negative values caused a decrease in the sorption of the anionic collector on the 

mineral, a decrease in the hydrophobicity of the surface and flotation of the mineral was due to an increase in 

the content of oxidized ferric iron on the mineral surface. Dielectric barrier discharge processing caused an 

increase in the positive values of the electrode potential of pyrrhotite by 10-65 mV in the range of pH 5.5-

9.6. At pH 9.7-12, the largest changes in the E-values were established for the mode of short-term (ttreat = 

10 s) treatment of the mineral. The shift of the electrode potential to the region of negative values (E=–60 

mV) occurred, which causes the effect of a decrease in the sorption and flotation activity of pyrrhotite. Thus, 

the advantages of using the short-term (ttreat.= 10-30 s) energy impacts for structural and chemical 

modification of the surface and physicochemical properties of sulfide minerals of iron and copper are shown. 

REFERENCES 

[1] I.Zh. Bunin, M.V. Ryazantseva, A.L. Samusev, and I.A. Khabarova, “Theory and practice of application of combined physicochemical and 
energy effects on geomaterials and water suspensions,” Gornyi Zhurnal, No. 11, pp. 77–83, 2017. 

mailto:bunin_i@mail.ru


125 

EFFECT OF POWER OF ULTRASOUND DURING MICRO-ARC OXIDATION ON PHASE 

COMPOSITION AND MORPHOLOGY OF CALCIUM PHOSPHATE COATINGS*
 

E.A. KAZANTSEVA1,2, E.G. KOMAROVA1, Y.P. SHAKREEV1 

1Institute of Strength Physics and Materials Science SB, RAS, Tomsk, Russia 
2National Research Tomsk State University, Tomsk, Russia 

e-mail: kati10_95@mail.ru  

 

The aim of the work was to study the influence of the power magnitude of the ultrasound (US) during 

the micro-arc oxidation (MAO) on the morphology and phase composition of the formed calcium phosphate 

(CaP) coatings. The synthesis of the CaP coatings on titanium samples was carried out by the MAO method 

in the base electrolyte, and in the standard regime [1] with the anode voltage of 200 V, pulse duration of 

100 µs, frequency of 50 Hz, and deposition time of 10 min. The US field with a sinusoidal waveform, a 

frequency of 35 kHz and varied powers of 20, 60, 100, 160 and 200 W was applied during the MAO process. 

The SEM data show that in the control MAO regime (without US), structural elements of a spheroidal 

shape (spheres) with internal pores and external pores the spaces between the spheres on the surface of the 

coatings are formed [1]. The action of the US fields during the MAO process lead to the change in the 

coating surface’s morphology: the structural elements are destroyed due to the action of shock waves that 

occur when cavitation bubbles collapse in the electrolyte, and the pore spaces are filled with fragments. The 

square percentage of the surface areas containing destroyed spheres and fragments increases from 6 to 26% 

with an increase in the US power in the range of 20-100 W. However, a further increase of the power from 

100 to 200 W does not lead to the changes in the morphology, and the failure areas percentage is 20-25%. 

The SEM data of the cross-sectional coatings show the internal structure with numerous branched pores, 

pore channels, and cracks. The US application during the MAO leads to an increase in the average size of 

internal pores from 2.5 to 4.7 μm and to the formation of local macropores with the size of 15-30 μm at the 

interface “coating/substrate” regardless of the magnitude of the US power [1]. 
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Fig. 1. XRD patterns of the CaP coatings. 

XRD analysis shows the presence of diffused halo in the range of 2θ = 20-35° corresponding to the X-

ray amorphous CaP phase and weak reflections from the phase α-Ti (ICDD No. 44-1294) corresponding to 

the substrate material (Fig. 1). In addition, several weak reflexes from the CaHPO4 (DCPA, monetite) 

(ICDD No. 09-0080) and β-Ca2P2O7 (β-CPP) (ICDD No. 09-0346) are observed on the XRD patterns of the 

US-assisted CaP coatings (regardless of US power). In this case, the intensity of the reflections from α-Ti 

phase decreases that may be the result of increasing the thickness of the US-assisted CaP coatings. 

Thus, the US power magnitude of 100 W and more affected on the MAO CaP coating phase 

composition and morphology. 

REFERENCES 

[1] Kazantseva E.A., Komarova E.G., Sharkeev Y.P. Structural and morphological features of the ultrasound-assisted micro-arc oxidation coatings, 
AIP Conf. Proc., 2167, 020156, 2019. 

                                                           
* The work has been financially supported by the Russian Science Foundation (Project No. 21-73-10265). 

mailto:kati10_95@mail.ru


126 

EFFECT OF BIAS VOLTAGE ON THE PERFORMANCE OF MAGNETRON DEPOSITED MoS2 

COATINGS 

M.M. KHARKOV1,2, G.I. RYKUNOV1, A.V. KAZIEV1, M.S. KUKUSHKINA1, D.V. KOLODKO1,3, M.V. PROZHEGA4
, 

E.O. RESCHIKOV4, I.S. BABINETS4,5, P.P. BESCHAPOV4,5, A.M. STASENKO4,5, S.V. CHERNYSHOV4,5 

1National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), Moscow, Russia 
2A.A. Bochvar High-Technology Scientific Research Institute for Inorganic Materials, Moscow, Russia 

3Kotelnikov Institute of Radio Engineering and Electronics, RAS, Fryazino, Moscow Region, Russia 
4Blagonravov Institute of Machine Science, Moscow, Russia 

5Bauman Moscow State Technical University, Moscow, Russia 

e-mail: kharkovmm@ya.ru  

 

Molybdenum disulfide coatings are often used as hard grease. They are also applied to prevent sticking 

of machine parts experiencing high thermal loads, e. g., the fasteners of the first wall elements in tokamaks 

[1]. The adhesive properties of such coatings are primarily determined by the surface preparation method and 

deposition mode. 

The composition and parameters of magnetron plasma have been examined for the case of MoS2 target 

sputtering in argon. The magnetron discharge was operated in a direct current (DC) and in a mid-frequency 

pulsed modes with f = 1–100 kHz repetition rate. The argon pressure was kept at pAr = 0.5 Pa, and the 

discharge power was varied in the range Pd = 10–30 W. Density and temperature of electrons were measured 

with a Langmuir probe. Coating thickness was measured with a surface profiler after the deposition. Coating 

density was evaluated by a weighing method. The mass-resolved ion fluxes incident at the substrate were 

measured by a dedicated mass-analyzer [2]. 

MoS2 coatings were deposited in pulsed and DC modes with different bias voltages applied to the 

sample. Coatings prepared in DC mode exhibited better adhesion. After film thickness measurements, we 

observed that the effective growth rate of the film deposited at positive bias voltage (+100 V) was ~ 30% 

higher than that of the film deposited at negative bias voltage (–20 V). 

MoS2 coatings deposited on AISI316L steel samples with different surface roughness underwent 

tribological tests in vacuum, at 250°С temperature, with a 3-mm-radius indenter. The testing procedure is 

described in detail in [3]. Typical results are shown in Fig. 1. 

 

Fig. 1. Averaged results of tribological tests for samples with different surface roughness — A5(Ra0.1), A6(Ra0.05), Ai19(Ra1.5), 

Ai20(Ra2.3). 
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Surface engineering in medical technology is a booming area of research owing to the growing demand 

for new devices and materials needed in various clinical applications. Surface modifications such as plasma 

treatment and physical vapor deposition (PVD) directly influence the surface morphology, elemental 

composition and wetting behavior of materials for medical applications. Currently, titanium (Ti) and its 

alloys are the most widely used biointerface materials. This is due to their outstanding biocompatibility 

resulting from bioinert nature of titanium. It has been lately discovered that the surface morphology of 

bioinert structures could be a governing parameter regulating stem cell fate and bacteria adhesion [1]. It is 

speculated that the application of cell-specific nanopatterns and high-aspect-ratio surface features in medical 

devices could have a significant impact on the clinical outcome. 

Following the studies of titanium surface modification in inductively coupled argon plasma (ICP) [2] 

and deposition of functional hydroxyapatite-based coatings [3], we report the progress of examining the 

combined effect of these two treatment options on the structure, composition, and other surface properties. 

The study was carried out with Gr. 1 Ti samples. The first step was ion treatment in the inductively 

coupled argon plasma (the results are shown in Fig. 1). The samples with porous surface structure and 

enhanced roughness were selected for the next step. They were used for calcium-phosphate-based coating 

deposition in custom made vacuum installation equipped with RF magnetron operated at 13.56 MHz. The 

input RF power was 250 W, while throw distance was kept at 70 mm. The average coating thickness, 

evaluated by ellipsometry, was from 0.5 to 1 µm. The high-energy ICP treatment resulted in significant 

change of residual stress and recrystallization of Ti while deposited coatings were found to be X-ray 

amorphous. The coating deposition significantly changed the wetting behavior of the samples making them 

more hydrophilic, which is favorable for biomedical applications. Elemental composition determined by 

energy dispersive spectroscopy confirmed the slight change in Ca/P ratio upon variation in coating thickness 

and deposition regimes. 

 

Fig. 1. Structure of the titanium surface after ion-plasma treatment. The figure made at 45°. 
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The vacuum-arc synthesis of PVD coatings with multilayer and gradient structure has been described. 

The feature of deposition method is the use of a gas plasma source based on a non-self-sustained arc 

discharge with thermionic and hollow cathodes. The coatings were synthesized in the mode with plasma 

assistance by the vacuum-arc method in a QUINTA ion-plasma facility (IHCE, Tomsk, Russia). Its 

description is detailed elsewhere [1]. The examples of gradient and multilayered coatings deposited by low-

inertia method are presented. The systems of gradient coating are ZrAlNbN and ZrNbN. The system of 

multilayer coating is Mo/MoN. It is shown that selected method characterized by low inertia, which would 

make it possible to achieve a high reproducibility of the composition and thickness of multi-layer and 

gradient coatings, which would naturally improve their functional properties. 
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Currently, the use of zirconium alloy is widespread in medicine and the nuclear power industry. 

Zirconium alloys are most actively used for fuel element cladding, fuel channel tubes, and various fuel 

assembly parts. However, zirconium alloys have their disadvantages. For example, Zr actively dissolves 

hydrogen, which often occurs during corrosion. Because of this, zirconium hydrides are formed, which 

greatly reduce the ductility of the raw material and make the metal more brittle [1]. This leads to cracks in 

the zirconium tubes. This problem can be solved by applying a highly corrosive and heat-resistant coating to 

the zirconium surface [2]. Such a coating can be a Cr-Zr surface alloy [3]. The surface alloy will be 

synthesized using a low-energy high-current electron beam (LEHCEB) of microsecond duration. It is 

necessary to establish the optimal parameters of LEHCEB by means of computer modeling of temperature 

fields in the film/substrate systems. 

Calculations of temperature fields for the Cr (film)-Zr (substrate) system were performed. Melting 

thresholds for pure metals were calculated: Cr - 4.8 J/cm
2
, Zr - 1.85 J/cm

2
. The dependences of melting 

thresholds for the Cr-Zr system as a function of film thickness were calculated. For film thicknesses from 

0.25 to 3.5 μm, the melting threshold for the Cr-Zr system increases linearly from 2.05 to 6.23 J/cm
2
. The 

dependences of the molten layer thickness on the LEHCEB energy density for the systems Cr(0.25)/Zr, 

Cr(0.5)/Zr, Cr(1.0)/Zr, and Cr(1.75)/Zr were calculated. The limiting values of the LEHCEB energy density 

up to which the thickness of the molten layer increases linearly have been established. At LEHCEB energy 

density values above the limiting values, the thickness of the molten layer increases logarithmically due to 

the processes of evaporation of the film surface. The calculated limit values of the LEHCEB energy density 

increase linearly with film thickness. The lifetime dependences of film and substrate melts on the LEHCEB 

energy density for the systems Cr(0.25)/Zr, Cr(0.5)/Zr, Cr(1.0)/Zr, and Cr(1.75)/Zr were calculated. The 

lifetimes of the film and substrate melts increase linearly. The values of the LEHCEB energy density above 

which the lifetime of the film melt is less than that of the substrate melt have been established. The optimal 

conditions for the synthesis of a Cr-Zr surface alloy without barrier layers have been determined 

numerically. The optimal value of the LEHCEB energy density is suggested to be the one at which the 

lifetime of the film and substrate melts will be equal. 
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The interaction of plasma with the surface is a key factor for the realization of magnetic confinement 

fusion. Experiments on the interaction of plasma and tungsten walls were carried out on linear accelerators 

and tokamaks. As a result of the interaction of helium plasma with the walls, thin nanorods are formed, 

called "fuzz" [1]. This work is devoted to the study of the field emission properties of a tungsten cathode 

with a nanostructured surface.  

To measure the field emission properties of the non-excited tungsten, surface the extremely low current 

measurement procedure was developed. Point anode was used, with an electrode gap of about 0.4 – 0.8 mm. 

The slow rising of the electrical field in some cases led to avalanche-like emission current amplification that 

in turn led to the breakdown. The current amplification waveforms suggest that emission structures are 

formed on the cathode surface. The field-induced emission structures time was in the range of 10 – 100 μs. 

The emission pictures on a phosphor screen and emission current waveforms suggest that during avalanche-

like emission current rise several emission structures could be formed. 

 

Fig. 1. I–V curve of tungsten cathode with the nanostructured surface. 
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The effect of 20-keV argon ion irradiation on the mechanical properties, structure, and phase 

composition of quenched and then naturally-aged hot-pressed profiles (6 mm thick) made of an D16 alloy 

(Al–Cu–Mg system) has been studied. 

The profiles were used to prepare standard flat specimens for tensile testing. The specimens were 

irradiated with continuous accelerated argon ion beams using an ILM-1 ion beam implanter equipped with a 

PULSAR-1M ion source based on a glow discharge with a hollow cold cathode [1]. A line-focus ion beam 

10020 mm
2
 in cross section was cut from a cylindrical ion beam using a collimator. The specimens were 

irradiated on both sides. Irradiation was performed at Е = 20 keV, j = 200 μA/cm
2
, and F = 2·10

15 
and 

110
16

 cm
−2

. The maximum temperature to which the specimens were heated during irradiation was below 

40–50°С. 

The standard mechanical tests for uniaxial tension were conducted on the flat specimens according to 

the State Standard GOST 14972 [2]. The specimens were tested on an INSTRON-8801 universal 

servohydraulic tester. The measurement error was  3 %. 

The structure and the phase composition of the alloy foils were examined in JEM-200CX and Philips 

CM 30 Super Twin electron microscopes at the Electron Microscopy Center of Collaborative Access of the 

Institute of Metal Physics, UB RAS. The microstructure was examined in two sections parallel to the 

irradiated surface, directly near the surface and at a distance of  150 µm from it. 

The initial quenched and naturally-aged D16 alloy has been found to have σu = 557 MPa, 

σ0.2 = 441 MPa, and δ = 9.7%. The mechanical properties after ion irradiation at the fluence F = 2·10
15

 cm
-2

 

remain almost the same. Irradiation at a higher fluence F = 110
16 

cm
-2

 increases the relative elongation to 

δ = 12.3%, without changing the strength properties. 

A developed subgrain structure is shown to be formed in the initial D16 alloy. Al6 (Fe, Mn) 

intermetallic compounds of crystallization origin are uniformly distributed throughout subgrains. The 

intermetallic compounds are mainly lamellar in shape. In addition, Al, Cu, Mg, Fe, Mn, and Si phases of 

complex composition in the form of round-shaped particles resulted from crystallization are observed along 

grain boundaries. Fine particles of strengthening phases, such as θ'(θ'') (CuA2), and S' (A2MgCu), form in the 

alloy due to aging. 

Ar
+
 ion irradiations at F = 110

16 
cm

-2
 causes coarsening of the subgrain structure near the specimen 

surface. In addition, irradiation lead to partial dissolution and fragmentation of complex intermetallic 

compounds of crystallization origin, which lie along the grain boundaries, both in the surface layer and at a 

distance of 150 µm from it. Intermetallic Al6(Fe, Mn) compounds decrease in size and their morphology 

changes, namely, the density of distribution of lamellar precipitates decreases, and equiaxed precipitates 

disappear. The irradiation triggers the decomposition of the supersaturated solid solution to form a more 

stable S' phase. An increase in the volume fraction of thel amellar stable S'-phase precipitates suppresses the 

nucleation and growth of the metastable aluminium–copper θ'' (θ') phases.  

We found that short-term (during 8 s) Ar
+
 ion irradiation transforms the microstructure and the phase 

composition of the naturally-aged hot-pressed profiles made of the D16 alloy, and increases their plasticity. 

This result is interesting, since the improvement of plastic properties while maintaining strength can 

favorably affect the resource characteristics. 
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The Ni−13.9 wt.% W alloy after cold working to a high reduction (99%) and subsequent 

recrystallization annealing (T = 1000°С, 1 h) acquires a particularly sharp cubic texture {100}<001>. It is a 

promising material for the manufacture of substrates for HTSC cables [1]. 

Inert gas ion irradiation of alloys in the metastable state, in particular after cold working in ion energy 

range 10–50 keV and ion current density range j = 100–400 μA/cm
2
 is known to cause annealing at much 

lower temperatures and a shorter time as compared to thermal annealing [2]. The aim of this work was to 

estimate the possibility of annealing Ni–W alloy tapes to form a particularly sharp cubic texture using ion-

beam treatment. 

The tapes were irradiated on one side with continuous Ar
+
 ion beams using an ILM-1 ion beam 

implanter equipped with a PULSAR-1M ion source based on a low-pressure glow discharge with a hollow 

cold cathode [3]. The irradiation parameters were chosen to irradiate Ni–13.9 wt.% W samples at two 

different temperatures. Irradiation at Е = 15 keV and j= 100 μA/cm
2
 heated the samples to Т = 630°С, and 

irradiation at Е = 15 keV and j = 300 μA/cm
2
, to Т = 850°С. Fluences of 3.2·10

16
 and 1.6·10

17
 cm

-2
 were 

achieved under the above conditions.
 
 

X-ray diffraction (XRD) analysis of the initial and irradiated samples on both sides was carried out on a 

DRON-UM-1 diffractometer. The XRD data were analyzed by the Rietveld full-profile method using 

FullProf software. 

Argon ion irradiation of the alloy tapes at a fluence of F = 3.2·10
16

 cm
-2

 and an irradiation time of 51 s 

resulted in heating the samples to 630°C and a decrease in the microstress level (d/d10
4
 = 20.7 and 22.0 

on both irradiated and nonirradiated sides instead of 39.0 for the initial sample). The (220) texture 

characteristic of the initial deformed state retains. Further irradiation of this sample at a fluence of  

1.6·10
17

 cm
-2

 (250-s irradiation) results in the disappearance of the preferential grain orientation. The level of 

microstresses increases slightly to d/d10
4
=26.5 for the irradiated side and d/d10

4 
= 18.7 for the 

unirradiated side. 

Irradiation for heating the deformed tapes to a higher temperature T = 850°С results in a sharp 

microstress decrease d/d10
4
 = 8.9 and 8.3 (irradiated and nonirradiated sides) and a radical change in 

texture from (220) to (200) already at fluence F = 3.2·10
16

 cm
-2

 (irradiation time of 17 s). Subsequent 

irradiation of this sample at a fluence of 1.6·10
17

 cm
-2

 (85-s irradiation) does not cause any important 

changes. The level of microstresses remains the same. The grain orientation that changed earlier retains. A 

comparative analysis of the samples irradiated for 17 s and heated in the furnace in a similar way showed 

that annealing changed the grain orientation as well and reduced the level of microstresses. However, its 

effect is about three times less than during irradiation. 

We plan to continue the search for optimal irradiation conditions for annealing Ni–W films to form the 

desired texture. We should note that the changes in the microstress level on both the irradiated and irradiated 

sides of the 80-µm-thick sample are approximately the same, although the projective range of argon ions 

with an energy of 15 keV in nickel, according to the TRIM calculations, is only 7 nm. This result supports 

the radiation-dynamic nature of the accelerated ion beam effect on the substance due to the generation of 

powerful elastic shock postcascade waves [2]. 
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One of the methods to improve quality of thin films prepared by magnetron sputtering is to elevate the 

ionization degree and thus to arrange the ion assistance of coating growth. Generally, it can be done in 

several ways: by optimizing the magnetic field configuration, by changing the power supply regime (i.e. 

utilizing high power pulsed sputtering modes —HiPIMS [1], L-HiPIMS [2], MPPS [3], and others), or both. 

The response of the ion current in the substrate region to the magnetic system configuration of a circular 

magnetron (Pinch Magneto series) was studied during direct current sputtering of aluminum target in argon. 

The unbalancing degree induced by changing the positions of magnets was modelled with finite element 

methods (COMSOL Multiphysics). The ion saturation current in the substrate region showed more than 

twofold variation with unbalancing degree in the range 0.6–1.2. The dependence was non-monotonic, and 

the system was optimized to maximize the substrate ion current. The Langmuir probe diagnostics showed 

plasma density ~ 10
16

 m
–3

 in the optimized magnetic configuration. 

The dependence of ion saturation current on the relative position of magnets (Δz) is shown in Fig. 1 

along with the unbalancing degree g calculated for a number of magnetic configurations. Discharge power P 

was fixed at 100 W. 

 

Fig. 1. Ion saturation current and degree of unbalancing (g) for different positions of magnets. 

Varying the magnetic field configuration is a convenient tool for tuning the ion content in the substrate 

region. Having the capabilities of in situ magnet positioning ensures widening of film properties that can be 

prepared using the magnetron. 
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Complex study of multicomponent coatings based on ultra high temperature ceramics (UHTC), 

including MeNm (Me: Zr, Hf, Ta, Ti, Nm: B, C, N), and SiC was carried out. The development of PVD 

technologies is often related with creation of new multicomponent materials that are used as precursors in 

deposition process. Among the methods of composite targets manufacturing the combination of SHS with 

subsequent hot pressing or SPS is cost effective technology. Self-propagating high-temperature synthesis 

(SHS) allows obtaining a wide range of composites with unique structure, low porosity, low impurities 

content. The nanocomposite coatings were obtained in various energy regimes, including rigid, due to the 

use of functionally graded materials, reinforced materials, and ceramic with hierarchical structure. Coatings 

were deposited by magnetron sputtering in DC, pulsed DC, and HIPIMS regimes, pulsed cathodic arc 

evaporation (PCAE), or using ion sputtering [1]. Multiphase MeNm targets were used. Depositions were 

performed in Ar, N2, C2H4, and gas mixtures. To evaluate the high-temperature oxidation resistance, 

diffusion-barrier properties, and thermal stability, the as-deposited coatings were isothermally annealed in air 

atmosphere or in vacuum at temperatures range T=1000-1700
0
C [2]. The additional thermo-cycling 

experiments were fulfilled between 25 and 1000
o
C for 100 cycles. The structure of as-deposited and heat-

treated coatings was studied by means of XRD, SEM, TEM, GDOES, XPS, Raman and FTIR spectroscopy. 

The mechanical properties were measured using indentation and scratch-testing. The tribological properties 

were evaluated in air using a high-temperature tribometer. Deep knowledge about the influence of 

parameters and morphological features of coatings structure on mechanical properties was obtained using the 

investigation of deformation mechanisms by nano- and pico- indentation. In-situ studies of phase 

transformation, recrystallization and phase segregation in Zr-B-N, Zr-Ta-Si-B-C, Zr-Ta-Si-B-N, and Zr-Mo-

Si-B coatings were carried out upon heating in column of TEM. 
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Surface defects in the form of craters are characteristic elements of the surface relief of metals after 

irradiated by high pulse power ion beam (HPPIB) [1]. Craters also occur after irradiatng of 12X18H10T steel 

at the TEMP-4M ion accelerator (the energy of C
+
 ions is 250 keV, τ~100 ns , the number of pulses 

1,5,10,50, the energy density of a single pulse F is 1 and 3 J/cm
2
). At F = 1 J/cm

2
 and a single pulse, small 

microcraters (up to 10 microns in diameter) are formed on the surface of the steel with an indistinct parapet, 

traces of material boiling in the central region of the crater, and, as a rule, inclusion in the center. After 

processing with 10 pulses, spherical microcraters and larger craters with a clear parapet are formed. The 

average size of the craters increases with the number of pulses. At F= 3 J/cm
2
, classical spherical craters 

appear after 1 impact pulse (Fig. 1). It is established that the morphology of the craters formed at the same 

processing parameters does not depend on the degree of preliminary deformation of the steel. Also, 

inclusions of various elemental and phase compositions, such as TiN and MnS, were found in the center of 

the craters. 

 
Fig. 1 (a) A crater on the surface of steel after MIP treatment with an energy density of 3 J/cm2 (1 pulse); (b) The cross-section of the crater after 

exposure to 10 HPPIB pulses with a current density of 3 J/cm2. To the right of the image are the X-ray microanalysis spectra from the areas indicated 

by the arrows. 
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Zirconium-based alloys are widely used in modern nuclear power engineering due to a set of 

exceptional properties, such as high neutron transparency, acceptable mechanical properties, and good 

corrosion resistance. In regular operation of nuclear power plants, zirconium alloys satisfy the basic 

requirements for reactor materials. However, under emergency conditions such as a loss of coolant accident 

(LOCA), zirconium is subject to significant degradation. Temperatures beyond 700°C cause an uncontrolled 

oxidative reaction of zirconium and water (steam) with the generation of heat and hydrogen gas [1]. 

Reducing the rate of oxidation of Zr at high temperatures is one of the key problems associated with 

increasing the accident stability of nuclear power plants. Considerable efforts are directed at improving the 

operational properties of zirconium alloys through the application of protective coatings [2, 3]. The most 

likely candidates among them are chromium-containing coating. Nevertheless, there are several problems in 

the application of coatings, among which the most relevant are their discontinuity, low adhesion, as well as 

the mutual diffusion of elements between the materials of the substrate and the coating. One of the methods 

that allow the formation of uniform coatings with good adhesion is the method of forming surface alloys [4]. 

In the presented work, the regularities of the formation and properties of the Cr-Zr surface alloy use 

produced by using a low-energy high-current electron beam are investigated. The electron-beam machine 

“RITM-SP” with an explosive-emission cathode and a plasma-filled diode generating the LEHCEB was 

employed in the work [5]. This machine is equipped with a magnetron sputtering system which allows 

forming the surface alloys in a single vacuum cycle. The process of formation of surface alloys consists of 

the deposition of Cr film on a Zr substrate followed by a liquid-phase mixing of the deposited film and the 

substrate upper layer with a LEHCEB. These operations can be repeated to obtain a thicker surface alloy. 

The effect of various modes of formation a surface alloy on its structure, elemental composition and 

properties is investigated. The formation mode is defined by the thickness of deposited Cr film, the energy 

density of the electron beam, and the pulse number of LEHCEB treatment. Different techniques like SEM, 

XRD, EDS have been used for characterization of the surface morphology, phase and elemental composition 

of the surface alloys. It was found that an important factor in the formation of a defect-free surface alloy is 

the concentration of chromium in the near-surface layer. Experiments have shown that for surface alloys 

formed in different modes, but for which the chromium concentration was more than 30 at.%, cracks formed 

on the surface (Fig. 1). 

  

Fig. 1. SEM images of Cr-Zr surface alloy with a thickness of 1 μm and a Cr concentration of (a) 23 and (b) 39 at.%. 
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The results of experiments on low-energy implantation of AISI 321 stainless steel by nitrogen ions are 

presented. The treatment was carried out by a pulsed beam of nitrogen ions obtained using a ballistic ion 

focusing system. It is shown that such treatment leads to the formation of an etching crater, the depth of 

which, at a constant energy of incident ions, depends on their current. Simultaneously, the surface 

modification occurs with the formation of a two-layer structure, which is typical for ion-plasma nitriding 

processes of stainless steels. 

The thickness of the modified layer can reach 33 μm after 1 hour of ion-plasma treatment. The 

influence of subsequent modification of the ion-doped layer by the action on the surface of the pulsed high-

current electron beam of microsecond duration is studied. The work presents the results of the studying the 

regularities of changes in the depth distribution of dopants, microstructure and phase composition of the 

modified and matrix layers by optical metallography, diffraction analysis and transmission electron 

microscopy. 
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An innovative method to produce Ti-W surface alloys consists in the coupling of PVD and LEHCEB 

techniques. Ti-W alloys were synthetized by depositing W films of 600 nm onto c.p. Ti substrates; the two 

metals were then alloyed by LEHCEB treatment, carried out at 30 kV for 60 pulses. This treatment led to a 

W content in the surface alloy of about 10 at.%. 

Ti-W surface alloys are an interesting material for the mechanical properties [1]. Indentation tests 

showed an increase in the Vickers microhardness in respect to titanium. 

 

Fig. 1. Surface EDS color map of the sample synthetized at 120 V for 5 min at 25°C in 1.5 M H2SO4. 

Another useful application of Ti-W alloys is in the synthesis of mixed oxides by plasma electrolytic 

oxidation (PEO) for photoelectrocatalytic water treatments. In the present work, we obtained a nanoporous 

oxide by PEO carried out in 1.5 M H2SO4 at 25°C and 0°C for 5 minutes, by employing different applied 

voltages, from 100 to 200 V (Fig.1). Mixed oxides were investigated with XRD, SEM and EDS analysis. 

Photoelectrochemical properties were examined by LSV under UV and VIS irradiation. 

The synthesis of mixed oxides of Ti and W is promising for decreasing the band gap of TiO2 by 

addition of W [2, 3]. A possible effect due to the presence of W is the influence on the formation of anatase 

phase. We observed that an increase in W content stabilizes the presence of anatase even at high PEO 

voltages. 
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Various hardening methods are used to improve the performance of HSS cutting tools. The most 

common way to harden a tool is to apply wear-resistant coatings [1]. This is the most effective way to ensure 

the optimal combination of hardness-ductility [2]. Physical Vapor Deposition (PVD) [3, 4] is the most 

common of the variety of coating options. 

Recently, combined processing methods that combine 2 or more hardening methods are gaining 

popularity. The system “Substrate - Surface alloying - Coating” has a smooth transition of microhardness 

and improved adhesive strength of the coating [5]. Ion nitriding is often used as an assisting method for 

surface doping [6]. This method is called duplex surface treatment. 

The nitriding depth plays an important role in improving duplex adhesion. According to [7], the optimal 

depth is 40 µm. Greater depths lead to embrittlement of the steel surface. This depth can be achieved using 

various mode variations. Also, the optimal ratio of the size of the nitrided layer to the thickness of the 

coating is in the range of 0.05 - 0.125. 

In connection with the above, the purpose of this work is to determine the nitriding modes to identify 

the optimal nitriding depth for duplex processing. Figure 1 shows a diagram of the setup for carrying out the 

experiment. The plant is equipped with two electric arc evaporators and a hollow cathode plasma source for 

ion nitriding of the coating process. Using mathematical modeling, the dependences of nitriding time, gas 

composition, and technological modes on the properties of duplex machining of tool steel were investigated. 

 

Fig. 1. Experimental installation NNV-6.6 I1. 
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The work is aimed at obtaining fundamental knowledge about the regularities of the formation of the 

structural-phase state and the physical mechanisms of hardening of the hypereutectic silumin subjected to 

electron-beam treatment. 

Irradiation of hypereutectic silumin with a pulsed electron beam is accompanied by multiple 

transformations of the structure and phase composition of the surface layer up to 100 μm thick. As a result of 

the performed studies, it was established that, regardless of the energy density of the electron beam, two 

types of regions (grains) are formed in the surface layer of silumin, differing in the silicon concentration and 

the type of substructure. Namely, grains, in the volume of which a structure of high-speed cellular 

crystallization is formed, and grains, in the volume of which, along with the structure of high-speed cellular 

crystallization, crystallites of excess silicon are present. It is shown that silicon crystallites (grains) have a 

polyhedral shape, their sizes vary from 0.5 μm to 1.3 μm. It was found that the volume of crystallization cells 

was formed by a solid solution based on aluminum. The predominant element of the interlayers separating 

the crystallization cells is silicon. The interlayers contain atoms of copper, iron and magnesium along with 

silicon. It was found that the average cell size increases with an increase in the energy density of the electron 

beam in the range (25-40) J/cm
2
 from 290 nm to 500 nm. At the same time, the transverse dimensions of the 

interlayers of the second phase increase from 80 nm to 110 nm. It is shown that the structure formed in 

silumin samples upon irradiation with a pulsed electron beam depends on the distance from the irradiation 

surface. In the surface layer (40-60) microns thick, upon irradiation with a pulsed electron beam, all phases 

present in the initial silumin melt. There are intermetallic compounds based on cast iron at a greater distance 

from the irradiation surface. At a depth of (80-90) microns, regardless of the energy density of the electron 

beam, a structure is observed that is formed as a result of melting of aluminum and partial dissolution of 

silicon; silicon and intermetallic plates are preserved. A high-speed cellular crystallization structure is 

formed near the silicon wafers. 
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Generation of electron beams from plasma cathodes with grid stabilization of the emission plasma 

boundary has a number of advantages, in particular, a weak dependence of the parameters of the generated 

beam on each other [1, 2]. Using of this advantage, the possibility of amplitude modulation of the current of 

a submillisecond electron beam due to a proportional change in the amplitude of the arc discharge current 

was demonstrated in [3]. This possibility of modulating the beam current makes it possible to dynamically 

control its power and provide not only an incident or constant, but also an increasing beam power during a 

pulse. Power control during a submillisecond pulse provides a controlled change in the temperature of the 

target surface exposed to irradiation in order to modify its functional properties. Certainly, an important 

parameter in such processes is the energy density distribution. This work is devoted to the study of the 

energy density distribution of an electron beam during its modulation. In the course of the work, the 

processes leading to a change in the distribution of the energy density of the beam were studied. Figure 1 

shows the energy density curves for an unmodulated and for 2 cases of a modulated beam. 

 

Fig. 1. Electron beam energy density distribution: a - for the beam current on oscillogram 1; b - on oscillogram 2;  

 c - on oscillogram 3. 
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In this work, studies on the formation of a surface alloy based on silicon and niobium on substrates of 

40Cr steel were carried out. The method of electron-ion-plasma surface engineering was used to form the 

surface alloy. Experiments were carried out on the COMPLEX setup [1]. The diagram of the electrode 

system is shown in Figure 1. 

 

Fig. 1. Scheme of experiment. 

To carry out these experiments, the equipment was modernized. A magnetron sputtering system for the 

deposition of silicon films was installed, and the discharge system of a pulsed electronic source SOLO was 

optimized. 

The experiments were carried out in a single vacuum cycle. The optimal modes of deposition of silicon 

and niobium films, as well as electron-beam mixing of the film-substrate system, were investigated and 

selected. 
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In this work, we have developed a discharge system for heating and evaporation of a boron powder 

target based on a non-self-sustaining arc discharge with a heated and hollow cathode and an uncooled 

combined anode. Experiments were carried out in a COMPLEX equipment [1]. The diagram of the electrode 

system is shown in Figure 1. 

 

(a)     (b) 

Fig. 1. Scheme of experiment (a): Hot anode electrode system. (b) Нot anode appearance. 

1 - PINK gas plasma generator; 2 - samples; 3 - thermocouple; 4 - boron powder anode target; 5 - graphite crucible-anode; 

6 - electric screen; 7 - working vacuum chamber. 

The anode of the discharge system is made in the form of a cylindrical graphite crucible with a diameter 

of 40 mm and a height of 20 mm. On the upper end surface of the crucible, a recess with a diameter of 

30 mm and a depth of 8 mm was made into which a sample of boron powder was placed. The target was 

amorphous boron, powder with “A" grade (TU 2112-001-49534204-2003) of the following composition 

(wt.%): B – 96.2, Fe – 0.3, Si – 0.2, H2O – 0.3. The crucible was located at a distance of 100 mm from the 

outlet of the cathode cavity of the gas plasma generator. In the gap between the crucible-anode and the 

cathode cavity of the gas plasma generator, there was a holder with the processed samples, the temperature 

of which was controlled by a chromel-alumel thermocouple. 

The results of a study of the current-voltage characteristics of a discharge with a hot anode and the 

dependence of the anode temperature on the discharge parameters are presented. The modes of deposition of 

boron films have been determined. 
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The report presents the interaction features of high-power VUV/UV radiation with multilayer reflective 

and antireflection multilayer HfO2/SiO2 and ZrO2/SiO2 coatings. High-brightness radiation (with an intensity 

of 10
5
…10

9
 W/cm

2
) was generated with an erosive magnetoplasma compressor [1] at a discharge in air and 

neon (with a pressure of ≈ 300…400 Torr). In the case of neon, the energy of radiation quanta is limited 

from above by its ionization potential (≈ 21.55 eV), and in the case of air, by absorption in the Schumann-

Runge bands (≈ 6.2 eV) [2]. The main features of a gas-dynamic response to the radiation were visualized by 

the schlieren photography [3]. It is shown that, in the case of high-energy quanta, evaporation of the coating 

and other effects, which lead to the degradation of optical characteristics, took place. Shock plasma front (1) 

and surface evaporation front (2) from the irradiated substrate (3) with the multilayer coating were recorded. 

For the antireflective coatings at the operating wavelength (≈ 527 nm), a decrease in the transmittance from 

95 to 90% was recorded (under a single VUV/UV exposure). However, no gas-dynamics structures were 

recorded for a discharge in air. In this case, the changes in optical properties were minimal (0.5…1 %). Thus, 

it was concluded that high-energy quanta have a significant effect on the optical characteristics of coatings. 

 

Fig. 1. Schlieren photography of gas-dynamic response from VUV/UV radiation: 1 – shock plasma front, 2 – surface evaporation 

front and 3 – substrate with coating. 
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Today, a large share of the tool from high-speed steels, especially high-precision steels, is offered by 

the suppliers with various options for wear-resistant coatings based on refractory metal nitrides obtained by 

the PVD method. Nevertheless a significant difference in the physical and mechanical properties between the 

substrate and the coating often causes intense destruction of the working surfaces of the tool during plastic 

deformation of the substrate under the action of a high load. This disadvantage can defeat by the formation of 

a particular transition layer, which can be obtained, for example, by preliminarily applying a wear-resistant 

coating of chemical-thermal treatment. In particular, a variety of methods for ion nitriding are widely used. 

The use of such processing allowed increasing the resistance of a high-speed tool several times in 

comparison with a tool that has only a PVD coating. It is possible to increase the thermal stability of the 

near-surface layer of the tool directly adjacent to the coating due to additional surface alloying of nitrided 

high-speed steel. 

The workpieces, the milling process studied in this work, were obtained in the selective electron-beam 

melting unit Arcam A2. The workability of the workpiece obtained by additive technology compared with 

that of the forged one. As a tool material was chosen a medium-alloy high-speed steel AISI M2 after 

standard heat treatment. 

Milling was carried out on a vertical console machine WF-1 using a dynamometer made by Kistler. The 

end milling process is modeled using a special holder and a unique metal-cutting insert. The scheme of 

counter milling is used. 

Some of the experimental cutting inserts underwent an alloying operation of the near-surface layer 

before applying the wear-resistant coating. The treatment was carried out in the RHITHM-SP unit. The 

installation allows to apply films on the surface of the desired product and to mix this film and substrate 

materials by an intense pulsed electron beam. Nitriding of the tool before surface alloying performed using a 

two-stage vacuum-arc gas discharge. 

The structure of the titanium Ti-6Al-4V alloy workpiece obtained using electron-beam melting differs 

significantly. Changing the properties of the material could affect the characteristics of its machinability, and 

the features of milling titanium alloy obtained by the electron beam melting method revealed - the 

component of cutting force FT increases by approximately 15%. At the same time, a 20% drop in the force FR 

was observed. Although the material is less flexible and harder and processing, it is somewhat more 

complicated, and the tendency to stick chips on the tool is significantly reduced. 

Experiments have shown that it is possible to increase the durability of a unique tool made of high-

speed steel up to six times when milling a titanium alloy both in the forged state and after obtaining the 

workpiece by electron-beam melting, which reduces the cost of tool production and increases processing 

productivity by 20%. 

The service life of the tool affects its performance, which is directly related to the cutting speed. 

Unfortunately, the use of high-speed steel tools significantly limits the ability to increase it. Nevertheless, the 

use of complex surface treatment can give productivity increasing of up to 20% when the technological 

stability of the cutting tool is from 30 to 60 minutes. 
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In ITER, there are two values of the heat load for the blanket, depending on the location on the sectional 

plane of the chamber [1]: “normal” – 2 MW/m
2
 and “increased” – 4.7 MW/m

2
. The aim of this work is to 

experimentally estimate the service life of a beryllium coating after irradiation with an electron beam, 

hydrogen and helium plasma under the operating conditions of a fusion reactor. The article presents the 

results of studies of beryllium grade TGP-56, carried out on a plasma-beam installation [2]. 

The joints between the panels of the first wall take place due to the location of the diagnostic and 

technological ports in the FWP. Plasma interaction is possible along the edges of the beryllium panels. These 

areas may be exposed to plasma and heat flux at angles from 15º to 90º, which can lead to local heat stress 

and possible melting of components. Higher surface temperatures at the edge of the tile and therefore the 

potential for erosion or melting of the material, together with increased atomization, can increase plasma 

contamination. 

In this work, preliminary thermal calculations are carried out, which are based on literature sources and 

design characteristics at which the first ITER wall is operated. Fig. 1 shows some results of studying the 

microstructure of TPG-56 beryllium after plasma irradiation. 

 

Fig. 1. Results of microstructural studies of beryllium. 

The experiments revealed a change in the microstructure of beryllium after irradiation with hydrogen, 

deuterium and helium atoms. The pore diameter and their bulk density increase depending on the plasma 

parameters. 

The results obtained make it possible to study in more detail the change in the properties of beryllium in 

the process of plasma interaction with the surface of the FWP of a thermonuclear reactor. 
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At the moment, obtaining transparent conductive coatings is an extremely relevant area. In addition to 

the various uses for transparent conductive coatings (TCO) in electronics, green energy and energy sources, 

there is the problem of switching the existing technology of TCO production from ITO coatings to the 

alternative ones, e.g., AZO, which are produced from more abundant elements [1]. There are two options for 

producing AZO films by magnetron sputtering - sputtering of sintered ceramic targets in an argon 

atmosphere and reactive sputtering of Zn and Al targets in an argon-oxygen atmosphere [2, 3]. The latter 

option is more promising for mass production. For its implementation, it is necessary to accurately select the 

ratio of the fluxes of aluminum and zinc incident at the substrate, for which it is necessary to obtain data on 

the target oxidation. In this work, we investigate the hysteresis of the magnetron deposition process with 

aluminum and zinc targets in a reactive argon-oxygen mixture of working gases. 

All experiments were carried out in a setup with an ion beam extraction system and a magnetic sector 

mass analyzer, which enabled us to obtain mass spectra of the ion fluxes at various points of hysteresis. In 

addition, Extorr XT100 quadrupole residual gas analyzer and a quartz microbalance were used. The process 

of changing the ratio of gases in the working mixture was automated, as well as the measurement of the 

following parameters: total pressure, current and voltage of the discharge, mass spectra from the residual gas 

quadrupole analyzer, mass spectra of the ion flux from the magnetic sector mass analyzer, and the thickness 

of the obtained coatings measured by a quartz microbalance. 

At the points characterizing the hysteresis, the flux densities of ions incident on the substrate, as well as 

the flux densities of neutral particles, were estimated. 
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In previous works, nanostructured materials have become widely used in various fields of electronics, 

optics, for recording and storing data on magnetic media, as catalysts, in ceramic materials and 

nanocomposites by used HfO2 films [1-5]. The electrical properties of hafnium oxide (HfO2) and other metal 

oxides with high dielectric constants are currently being investigated with great interest, especially in 

connection with the promising possibilities that have been found by these materials to replace silicon oxide 

in the basis of metal oxide semiconductor (MOS) transistors, involved be used carbon nanotube [6-8]. 

Hf nanofilms were deposited on silicon substrates by direct current magnetron sputtering (DC MS) 

using a MVU TM Magna T. When the working chamber was evacuated, a vacuum of no more than 510
–4

Pa 

was achieved in it. The magnetron discharge occurred at an Ar (99.998%) working pressure of 0.5 Pa. Before 

deposition, the substrates were heated to 130°C for 60 seconds, then ionic cleaning was carried out (60 mA, 

120 s). The targets were products of GIRMET LLC made of Hf (99.99%). They were in the form of a disk 

with the following dimensions: diameter - 100 mm, thickness - 6 mm. Magnetron nanofilms were deposited 

on silicon wafers with dimensions of 185 mm. Sputtering was carried out at a power of 300 W for 300 s, an 

argon flow rate of 0.7 liter per hour (l/h). 

X-ray structural analysis was performed on a GBC EMMA diffractometer with high temperature 

camera. Surface morphology was studied using an atomic force microscope (Smart SPM AistNT) minimum 

scanning area 1 μm
2
 with spatial resolution along the Z coordinate - 30 pm. Changes in the chemical 

structure of nanofilms were studied by Raman scattering using an OmegaScope AIST-NT confocal Raman 

microspectrometer with high spatial and spectral resolutions:  250 nm, 0.8 cm
-1

, accordingly. 

By analogy with earlier studies of degradation processes in metal magnetron nanofilms made of 

transition metals [9], oxidation and morphological changes of the surface were studied by nanofilms of 

metallic Hf with the same thickness (about 200 nm), each of which was annealed at a corresponding 

temperature, varied with a step of 100°C from room temperature to 700°C. A specific feature of magnetron 

nanofilms of Hf is an increase in surface roughness and coherence size L in the temperature range from room 

temperature to 300°C and decrease in the temperature range at 400-700°C. The fractal dimension of the 

analyzed surfaces of magnetron nanofilms of Hf changes insignificantly around 2.4, that is, it corresponded 

mainly to their three-dimensionality (planarity). 
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Long-term and reliable operation of semiconductor devices and integrated circuits is largely determined 

by the choice of the method of their protection. For protection and insulation of such devices, electrical 

insulating varnishes based on epoxy, organosilicon resins, polymers, or coatings with the inclusion of 

aluminum nitride fibers are often used [1, 2]. This category of materials has good dielectric properties, but 

their thermal conductivity does not exceed 1 W/mK, which makes it necessary to take special efforts to cool 

microelectronic devices. One of the modern trends in the production of protective coatings is the plasma-

based technologies. However, the manufacturing of dielectric coatings that also have heat-conducting 

properties is complicated [3]. Electron-beam deposition of coatings by fore-vacuum plasma-cathode electron 

sources allows one to obtain dielectric coatings of thickness from several nanometers to tens of micrometers 

with all necessary properties for their use in microelectronic devices. 

 
Fig. 1 – A chip with SMA-ports before the deposition of coatings (a) and after the deposition of the coating based on aluminum 

nitride ceramics (b); Photos of chip on all stages of coatings deposition: 1 – initial; 2 – after deposition of the first layer (coating 

thickness 0.5 μm); 3 – after deposition of the second layer (coating thickness 1 μm); 4 – after deposition of the third layer (coating 

thickness 1.5 μm). 

In figure 1 one can see the photos of monolith integral circuit with alumina- and aluminum nitride-

based coatings deposited on its surface. The deposition duration was 1 minute. Electron beam with power 

density of 8 kW/cm
2
 in helium atmosphere evaporated the ceramic target, and its vapors then deposited on 

the surface of the circuit. One should note that the deposition of AlN and Al2O3 coatings has been conducted 

on a circuit which active parts were passivated by a dielectric (Si3N4). This allows one to conclude that these 

coatings can be used as constructive materials for the passivated monolith integrated circuits in high-

frequency electronics. In our work, we show the results of our research on the regimes of electron-beam 

deposition of dielectric coatings in fore-vacuum, as well as diagnostics of their properties and characteristics. 
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Thin (with thickness of several μm) magneto-dielectric coatings have been used actively in high-

frequency microelectronics due to their unique ability to ensure electrical isolation and exhibit magnetic 

properties with low eddy currents. In our previous work [1] we proposed a new method for obtaining such 

coatings. The method is based on sequential electron-beam evaporation of targets made of magnetic (such as 

ferrite or iron) and dielectric (alumina ceramic) materials by fore-vacuum plasma-cathode electron source, 

ionization of vapors and the working gas, with subsequent deposition a magneto-dielectric coating on a 

substrate from such multi-component beam-produced plasma in medium vacuum (several Pa). However, our 

previous estimation of magnetic properties of such coatings by inductive method was uncertain due to low 

sensitivity of this method for diagnostics of thin films. This fact stimulated the further research on methods 

for evaluation the magnetic properties (such as the effective magnetization) of the mentioned magneto-

dielectric coatings. 

In this study we consider the two methods for analysis of magneto-dielectric coatings: a method based 

on electromagnetic resonance in micro-strip resonator (MSR), and on ferromagnetic resonance (FMR) [2]. 

Fig. 1 below depicts the preliminary result obtained using MSR method. 

 

Fig. 1. Frequency dependences of S11, S12 coefficients near resonance peaks of the first mode of magnetic field oscillations, for the 

resonator with alumina substrate only (solid lines), and alumina substrate with iron-containing coating of 2.1 μm thickness 

(dashed lines).  

Fig. 1 demonstrates that when an alumina ceramic substrate is placed into the micro-strip resonator, no 

change in the S11 and S12 coefficients occurs. However, when an alumina ceramic substrate with a thin 

iron-containing coating is placed into the gap, a small (0.9 MHz) left shift of the peak of the first mode of 

magnetic field oscillation occurs. This shift is also accompanied by a slight decrease in the peaks amplitude. 

The presence of this shift indicates that the deposited iron coating has a measurable non-zero magnetic 

permeability. However, the small value of the observed shift of the resonance peaks indicates the insufficient 

sensitivity of the MSR method. So, the further research of the coatings by a more sensitive FMR method is 

required. 
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Aluminum oxide, being a simple chemical compound with high chemical inertia and temperature 

stability, is an ideal coating component for protecting various alloys from high temperature and chemical 

wear. Typically, for the formation of such coatings, CVD methods are used, since the aluminum oxide is a 

dielectric. 

In this work, in order to improve the adhesion between the protective coating and the substrate material, 

thin intermediate layers (100-200 nm) based on titanium oxides and nitrides have been grown. The formation 

of intermediate layers is mainly carried out by PVD methods. 

 

Fig. 1. Experimental setup. 

This paper presents a two-stage PVD method for forming a layered structure on a titanium substrate. 

The formation of the intermediate layers was carried out by the magnetron method (first stage), and the main 

protective layer was deposited in the second stage using a fore-vacuum electronic source (Fig. 1). The use of 

an electronic source for the formation of the protective layer made it possible to avoid a large thermal load 

on the substrate typical for conventional CVD deposition methods. At the same time, the generation of dense 

beam plasma during the transport of an electron beam in a fore-vacuum gas medium compensates for the 

negative charge on the surface of the aluminum oxide target and promotes its effective evaporation. 

The electrical properties of both the intermediate layers and the resulting layered coatings are 

investigated: the tangent of dielectric losses, the real and imaginary part of the conductivity and the dielectric 

constant versus the frequency. 
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Plasma nitriding coupled with deformation processing by a sliding indenter is an effective method for 

stainless steels surface hardening [1, 2]. This paper shows the possibility of ion-plasma nitriding application 

in the offered complex post-processing technology for a product produced by selective laser melting (SLM) 

using the PH1 high-chromium stainless steel powder. The complex post-processing technology for a part of 

isolating pipeline valves obtained by the SLM method includes heat treatment, plasma nitriding, burnishing 

with a sliding diamond indenter [3] and deposition of a multilayer (80 alternating layers of 25 nm thick from 

Ti0.2C0.8 titanium carbide and diamond-like carbon) composite coating with a thickness of not less than 

2 μm [4]. 

The multilayer coating deposited on the heat-treated substrate is characterized by significant 

divergency, with the average surface roughness Ra being 310 nm and 180 nm when measured, respectively, 

on surface areas with dimensions of 211.2×277.5 μm and 42.5×55.8 μm. The coating deposited on nitrided 

substrate at temperatures of 500-540°C shows less inhomogeneity, and the average Ra values are 230 nm and 

180 nm. A thin-film coating deposited on a substrate subjected to nitriding and burnishing is characterized by 

the highest uniformity and the lowest average values of the roughness parameter,  

Ra=82-86 nm. X-ray diffraction analysis used after plasma nitriding revealed the α-phase, γ´-phase (Fe4N), 

as well as chromium nitride inclusions CrN, in the surface layer structure. After the deposition of a 

multilayer thin-film coating on the surface, previously subjected to nitriding and burnishing, an additional 

TiC phase appears. The surface layer of the coated part received by the SLM method, forms favorable 

compressive stresses. The microhardness of a multilayer coating deposited on the heat-treated substrate 

reaches 1200 HV at a depth of 0.55 μm. The microhardness of the coating deposited on the sample, subjected 

to nitriding and subsequent burnishing, reaches 2500 HV at a depth of 0.50 μm. It is 500 HV higher than the 

microhardness of the coating deposited on the nitrided surface (without burnishing). 

Thus, the complex application of plasma nitriding and burnishing with sliding diamond indenters takes 

on the role of a ‘solid basis’ contributing to the effective formation of high-strength thin-film ‘titanium 

carbide – diamond-like carbon’ coatings on the surface of stainless steel synthesized by the additive 

technology. 

The authors express particular gratitude to A.G. Merkushev and I.Y. Malygina for their participation in 

the work. 
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Fabrication of antibacterial coatings is an important strategy to prevent bacterial proliferation and 

infection [1, 2]. In this work, antibacterial coatings containing nanocapsules were synthesized in a single step 

by aerosol-assisted atmospheric pressure plasma deposition. It was observed that the formed nanocapsules 

were embedded in the polymer coating, which had a core-shell structure with silver as the core and polymer 

as the shell (see Fig. 1). The antibacterial coatings deposited on PET fabrics were then subjected to 

biological analysis, including Ag
+
 ion release assays, antibacterial tests for Escherichia coli and 

Staphylococcus aureus, and cytotoxicity analysis of murine fibroblasts. A two-phase release kinetic process 

of Ag
+
 ions was observed, i.e., from an initial short-term burst of release to a long-term slow release. It was 

shown that the coatings deposited on PET fabrics have high antibacterial efficiency and low cytotoxicity, 

which are promising for biomedical applications. 

 

Fig. 1. Schematic of aerosol assisted atmospheric pressure plasma deposition for antibacterial coatings [3]. 
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The synthesis of the surface alloy was carried out as follows [1]. On the surface of flat specimens 

15155 mm in size made of MA-2 magnesium alloy (94.5–96.7% Mg, up to 0.05% Fe, up to 0.1% Si, 

0.15–0.5% Mn, up to 0.005 % Ni, 3–4% Al, up to 0.05% Cu, up to 0.002% Be, 0.2–0.8% Zn) by the method 

of vacuum arc discharge sputtering of the cathode surface, a metal film 1 µm thick was deposited. A7 

aluminum alloy was used as the cathode material (from 99.7% Al, up to 0.16% Fe, up to 0.15% Si, up to 

0.03% Mn, up to 0.01% Ti, up to 0.01% Cu , up to 0.02% Mg, up to 0.04% Zn, up to 0.03% Ga). During the 

deposition of the coating, the surface temperature of the specimens was controlled (no more than 200°C) in 

order to exclude the degradation of the strength properties of the magnesium alloy in the bulk of the initial 

material as a result of annealing. Then the resulting “coating (A7)/substrate (MA-2)” system was irradiated 

with an intense pulsed electron beam of submillisecond duration. In the course of irradiation, the following 

parameters were varied: the energy density in the pulse was 3–12 J/cm
2
, the pulse duration was 50–200 μs, 

and the number of pulses was 3–10. The impact of a pulsed electron beam on the “coating/substrate” system 

resulted in liquid-phase mixing of materials in the surface layer. 

As a result of the studies carried out, the optimal modes of formation of the “Al (A7)/Mg (MA-2)” 

surface alloy were revealed, depending on the energy density in the pulse of the electron-beam and the pulse 

duration. It was shown that the combined surface treatment in the obtained modes allows increasing the 

microhardness and wear resistance of the modified layer up to 1.75 and 1.5 times, respectively (Fig. 1). X-

ray diffraction analysis of the specimens showed that after pulsed electron-beam treatment, the particles of 

Mg17Al12 strengthening phase are formed in the surface layer, which is one of the reasons for the increase in 

the strength and tribological properties of the surface of the MA-2 magnesium alloy. 

 

Fig. 1. Surface microhardness (a) and wear coefficient (b) of MA-2 magnesium alloy before and after combined electron-ion-plasma 

surface modification. Irradiation modes: 3 - 3.5 J/cm2, 70 μs, 5 pulses; 4 - 5 J/cm2, 100 μs, 5 pulses; 5 - 10 J/cm2, 200 μs, 5 pulses. 
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A common problem, to some extent characteristic of all types of AM-technologies, is the problem of 

ensuring an appropriate microstructure of the synthesized material, eliminating porosity. Another 

disadvantage of AM-technologies is the anisotropy of the structure and properties of the material, high 

internal stresses, which is inevitable under the layer-by-layer principle of article creation. In order to solve 

these problems, the authors have proposed a method of finishing the surface of metal articles, produced using 

AM-technologies, with a pulsed electron beam in vacuum [1]. 

The purpose of the present work is to compare the structure and mechanical properties of AISI 308LSi 

stainless-steel specimens (0.01% C, 19.9% Cr, 0.1% Cu, 1.8% Mn, 0.15% Mo, 10.5% Ni, 0.9% Si, 

9% Si+Fe, balance Fe) obtained by layer-by-layer electron-beam welding of wire with diameter of 1 mm in 

vacuum and subjected to subsequent pulse electron-beam treatment at SOLO setup [2]. During irradiation the 

following parameters were varied: energy density in pulse (12-40 J/cm
2
), pulse duration (50-150 μs), number 

of pulses (3-10). 

Comparative analysis of the surface structure of the specimens after irradiation in some modes showed 

the formation of a uniform polycrystalline structure without cracks in contrast to the original samples 

(Fig. 1). Surface roughness decreased more than 2 times (Ra) and 3 times (Rz), at the same time, the 

microhardness of the surface remained equal to the initial (190 HV0.5). Tribological tests showed a slight 

decrease in wear resistance (1.28 times) and friction coefficient (1.15 times), in contrast to the initial 

specimens. Thus, the surface treatment of AISI 308LSi stainless-steel specimens, made by AM-technologies, 

with a pulsed electron beam resulted in a uniform microstructure with significantly reduced roughness 

relative to the initial material. 

   

Fig. 1. SEM image of the surface structure of AISI 308LSi stainless-steel specimens manufactured by the additive method before (a) 

and after (b) pulsed electron beam treatment. 
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Recently, the effect of ultraviolet (UV) irradiation on titanium (Ti) [1] and hydroxyapatite [2] surfaces 

has been shown to induce photochemical and photocatalytic reactions, migration of the photoinduced charge 

carriers to the surface, the generation of hydrophilicity, a modification of the surface electrostatic properties 

and improvement their bioactivity and osteoconductive. Another surface treatment of metals in the plasma of 

a runaway electron preionized diffuse discharge (REP DD) in atmospheric pressure has been shown [3] to 

provide ultrafine surface cleaning of the treated metals from carbon and increases their surface free energy 

up to 3 times. However, the application of UV irradiation or REP DD for the functionalization of calcium 

phosphate (CaP) coatings on the Ti implants has not been reported. Therefore, the purpose of this work was 

to study effect of UV light or REP DD on the surface characteristics of CaP coatings formed by the micro-

arc oxidation (MAO) on Ti substrates.  

The coatings were deposited on samples from commercial pure Ti by the MAO method in anodic 

potentiostatic mode under standard conditions in the standard electrolyte described earlier [4]. Then, part of 

the CaP coated samples was irradiated with UV for 1, 5, 10, 15 and 20 min using a KrCl excilamp at 222 nm 

wavelength (exposure dose of 5.5 mW/cm
2
). Another part of the CaP coated samples was irradiated with 

REP DD under cathodic pulsed voltage of 12 kV, pulse duration of 4 ns, and varied pulses number from 

10000 to 80000 with step of 20000 [4]. 

The SEM, EDX, XRD, and TEM data showed that the UV and REP DD treatments did not change the 

coating surface morphology, elemental and phase compositions, and microstructure. All the coatings were in 

amorphous-nanocrystallyne state with incorporation (less than 8 vol.%) of nano-sized CaHPO4 and  

β-Ca2P2O7 phases. The surface electrical charge of the treated samples was measured by the contact potential 

difference method with a Kelvin scanning probe [5]. This study showed that both the untreated and treated 

CaP coatings have negative surface charge. It can be result of presence of negatively charged hydroxyl and 

phosphate groups on the coating surface observed with IRS. However, UV radiation and plasma exposure 

had different effects on the surface charge. With increasing UV exposure time, the surface negative charge 

increased from – 85 mV to – 105 mV. On the contrary, the REP DD led to a decrease in the negative charge 

from – 85 mV to – 40 mV. This was confirmed by the IRS data showing an increase in the intensity of the 

absorption bands of the P-O and O-H bonds because of UV irradiation with an increasing time exposure. In 

opposite, the intensity of adsorption bands of the P-O and O-H bonds decreased because of REP DD post-

treatment with an increasing pulses number. 
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The results of an experimental study of the plasma formed by the evaporation of the lead target in the 

field of powerful broadband VUV radiation are presented. 

Similar processes take place during surface treatment with plasma and radiation flows during formation 

and modification of Nano-structured terrain on structural materials surfaces, as well as in various high-

energy research facilities. Obtaining sufficient information about the effectiveness of such processing 

methods is unthinkable without studying the physics of impact on materials including studies of the gas-

dynamic "response" of the target surface. At the same time, the task of switching to technological sources of 

plasma and radiation of a new generation with high energy conversion efficiency is urgent. 

A pulse light-erosion magnetoplasma compressor (MPC’s) discharge [1, 2] is used as a model source of 

VUV radiation. This discharge is stable and has a high light efficiency in shortwave spectrum (up to  

20 – 30%). Capacitor stored energy is about 3.6 kJ (U ~ 20 kV, the maximum current is up to 200 kA). “Gas 

filtration” of radiation is used to control the spectral composition – the discharge takes place in pure inert 

gases: in argon at 200 Torr and neon at 400 Torr. This allows us to manage the spectral distribution of 

radiation energy and to limit the energy of quants which irradiate the lead target with the first ionization 

potential of buffer gas. 

A rectangular sample (503010 mm) is set with a long side lengthways the discharge. The position of 

the sample is 45 mm from the axis and 10 mm from the face of MPC. Such placing additionally allows us to 

control the energy of falling radiation along the length of the sample. 

Shadow photography, toeplergrathy, double exposure laser holographic interferometry are used for 

diagnostics [3]. 

Experimentally established different distribution of parameters in the lead plasma depending on the 

spectral composition of the impact radiation (the composition of buffer gas). It is shown that when the 

energy of quants increases (above the lead second ionization potential), a more even heating of the plasma 

layer is realized. 
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The development of method of the low energy high-intensity ion implantation (LEHI
3
) into various 

materials has shown that along with the formation of ion-doped layers with thicknesses of tens and hundreds 

of micrometers, the completely new possibilities for modifying the parts' surfaces have appeared. These 

possibilities were previously not available for traditional ion beam implantation. 

The possibility to modify the holes and pipes' inner surface with focused high-intensity low-energy ion 

beams was first shown in this work. The studies were carried out using an axially symmetric single-grid 

system for the ions' extraction from a free plasma boundary with subsequent ballistic focusing of the ion 

beam. Ion implantation of the inner surface was carried out in the region of the ion beam defocusing. 

The studies considered the effect of a nitrogen ions' beam with energy of 1.4 keV on the inner surface 

of a tube with a diameter of 25 mm made of stainless steel AISI 321. The beams were formed with a 

repetition rate of 40 kHz and pulse durations of 5, 7.5 and 10 μs. 

It is shown that the mutual deposition of the sputtered material on the tube' opposite sides compensates 

for ion sputtering. The possibility to use high-intensity low-energy ion beams for high-speed deposition of 

sputtered material has been studied. 

As a result of implantation of the inner surface of a pipe made of stainless steel AISI 321, the nitride 

layers with a thickness of more than 20 microns with a nitrogen dopants content of 15-25 at.% were 

obtained. 
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A high-entropy alloy ZrTiCrNiCu and coating are synthesized by mechanical alloying. А distinctive 

feature of high-entropy alloys (HEAs) from traditional alloys is that these alloys have a high entropy of 

mixing, which affects the formation of structures based on solid solutions. 

For the formation of a 100% high-entropy phase of Laves the following conditions are required: the 

total negative enthalpy of alloy mixing at the level of -7 kJ/mol and below; pairs with an atomic difference of 

more than 12%; the presence in the alloy of two elements with a mixing enthalpy of less than -30 kJ/mol, the 

average electron concentration should be in the range of 6-7 electron/atom. It is shown that the ratio of the 

lattice parameters of solid-state HEA, determined in the experiment, to the lattice parameter of the most 

refractory metal of the HEA determine the magnitude of the elastic modulus. 

We have investigated the phase composition of the coating. Let's discuss this composition. 

The first is Cu1.5ZrNi3.5 with a phase content of 10 at. % and with a lattice constant equal to 

a = 6.7671 Ǻ. The structure of Cu1.5ZrNi3.5 is B2 - a high-temperature austenitic phase ordered by the CsCl 

type (Pm3m-fcc). In second place is Cu with a phase content of 7.8 at. % and lattice constant a = 3.6178 Ǻ. 

The unit cell of copper is fcc. Third place is Zr0.02Ni0.98 with a phase content of 19.8 at. % and lattice constant 

a = 3.3406 Ǻ. According to X-ray spectral analysis, the main component of the eutectic is the combination of 

nickel and zirconium. The eutectic component was identified as a ZrNi intermetallic compound with an fcc 

lattice corresponding to the space group F 43 m (sphalerite type). Fourth place is Cr2Ti with a phase content 

of 29.5 at. % and lattice constant a = 4.9076 Ǻ and c = 15.9700 Ǻ. Near the TiCr2 composition, intermediate 

phases with the Laves structure are formed. In fifth place is NiTi with a phase content of 33 at. % and the 

lattice constant a = 2.8007 Ǻ, b = 4.6192 Ǻ, c = 4.1824 Ǻ, β = 97.5793. The results of neutron diffraction 

studies of quenched alloys in the initial austenitic and martensitic states show that the Ti49.5Ni50.5 alloy is in 

the austenitic state at room temperature. The parameter of its crystal lattice B2 (a) and the degree of long-

range atomic order (η) turned out to be a = 0.30125 nm; η = 1.00 ± 0.05. In contrast, the Ti50.5Ni49.5 alloy at 

room temperature is in the B19′ martensite state, which unambiguously follows from the interpretation of the 

neutron diffraction pattern and allows one to determine its parameters: a = 0.2903, b = 0.4112,  

c = 0.4636 nm, β = 97.25. The NiTi observed by us turns out to be martensite with the B19 ′ structure. 

Thus, of the five high entropy ZrTiCrNiCu coatings, three have an MCC structure, TiCr2 gives the 

Laves phase, and NiTi gives martensite with the B19′ structure. 

Microhardness combined with a low coefficient of friction leads to good wear resistance of the 

ZrTiCrNiCu coating. The application of such a coating to parts of locomotives of rolling stock showed an 

increase in service life by 4 times. The coatings were made on steel parts DTRKZ4AC00446. 

As for the contact potential difference and the electron work function for the ZrTiCrNiCu alloy, we can 

conclude that this alloy is not inferior to copper alloys in their electrical characteristics. 

The very good performance of the coatings from the ZrTiCrNiCu target is most likely due to titanium 

and zirconium nickelides. These compounds have the property of shape memory. One of the most relevant 

areas of application of these materials is the so-called active devices (devices that perform mechanical work 

under the influence of heat, for example, drives). An alloy with a shape memory effect when operating in 

such devices is subjected to various thermomechanical influences, such as dynamic loading, a single or 

multiple temperature change through a full or incomplete temperature range of a reversible martensitic 

transformation. 

Synthesis of a high-entropy alloy by mechanical alloying is more economically advantageous than 

remelting in a vacuum cast samples. We continue to study the ZrTiCrNiCu coating on the details of 

machines and mechanisms, but the preliminary results look encouraging. 
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The work is to study the effect of irradiation with inert gas ions of different atomic masses on the 

magnetoresistance of Co90Fe10/Cu superlattices formed on three different substrates. This study is urgent for 

nanoelectronic devices with widely-used superlattices that exhibit a giant magnetoresistive effect, which can 

often be used under ionizing radiation. However, no data on the behavior of magnetic superlattices under 

radiation loading conditions are available. 

Multilayered Co90Fe10/Cu magnetic nanostructures were prepared using a ULVAC MPS-4000-C6 high-

vacuum deposition machine (Japan). The formula of the investigated superlattice is  

substrate/Ta (100 Å)/(Ni80Fe20)60Cr40(50 Å)/[Co90Fe10(14 Å)/Cu(23 Å)]12/Ta(30 Å). Al2O3 (monocrystalline 

sapphire), glass and Si (monocrystalline silicon) were used as substrates. 

The irradiation with continuous Ar
+
 and Xe

+
 ion beams was carried out on an ILM-1 implanter 

equipped with a PULSAR-1M ion source based on a low-pressure glow discharge with a hollow cold 

cathode [1]. Xe
+
 ions have an atomic mass that is more than three times greater than that of Ar

+
 ions. The 

energy for each of these ion types was 10 keV, the ion current density was 100 μA/cm
2
, and the fluences 

were 1·10
14

–1·10
17

 cm
-2

. 

The magnetoresistance of the superlattices was measured in the initial state and after ion irradiation 

using an AVM-1 automated machine at the "Center for Technology of New Magnetic Materials" Physical-

technological infrastructural complex, Institute of Metal Physics, UB RAS. The resistance of the 

superlattices in the magnetic field (to 19.5 kE) was measured using a four-contact method using clamped 

contacts. The magnetic vector and the current in the plane of the film layers were mutually perpendicular to 

each other during the measurements. The measurements were carried out at room temperature. The 

magnetoresistance was defined as the relative change in the electrical resistance of the material (R) when a 

magnetic field (H) was switched on: ΔR/R(Н)=[(R(H)–Rs)/Rs]·100%, where Rs is the electrical resistivity of 

the sample in the case of magnetic saturation, when the magnetic moments of the ferromagnetic layers are 

parallel; R(H) is the electrical resistivity in magnetic field H (value (ΔR/R)max is the maximum ΔR/R(Н) 

value of the field dependence of magnetoresistance). 

The Ar
+
 ion irradiation of the Co90Fe10/Cu superlattices (irrespective of the substrate material) from an 

ion fluence of 1·10
16

 cm
-2

 has been found to decrease their magnetoresistance noticeably. Their maximum 

magnetoresistance (ΔR/R)max is 14.4% for glass substrate, 14.7% for Al2O3 substrate, and 10.9% for Si 

substrate ((ΔR/R)max for the initial samples are 28.6%, 22.9%, and 22.7% respectively). The transition to 

magnetic saturation becomes more abrupt. The above superlattices retain their functional characteristics at 

lower fluences (1.0·10
14

–1.25·10
15

 cm
–2

). The giant magnetoresistance effect disappears entirely at  

F = 10
17

 cm
-2

. Similar results were obtained upon Xe
+
 ion irradiation, but the magnetoresistance at the same 

fluence falls to lower values. For example, (ΔR/R)max at a xenon fluence of 1 10
16 

cm
-2

 is 21.3% for the glass 

substrate, 20.4% for the Al2O3 substrate, and 17.4% for the Si substrate. This can be attributed to the greater 

average projective range Rp of Ar
+
 than for Xe

+
 ions (5–7 and 3–5 nm, respectively) and to the greater depth 

of the mixing zone of the substrate atoms, which is on the order of (2–3)×Rp. 

According to the available literature and our data, the magnetoresistance of the Co90Fe10/Cu 

superlattices decreases when the argon and xenon ion fluence increases due to the partial in-depth mixing of 

atoms of different composition layers in the ion projective range, interlayer boundary state changes, and the 

formation of regions with ferromagnetic interaction between neighboring ferromagnetic layers in the 

superlattices under study. 
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Recently, there is an increasing need to control the properties of soft magnetic materials due to the 

emergence of various new areas of their application. One of the most promising methods of modifying the 

properties of materials is ion-beam processing. At the same time, the complex processes that occur during 

ion-beam processing are still far from always exhaustively studied. This applies, in particular, to the 

modification of the properties of soft magnetic materials widely used in technology. 

The soft magnetic alloy Fe72.5Cu1Nb2Mo1.5Si14B9 (Finemet) was chosen as the object of research. The 

measurement of the electrical resistivity ρ (in situ) of samples 10×10×0.025 mm
3
 prepared from ribbons 

obtained by quenching from the melt was carried out using specially developed equipment that provides the 

determination of the ρ as well as the temperature T. Upon reaching thermal equilibrium, after applying the 

required operating current to the sample under conditions of a residual argon pressure of ~ 410
-4

 mm Hg, 

ion-beam treatment was performed with continuous beams of Ar
+
 ions with an energy of 15 keV. In the 

experiments an ILM-1 ion implanter with a PULSAR-1M ion source based on a glow discharge with a cold 

hollow cathode was used [1]. The ion current density reached a value of  j = 300 A/cm
2
. 

The modes of target heating by an ion beam were reproduced (for comparison) using an IR heater made 

of FeCrAl alloy located in the implanter chamber at the required distance (up to 30 mm) from the irradiated 

targets. 

Measurements of the dependence of the electrical resistivity on temperature ρ(T), which is the most 

structurally sensitive quantity, provide express information on the temperature ranges of structural-phase and 

magnetic rearrangements in the materials under study under conditions of their heating by IR radiation and 

using ion beam at an identical temperature mode. After holding the samples of the Fe72.5Cu1Nb2Mo1.5Si14B9 

alloy in the temperature ranges selected on the basis of the measured ρ(T) dependences, their structure was 

investigated by X-ray structural analysis.  

Previously obtained results on the effect of ion irradiation on the nanocrystallization process were 

confirmed [2]. Based on ρ(T) measurements in situ it has been shown that irradiation causes the 

crystallization of the entire volume of ribbons of the amorphous Fe72.5Cu1Nb2Mo1.5Si14B9 alloy, when the 

temperature reaches only 350–420°C, which is significantly lower than the temperature of the thermal 

threshold for the onset of crystallization of this alloy. Despite the decrease in temperature, the rate and 

degree of completion of the process are many times higher compared to industrial annealing for 1 h at 570°C. 

The obtained results indicate the essential role of nanoscale dynamic effects leading to a decrease in 

temperature and acceleration of the processes of rearrangement of metastable media under the influence of 

cascade-forming types of radiation [3], in this case, ion bombardment. 
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High-purity alloys of the Fe-Mn system with 5-10 at.%, Mn, quenched from elevated temperatures (of 

the order of 800°C and higher), have a single-phase structure of a disordered bcc α-solid solution at room 

temperature [1]. Samples of these alloys subjected to cold plastic deformation also demonstrate the absence 

of both long-range and short-range atomic order in the distribution of atoms [2, 3]. It was shown [3] that at 

temperatures T < 600°C the diffusion mobility of atoms in these alloys is so low that it excludes the 

formation of zones or phases with a changed concentration of manganese in the course of thermally 

stimulated processes. In particular, it was found that the α (bcc) → γ (fcc) transformation in alloys of the 

concentration range under consideration (however, without changing the composition) at T < 600°C can 

occur only as a result of severe plastic deformation. 

Nevertheless, in [4], it was possible to initiate the process of precipitation of particles of the γ-phase 

with a composition of 17.1 at.% Mn, during ion bombardment of a cold-deformed Fe–6.29 at.% Mn alloy by 

Ar
+
 ions with an energy of 15 keV, for 4 s, at an abnormally low temperature: 299°C. This process is 

associated with a sharp increase in the low-temperature mobility of atoms due to cascade matter radiation 

shaking (by powerful post-cascade shock and/or elastic waves). In metastable media, such waves can 

propagate over unlimited distances, supported by the energy released as a result of collective rearrangements 

of atoms at their front [4]. 

For the purpose of further analysis of this phenomenon, similar experiments were carried out on a  

Fe-6.35 at.% Mn alloy. Foils with a thickness of 25 μm of the indicated alloy (prepared from cold-deformed 

strips using electrolytic and chemical etching) were heated for 4-7 seconds by an Ar
+
 ion beam (E = 15 keV, 

j = 200 μA/cm
2
, F = 3.75·10

15
–3.75·10

16
 cm

-2
) to 311, 378, and 449°C without holding at these temperatures 

(the beam was switched off immediately after reaching these temperatures). For comparison, short-term 

heating of the samples to the indicated temperatures in a muffle furnace were also performed. 

Irradiation was carried out on an ion implanter (ILM-1) equipped with a PULSAR-1M ion source [5]. 

Mössbauer spectra were recorded on an SM-2201 automatic NGR spectrometer. The source of gamma 

quanta was 
57

Co in Rh. A description (fitting) of Mössbauer spectra has been performed using models of 

short-range atomic order (concentration delamination) [6] and in a two-phase model. 

It was found that in the initial cold-deformed state the alloy is a completely disordered single-phase  

α-solid solution. After short heating in the furnace, the formation of short-range atomic order and the 

precipitation of any phases do not occur. Short-term heating to 311, 378, and 449°C in all three cases causes 

depletion of the α-solid solution to 4–5 at.% Mn and the formation of Fe–6.35 at.% Mn of austenite with a 

Mn content of up to 20 percent or more. This confirms the fact of the excitation of the low-temperature 

mobility of atoms in the iron-manganese alloy at anomalously low temperatures with the formation of a 

second phase - austenite with a significantly increased concentration of manganese. It is assumed that 

radiation shaking by powerful post-cascade waves plays the role of temperature in this case. 
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Silumins (Al-Si alloys) are now widely used in many industries. The main disadvantage of silumins is 

their increased fragility. This is due to the presence of micron-sized silicon inclusions in the material. One of 

the methods of substantial (down to the nanoscale) refinement of the structure of a material is irradiation 

with pulsed energy flows. The aim of this work is to analyze the structure and properties of silumin treated 

with a pulsed electron beam. The research material was silumin grade AK5M2 (5 wt.% Si) and AK10M2N 

(10 wt.% Si). Irradiation was carried out on a SOLO installation with an electronic source based on a low-

pressure pulsed arc discharge with grid stabilization of the cathode plasma boundary and an open anode 

plasma boundary. Tensile testing of the samples was carried out on an INSTRON 3386 testing machine. The 

distribution of deformations in the near-surface layers of the sample under tension was obtained using an 

optical measuring system VIC-3D. 

  
a b 

  
c d 

Fig. 1. Diagrams of deformation under uniaxial tension (a, b) and fracture surfaces (c, d) of silumin samples AK5M2 (a, c) and 

AK10M2N (b, d): 1 - initial state; 2 - irradiated with a pulsed electron beam (50 J/cm2, 200 μs, 3 pulses, 0.3 s-1). 

Mechanical tests of AK5M2 silumin did not reveal an increase in properties after irradiation of the 

material with an electron beam (Fig. 1, a). Samples of silumin AK10M2N after irradiation showed an 

increase in strength and plasticity (Fig. 1, b). The main reason for the low mechanical properties of irradiated 

silumin AK5M2 is the formation of a columnar structure (Fig. 1, c). In silumin AK10M2N a columnar 

structure does not form upon irradiation (Fig. 1, d). 
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The multilayer coatings were deposited on a part of PH1 martensitic stainless steel (the chemical 

composition summerised in Table 1 formed by selective laser melting followed by one of post-processing 

schemes below: 

1. oil quenching from 1040°C followed by tempering at 480°C for 4 hours and air cooling (HT), 

finishing milling (FM); 

2. HT, FM, ion-plasma nitriding at a temperature of 500-540°C, multi-pass diamond burnishing. 

Nanocomposite films were obtained by co-deposition of arc sputtered titanium and carbon catodes. 

Multilayer coatings consisted of forty pairs of TiC and pure carbon layers 20-25 nm individual thick and a 

total thickness of about 2 μm. Titanium cathode was sputtered at a constant current of an arc source, and a 

graphite catode was sputtered at a pulse transmission frequency (f = 10 Hz). Sputtering of carbon at such a 

pulse frequency made it possible to obtain TiC layers with an content of titanium and carbon of about 20 and 

80 atomic percent, respectively. 

Table. 1. Chemical composition of PH1 stainless steel. 

Chemical element C Cr Ni Cu Mn Si Mo Nb Fe 

Content, mass.% 0.05 14.72 4.69 4.08 0.83 0.41 0.13 0.22 other 
 

Scratch testing by indenter with diamond tip of 50 µm in diameter was used to evaluate the adhesion 

strength of coated films [1]. The normal load during test increased linearly up to 1000 mN. 

The coating applied to the substrate treated according to scheme 1 shows the first signs of failure when 

the load reaches 320 mN. A typical for a hard coating on a ductile substrate, conformal cracking occurs as 

the coating is bent into the scratch track. Increasing of load leads to a gradual destruction of the coating 

layer-by-layer until 440 mN, when the moving indenter penetrate into the substrate and a total spallation 

takes place. 

As for substrate treated according to scheme 2, coating failure mechanism changes. No conformal 

cracking detected, film detoaches in buckling mode. Despite this mode still corresponds to hard coating on a 

ductile substrate, buckling only begins at about 920 mN. 

Thus, the presented results indicate that post-processing including plasma-nitriding and multi-pass 

diamond burnishing of a part formed by additive laser technology increases significantly (up to 3 times) 

resistance of an ion-plasma deposited thin-film composite coating to contact loads. 

The authors are grateful to A.G. Merkushev for his participation in the preparation of the part. 
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Explorations of the physicochemical properties of cerium dioxide nanoparticles are of interest in terms 

of practical application in a wide range of fields, in particular, biomedical. Nanosized cerium dioxide is 

capable of exhibiting antioxidant properties [1, 2], for example, ablated cerium dioxide nanoparticles inhibit 

the highly reactive short-lived hydroxyl radical in the process of oxidative degradation of the organic dye 

methylene blue by the Fenton reaction type [3]. Antioxidant properties are due to the presence of surface 

structural defects, such as an oxygen vacancy, and their number depends on the size of nanocrystalline 

cerium dioxide [4].The composition distribution of centrifuged cerium dioxide nanoparticles was explored 

by scanning electron microscopy (see Fig. 1), atomic force microscopy, and X-ray structural analysis. 

  

Fig. 1. Ablated cerium dioxide nanoparticles after centrifugation at 10 000 rpm, a - SEM images; b - granulometry. 

In this work, the qualitative and quantitative composition of nanodispersed cerium dioxide was 

investigated under various modes of centrifugation, since, according to experiments on the study of the 

antioxidant properties of nanoparticles of cerium dioxide, it was revealed that during centrifugation their 

antioxidant capabilities increase due to an increase of the concentration of effective particles with a smaller 

size in the solution, despite of decrease of the concentration of cerium dioxide nanoparticles as a whole. 
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Of particular interest in the modern food and agricultural industry is new methods of processing 

products to increase shelf life and the level of biological safety. Treatment with ionizing radiation (IR) [1], 

ultraviolet light (UV) [2] and plasma [3] is becoming more and more widespread. These electrophysical 

methods allow you to process products using low temperatures. Radiation treatment reduces microbiological 

contamination of products, however, due to the presence of radiation load, the nutritional value of the 

products decreases. At the same time, UV treatment is ineffective and requires long exposure. In 

radiobiology, methods of synergistic effect of two factors are widespread, in particular, the combination of 

IR, UV and plasma treatment. 

 

Fig. 1. Dose-effect relationship of microbiological contamination of combined fodders PK-5 and PK-6 with pretreatment of PRVD 

for GVI-150. 

In the present work, in order to investigate the synergistic effect of IR treatment and high pressure gas 

discharge plasma radiation, combined feed of grade PK-5 and PK-6 was treated. Nanosecond electron beam 

(NEB) of accelerator URT-0.5 [4] was used as source of IR. High-voltage nanosecond GVI-150 generator 

[4] was used to create high-pressure nanosecond gas discharge plasma (HP PNGR). 

Figure 1 shows the dependence of microbiological contamination of fodders on the amount of absorbed 

dose of NEB and treatment with HP PNGR radiation. Microbiological studies have shown an increase in the 

effectiveness of antimicrobial treatment, as a result of the possibility of using a smaller amount of absorbed 

dose. 

There is an increased radio resistance of microorganisms of the genus Penicillium spp. и Candida 

albicans. Analysis of physicochemical properties of fodders showed preservation of the main parameters of 

production within the norm after joint treatment of NEB and HP PNGR radiation. 

REFERENCES 

[1] Codex Alimentarius Commission. General Standard for Irradiated Foods CODEX STAN. — Rome: FAO. — 2003. —22 p. 

[2] Bactericidal effectiveness of modulated UV light / H. L Bank, J. John, M. K. Schmehl [et al.] // Applied and Environmental Microbiology. — 
1990. — V. 56. — № 12. — P. 3888-3889. 

[3] Cold plasma: a novel non-thermal technology for food processing. Food biophysics / R. Thirumdas, C. Sarangapani, Annapure, U. S. — 2015. 
10(1). — P. 1-11.  

[4] Sokovnin, S. Yu. Nanosecond electron accelerators for radiation technology / S.Yu. Sokovnin; UB RAS – Ekaterinburg. — 2007 — 225 p. 

mailto:ruslan.vazirov@urfu.ru


168 

PREPARATION OF CERIUM (III) FLUORIDE NANOPOWDERS BY PULSED ELECTRON 

BEAM EVAPORATION IN VACUUM
*
 

V.G. ILVES2, S.Yu. SOKOVNIN1,2, М.A. UIMIN1,3 

1Ural Federal University, Yekaterinburg, Russia 
2Institute of Electrophysics, UB, RAS, Yekaterinburg, Russia 

3M.N. Mikheev Institute of Metal Physics, UB, RAS, Yekaterinburg, Russia 

e-mail: ilves@iep.uran.ru  

 

The method of pulsed electron evaporation in vacuum [1] was first used to obtain nanopowder (NP) 

CeF3. When producing NP were observed a high evaporation rate of the target (~ 7 g/h) and a higher 

percentage of NP collection (> 72%), both for fluoride and the previously obtained CeO2 oxide [2]. The main 

physicochemical characteristics of NP were studied: structure, porosity, thermal resistance, magnetic, 

luminescent and optical properties. 

Was found, that the produced NP contains two crystalline phases: hexagonal CeF3 (95 wt.%, 

CSR ≈ 8 nm) and [Ce-O-F] or [Ce-F]. The last phase is obtained only at a high temperature, which is 

characteristic for the used NP synthesis method. 

The magnetic susceptibility of nanoparticles CeF3 coincides with the susceptibility of micron particles, 

indicating the potential for using such nanoparticles as a contrast agent for tomography. 

High specific surface area (CeO2 - 270 m
2
/g, CeF3 - 62 m

2
/g, large pore volume (0.35-0.11 cm

3
/g) allow 

to use NP as nanocontainers for drug delivery. 

Good dispersibility, high sedimentation stability of both materials in different liquid media is 

established. Both materials showed excellent photocatalytic properties when exposed to visible light. 

The obtained NP represents good matrices for creation of promising apconversion materials for 

medicine based on them, as indicated by recent studies of toxicity of fluoride [3] and cerium [4]. 

 
Fig. 1. the target from CeF3 before (left) after evaporation (right). 
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Radiation-chemical method [1] was used to obtain nanopowders (NP) of iron oxide. Irradiation of the 

iron cuprous solution (0.6 g FeSO4 + 100 ml H2O) was carried out on the accelerator URT-0.5 [2]. The 

absorbed dose from 41.5 to 2316 kGy was gained at different repetition rate of the accelerator - 3, 10 and 

30 pps. 

Were studied the main physical and chemical characteristics of NP: structure, porosity, thermal 

resistance and magnetic properties. The specific surface area of the NP was calculated from the isotherm of 

low-temperature sorption of nitrogen vapors and reached 12.5 m
2
/g. The pore volume was 0.06 cm

2
/g and the 

average pore size was 16.5 nm. According to the RFA, the NP is single-phase, maghemite C, γ- Fe21.33O32, 

the lattice is cubic (a ≈ 8.40 (± 0.57)), CSR ≈ 2.3 nm. 

By irradiating an iron nitrate solution (0.6 g Fe (NO3) 3 + 100 ml isopropyl alcohol) under the same 

conditions were obtained amorphous particles with a specific surface area up to 185.7 m
2
/g.  

The magnetic susceptibility of the NP depends on the composition of the irradiated solution. For NPs 

derived from iron nitrate in isopropyl alcohol, it has a reverse slope. 

The produced NPs are good matrices for building on them promising upconversion materials for 

medicine. 

 
Fig. 1. Magnetic susceptibility of NP FeO in various production modes. 
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The silver coated bismuth oxide nanopowder is an interesting compound for using in the field of 

medicine due to its properties [1]. Mesoporous amorphous crystal NP Bi2O3 containing 1 and 5 wt% silver in 

the evaporable target was obtained by PEBE in vacuum [2]. 

The cytotoxic properties of oxide nanomaterials doped with silver were tested by assessing the safety of 

nanomaterials in model systems containing cultures of microorganisms. Studies were conducted at three 

concentrations (K): 1, 5 and 10 μg/ml. 

It was revealed that all samples of NP Bi2O3 have cytotoxic effect on cells of tumoral and not tumoral 

origin. At the same time, an increase in the annealing temperature and the presence of silver amplify the 

cytotoxic effect of NP, both individually and jointly. At concentrations of 5 and 10 μg/ml, tumor cell 

viability is reduced by 25-40% compared to control. In the case of not tumoral cells, a 30-65% reduction in 

viability was observed at all concentrations (1, 5, 10 μg/ml) compared to the control. 
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In connection with the constantly growing industry demand for various nanomaterials, various methods 

of their preparation are carried out [1-3]. In this article, experimentally, the possibility of obtaining 

nanopowder of SiO2 particles from enriched natural silicon dioxide (quartz sand) in a plasma reactor is 

shown. Experimental studies were carried out in the "Plasma Technologies" laboratory of the Tomsk State 

University of Architecture and Building. The process of operation of an electroplasma installation is 

described in [4, 5] on the production of silicate melts from refractory oxide materials. The peculiarities of the 

operation of the installation when receiving nanopowder SiO2 include: type and consumption of plasma-

forming gas - nitrogen, 1 g/s, respectively; the diameter of the outlet section of the plasma torch nozzle is 10 

mm. 

 

Fig. 1. Shape and size of synthesized SiO2 powder particles: a – initial state; b – after thermal treatment at 1173 K. 

According to the results of the BET analysis, the specific surface area of the obtained nanopowder is 

68±3 m
2
/g, in comparison with that of the calcined sample at temperature (Tcal=1173 K) of 163±4 m

2
/g. 

Based on the results obtained, the following model representations of changes in the morphology of SiO2 

nanopowder can be presented: 

-upon condensation of the gas phase into solid-phase particles, coalescence processes are developed, 

which make it possible to obtain polydisperse objects (Fig. 1, a). In the process of deposition of molecules on 

the cooled contact surface, deceleration and agglomeration of Si-O-Si bonds are carried out, there are no 

bright pronounced condensation nuclei. Under these conditions, the formed objects are prone to film 

condensation, where the growth of particles will be proportional to the rate of diffusion of the gas phase. 

-repeated thermal exposure to Tcal leads to rupture of amorphous Si-O bonds in the solid. According to 

this model (Fig. 1, b), with an increase in temperature, a nonstoichiometric region is formed, in which broken 

bonds make it possible to group individual SiO2 nanoclusters. It is also worth noting that repeated uniform 

heating / cooling allows initiating the crystallization process. 
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The paper proposes a new approach to the creation of drum electric corona separators for dry dressing 

of ores [1, 2]. The solution makes it possible to increase the specific productivity of concentration plants by 

3-5 times. This is important for large-scale dressing of ferrous, non-ferrous, noble metal ores and for 

separation of biological mixtures and secondary resources. The nanosecond duration of corona discharge 

generation increases the strength of the interelectrode gap in comparison with the generation of corona 

discharge at constant voltage. 

An increase in the electric strength of the interelectrode gap makes it possible to multiply the strength of 

the electric field in the area of a corona discharge. This leads to an increase in the mobility of ions [3] and 

increases the rate of transfer of charged particles from the active zone of the corona discharge to the 

collecting electrode. An increase in the specific power of the flow of charged particles makes it possible to 

reduce the time spent by the material in the corona discharge field, to increase the speed of movement of the 

ore, and to raise the upper limit of the particle size to be separated. 

REFERENCES 

[1] I.P. Vereshchagin, “High voltage electrical technologies,” Moscow, MPEI, 1999. 

[2] H.F. Olofinsky, “Electric enrichment methods,” Moscow, 1977. 

[3] I.P. Vereshchagin, V.I. Levitov, G.Z. Mirzabekyan, M.M. Pashin, “Foundations of electrogasdynamics of dispersed systems,” p. 480, Moscow: 
Energiya, 1974. 

 

mailto:olegredman@gmail.com


173 

MECHANICAL PROPERTIES AND COMPOSITION OF TISICN COATINGS OBTAINED BY 

DECOMPOSITION OF HEXAMETHYLDISILAZANE AND ANODIC EVAPORATION OF 

TITANIUM IN A LOW PRESSURE ARC DISCHARGE
*
 

A.I. MEN’SHAKOV1,2, YU.A. BRYUHANOVA1, I.S. ZHIDKOV2, P.A. SKORYNINA3 

1 Institute of Electrophysics UB RAS, Yekaterinburg, Russia 
2Ural Federal University named after the first President of Russia B.N.Yeltsin, Yekaterinburg, Russia 

3Institute of Engineering Science UB RAS, Yekaterinburg, Russia 

e-mail: aim@iep.uran.ru  

 

Method of deposition of TiSiCN-coatings by anodic evaporation of Ti and decomposition of 

organosilicon precursor (hexamethyldisilazane, HMDS) in nitrogen-argon low-pressure (~1 mTorr) hollow 

cathode arc discharge was investigated. On the samples made of stainless steel TiSiCN-coatings up to 6 µm 

thick with hardness up to 31 GPа were obtained in 1 hour. Coatings composition was analyzed by XPS 

method. The influence of discharge current (10-50 A), HMDS flow (1-10 g/h), N2 flow (0-10 sccm) and Ti-

vapors flow on the hardness and wear resistance of the resulting coatings was investigated. 
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Metastable compounds of various materials can potentially be of a great scientific interest, but their 

preparation is often associated with many nuances that impose serious restrictions on the synthesis 

procedure. These compounds include cubic tungsten carbide WC1-x, which is supposed to be a highly active 

electrocatalyst [1, 2], but the synthesis of which is possible only in an extremely narrow temperature range 

(from 2798 K to 3033 K [3]). In addition, to stabilize this compound under normal conditions, it is necessary 

to achieve a high cooling rate when being crystallized from the melt (more than 10
7
 K/s) in order to avoid 

phase transitions into hexagonal modifications of tungsten carbide [4]. All this imposes serious restrictions 

on the existing synthesis methods, as well as on studying the potential applications of this metastable phase. 

By using the method of plasma dynamic synthesis [5], based on the generation, acceleration and 

sputtering of an electric-discharge tungsten-carbon plasma in an inert gas (argon) at normal pressure and 

temperature, cubic tungsten carbide with a yield of at least 98 wt.%, both in dispersed and bulk forms can be 

successfully obtained. The electric-discharge plasma was generated using a pulsed (less than 10
-3

 s) high-

current (more than 10
5
 A) high-voltage coaxial magnetoplasma accelerator of the erosion type with a 

graphite electrode system. A mixture of the initial reagents containing tungsten and carbon was placed into 

the plasma formation zone. After converting to the plasma state, accelerating and sputtering under ultrafast 

cooling conditions (more than 10
8
 K/s), the necessary crystalline phase WC1-x was formed. By changing the 

configuration of the plasma flow (into free space or onto a substrate), it was possible to obtain compounds 

based on cubic tungsten carbide, both in the form of a nanodispersed powder and in the form of a bulk 

coating with a thickness of up to several tens of micrometers.  

Within the framework of exploratory studies, the influence of the system energy parameters, the ways 

of initiating an arc discharge, the precursors ratio on the phase composition and particle size distribution was 

studied. Various properties of the obtained materials were also analyzed, which made it possible to detect the 

high hardness of WC1-x phase, its increased (in comparison with the hexagonal phases WC and W2C) 

corrosion resistance, high catalytic activity after being slightly modified with platinum-containing nitrate 

(Pt(NO3)2).  

Thus, within the framework of the study, the scientific and technical foundations of the plasma dynamic 

method for producing cubic tungsten carbide were developed, which make it possible to synthesize a unique 

metastable phase WC1-x both in dispersed and bulk forms with a yield of at least 98 wt. %, and also obtained 

samples of nanodispersed powders and coatings, with the use of which complex studies of various 

application fields were carried out. 
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Through the direct use of sunlight, photocatalysis has become widely studied in recent years as a way to 

prevent further environmental pollution. The most famous photocatalyst is titanium dioxide (TiO2) due to its 

high catalytic activity, chemical stability and low cost [1-4]. Unfortunately, there are two main restrictions 

on the use of titanium dioxide as a photocatalyst: the band gap, which makes it possible to use TiO2 only in 

the ultraviolet region of the spectrum, and the high rate of recombination of electron-hole charge carriers [5]. 

In this regard, at present, many scientists are dealing with issues related to increasing the photocatalytic 

activity of titanium dioxide. Obviously, the properties of TiO2 directly depend on the synthesis method. The 

synthesis of dispersed titanium dioxide by the plasma dynamic method is proposed in papers [6-7]. One of 

the parameters of the system, which primarily affect the phase content of the synthesized material and, as a 

consequence, its properties, is the amount of released energy. In this regard, we investigated the effect of this 

parameter on the phase content of the powder material in this work. 

The paper shows the results of studying the value of released energy of the accelerator on the phase 

content of nanocrystalline titanium dioxide. It was found that the main crystalline phases are two 

modifications of TiO2: anatase and rutile with a tetragonal system. It was revealed that the product can be 

synthesized with anatase content up to 80%. This factor is expected to have a positive effect on optical, 

semiconducting properties and, as a consequence, photocatalytic properties. 
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A promising area of research in the field of creating structural materials using SiAlON is the use of 

technology based on the energy of low-temperature plasma. Two types of SiAlON α and  phases are known 

in the literature. They are of great practical interest as structural ceramics. -sialon is a compound with a 

wide area of homogeneity and is described by the formula Si6zAlzOzN8z (1z4.2). This compound is 

isostructural to a two-component compound -Si3N4. - SiAlON is a compound that already contains four 

formula units -Si3N4, and is described by the formula МеmSi12(m+z)AlzOzN16z (Ме metal ion). It is known 

that the phase transition between the two types of SiAlON satisfies the conditions [1]: -sialon+О2-

sialon и -sialon+N2-sialon. The physical and mechanical properties of these two types of SiAlON are 

significantly different. Therefore, it is of interest from a fundamental and practical point of view to study the 

process of SiAlON synthesis using the action of low-temperature plasma. 

The aim of this work was to study the features of the synthesis of SiAlON, carried out by the influence 

of the energy of a low-temperature plasma in a nitrogen atmosphere. The raw materials used were:-Si3N4, 

AlN, H2NCoNH2 (urea solution) and the binder - liquid glass.  

Samples prepared for exposure to plasma were placed in an oven and sintered at 400°C for 30 minutes. 

 

Fig. 1. Diffraction pattern of a sample recorded in CoK radiation, synthesized using plasma energy (a). Sialon connection bar chart 

AlN7OSi5 (b)  

The high-temperature effect on the sample was carried out in a plasma jet obtained in a plasma 

generator of the VPR-410 NPP type [2], supply voltage 380 V; nominal arc operating voltage 140 V; rated 

working current 220 A. Plasmatron power P = 30 kW and specific heat flux q=2.3×10
6
 W/m

2
. Plasma-

forming gas – nitrogen with 14 l/min flow rate. Based on the results of colorimetry, the specific mass-

average enthalpy Hg of the plasma jet was determined. Average mass temperature T = 6100 ÷ 7300 K. As a 

result of exposure to high-temperature plasma, the sample underwent sintering and melted along the contour. 

After plasma exposure, the sample was cooled to room temperature and then mechanically crushed for X-ray 

analysis and microscopy. The result of X-ray diffraction analysis showed the presence of the Si5AlON7 phase 

(z=1) (space group P63). This is reflected in the obtained diffractograms from the synthesized samples  

(Fig. 1). In addition to the crystalline phases, the diffraction patterns show a halo related to the X-ray 

amorphous phase. 
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Effect of the pulsed soft X-ray fluxes on the surface topography of metals (Mg, Ti, Cr and Cu) has been 

investigated.  

Soft pulse X-ray irradiation (energy quanta of 0.1-1.0 keV) were carried out on a high-current MIG 

generator. The sample of magnesium was located at a distance of 10 cm from the X-ray source. Since the 

distance to the sample significantly exceeded the size of the x-ray beam, it can be assumed that the density of 

the X-ray radiation flow to the magnesium sample was uniform. The duration of the radiation pulse was 

100 ns, and the radiation energy density in the pulse varied from 13 to 19 J/cm
2
. 

As a result of melting and subsequent fast solidification, a wavy relief is formed on the surface of all 

metals after a single X-ray pulse. 

Also of crater-like defects was observed on the irradiated surface. Small cracks are formed on the 

surface of magnezium due to the high cooling rate of the molten metal after exposure to pulsed X-rays. 
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Steam reforming of methane (CH4 + H2O → CO + 3H2) is one of the main methane conversion 

reactions, along with the reactions of carbon dioxide (dry) reforming (CH4 + CO2 → 2CO + 2H2) and partial 

oxidation. In traditional methane processing technologies, complex chemical installations are used; high 

temperatures and pressures of the environment are required. 

The developing gas-discharge methods of methane conversion are aimed at increasing the efficiency 

and reducing the capital costs. Typically, plasma-chemical studies of steam reforming use reactors based on 

arc and microwave discharges [1]. 

In this work, a powerful nanosecond discharge is used to create a plasma over the surface of water, 

which is one of the reacting substances. The use of such a discharge provides both a high excitation power 

and a high concentration of reactants. 

The discharge power source is a high-voltage pulse generator with an output voltage of up to 100 kV, a 

pulse duration of 15 ns, and a pulse repetition rate of up to 50 Hz. The conversion reaction takes place in a 

10
3
 ml cylindrical chamber partially filled with water. The maximum methane pressure in the chamber is 

5 atm. The discharge was carried out along the surface of the water between the central electrode partially 

placed in the water and the walls of the chamber. A spark or diffuse discharge was realized at different 

methane pressures, interelectrode gaps, and shapes of the central electrode. 

 

Fig. 1. Methane conversion (a) and specific energy consumption (b) at different pressures. 1.2×104 pulses with a duration of 15 ns.  

The main determined characteristics were the conversion value and specific energy consumption under 

various discharge conditions (gas pressures, polarity, medium temperatures, interelectrode gaps, electrode 

shapes, etc.). In this work, the optimal conditions for steam conversion are determined and the data obtained 

are compared with the results of experiments on carbon dioxide conversion under similar discharge 

conditions [2]. For example, it has been shown that for a spark discharge from a blade cathode, the optimal 

methane pressure is approximately 2 bar, whereas the specific energy consumption is 20 eV/molecule 

(Fig. 1). As in the case of carbon dioxide reforming, an increase in pressure decreases the degree of methane 

conversion and increases energy consumption. 
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Volatile organic compounds (VOCs) are important components of industrial emissions. One of the 

promising methods of air purification from VOCs vapors is plasma-chemical methods based on the treatment 

of air flows with non-equilibrium plasma discharges of various types [1]. To study such processes, the 

method of model mixtures is proposed [3]. Using multiple compounds instead of one allows you to calculate 

the parameters of the relative reactivity of compounds with high precision. These values are best suited for 

comparing the energy efficiency parameters of various methods using gas-discharge plasma and for bringing 

processes from laboratory up to industrial scale. The essence of the approach is to represent the process of 

removing impurities Xi (where i is the component number) by a system of equations of material and energy 

balance: 

 
where [R] is the concentration of the formal reagent R, ki – is the constants characterizing the reactivity of the 

impurity, N is the number of components, GR  – is the plasma chemical yield of the reagent R. E (J/l) –is 

energy input per unit volume of gas (specific energy). To estimate the values of the constants ki, the 

experimental points of the dependences [Xi] on E are used. 

Due to the specifics of analytical methods, the absolute values of ki, are difficult to calculate, but the 

relations of these constants to each other can be measured with high accuracy, which allows us to make a 

method of competing reactions [4]. As a measure of the efficiency of using the discharge energy, the concept 

of the plasma chemical yield GR of the formal reagent R is used as a set of plasma components involved in 

the VOCs removal processes, while it is assumed that the formal reagent represents several different 

conversion mechanisms: R =M
j=1Rj , where M is the number of allocated processes. The formal reagent R 

can be apply to remove components, as shown in the lower part of the system of equations (1). Part of it is 

deactivated as a result of reactions with the walls of the plasma chemical reactor, side processes, etc. with the 

constant kd . Thus, the task of optimizing air purification methods is both to increase the yield of the formal 

reagent GR, and to increase the degree of its use (reducing the value of kd). 

Using the example of compounds of different classes, it is shown that the main active plasma particles 

participate with VOCs at different rates, which allowed us to distinguish several classes of functional 

compounds: 1. Widely used solvents, 2. Unsaturated compounds, 3. Halogenated unsaturated and other 

halogen-containing compounds. 
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To identify the prospects for using plasma technologies in the production of mullite from various 

refractory materials, studies were carried out on its synthesis from enriched kaolin from the Zhuravliniy Log 

deposit. The chemical composition of the feedstock is characterized by a high content of SiO2 and Al2O3. 

However, for the synthesis of mullite of the general formula 3Al2O32SiO2, a higher content of Al2O3 is 

required, therefore, kaolin ground to a fraction of 2–5 microns was additionally mixed with aluminum oxide 

powder [1, 2]. 

The raw materials under study were melted in a graphite crucible using a plasma installation. The 

formation of a homogeneous melt occurred due to the action of a highly concentrated plasma flow on the 

prepared raw material. 

It was found that the resulting melting product of kaolin is a glassy translucent material with white 

streaks. During the study of the product, its heterogeneous structure was found, including both residual 

quartz and amorphous regions. Elements of various shapes, partially soldered to each other, are randomly 

distributed in the glassy mass.  

Figure 1 shows an XRD pattern of the resulting kaolin-based melt product. 

 
Fig. 1. XRD spectrum of the melting product based on kaolin 

The XRD pattern of the crushed sample is represented by pronounced diffraction maxima 

corresponding to mullite of the composition 3Al2O32SiO2 and mainly by an amorphous glass phase, which is 

expressed as a characteristic halo. 

Analysis of the data allows us to draw a conclusion about the possibility of obtaining high-quality 

mullite based on kaolin using the energy of low-temperature plasma and the prospect of its further 

application in composite materials. 
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Currently, MAX phases (double silicon carbides with various transition metals) synthesized by various 

methods in a nanostructured state in the form of films, layers, and ceramics are well studied, but little 

attention is paid to their thermodynamic properties [1]. The authors of the article revealed the optimal 

conditions for the formation of MAX phases during the treatment of titanium alloy VT-1 electron beam in a 

vacuum. The results of a study of strength characteristics, thermal properties of composite layers are 

presented. The article discusses the step-by-step construction of a mathematical model of thermal fields 

arising when exposed to a focused electron beam moving on the surface of a sample of titanium alloy VT-1 

using the COMSOL Multiphysics software package. Calculations of heating and cooling rates in the electron 

beam exposure zone during sample processing reached the order of 10
4
-10

5
 K/s, which indicates that the 

process is high-speed. With the help of the TERRA software complex, phase equilibriums modeling was 

carried out in the Ti-B-C system [2]. The temperature range of the calculations was 300-4500 K. The total 

pressure in the system ranged from 10
5
 to 10

-3
 Pa. Figure 1 shows isothermal section (1000 K) and isotherms 

at a pressure of 10
-3

 Pa (Fig. 2). 

 

       Fig. 1. Phase equilibrium in the system Ti-В-C at  

Р=10-3 Pа and Т=1000 К. 

        Fig. 2. Isotherms in Ti-B-C system at Р=10-3 Pa. 

The data presented are in accordance with the phase equilibrium in the Ti-B-C triple system at total 

atmospheric pressure (Р = 0.1 МPа). Triple compounds (carboborides or borocarbides) are not formed. The 

data confirm that the dual Ti-B4C system is not a quasi-binary cut in the Ti-B-C triple system. In the Ti-B4C 

system, the formation of titanium carbides, titanium borides, boron, carbon is possible. The processes of 

formation of titanium carbides and borides occur with the release of a significant amount of energy, thereby 

increasing the temperature in the system to 2000 – 2150 K (P = 10
5
 Pa) and 1600 – 1725 K (P = 10

-3
 Pa). 
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Transition metal nanoparticles are used in various industrial and biological applications such as 

homogeneous and heterogeneous catalysis, fuel cell catalysis, sensors and biosensors. They are widely used 

as conductive pastes, battery materials, magnetic recording media, etc. Due to the semiconducting properties 

of oxide nanomaterials have been found their application in microelectromechanical systems and 

optoelectronics. Plasma-solution synthesis is one of the simple and effective methods for producing 

nanomaterials. In this work, we present the main results and regularities of the formation of a solid phase 

from a solution of transition metal salts under the action of direct current gas discharge in air. 

The scheme of the plasma-solution cell and the experimental procedure are described in detail in [1]. 

The starting salts and products are shown in Table 1. The action of the discharge on the solution, which is the 

anode, led to the formation of colloidal particles. The rate of their formation, phase composition and 

elemental composition, the size of colloidal particles and sediment particles were investigated by the 

methods of turbodimetry, X-ray analysis, EDS, DLS, and SEM. It is shown that the formed colloidal 

particles are crystalline mixtures of hydroxides and hydroxonitrates. Calcining these substances, the kinetics 

of which was studied by DSC, led to the formation of the corresponding oxides. The properties of the 

obtained substances are shown in the Table 1. 

A probable mechanism of the processes initiating the formation of insoluble hydroxo compounds is 

proposed. It is assumed that the discharge electrons, which bombard the surface of the liquid anode, form 

solvated electrons. Their rapid reaction with water molecules leads to the formation of OH- ions, an increase 

in the pH of the solution, and the formation of insoluble hydroxo compounds. 

Table 1: Oxide metal particles synthesis in plasma solution system. Discharge current 40 mA. The 

initial concentration is 5 mmol and 100 mmol. 
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Type of particles 

after calcination 

 

Raw materials 

   Particle size Rate constant, s
-1

  

XRD and EDS of 

precursor 
The 1st 

fraction, 

nm 

The 2nd 

fraction, 

μm 

30 mA 70mA 

CoO Co(NO3)2 50 1.2 9·10
-3

 10·10
-3

 Co(OH)2; Co(OH)(NO3) 

NiO Ni(NO3)2 73.5 1.2   β-Ni(OH)2 

CuO Cu(NO3)2 23 0.97 4,4·10
-3

 10·10
-3

 Cu(NO3)(OH)3 

ZnO Zn(NO3)2 95.4 1.8 15·10
-3

 22·10
-3

 Zn(OH)2; Zn(OH)(NO3) 

CdO Cd(NO3)2 57.3 2.7 10·10
-3

 22·10
-3

 Cd(OH)2; Cd(OH)(NO3) 

(CoO)(Fe2O3) 
Co(NO3)2 with 

Fe(NO3)3 
92.9 1.4 5.6·10

-3
 19·10

-3
 (CoO)(Fe2O3) 

(ZnO)0,92 (CdO)0,08 
Zn(NO3)2 with 

Cd(NO3)2 
51 3.4 1.3·10

-3
 12·10

-3
 

Zn(NO3)OH∙H2O, 

Zn(OH)2, γ-Cd(OH)2,     

β-Cd(NO3)OH∙H2O  
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In the publication [1] was shown that under the action of laser radiation with the mean radiation flux 

density ∼ 10
6
 W/cm

2
 at the surface of some metals (Cu, Al, Sn, Pb, In) in the external electric field with 

different polarity and the strength up to 10
6
 V/m the characteristic size of the target substance droplets, 

carried out of the irradiated zone, decreases by several times with increasing external electric field strength in 

spite of short duration of electric field existence. The aim of the present work is to study the influence of 

electric fields of different strength (from 0 to 10
6
 V/m) on the spatial and temporal evolution of the laser 

plasma arising under the action of millisecond laser pulses at the surface of metals and to explain the 

mentioned effect. 

The radiation of the GOR-100M ruby laser operating in the free oscillation regime (pulse duration 

∼ 1.2 mc) passed through the focusing system and was directed through the hole in the electrode onto the 

sample that served as the second electrode and was mounted in air at a pressure of 10
5
 Pa. The energy of the 

laser pulses varied from 5 to 60 J. The voltage was applied to the electrodes from the source, built on the 

basis of the UN 9/27-13 voltage multiplier of the TVS-110 unit. The source allowed the voltage variation 

within 25 kV and its stabilization in the course of the experiment. To study the spatial and temporal 

evolution of the laser plasma torch in the course of laser radiation action on the sample, we used the method 

of high-speed holographic motion-picture recording. Presence of an external electric field weakly affects the 

concentration of electrons in the laser plasma plume. When either positive or negative potential is applied to 

the sample, many small droplets appear on its surface after the laser action. The droplets were seen at the 

distance up to ∼ 1 cm from the crater centre. The primary plasma formation and the initial stage of the laser 

plume development, in principle, do not differ from those observed in the absence of the external electric 

field. The metal is melted and evaporated. As a result of local formation of steam and plasma, the erosion 

plume begins to form with the fine-dispersed liquid-drop phase. Note, that the bulk evaporation is promoted 

by the gases, diluted in the metal, and by the spatiotemporal non-uniformity of the laser radiation. At a 

radiation flux density 10
6
 – 10

7
 W/cm

2 
the bulk evaporation is typical of all metals used in the experiments. 

Obviously, the presence of the external electric field affects (increases or decreases depending on the 

direction of the field strength vector) the velocity of motion of the plasma front and causes some distortion of 

the plasma cloud shape. The significant difference in the characteristic size of droplets, observed on the 

surface of the irradiated sample in the presence of the external electric field (independent of the direction of 

the field strength vector) and in the absence of the field was observed. In particular, at the laser pulse energy 

20 J, the diameter of the focusing spot 2 mm, and the electric field strength 10
6
 V/cm we observed ejection of 

droplets having the mean characteristic size less than 0.1 mm to the distance up to 2 cm from the crater 

centre. The maximal characteristic size of drops was ∼ 0.4 mm. In the absence of the external electric field 

the mean size of the droplets was ∼ 0.4 mm. 

It is essential that the mentioned differences (at the considered parameters of laser radiation) are 

observed only at the initial stage of the laser plume development, because after the steam-plasma cloud 

reaches the electrode an electric breakdown (short-circuit) occurs, and the external field in the interelectrode 

gap disappears. 

Electric breakdown leads to the spasmodic increase of electron density and temperature of plasma and 

to effective absorption of laser radiation by plasma torch (shielding of the target). In consequence of 

shielding droplets generation happens only during electric field existence. This explains decrease by several 

times of the characteristic size of the target substance droplets in spite of short duration of electric field 

existence. 
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The impact of nanosecond UV laser pulses on polished samples of oxygen-free copper and its alloys 

(bronze and brass) has been studied. At the pre-threshold mode, in the absence of obvious traces of melting, 

at an energy density of E = 0.1 – 1.0 J/cm
2
, traces of high-temperature plastic deformation were found [1-3]. 

They manifest themselves as the results of sliding along grain boundaries and cracking along them, as well 

as traces of crystallographic sliding inside the grains (Fig. 1a). As a result, the metal in the irradiated zone 

distends. With an increase of the number of impacting impulses, accumulation of damage occurs, despite of 

the fact, that the surface completely cools down during the time between impulses. The height of the 

resulting uplift can reach 1 μm, and sometimes even slightly more (Fig. 1b). Exceeding the optical 

breakdown threshold (E ~ 1.0 J/cm
2
) leads to melting and evaporation of the metal with the formation of a 

crater. This stronger, oppositely directed process suppresses traces of plastic deformation. 

a) 

 
 

b) 

Fig. 1 Surface of a Cu-Cr bronze sample after impact to 25 UV Nd:YaG laser pulses, (λ = 0.355 μm, pulse duration 10 ns, 

frequency 10 Hz, E ~ 0.22 J/cm2); a) micrograph; b) profilogram. Drawings were obtained using the Zygo New View 7300 

profilometer. 

The absorption of light by metals occurs because of the transfer of photon energy to the electronic 

component of the skin layer ~ 15 nm, which significantly overheats the electronic subsystem. During the 

electron-ion relaxation time (2 - 3 ps), the absorbed energy is transferred to the phonon subsystem. 

Therefore, the near-surface layer is heated during the laser pulse action time - 10 ns. 

The effect of impact of radiation on the surface, associated with the occurrence of plastic deformation, 

is similar to the electroplastic and magnetoplastic effects. By analogy, it is proposed to call the discovered 

effect optoplastic. 
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High-voltage switches are an important part of a broad range of modern equipment from scientific 

experimental setups to industrial power equipment. The improvement of their efficiency (reducing switching 

losses) and stability of triggering determines the relevance of the investigation. Switches with optical (laser) 

triggering have an important practical advantage in comparison with analogs with the electrical method of 

triggering due to the galvanic isolation of switched circuits and control circuits. When a laser-plasma is 

generated, oscillations of its front may occur [1], such phenomenon was explained by the occurrence of 

Richtmyer – Meshkov instability [2]. However, estimation shows this model does not describe instability in 

the switches in the range at characteristic times from tenths of a nanosecond or less. So the aim of the present 

investigations is a study the processes in high-voltage high-current high-pressure switches with optical 

triggering. The operation regime of the laser triggered gas discharge gap, when the instability (jitter) is 

minimal was found experimentally. Fig. 1 shows the non-monotonic dependence of jitter t on the 

normalized voltage  = (Us-Ub)/Us, where Ub is the voltage when the spark gap is triggered, Us is the self-

breakdown voltage. 

 

Fig. 1. The dependence of jitter vs the normalized operation voltage  at nitrogen pressure of 4MPa. 

Each point on fig. 1 was obtained by averaging of 30 measurements. One can see the 0.3 ns jitter in range 

0.05 – 0.2 of  
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The main peculiarity of obtaining of refractory oxide nanopowders using a CW ytterbium fiber laser 

(1.06 µm) with a radiation power of up to 700 W and a repetitively-pulsed CO2-laser (10.6 µm) with an 

average radiation power of 500 W are considered in report. The role of buffer gas pressure, its composition 

and average radiation power on the size of nanoparticles and the productivity of their obtaining were studied. 

It was shown that in relation to thermophysical properties of the material, in the environment of atmospheric 

pressure air the productivity of nanopowder synthesis varies from 15-23 g / h (YSZ) to 350 g / h (WO3). The 

mass yield of nanopowder obtained in result of evaporation of one target is usually is 30 wt% from the 

weight of initial target. The obtained nanopowders contain weakly agglomerated nanoparticles of spherical 

shape. The average size of nanoparticles (11–20 nm) weakly depends on material.  

It was shown that the most important features of using a CW ytterbium laser to obtain nanopowders of 

refractory oxides are their high transparency for radiation of 1.06 μm, as well as the spraying of many melt 

droplets. These features led to a reduction in the productivity of nanopowder production and its mass yield. 

Another important feature is the scattering of laser radiation in porous of the initial target and its 

concentration in some regions. This mechanism makes it possible to efficiently evaporate oxide targets from 

materials with a refractive index of more than 1.7 ÷ 1.75. The transition to a repetitively-pulsed mode of 

radiation (pulse duration 120 μs, square waveform, and peak power 600 W), an increase in the spot diameter 

and the speed of beam movement over the target surface made it possible to significantly reduce droplet 

spattering and increase the yield of Nd: Y2O3 nanopowder from 9.7 wt.% to 30 wt.% of the weight of the 

initial target. However, a twofold decrease in the average radiation power led to the fact that the productivity 

of obtaining the nanopowder was only 15 g / h. Based on the above, to obtain nanopowders of refractory 

oxides, it is desirable to use a quasi-CW fiber ytterbium laser, which is specially designed for operation in a 

repetitively pulsed mode. 
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Recently, many green and sustainable approaches beyond fossil fuel-driven nitrogen transformations 

(i.e. ammonia synthesis and nitrogen fixation) has been widely explored to challenge the industrialized 

Haber-Bosch process, such as nitrogenase enzymes, heterogeneous catalysts, non-thermal plasma and 

electrocatalysis [1-3]. The non-thermal plasma technology has the unique advantages in high energy 

efficiency, miniaturization, easy to coupling and so on, especially when the reactor was driven by a 

nanosecond repetitively pulse (NRP) power source [4]. However, further parameter optimizations should be 

proceeded to promoting the energy efficiency, based on the knowledge of underlying chemical reaction 

processes. In this paper, we attempt to solve the above problem by combining with online product 

measurements, optical diagnosis and reaction kinetic simulations. 

Plasma-assisted ammonia synthesis (with and without Ru/CeO2 catalysts) has been implemented in a 

NRP coaxial dielectric barrier discharge. The synergistic effect of plasma and catalysts is more likely to 

appear in a lower temperature condition (less than 500℃) and a lower ratio of N2/H2 gaseous mixture, with 

the maximum NH3 concentration of ~ 5000 ppm at a total gas flow rate of 90 mL/min. The reaction kinetic 

model indicates that the high vibrational excited states may play an important role in the synergistic 

activization of nitrogen molecules, with a mean electron energy of ~ 3 eV, an average electron density of 

~10
13

 cm
-3

 and a vibrational temperature of ~ 3000 K. The corresponding optical diagnosis is also proceeded 

to support the above speculation. 

Plasma-assisted nitrogen fixation has been implemented in a plate-to-plate NRP spark discharge. The 

NOx energy efficiency and concentration can reach to about 4-11 g/kWh and 960-10900 ppm varies as air 

flow rate of 40-340 mL/min, respectively. The reaction kinetic model indicates that more than 50% NO is 

contributed by the chain reactions of O and N radicals with vibrationally excited N2 and O2 molecules 

(O+N2(υ)→NO+N and N+O2(υ)→NO+O) while most of NO2 is formatted by the oxidation of NO 

(NO+O→NO2). The appearance of O and N spectral line peaks at the post-discharge stage indirectly proves 

that the chain reactions have taken place. Furthermore, the oxynitrides after NRP spark discharge can be 

translated into ammonium by coupling an electrocatalysis reactor [5]. 
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Polluted atmospheric air is one of the main factors of anthropogenic impact on the environment. 

Despite the implementation of various air protection programs, its current state, both in Russia and abroad, 

remains unsatisfactory, which is primarily due to growing emissions from industrial facilities and road 

transport. As a result of an increase in the content of pollutants in the atmospheric air, the process of 

destruction of the Earth's ozone screen is intensively developing, acid rain is observed, causing damage to all 

living things, land fertility decreases, water is poisoned, and deforestation of the earth's surface occurs. There 

is currently a significant number of reports devoted to the purification of flue gases by pulsed electron 

accelerators. 

However, one of the important factors hindering the development of flue gas purification using pulsed 

electron accelerators is the lack of an appropriate physical model based on experimental data of the processes 

occurring during the interaction of pulsed electron beams not only with model objects in the condensed and 

gas phase, but also with objects with complex chemical composition, which are basic in technological 

processes. A significant role in solving this problem is assigned to experimental data both from the point of 

view of providing results for the formation of a model and its testing, and from the point of view of a 

quantitative description of the processes accompanying the development of specific technological processes. 

The work investigates the processes of dissipation of the charge and energy of a pulsed electron beam in 

gas compositions (nitrogen, carbon dioxide and oxygen) in the presence of water vapor, ammonium sulfate 

and nitrate. A pulsed electron beam generated by the TEA-500 accelerator with an electron energy of 

450 keV, a beam current of 10×10
3
 A (I0), and a pulse duration t = 60×10

–9
 s was injected into a 46 cm long 

drift chamber filled with a gas mixture. An electron beam current (IFC), which passed through the drift 

chamber, was recorded using a sectioned calorimeter with beam charge monitor function, and the efficiency 

of the current passage of the beam was determined as the ratio qFC/q0, where q0 is the beam current measured 

at its injection into the drift chamber. The pressure and concentration of water vapor in the drift chamber 

varied (375, 560, and 760 Torr; humidity value 15% ± 5% and 50% ± 15%). It is shown that an increase in 

the efficiency of current passage of a pulsed electron beam is observed in the drift chamber at a humidity of 

50% ± 15%. When ammonium sulfate and nitrate are added to the drift chamber, the ratio of the charge of 

the pulsed electron beam that reached the collector of the Faraday cup (qFC) to the charge of the pulsed 

electron beam introduced into the drift chamber (q0) decreases.  
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The task of creating simple, compact, and high-power sources of coherent radiation in the range of 5 -

 1000 μm has become more and more urgent with the active development of lasers for the wide range of 

wavelengths. These lasers can be used in medicine, military technology, for probing samples at checkpoints, 

etc. The lasers’ active media are transparent at the radiating wavelength and have inclusions in the form of 

ions luminescent upon pumping. In general, the active substances are transparent merely in the visible and 

near-IR spectral regions. There are practically no natural substances luminescent within the entire optical 

region mentioned above. However, this issue can be solved not only by creating new materials but also by 

introducing active centres of luminescence (in the form of particles) into existing optically transparent 

materials. These materials include silicon oxide, germanium, silver halides, to name but a few. The question 

to be addressed here is how much the materials and the embedded nanoparticles reciprocally impair each 

other’s optical properties, particularly their transparency and luminescence nature. 

This study shows the possibility of creating luminescence centres in silver halide media using 

substances based on rare-earth elements such as neodymium, ytterbium and dysprosium. These luminescent 

substances in the form of fine particles of both nanoscale and microscale dimensions can be introduced into 

the AgCl0.25Br0.75 ceramic matrix highly transparent in the spectral range of 0.5-35 μm. 

First, we carried out the theoretical characterization of the luminescent nanoparticles in terms of 

Rayleigh scattering. We also numerically solved the Helmholtz equation [1] for an alternating 

electromagnetic field applied to AgCl-AgBr ceramic medium with Ø 1 µm Y2O3 particles embedded. Then, 

the transmission and luminescence spectra of AgCl0.25Br0.75 samples were experimentally measured. To 

obtain the samples, we utilized the method of thermozone crystallization-synthesis (TZKS) [2], which is 

based on different solubility of substances in acid solutions at the same temperature. 

The empirical data showed that the attenuation we observed in the samples was mostly caused by 

absorption on the structural defects rather than by Rayleigh scattering. And expectedly, experimental losses 

are still much higher than theoretical ones, confirming the substantial contribution of absorption to the 

overall losses. However, we revealed that scattering manifests itself as well and the microscale particles 

scatter radiation larger than nanoparticles.  

Furthermore, our theoretical and experimental studies showed that the introduction of luminescent 

nanoparticles or microparticles at the amount of 0.5 wt% into AgCl0.25Br0.75 ceramics neither reduces the 

level of its transmission in the MIR region nor shortens the range of transmission. What is more, we proved 

that the luminescent properties of nanoparticles remain well preserved after doping silver halide ceramic 

media with them. Therefore, silver halides doped with rare-earth elements in question can be used for 

developing the sources of coherent middle infrared radiation, with appropriate energy levels being excited by 

optical radiation or pulsed electric field. 
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The use of low-energy electron radiation for pre-sowing irradiation of seeds of various crops in 

laboratory experiments has shown that this technique is promising for increasing the sowing qualities of 

seeds and reducing the incidence of diseases [1-3].When using electron irradiation of seeds for further 

growing plants before harvest under the conditions of a growing experiment, it was not clear to what extent 

the positive effects noted on seedlings would remain on adult plants during the growing season. 

The studies were carried out on spring barley of the Vladimir variety (Hordeum vulgare L.). The grain 

was irradiated on a Duet wide-aperture electron accelerator with a grid plasma cathode and the output of a 

generated beam with a large cross section into the ambient atmosphere [4]. The rate of surface absorbed 

radiation dose was about 3000 Gy/pulse, the accelerating voltage was 130 kV (mode 1) and 160 kV 

(mode 2). In this case, the dose absorption depth did not exceed 300 μm. 

After irradiation, the seeds were sown in vessels with sod-podzolic soil and grown until harvest. The 

experiments were repeated 3 times. The morphometric and biochemical parameters of the development of 

vegetative plants, the structure of the yield and the susceptibility of barley to root rot (Bipolaris sorokiniana) 

were studied according to generally accepted methods. 

The study of the biological effectiveness of pre-sowing electron irradiation of barley seeds showed that 

low-energy electron radiation influenced the morphometric and biochemical parameters of plant 

development. Analysis of the development of plants in the tillering phase revealed the absence of a 

significant effect of irradiation on all biometric indicators at irradiation mode 1 and inhibition of barley 

development at mode 2 in terms of the following indicators: "plant height" by 20-26% (doses of 90-150 kGy 

and "leaf surface area", "wet and dry biomass" by 35% at a dose of 150 kGy. 

When assessing the development of plants by the same indicators in the heading phase, a significant 

increase of 41-71% in dry biomass and a decrease in leaf surface area by 25-44% were noted, regardless of 

the dose and irradiation regime. Determination of the photosynthetic activity of barley in the tillering phase 

showed that electron irradiation inhibits (decrease by 9-25%) the formation of chlorophyll a and b and 

carotenoids in leaves at all doses and modes of irradiation. 

The data from the records of the infestation of barley by root rot indicate that irradiation promoted, at 

the level of a tendency, a decrease in the infestation of plants by the disease in the tillering phase at doses of 

60-120 kGy (mode 1) and a dose of 30 kGy (mode 2), in the heading phase at doses 60 and 120 kGy 

(mode 1) and at doses of 60, 120 and 150 kGy (mode 2). In the phase of full ripeness, the effect of irradiation 

on the infestation of barley by root rot was almost completely leveled out in comparison with the non-

irradiated control. 

Electron irradiation of seeds caused an increase in the total tillering of plants (especially in mode 2), but 

at the same time reduced productive tillering, except for a dose of 120 kGy (mode 1) and a dose of 60 kGy 

(mode 2), where the growth of productive stems was noted. The weight of grain and straw per 1 plant did not 

differ from the control, but the weight of 1000 grains increased in almost all variants with irradiation by an 

average of 10-15%. 

Thus, the positive effects on plant development noted under the action of low-energy electron radiation 

on barley seeds require further research in order to clarify the dose range and irradiation mode. 
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Reactive oxygen species affect the biological processes in living tissues. The main chemical reagents 

are particles such as hydroxide OH, hydrogen peroxide H2O2 and oxygen O2. At present, a spectral analysis 

of a cold atmospheric plasma jet (CAPJ) in the area of interaction with a target has been carried out, the 

conditions of changing the OH hydroxide generation, which actively interacts with cancer cells through 

chemical reactions, have been investigated [1]. It was assumed that the effect of CAPJ in the flow of a 

mixture of helium with oxygen and CAPJ generated at an increased concentration of water vapor would 

make it possible to control the hydroxyl radical generation process. The analysis of the CAPJ emission 

spectrum was carried out above the target, which was exposed to water vapor at a distance of 2–5 mm. The 

natural relative humidity of the environment indoors near the interaction area of the CAPJ with the target 

was ~ 30%. In Fig. 1 the spectrum fragments in the UV range: (a) depending on the relative humidity level of 

the environment above the target; (b, c) in conditions of high humidity of the environment ~ 55%: depending 

on the amplitude of the applied voltage (b); depending on the pumping rate of the working gas He (c) are 

shown. 

   

Fig. 1. The spectra of a CAPJ, f = 13 kHz (a) U = 5.6 kV, (b) υ = 9 L/min, (c) U = 5.6 kV. 

It was found that the spectral lines intensity of ОН hydroxide (λ = 309 nm) was increased proportionally 

the humidity growth in the interaction area; the intensity of ОН spectral lines increases with the applied 

voltage growth and is the extreme function of the pumping speed with the optimum at υ = 9 L/min. 

The ОН radical generation process upon the addition of О2 into the CAPJ has been investigated. 

According to the experimental results, it was revealed that the addition of О2 at a rate of υ = 1,5–9 ml/min 

together with He υ = 6–9 L/min, significantly reduced the radiation intensity of the ОН spectral line. With an 

increase in the pumping rate of О2 more than υ > 9 mL/min the discharge was extinguished. In Fig. 2 a 

fragment of the spectrum of CAPJ without O2, and CAPJ with addition of O2 (1,5; 7,5 mL/min) is shown. 

 

Fig. 2. The spectra of a CAPJs without O2 and with addition of O2 
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The paper deals with the issues of Ytterbium Picosecond Pulsed Fiber Laser application in surface 

modification of hot-work tool steel 3Kh2V8F (the analog of AISI H21 steel). Surface modification was 

conducted by B4C-Al powders injected in the surface from preplaced pastes followed by laser heating. The 

ratio of B4C-Al powders was taken as 5/1 by weight and the paste thickness was approximately 1 mm. Laser 

treatment was conducted according to the following parameters: wavelength - 1070 Nm, power - 50 W, pulse 

energy - 1 mJ, pulse duration - 100 ns, and pulse frequency range - 50 kHz - 90 kHz. Several tracks with 

different widths were obtained as a result of treatment depending on the velocity of laser moving. EDS 

analysis showed that B4C particles were not completely dissolved in the weld beads. However, an enhanced 

concentration of boron (8-12 wt.%) was revealed in the vicinity of B4C particles. The aluminum 

concentration was low (up to 0.79 wt.%) on the surface of the weld beads. 
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The focus on this article is to study the neutron flux distribution in the reactor core including radiation 

damage assessment on the clad. The GHARR-1 research reactor operates at maximum power of 30 kW in 

order to attain the flux of 10
12

 n.cm
-2

.s
-1

 as the nominal flux of the HEU core. The core excess reactivity of 

4 mK, 348 fuel pins would be proven to be appropriate for the GHARR-1 LEU core. Due to its inherent 

safety features, stability of flux and moderate cost, the MNSR has recently found enormous application in 

various fields of science [1]. 

 

Fig. 1. Schematic view of the core of the MNSR- GHARR-1 [2]. 

The first calculation was intended to derive the flux of neutrons within the reactor core. This involved 

the calculation of all cross-sections tra  , : 
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The calculation of the Keff is determined and compared to the enrichment at 10%, 12.5%, 16%, 20%, 

30% and 90.2%. The Keff calculation is also compared to the flux generation and burnup of the reactor. In this 

condition, the neutron flux at the various enrichment are used on the TRIM code for the radiation damage 

assessment to establish Zircaloy-4 clad as the best clad material. The replacement collisions, recoiling 

energy, interstitial energy and point defects created are used for the radiation assessment. The displacement 

per atom is estimated using the Norgett –Robinson Torrens model. 

 n

d

nS
tNRT E

E

E
k 

5

)(
 .  (2) 

REFERENCES 

[1] G.I. Balogun, “Automating some analysis and design calculation of Miniature Neutron Source Reactors”, CERT (1), Annals of Nuclear Energy, 
30, 81-92, 2003. 

[2] Y.A. Ahmed, T. Bezboruah, M. Johri, E.H.K. Akaho, “The low Power Miniature Neutron Source Reactors: Design, Safety and Applications”, 
The Abdus Salam International Centre for Theoretical Physics, IAEA, 4, 2006. 

 

                                                           
*
 The work was supported in part by the RFBR Grants Nos. 20-08-00172 (theory) and 20-08-00249 (experiment). 

mailto:alhassan@tpu.ru


194 

EFFECT OF PLASMA ON PROLIFIRATION RATE OF HUMAN CELLS
*
 

E.A. SHERSHUNOVA1, S.I. MOSHKUNOV1, S.V. NEBOGATKIN1, O.S. ROGOVAYA2 

1Institute for Electrophysics and Electric Power, RAS, Saint-Petersburg, Russia 
2Koltzov Institute of Developmental Biology, RAS, Moscow, Russia 

e-mail: eshershunova@ieeras.ru  

 

Today there is a growing interest in plasma medicine, which not only makes it possible to effectively 

treat bacterial diseases, but also shows encouraging results in oncology. It has been shown that oxygen and 

nitrogen radicals generated in plasma affect the DNA of cancer cells [1]. However, the mechanism of this 

effect is still being studied. In addition, there are no unambiguous data on the effect of plasma on healthy 

cells during plasma exposure. In this regard, we studied the effect of cold plasma on human skin cells: 

healthy keratinocytes of the HaCaT line and A431 human carcinoma cells from the Collection of Cell 

Cultures of the IDB RAS.  

An argon DBD-based plasma jet was used as a plasma source [2]. The high-voltage pulse generator 

developed at IEE RAS served as a power source. It supplied the plasma reactor with 7 kV pulses of 1.5 μs 

duration with a repetition rate of 3 kHz. 

The cells had been growing in DMEM medium in an incubator for several days. Plasma treatment took 

place in vitro in Petri dishes at a distance of 30 mm to the medium surface from the reactor nozzle. The 

power density of the jet, estimated from the volt-coulomb characteristic based on the oscillograms data, was 

0.72 mW/cm
2
. In the UV spectrum of the jet, there were lines of N2, OH, NO, N2 

+
 with high reactivity. The 

result of exposure was estimated by the cell viability, a number of surviving cells and through the 

proliferation rate, the level of cell proliferation in 24 hours after treatment. The cell viability was assessed by 

staining cells with a vital dye, propidium iodide. The proliferation rate was assessed by measuring the 

amount of the specific protein ki-67, a marker of tumor growth in oncology. 

 

Fig. 1. Survival and proliferation rates of human keratinocytes and carcinoma cells without and after plasma exposure. 

According to the obtained results (Fig. 1), it can be concluded that the effect of argon plasma on the 

viability of both cell lines is insignificant, while plasma strongly suppresses cell growth. With a minute 

exposure under described conditions, the growth of cancer cells slowed down almost 2 times in 24 hours. 
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Spark Plasma Sintering (SPS) is one of the most advanced nanopowder consolidation methods, which 

apply a uniaxial pressure and thermal expansion between the raw powder and the matrix using high heating 

rates (from 100 to 1000°C/min). The heating used for the sintering is meanly generated by Joule heating in a 

graphite matrix when a DC pulse current, created during the SPS process, crosses through them. Thanks to 

this, the thermal field in the sample is caused mostly by heat conduction from the matrix and others heating 

mechanisms as Joule heating, electrical discharges, and high-temperature plasma, associated with the electric 

current. The current is created by a DC pulse current generator, which can control the ON-OFF parameters of 

the DC pulses. Thereby, the use of pulse current during sintering promotes the appearance of spark 

discharges in the gap or at the point of contact between the material particles. The temperature in the spark 

discharge zones is in the order of about 1000°C, which leads to local melting and/or evaporation of the raw 

material in very short periods of time. This leads the formation of a neck in the contact zones between the 

powder particles due to the mass transfer process during sintering [1]. For this reason, the study of the 

influence of the pulse current form on the mechanical properties of sintered samples is a very interesting 

field of research, which requires a lot of attention due to its practical application. Unfortunately, only few 

research groups are carried out investigations in this field, and they established some dependence for the 

sintering of specific materials under certain conditions. For instance, Xie et al [2], showed that the frequency 

is a factor that influences on the homogenous temperature distribution through sintering raw powder, but it 

have not influence on the sintered sample material properties. On the other hand, a pulsed DC current during 

sintering can generate very high heating and cooling rates, which enhance the diffusion mechanism of the 

raw material, which in turn permit the grain growth control process, and leads to a combined improvement of 

different material properties that include high-temperature strength and good mechanical properties such as 

density, toughness, flexural strength and good surface stability at the high-temperature environment [3]. 
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The nanocomposite film of Carbon Nanoparticles (CNP) coated with Copper Oxide (CuO) prepared by 

using the electrophoretic method [1]. The Single-wall Carbon Nanotubes (SWCNT) solution were 

centrifuged in miniSpin and the process of electric field used by confocal microscope [1]. The sizes and 

morphology of CNP-CuO nanocomposite particles determined from Atomic Force microscope (AFM) and 

Scanning Electron Microscope (SEM), the establishment of chemical structures determined by using Raman 

Spectroscopy. 

Carbon Nanoparticles (CNP) solution are produced from SWCNT by using centrifugation method. 

During the electrophoretic forces process, the carbon nanoparticles coated copper oxide from the copper 

electrode. After evaporation process of CNP solution, CNP-CuO nanocomposite film were appeared between 

two copper electrodes under the electrophoretic forces [2]. The CNP-CuO nanoparticles size ranging from 16 

– 38 nm using Atomic Force Microscope (AFM) (See Fig. 1). 

 

 

Fig. 1. AFM image of CNP-CuO nanoparticles film and the size of nanoparticles. 

The chemical, vibrational and electronic properties of CNPs and the vibrational spectra of CuO can be 

distinguished from the Raman Spectroscopy [3]. The present of carbon, oxygen, copper in CNP-CuO are 

confirmed by elemental analysis using an energy dispersive attachment on a Scanning Electron microscope. 

The method of electrophoretic synthesis makes it possible to obtain nanofilms based on carbon 

nanoparticles with a high degree of continuity. This technology can be applied to obtain film materials for 

infrared sensors with distinctive optical and operational characteristics. 
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Packed bed dielectric barrier discharge reactor (PB-DBD) is commonly used non-thermal plasma 

catalytic unit, mainly attribute to its simple structure, easy amplification, mild operating conditions. A PB-

DBD in molecular gases at atmospheric pressure may show three types of discharges, i.e. streamer 

discharges, filamentary microdischarges, and surface discharges (so-called surface ionization waves) [1]. To 

be sure that these discharge types are closely related to the packing configuration of catalyst, especially for 

streamer and surface ionization waves, which are considered to be the key to excite plasma chemical 

reactions
 
[2]. In literature, however, researchers are accustomed to using granular catalysts and packing them 

directly in the discharge gap, which makes it difficult to precisely adjust the structural characteristics of the 

catalyst. In this study, an array rod structure catalyst was proposed and used in the low-temperature plasma 

CO2 reduction reaction. The array rods are arranged in the discharge gap in an orderly manner, with the aid 

of two 3D printing supports. The experimental device diagram is shown in Fig. 1. Al2O3 dielectric rods is 

used and the diameter of those are 0.5 mm, 0.8mm and 1mm. The filling numbers of 1 mm rods are set from 

6 to 24, and the filling position of 0.5 mm rods are shown in Fig.2. It can be observed that the filling of 

Al2O3 dielectric rods in the discharge gap changes the characteristics of plasma discharge and CO2 

converison. The closer the filling position of the dielectric rod is to the high-voltage electrode, the more 

conducive to the formation of the streamer discharge which benefits to improve CO2 conversion. However, 

increasing the number of dielectric rods along the direction of the electric field is not conducive to the 

formation of discharges on the surface of the dielectric rods, but instead promotes the formation of streamer 

between the dielectric rods. 

 

Fig. 1. Experimental device diagram. 

 

Fig. 2. Effect of filling number (a) and filling position (b) of Al2O3 rods on plasma discharge characteristics and CO2 conversion. 
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Nanopowders doped with silver are promising materials for use in the medical and pharmaceutical 

sphere due to the antimicrobial, antitumor and other properties of the shell and bioinert nucleus. 

Bismuth oxide often acts as an object in the creation of photocatalysts, an increase in stability is created 

due to silver, whose nanoparticles have bactericidal properties. 

Were examined the photocatalytic properties of nanopowders obtained by PEBE in vacuum [1] from 

silver doped targets (1 and 5 wt%). The textural properties of the NP were studied by the BET method on the 

analyzer MicromeriticsTriStar 3000 V 6.03 A. The pore sizes of the NP were 25.1 - 32.5 nm, volume 0.069-

1.121 cm
3
/g, specific surface area (SSA) of the target 1.4 m

2
/g, SSA of samples 10 - 23 m

2
/g. 

Nanopowders were annealed at a temperature from 0˚C to 500˚C, which reduced the defects in the 

structure of the test samples. 

The photocatalytic activity of nanopowders was evaluated in comparison with the decomposition of 

methyl violet when irradiated with ultraviolet light. The rate of decomposition of MV from the time of 

exposure to UV radiation can be described by the linear equation y = kx + b, where the coefficient k is the 

rate of photodegradation (discoloration). The higher is the coefficient k, the faster is the solution discolored. 

The results of the experiments are shown in Table. 

 

Coefficient k value for NP Bi2O3 and Bi2O3+ Ag. 

Sample 

(Bi2O3+ 

Ag, mass. 

1 %) 

k Sample 

(Bi2O3+ Ag, 

mass. 5 %) 

k 

100 mkg/ml 300 mkg/ml 100 mkg/ml 300 mkg/ml 

Test -0.0134 (1) -0.0134 (1) Test -0.0148 (1) -0.0146 (1) 

S0 -0.0139 (1.03) -0.0261 (1.9) S0 -0.0246 (1.66) -0.031 (2.12) 

S200 -0.0076 (0.57) -0.016 (1.19) S200 -0.0178 (1.20) -0.0156 (1.06) 

S300 -0.0156 (1.18) -0.031 (2.12) 

S500 -0.0077 (0.57) -0.0086 (0.64) S400 -0.0175 (1.18) -0.0168 (1.15) 

S500 -0.0149 (1.01) -0.0126 (0.86) 

* between parentheses relative values k 

 

It was found that a sample with a firing temperature 300˚C at the concentration 300 mkg/ml had the 

best values, among all the samples studied in the work. It is worth to note that in samples S300 and S200 

there is a noticeable discoloration of the solution. 
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The work is devoted to the problem of obtaining electrohydrodynamic (EHD) flows formed during the 

interaction of plasma with the surrounding gas. It presents a theoretical model and the results of numerical 

simulation of EHD flows. Experimental dependences of the spatial profiles of the air flow velocity on 

frequency, voltage amplitude, average supply power, and dielectric substrate thickness have been obtained. 

The developed systems for the formation of EHD flows both based on barrier and corona discharges and 

examples of their application for pumping gas mixtures of electric-discharge lasers are considered. Special 

attention is paid to the possibility of active control of aerodynamic flows by plasma methods. The results of 

studies on the creation of multi-discharge actuator systems (MAS) for the formation of a flow in the 

boundary layer on extended aerodynamic surfaces are presented, and the promising nature of the method for 

controlling laminar flow on a swept wing using the developed MAS and their high-voltage power supply 

systems is demonstrated. In the final part, an ionocraft device is considered, in which a corona discharge is 

used to create a lifting force. Due to the achieved high thrust-to-power ratio of 6 N / kW, a thrust was 

obtained sufficient to lift an ionocraft with a mass of 35 g with an autonomous power supply unit on board 

weighing 20.5 g. Such devices can be useful for observation and communication facilities. 
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Various bismuth containing compounds are promising in many applications, including for creating 

photocatalysts based on them using a visible range of light. Bismuth oxide is the simplest of the large family 

of bismuth oxides, so it most often acts as an object when creating new photocatalysts [1]. However, strong 

polymorphism (are known 9 polymorphic phases of Bi2O3), thermal instability and changes in the properties 

of bismuth oxide during long-term storage significantly complicate work with it. One way to increase 

stability and improve photocatalytic properties is by doping Bi2O3 with various metals, in particular Ag, 

which has bactericidal properties. Ag doped Bi2O3 nanoparticles are typically produced using chemical 

techniques often associated with the presence of toxic chemicals. 

The present paper used an environmentally friendly method of producing Ag doped Bi2O3 nanopowders 

using the method of pulsed electron evaporation in vacuum. The evaporation target was obtained by solid 

phase synthesis in an electric furnace on air using silver nitrate additives (1 and 5 wt%). 

Textural, thermal and magnetic properties of the obtained NP have been studied. Was found that the 

Ag- Bi2O3 NPs have a specific surface area (SSA) of 23.7 m
2
/g, which was almost 2 times bigger than the 

SSA of the pure Bi2O3 (13.2 m
2
/g) obtained previously [2]. 

DSC-TG analysis showed the presence of an amorphous fraction and impurity carbon in the NP, 

however, annealing at a relatively low temperature of 200˚С led to degassing and improved crystallinity, 

SSA growth of all NP without exception. The thermal stability of the pure and Ag-doped Bi2O3 samples was 

maintained to the temperature 300-350˚C. While further heating on air took place the phase transition β→α. 
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Field electron emission plays an important role in the operation of electro-vacuum devices. It can 

operate as an independent electrode as well as be a source of electrons leading to a decrease in the dielectric 

strength of the gap [1]. Thus, the study of the field emission properties of various materials is a significant 

issue of vacuum electronics and devices associated with various kinds of discharges. 

In recent decades, carbon cold emitters have been of great interest: thin films, nanotubes, diamond-like 

structures, etc. The level of the achieved emission current makes it possible to initiate a discharge [2, 3]. 

Also, massive cathodes made of structural graphite are considered as promising field emitters [4]. 

A study of field emission cathodes made of granular structural graphite of GMZ, MG and MPG-7 

grades operating under technical vacuum conditions, at a pressure of 210
-4

 Pa ÷ 10
-2

 Pa (in an argon 

atmosphere) was carried out. Experiments with recording current-voltage characteristics (CVC), long-term 

studies (LTS) under various vacuum levels have been provided. 

The results show a change in the emission characteristics of cathodes after long-term operation under 

technical vacuum conditions: increase in threshold voltage of CVC, oscillations of the LTS are observed. 

Calculations of the field enhancement factor  for all stages have been carried out. The results show that the 

field enhancement factor for CVCs in Ar is 20% lower than for ones under the best vacuum level (10
-4

 Pa) 

(see Fig. 1). 

 

Fig. 1. Dynamics of field enhancement factor for MG sample. 

The experimental results demonstrate the effect of vacuum conditions on the field emission properties 

of carbon cathodes. One of the factors is the residual gas ions impact and consequently a change in the field 

amplification factor. 
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In petroleums, several photophysical and photochemical transformations can run over time as a result of 

photorays as well sunlight and molecular oxygen effect, and the study of these processes is quite important 

from the point of petroleums storage and their efficient use. Irradiation with light and especially UV rays is 

an effective means of initiating organic compounds. In accordance with the laws of photochemistry, the 

absorption of one quantum of light can activate one molecule and, therefore, initiate one chain. Thus, the 

prerequisite for initiating the process is the absorption of light. Note that, in contrast to simple olefinic 

hydrocarbons, aromatic compounds, as well as polyenes with conjugated double bonds, easily absorb light in 

the UV part of the spectrum. It is well known that the effect of ultraviolet (UV) radiation on polyaromatic 

hydrocarbons (PAHs) is accompanied by chemical reactions - dimerization, formation of excimers, addition, 

etc. Photooxidation of PAHs is most often manifested [1, 2]. 

The composition of crude oil is extremely complex and varies depending on the oil sample. The 

composition of the oil can change even over a certain period of time for samples taken from the same well. 

In oils in the presence of molecular oxygen under the influence of ultraviolet and visible radiation, 

photophysical and photochemical processes occur, which lead to structural changes in the molecules of 

hydrocarbons present in them. 

Studies show that, in contrast to secondary products of oil refining, the content and degree of 

condensation of aromatic hydrocarbons (AH) in the primary products of refining is less. These products are 

more stable than secondary products and have large raw materials. Therefore, the study of photochemical 

processes and their mechanisms in primary oil products is very important for the rational use of oil products 

isolated from them as raw materials for oil refining, petrochemical, and other industries. 

This article presents the results of studies of the oxidation of aromatic hydrocarbons, isolated from 

natural heavy oil from the Balakhani field of the Absheron Peninsula of Azerbaijan, by atmospheric oxygen. 

Particular aromatic group hydrocarbons have been separated according to refractive indices by using the 

adsorption column with purpose of more accurate studying of conversion processes occurring under impact 

of ultraviolet rays in Balakhany petroleum (from the oil field near Baku) hydrocarbons of aromatic group 

and their mechanisms were studied by spectral methods (ultraviolet–visible and infrared spectrophotometry): 

Aromatic hydrocarbons of I group, aromatic hydrocarbons of II group, aromatic hydrocarbons of III group, 

aromatic hydrocarbons of IV group. In sequence of these groups, it has been established that the petroleum 

composition is constituted properly by mono-, bi-, tri- and tetracyclic aromatic hydrocarbons (AH). It has 

been determined that optical densities of absorption bands compatible to bi- and tricyclic polycyclic aromatic 

hydrocarbons decrease with an increase of period of photoirradiation affecting the aromatic group 

hydrocarbon components, and their absorption bands maxima undergo the hypsochromatic shift that is 

characteristic for electronodonor substances and change its position in the direction of spectral region of high 

energy, meanwhile the absorption maxima (243, 244, 247, 248 and 250 nm) relating to quinone compounds 

are recorded. In this process, the increase of optical density of absorption band maximum at about 200 nm 

shows the formation of endoperoxides. It has been established that the photochemical conversion processes 

in the shown petroleum occur by chain-radical and molecular mechanisms.  
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The authors investigate the antibacterial effect on biological tissues of a low-temperature atmospheric 

pressure plasma-jet mixed with air and argon and used in plasma medicine [1-4]. 

An atmospheric pressure plasma-jet was produced by a nanosecond barrier discharge in a flow of air 

mixed with argon in a quartz tube with an inner diameter of 1 mm and an outer diameter of 7 mm. 

Placed inside the tube was a needle electrode with a diameter of 0.5 mm, to which voltage pulses with 

an amplitude of up to 12 kV with the frequency of 100 Hz, and a front duration of about 100 ns were applied. 

On the outside of the quartz tube, at a distance of 60 mm from the high-voltage electrode, was a grounded 

ring-shaped metal electrode. Argon was pumped through the air tube with an adjustable gas flow rate in the 

range of 0.2-1 l/min. 

The relationship between the antibacterial properties of the plasma-jet and the intensity of the spectral 

emission lines of OH-(309 nm), N2 (337 nm), N2 (356 nm) was investigated depending on argon flowrate and 

the amplitude of voltage pulses on the electrodes at different segments of the plasma-jet. 

To analyze the kinetic processes in the plasma source in the current study, the numerical simulation of 

ionization processes was carried out with Comsol Multiphysics software using its Plasma Module. The 

numerical model consists of several interconnected physical interfaces, including the kinetics of the plasma 

model and the model of flow dynamics. In the plasma model, the continuity equation (1), the electron energy 

conservation equation (2), and the Poisson equation (3) were applied. 

 

  , (1) 

 , (2) 

 . (3) 

The geometry of the simulation area was chosen based on the actual size of the discharge tube and the 

configuration of the electrode system. 

The dynamics of the distribution of excited molecules and atoms in the plasma-jet, as well as the kinetic 

plasma processes inside the plasma-jet, affecting the antibacterial effect of the plasma-jet on biological 

tissues with pathology, are analyzed. 
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A distinctive feature of gas discharge with liquid electrolyte cathode is multi-channel nature in region of 

binding to electrolyte. As the current increases, discharge channels become larger. In the ranges of currents 

of amperes and tens of amperes, they are clearly recorded in high-speed video frames [1, 2]. Under certain 

conditions, a contracted channel is formed in discharge gap [3, 4]. At the same time, the general 

multichannel is preserved. The contracted channel appears and disappears randomly. In this work, the 

possibility of formation of contracted channel in controlled mode is investigated. 

The gas discharge was ignited between the metal anode 1 and the liquid electrolyte 2, which flowed out 

from the vessel 3 in the form of a glass (Fig. 1). A graphite plate 4 was located inside the vessel for 

supplying a negative potential from a power source. The electric arc was ignited between the metal anode 1 

and the cathode 5. The current was regulated by a step change in ballast resistors 6 and 7. The power source 

was a three-phase full-wave rectifier with an output voltage of 1200 V. 

 

Fig. 1. Diagram of the experimental setup and snapshot of the discharges. 

The gas discharge current with a liquid electrolyte cathode was set in the range of 5-10 A, and arc 

current varied in the range of 1-10 A. Aqueous solutions of sodium chloride with a specific electrical 

conductivity of 10-15 mS/cm were used as a liquid electrolyte. Spectra of radiation of plasma were 

investigated. Intense spectral lines of hydrogen were recorded. 

In configuration of the electrodes shown in fig. 1, the electric arc was displaced upward under influence 

of plasma flow and heated gases. Its spatial position was constantly changing. In this work, other options for 

location of electrodes were investigated. The search for conditions under which the steady burning electric 

arc occurs was carried out. 
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A promising colloidal method for compacting powder materials that does not require expensive 

technological equipment is electrophoretic deposition (EPD) [1]. This method gives a chance to control 

easily the thickness, morphology, and microstructure of EPD green body by changing the composition of the 

suspension, deposition time, applied voltage and / or current. The advantages of the EPD determine the 

prospects for its application in the fabrication of bulk elements of optical ceramics. 

The aim of this work is to study the formation of bulk elements of scintillation and magneto-optical 

ceramics by the EPD from non-aqueous suspensions of nanopowders with different morphologies obtained 

by laser evaporation method – Ce
3+

:(LaxY1−x)2O3 (YLaCe) and self-propagating high-temperature synthesis 

(SHS) – 5% La:Ho2O3 (HoLa) and (Dy0.7Y0.25La0.05)2O3 (DyLaYO). Powders obtained by the laser 

evaporation consist of spherical, weakly agglomerated nanoparticles (SBET = 76 m
2
/g). SHS powder is a 

mixture of lamellar nanoparticles (SBET = 36 m
2
/g). The choice of a dispersion medium, as well as the use of 

dispersants, is one of the most important factors affecting the deposition efficiency and characteristics of the 

green body. Acetylacetone and polyethyleneimine (PEI) additives, which were selected according to 

electrokinetic studies (zeta potential and pH), were used in nanopowder suspensions. The main tasks of the 

work were to determine the effect of the composition of the dispersion medium, the time of sedimentation, 

the aging of the suspension on the zeta potential and pH of the suspensions, the current during EPD, mass 

deposition rate of the green body, the thickness and density of dry compacts. The peculiarities of the kinetics 

of the current and the morphology of the sediment were investigated for different geometry of the EPD 

electrodes. It was found that the configuration of the EPD cell significantly affects the kinetics of the current 

at the initial period of the EPD (about 30 min). In the case of vertical deposition, an increase in the current 

was observed, after which a further decrease occurs. For horizontal deposition there is an unambiguous trend 

towards a decrease of the current. It is shown that the optimal EPD for the formation of a homogeneous 

dense green body is vertical deposition from nanopowder suspensions in isopropyl alcohol at an electric field 

strength of 20 V/cm. The density of the obtained compacts with a thickness of 2.4 mm after drying reached 

37% of the theoretical value. 
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This paper shows the application of numerical optimization methods to the solution of inverse 

problems, arising when predicting the current yield of substances. In this paper, the inverse kinetic problem 

that arises when modeling cathodic during the obtaining hydrogen by electrolysis were set. An algorithm for 

its solution based on numerical optimization methods is proposed. The proposed algorithm is based on the 

direct Hook-Jeeves method, supplemented by constraints check, and the Runge-Kutta method used to solve 

the kinetic equations system describing consecutive electrochemical reactions. The solution method was 

tested on the full-scale experiment data, and it showed close quantitative and qualitative agreement of the 

numerical result with the presented experimental data. 

According to [1], the electrolyzer has an internal diameter of 50 mm, the working area of the electrodes 

is 60 cm
2
, and the height of the electrolyte level is 300 mm. The electrolyte is 30% KOH solution. Since the 

temperature in the cell was kept constant by means of a regulating potentiometer, the equation of the 

electrolyte temperature is considered constant according to the data of [1]. Table 1 shows the experimental 

results of work [1] and calculation results of the present work, minimization was carried out using a single 

value of the hydrogen concentration at the time t = 0.28 (of an hour), and the relative calculation results 

deviation from the experimental data. 

 

t, 

hour 

0.5 А, T=60˚C 1 А, T=60˚C 

 Work [1] 

experiments, % 

Calculated 

values, % 

Relative 

deviation  

Work [1] 

experiments, % 

Calculated 

values, % 

Relative 

deviation 

0.07 

0.14 

0.21 

0.28 

0.35 

0.42 

0.00874 

0.01672 

0.0292 

0.0348 

0.04 

0.0484 

0.0086 

0.0173 

0.0260 

0.0348 

0.0436 

0.0525 

1.6 

3.4 

10.9 

0 

9 

8.4 

0.0172 

0.0352 

0.052 

0.0654 

0.08 

0.0892 

0.0162 

0.0325 

0.0489 

0.0654 

0.0820 

0.0988 

5.8 

0 

6 

0 

2.5 

10.7 

 

Table 1. Comparison of the experimental data of [1] with the calculations of this work, minimization was carried out according to the 

hydrogen concentration at the time t = 0.28. 

 

This numerical algorithm makes it possible to find the constants rates during electrode processes in 

accordance with the specified experimental data on the yield, and to calculate the concentrations of 

substances participating in the near-electrode processes at the required time points. The proposed numerical 

algorithm makes it possible to reduce the amount of experimental data required for predicting, and can also 

be generalized to predict the yield of the deposited material in electroplating and discharge with liquid 

electrodes [2, 3]. 
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The purpose of this work was to investigate the glow dynamics of a plasma plume under the action of 

laser radiation on non-rotating and fast-rotating target. 

An electroionization CO2-laser operating in a single-pulse mode with predetermined amplitude and 

pulse duration was used as a source of radiation. The glow of plasma formed near the surface of a stainless 

steel disk was registered by a photo camera using an optical light filter. Time of exposure was 33.3 ms. 

The laser plume spreads perpendicular to the disk surface at low levels of power density. The plume 

height and the plasma glow intensity increased with an increase in the power density. It was found that a 

component directed along the laser beam is released in the erosion plume when the power density reaches 

5.5·10
6
 W/cm

2
, which can be interpreted as the formation of a low-threshold optical discharge (breakdown) 

in the erosion plume. With a further increase in the power density the plasma component directed along the 

beam increases and, finally, becomes dominant (fig. 1). 

 

Fig. 1. Photograph of plasma glow. Power density of laser radiation:  

 а – 2.1·106 W/сm2; b – 5.5·106 W/сm2; c – 6.2·106 W/сm2; d – 7.3·106 W/сm2.  

Rotation of the disk, linear speed of which was 50 m/s relative to the laser beam dramatically changed 

the situation. No breakdown phenomena were observed when the power density reached 7.3·10
6
 W/cm

2
 at 

which the optical breakdown was recorded in the experiments with the non-rotating target. Moreover, a 

further increase in the power density up to 5·10
7
 W/cm

2
 did not cause the optical breakdown.  

The absence of breakdown in vapors of the target material is an obvious fact and is due to the lower 

heating of the vapors in this case. It would seem that breakdown in air is not related to target evaporation, but 

in fact it usually occurs directly near the surface where the power density increases upon reflection. 

However, the gas layer near the target surface is not only the place of breakdown initiation, but also the 

boundary layer, which is captured by the target under moving conditions. The constant change of gas at a 

speed of 50 m/s prevents it from heating up in the place of the expected breakdown and inhibits the 

development of ionization processes causing optical breakdown. From this it follows that for each specific 

case (power and duration of radiation, type of target) it is possible to choose the speed of the beam 

movement relative to the target, at which there will be no optical breakdown. 
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The synthesis of cement clinker is complex, multifactorial process, where the line between its 

constituent factors is very thin and undergoes systematic changes associated with deviations in the chemical 

and granulometric compositions of the raw mixture technological regime of its preparation and firing. To 

obtain cement clinker using traditional technology, which has the necessary qualities and required technical 

properties (optimal mineralogical composition, structure and hydraulic activity), raw mixtures go through 

number of complex, energy-intensive processes, including the regulation of chemical and particle size 

distribution, homogenization, heat treatment, cooling of cement clinker, etc. However, even the constancy of 

technological modes is unable to ensure the stable quality of synthesized clinker minerals. This indicates the 

influence on the kinetics of the clinker formation process main, fundamental factors - the physicochemical 

characteristics of raw materials, which include the nature of raw materials, the dispersion and structure of 

their minerals, and chemical composition. In this regard, the proposed design of the installation (Fig. 1) for 

the production of cement clinker [1-3]. 

 

Fig. 1. Diagram of the experimental setup - plasma-chemical reactor: 1 - electrode; 2 - nozzle; 3 - pyramid; 4 - insulator; 5 - cover; 6 

- sand gate; 7 - graphite reactor; 8 - lining; 9 - refrigerator; 10 - tungsten-rhenium thermocouple;  

11 - water-cooled powder feed tube; 12 - vibrating dispenser of granular raw mixture; 13 - rubber seal; 14 - water pipe for cooling the 

reactor lid; 15 - water conduit for cooling the side walls of the reactor; 16 - plasma arc; 17 - power supply UPR-4011. 

The presented installation of plasma-chemical reactor (Fig. 1) is thermal unit consisting of direct-flow 

electrode assemblies (1) - cathode and anode, located symmetrically in the vertical plane at an angle of  

30–45 ͦ to the reactor axis. The experimental installation of plasma-chemical reactor allows obtaining high 

concentration of energy in small volumes and is characterized by compactness, with capacity of 60 kg of 

cement clinker per hour. The use of plasma-chemical reactor makes it possible to produce small batches of 

cement clinker with different mineralogical composition for the production of special types cement (fast-

hardening, plasticized, hydrophobic, expanding, stressing, etc.) with the introduction of appropriate 

additives, which is unprofitable with traditional technology. 
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Glass-crystalline materials can be considered as monolithic composites consisting of fine-grained 

crystals evenly distributed in the glassy phase. The disordered orientation of the crystals means that the 

properties of glass-crystalline materials are independent of the direction in which they are measured. The 

most important characteristics of glass-crystalline materials are their exceptional fineness and ideal 

polycrystalline structure. The technological process of plasma production of glass-crystalline materials 

consists in grinding and thorough mixing of components, melting and forming products [1]. 

To study the influence of the technological features of the plasma melting method on the quality of the 

resulting silicate melt, an experimental setup was created at the Department of Applied Mechanics and 

Materials Science of TSUAB [2]. In fig. 1, a shows the curves of the dependence of the high-temperature 

viscosity on the temperature synthesized silicate melt based on the raw mixture and the ash-and-slag waste 

melt without correcting additives. In fig. 1, b shows the dependence of the amount formed melt on the time 

of exposure to plasma flows. 

  
a) b) 

Fig. 1. a) Temperature dependence of the melt viscosity in the molding region;  

b) Dependence of the amount of formed melt on the time of exposure to plasma flows (P = 50 kW).  

1 - amount of the melt raw mixture; 2 - the amount of TPP ash melt without corrective additives. 

Analysis of the values viscosity resulting melt makes it possible to recommend it for production by 

casting and pressing. This will have positive effect on the manufacturability melt and will make it possible to 

obtain products by the free casting method. It was also found that the melting of the studied raw mixtures at 

specific heat fluxes q = 1.8-2.6·10
6
 W/m

2
, and temperature of 2000-3000℃, volt-ampere characteristics are 

in the range: I=240-260 A, U=120–140 V, makes it possible to obtain a silicate melt enriched with anorthite 

of the following chemical composition: SiO2 – 61.89 ÷ 40.22; Al2O3 – 20.4 ÷ 30.3; CO – 9.8 ÷ 20;  

MgO – 1.7 ÷ 1.89; Fe2O3 – 4.9 ÷ 5.32; NaO – 0.51 ÷ 1.15; TiO2 – 0.8 ÷ 1.12.  
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Pulse sources of RADAN series have been used for many years to study fast-flowing processes in gases 

and vacuum. Simple and reliable in operation, they have become an effective tool in various fields of 

scientific research. Desktop devices powered by a conventional wall socket generate pulses with amplitude 

of 40 to 300 kV, a current of several kiloampers and a duration of 0.1-4 ns with a repetition rate from a 

single pulses to 100 pps. The RADAN sources are based on Tesla transformer combined with single or 

double forming coaxial line. The primary circuit switch is a fast thyristor. High-pressure gas spark gap 

connects the forming line to the load. This allows one to obtain a pulse shape close to rectangular. RADAN-

series pulsers produce low interferences, do not require highly qualified personnel, specially equipped room 

and are safe in operation.  

The report presents some of the numerous pulse devices based on RADAN sources, as well as the 

results obtained for the first time using them in the nano- and subnanosecond range of durations. A special 

attention is paid for prospective applications of the RADAN-based systems in the tasks of high-gradient 

electron acceleration, formation a magnetized flows of runaway electrons, peak power enhancement of the 

ultrashort microwave pulses, etc.    
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One of the features of discharge with liquid electrolyte cathode is volumetric combustion. By changing 

geometry of cathode zone on electrolyte surface, it is possible to give plasma column various shapes, in 

particular, it is possible to form a "flat wall" [1, 2]. In this work, a device that allows to create plasma column 

in form of a "hollow cylinder" has been developed. It contains one anode 1 and two cathodes: metal 2 and 

electrolyte 3 (Fig. 1). An aqueous solution of sodium chloride is used as an electrolyte cathode. It flows out 

of the annular channel 4 with dielectric walls. A negative potential is fed to the graphite ring 5, mounted 

inside the channel. The discharge between the electrolyte cathode 2 and the metal anode 1 is volumetric and 

forms a "hollow cylinder". The arc burns between metal electrodes 1 and 2 inside the "hollow cylinder". 

Electrical power is supplied from a single source. The currents flowing in the device are regulated by two 

ballast resistors 6 and 7. 

 

Fig. 1. Diagram of the experimental setup and snapshot of the discharges. 

The gas discharge current with liquid electrolyte cathode was set in the range of 5-10 A, and arc current 

varied in range of 1-10 A. Metallic cathodes made of copper and duralumin were used. At elevated currents, 

the duralumin cathode was underwent to intense destruction. This result is quite expected, since arc burns in 

an oxidising environment. 

Oscillograms of currents and voltages were obtained. Stable current regimes with small-scale pulsations 

have been recorded. Spectral studies in visible range have been carried out. A characteristic feature of the 

spectra was presence of the Balmer lines HandH 
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The Penning-type plasma source is one of the components of a small linear ion accelerator designed for 

neutron generation [1-3]. In this source, plasma is generated in a pulsed mode in a medium of hydrogen 

isotopes, from which hydrogen isotope ions are extracted by applying a constant negative potential relative 

to the earth to the electrodes of the accelerating system. Further, the ions are accelerated to the target, where 

reactions occur with the formation of neutrons [4]. 

This paper presents the results of computer simulation in COMSOL Multiphysics of the hydrogen 

isotopes beam dynamics extracted from a plasma source. The simulation was carried out taking into account 

the charge exchange of ions on neutral gas molecules in the accelerating system [5]. At the same time, the 

calculations took into account the process of secondary ion-electron emission (SIEE) from the surfaces of the 

accelerating system that are bombarded with both fast and slow ions. An example of the simulation results is 

shown in Figure 1. Consideration of the SIEE process made it possible to determine the value of the 

electronic load, which leads to a decrease in the value of the neutron flux generated by the linear accelerator. 

The dynamics of the electron beam in the absence of its suppression system is shown (Fig. 1b). 

 

Fig. 1. (a) Trajectories of the ion beam and “cold” charge exchange ions in the accelerating system and the trajectories of secondary 

electrons in the absence of a system for their suppression at the target assembly of the accelerator (b).  

1 – plasma source, 2 – high-voltage electrode of the accelerating system, 3 – target assembly 

The inclusion in the trajectory analysis process the magnetic field simulation in the target assembly 

made it possible to evaluate its effect on the electronic load value in the linear ion accelerator accelerating 

system. 
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Development of compact low-mass thrusters is an important issue in space industry. It gained the 

second breath as the Cubesats and similar devices occurred [1]. Very low values of thrust bits necessary for 

orbit correction of small satellites can be provided by the pulsed thrusters. By now, the most developed 

pulsed systems have capacitors storing ~ 5-10 J of energy, which discharge at rate of ~ 1-2 pps and provide 

current of ~ 10-20 kA. The weak point of this design is relatively high mass of the capacitor. Energy capacity 

of a typical capacitor is ~ 25 J/kg. If we use such a capacitor, the thruster would have mass of ~ 0.5 kg, 

which is too much for a micro-satellite. One of the solutions is to use storage with lower energy capacity but 

capable of working at high frequency.  

We have developed the pulsed plasma thruster (PPT) with a lower energy capacity (~ 0.2 J) which is 

capable of work at 400 Hz. The discharge current is also lower (~ 1 kA), to be compared to the analogues. 

Nevertheless, at lower density of current we get relatively high velocity of ejecting plasma. The high-voltage 

generator of the thruster produces pulses of voltage of ~ 25 kV. It charges up the storage with capacity of 

~ 700 pF. The discharge of the coaxial capacitor in self-breakdown mode provides the train of pulses of 

current of ~ 1 kA. The discharge unit has a valve for liquid propellant supply. The discharge starts on the 

surface of the solid dielectric, whereas the liquid propellant is injected in the gap between the batches of the 

discharges (400 pulses in each).  

In this work, we present the results on measurements of thrust and mass consumption of this PPT 

prototype. Thrust measurements are carried out in vacuum at pressure of 10
-4

 mm Hg. The assembly of 

pulsed transformer, discharge unit, electronic controller and the stack of batteries for independent power 

supply are mounted on a platform which is hanged on a thin metal thread. The thrust is calculated from the 

rotation angle of the platform. This measuring technique provides relatively high sensitivity and noise 

immunity. 

The series of 400 shots is initiated by irradiating of IR-receiver on a controller by an IR-LED.  In case 

of vacuum oil as a propellant, we obtained values of thrust of ~ 20 μN·s and the specific mass loss of 

~ 0.1 μg/shot. Also, we measured full current of the ion component of the plasma bunch, electron density at 

100 mm from the discharge and the ionization degree in plasma.  
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Earlier, a version of an electron beam source with an explosive-emission cathode, a plasma anode and a 

foil window for obtaining and ejecting electron beams with a cross section of up to 200 cm
2
 into the 

atmosphere was presented [1]. The high voltage source was a previously developed Marx generator with 

matched loads [2]. The use of a plasma anode and the generator made it possible to obtain quasi-rectangular 

microsecond pulses of the voltage and electron beam current without the formation of a breakdown in the 

interelectrode gap. In this work, we present the data of experiments on measuring the energy of an electron 

beam aimed at increasing the energy efficiency of an electron beam source. 
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The results of the experimental study and simulation of the high-intensity pulsed ion beam (HIPIB) 

generation in an ion diode with passive anode (250-300 kV, 150 ns) are presented. The experiments were 

conducted using a pulsed accelerator TEMP-6 [1] which consist of a Marx generator, a pulsed forming line 

and a vacuum ion diode with self-magnetic insulation of electrons. The studies of diodes with graphite and 

stainless steel anodes during operation in double-pulse mode and the formation of anode plasma at explosive 

emission of electrons during the first pulse. Time-of-flight (TOF) diagnostics were used to determine the 

composition of the ion beam. The ion beam energy density measurements confirm the correctness of the 

TOF diagnostics.  

Our studies have shown that the ion diode with a stainless steel anode generates nitrogen ions; the 

content of heavier ions of the anode material (Fe+) in HIPIB is negligible, see Fig. 1a. 

 

Fig. 1. Waveforms of accelerating voltage, experimental (points) and calculated (lines) ion current density (a). Distribution of ions 

concentration and electric field strength in A-K gap (b). Diode with a stainless steel anode 

The suppression of the heavy ions generation in an ion diode with a passive anode can be caused by 

different expansion rates of various components of the anode plasma [2]. The anode plasma, which is formed 

by the explosive emission of electrons during the first pulse, will have the same ion temperature during the 

HIPIB generation. Heavier ions have a lower velocity and when the anode plasma expands, its external 

(emission) boundary will contain mainly light ions. The penetration depth of the electric field into the anode 

plasma is less than the thickness of the layer of lighter ions at its emission boundary (see Fig. 1b), so during 

the whole time of HIPIB generation, the emission from the anode plasma of lighter ions and their 

acceleration in the A-K gap mainly occurs.  

The suppression of the heavy ions generation in a diode with a passive anode is a positive effect; it 

provides an increase in the ion current density when operating in the mode of space charge limitation, 

increasing the purity of HIPIB and high shot-to-shot stability of its parameters. 
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The paper reports on experimental studies of a cathodic arc discharge system with lanthanum 

hexaboride cathodes differing in density (4 g/cm and 4.65 g/cm) and geometry (plane and conical) for the 

generation of boron-containing plasma (Fig. 1). Lanthanum hexaboride, being a widely used material for 

field emission and thermionic cathodes, compares with metals in conductivity and resistivity, and therefore, 

the behavior of a cathodic arc with lanthanum hexaboride is very similar to its behavior with metals. 

However, during the operation of a cathodic arc, the cathode loses its mass in the form of vapors, plasma 

(ions and electrons), hot macroparticles, liquid droplets, and even solid small fragments, and such a loss of 

mass for lanthanum hexaboride, compared to many metals, is much higher: 220 µg/C according to 

experimental data. The studies reported here show that the flow of hot microparticles from a lanthanum 

hexaboride cathode strongly affects the breakdown strength of the high-voltage acceleration gap and that the 

number of breakdowns can be reduced many times by using a direct-flow filter with a magnetic island at 

floating potential. 

  (a) (b) 

Fig. 1. (a) Sketch of the cathodic arc discharge system with flat lanthanum hexaboride cathode and (b) photo of the hot macroparticle 

flow. 
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One of the important characteristics of all accelerators capable of extracting an electron beam into the 

ambient atmosphere is the efficiency of extraction this beam. Coefficient describing the efficiency of beam 

extraction is defined as the ratio of beam current in the ambient atmosphere to current in the accelerating 

gap [1]. To increase the extraction coefficient, the geometry of the electrodes is calculated and selected so as 

to provide the optimal ion-electron optical system (IEOS) of the accelerator. However, it is known that in 

electron accelerators based on ion-electron emission with a non-self-sustaining high-voltage glow discharge, 

the IEOS can have a strong dependence on the parameters of generated electron beam. A change in the IEOS 

in such systems leads to a change in the efficiency of electron beam extraction into the ambient atmosphere. 

In this case, the efficiency can both increase and decrease, which, first of all, is determined by the position of 

the emission plasma boundary [2]. 

The use of a modern element base makes it possible to create power supplies with a transition from a 

continuous mode of generation of an auxiliary discharge to a pulse-periodic mode with a pulse repetition rate 

at the level of several tens of kHz. This allows for a more flexible adjustment of the discharge parameters, 

keeping the average value of its current, but changing its amplitude with a corresponding change in the pulse 

duty cycle. 

In this work, using an electron accelerator based on ion-electron emission [3], generating a wide-

aperture (450×650 mm) electron beam, we research the effect of auxiliary discharge generation mode 

(continuous and pulse-periodic) (Fig. 1) on the efficiency of electron beam extraction into the ambient 

atmosphere, as well as the dynamics of development of a pulsed electron beam using an automated sectioned 

collector is investigated. 

   

  a)                b) 

Fig. 1. Oscillograms of currents: CH1– current in the accelerating gap I0 (10 mA/div), CH3– auxiliary discharge current Id 

(50 mA/div), CH4– beam current Ib (5 mA/div) at the continuous (50, 70, 80, 100, 120, 140, 150 kV) (a) and pulse-periodic (150 

kV) (b) generation mode.  
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The high voltage switching device based on a combination of open and capillary discharges was 

presented in [1, 2]. An open discharge is used as a plasma cathode and it generates an intense electron beam, 

due to which the plasma is generated and power is switched. The capillary provides a breakdown delay 

increase by more than an order of magnitude in comparison with an open discharge and ones allows the 

device operating voltage an increase without a significant increase in the switching time. Another important 

property of the capillary is the rapid pulsed electric strength recovery, which makes it possible to work with 

this device up to a pulse repetition rate of at least 100 kHz. 

The disadvantages of this discharges operation scheme are the non-optimal open discharge combustion 

mode, as a result the switching efficiency decreases, as well as the capillary breakdown instability increases, 

reaching 100 ns at low (<1 kHz) pulse repetition rates. This work is devoted to solving these problems. The 

open discharge modernization was carried out by implementing an external preliminary ignition with a 

controlled breakdown moment and pulse energy. This made it possible to increase the efficiency of 

switching power into active and capacitive loads by 20 percent or more. In [1], a shield with a cathode 

potential along the capillary is used to increase the pulsed electrical strength and the frequency 

characteristics. In this work, it is proposed to apply a positive pulse on the shield. The influence of this pulse 

on the stability of the capillary breakdown is investigated depending on its parameters. In general, the work 

demonstrates a combined gas discharge switch efficiency and stability increasing when operating at low 

pulse repetition rates at voltages up to 200 kV. 
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The measurements of ion flow of pulsed high current vacuum arc (15 mks, 10 kA) with using of a set of 

small sized ion collectors were done. These collectors were placed at different distances from vacuum arc 

plasma source and moved around it at 0-110° angle range. The waveforms of ion detectors contain the 

relatively smooth signal and intensive peaks. These peaks retain their form during propagation from the 

vacuum arc plasma source. The amplitudes of peaks decrease and velocities can rise or drop with the 

distance from the source. The smooth signal stretches with increasing distance. It can be assumed that the 

propagation of plasma is accompanied by intense wave phenomena.  

 

Fig. 1. The waveforms of three ion current collectors. 
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Currently, the space industry is actively developing, and with it, the demand for different space 

thrusters is growing [1]. In this work, a prototype of a small size pulsed plasma engine is described and 

investigated. The main idea was to make a small electric propulsion system that could be used on CubeSat 

and other small satellites. It follows that the mass of the propulsion system should not exceed 250 g and the 

power consumption of 5 W [2].  

The design of the thruster is simple; it consists of a metal cathode and anode and a solid insulator 

between them as a propellant. Thrust is produced by plasma flow generated by pulsed vacuum flashover 

discharge. In this prototype, a coaxial and planar electrode design with a gap of about 0.3 mm was used. As 

the material for the electrodes, Cu or Al can be used. In addition to the thruster, it was necessary to develop a 

Power processing unit (PPU) that could generate high voltage impulses with an amplitude of several kV. By 

changing the frequency of the generator, thrust can be adjusted. With the right pulse parameters, it is possible 

to achieve a working model with minimal cathode erosion, to ensure high system stability. 

Several high voltage generators were used in the tests. With a pulse length from 5 μs to 200 ns and 

impulse amplitude from 4.5 to 10 kV. As a result, the obtained thrust values were about 7 μN / W. 
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Forevacuum plasma electron sources [1] are of great interest for various technological operations. The 

features of operation such electron sources provide the possibility of direct electron-beam processing of both 

metallic materials and dielectrics. At the present time, the forevacuum plasma sources of electrons developed 

at the Department of Physics of TUSUR have reached a power of more than 5 kW [2]. However, during the 

transportation of such beams at elevated pressures of the working gas, a beam-plasma discharge is ignited, 

which hinders the effective transportation of the beam. The experiments have shown that, as a result of the 

emission of thermo electrons to the region of electron beam transportation, the parameters of the generated 

plasma change significantly, which can lead to the extinction of the beam-plasma discharge. This paper 

presents the results of these studies. 
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Fig. 1. (a) Schematic of the experimental setup, and (b) collector current and plasma concentration vs thermal emission current. 

All experiments were carried out with the electron beam with the energy of 10 kV at an operating 

helium pressure of 30 Pa. A direct-heated hot cathode was used as a source of low-energy electrons. From 

the diagram shown in Fig. 1 (b) of the dependence of the collector current on the thermionic emission 

current, it can be seen that a sufficiently low current of thermionic electrons (less than mA) leads to a 

noticeable decrease in the current to the collector from 205-210 mA to 175-180 mA, which is associated with 

the extinction of the beam-plasma discharge, and improving the conditions for the transport of the electron 

beam. 
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The ignition of a glow discharge through a narrow extended gap in the cathode cavity of a large volume 

in the discharge system of a forevacuum plasma electron source is investigated. For the experiments, a 

plasma source of a ribbon electron beam operating in the forevacuum pressure region was used [1]. The 

electron source is shown in Figure 1. It is established that the current at which the discharge switches to the 

hollow cathode mode is determined by the length l of the slit aperture in the cathode cavity, as well as by the 

gas pressure, Figure 2.  
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Fig. 1. Discharge emission system of a ribbon electron beam source: 1 – hollow cathode; 2 – anode; 3 – extractor; 4 – split aperture;  

5 – emission grid; 6 – hollow cathode glow discharge plasma; 7 - glow discharge plasma  
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Fig. 2. Dependence of the switching current on the length of the gap in the cathode. 

At low currents, the glow discharge exists between the flat parts of the cathode and the anode and does 

not penetrate into the cathode cavity. The plasma concentration is not sufficient to break the ion layer and 

allow the plasma to enter the cathode cavity. An increase in the plasma concentration due to an increase in 

the discharge current or gas pressure leads to a decrease in the layer separating the plasma from the cathode 

walls. When the threshold value of the discharge current is reached, which is determined primarily by the 

length of the gap in the cathode, the discharge penetrates into the cathode cavity. 

Figure 2 shows the dependence of the current at which the discharge is switched to the hollow cathode. 

The width of the gap in the cathode is 1.5 mm. It can be seen that with an increase in the length of the gap in 

the cathode, the transition current decreases. 
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The creation of a LTD-generator based on the developed new type of CSA [1], with an electric power 

of ~ 250 TW at a load impedance of 0.165 Ohm, requires the development of new capacitive storage devices 

with special electrical parameters, shape and sizes. Despite the large number of generator layout variants for 

obtaining the specified parameters, there are only a few solutions that allow using the minimum number of 

capacitors and easy-to-manufacture and maintenance dimensions of the generator [2]. 

This paper describes the development and testing results of the new high-voltage pulse capacitor 

«HCEIcap 100-0.1» with a nominal operating voltage of 100 kV and a capacity of 100 nF. The calculated 

inductance of the capacitor is 50 nH, the outer diameter is 25 cm, the height is 13.5 cm, and the diameter of 

the inner hole for the gas spark gap is 8 cm. The capacitor plates are insulated with a combined paper-

polymer film impregnated with castor oil. To reduce the electric field at the edge of the plates and increase 

the capacitor operation life, the method of field equalization by displacement of capacitor plates was used 

[3]. Preliminary tests have shown that when operating on a matched load of one section of such a capacitor, 

the operational life is  2×10
6
 imp. 
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For the electron source SOLO with a plasma cathode and grid stabilization of the emission plasma 

boundary [1, 2], several approaches were used that reduce the breakdown probability of the high-voltage 

accelerating gap. It is the breakdown of the gap that prevents the increase in use of electron beams for pulsed 

surface treatment of metal products to increase operational characteristics. As part of this work, we 

individually increased the length of the drift space, used a deflection system for transporting the electron 

beam, created additional anode plasma before generating the beam, and changed the rising-edge of arc 

discharge current in plasma emitter. 

It was found that an increase in the length of the transport channel from 30 to 80 cm [3] makes it 

possible most of all to increase the limiting mode for longer beam pulses formed at a higher accelerating 

voltage. For example, for an aluminum target at an argon pressure of 25 mPa, an accelerating voltage of 

20 kV, and a pulse duration of 150 μs, the maximum integral energy in the accelerating gap doubled from 

300 to 600 J. Turning the transport channel with a channel length of 80 cm in the same mode makes it 

possible to increase the energy by another 20% to 740 J. With increased pressure up to 45 mPa and for 

shorter durations, the difference between the limiting mode of the deflection and direct transport system may 

not be in favor of the last one. However, the shape of the current pulse in the limiting mode becomes more 

controllable and repeatable. 

It is shown that a plasma with a concentration of 10
11

 cm
-3 

created in the drift space by a special 

discharge cell [4] 1 ms before the arc pulse reduces the probability of breakdown of the accelerating gap for 

pulses with a duration of 15 μs. So, at a pressure of 65 mPa for a current of 400 A, when exposed to 

molybdenum, the probability of breakdown decreases from 19% to about 3%. At a pressure of 20 mPa, the 

probability of breakdown decreased from 20% to 13%. In the first case, the source was pre-trained with 5000 

pulses, and in the second case less than 1000 pulses. 

It was found that a decreasing the rising-edge of the current in the accelerating gap from 65 to 9 A/μs 

due to a change in the rising-edge of the discharge current in plasma emitter when exposed to pulses with a 

current in the accelerating gap of 200 A, duration 100 μs, an initial accelerating voltage of 17 kV and the 

argon pressure 37 mPa on the surface of steel SUS316, leads to a decrease in the breakdown probability from 

25 to 8%. 

The presented experimental data are of practical value and can be useful in the design of plasma 

electron sources. 
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Fast rise time high-voltage pulses are required for the generation of a transient plasma that is used in 

various pulsed power applications [1], that need a reliable, long lifetime pulse generator based on solid-state 

switches. Therefore, modern research is focused on improving their switching characteristics, such as current 

rise rate dI/dt and switching time ts, by using a gate-boosting circuit [2] or an integrated structure [3]. 

The promising technique of subnanosecond switching of the high-voltage semiconductor devices is the 

initiation of the impact-ionization wave in a low doped region by applying a fast rise time overvoltage pulse  

[4]. This triggering technique has been recently validated for commercial power thyristors; this achievement 

increases the dI/dt by two orders of magnitude when comparing to the standard triggering through a gate 

electrode [5]. 

In this work we investigate the low-power thyristors triggered in impact ionization wave mode using a 

pulse generator based on a high-voltage PCSS (Photoconductive Semiconductor Switch), which is running 

by a commercial laser diode feed by an S-diode [6] (as shown in Fig. 1). The test bench allows gradually 

changing parameters of the trigger generator and discharge circuit. 

 
Fig. 1. A simplified electrical diagram of the experimental setup.  

Several TO-220 package thyristors with a rated voltage of 0.6-2.2 kV have been tested. For the 1.6 kV 

thyristor 30TPS16, the following results have been obtained: triggering pulse dV/dt  5 kV/ns, switching 

time  300 ps, current amplitude  400 A, current rise rate dI/dt0.1-0.9 10 kA/µs and current pulse duration 

 170 ns. 
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Radio frequency (RF) energy finds many uses, for example in the generation of plasma for 

technological purposes [1, 2]. Usually RF generators utilize vacuum tubes or RF transistors as a main active 

component. [3]. Transistor-based generators have advantages of being compact, easy to use, and may 

achieve high efficiency values, but generally they require usage of specialized RF transistor assemblies, 

which significantly increases the cost of such generator.  

In this work the possibility of creating a high-power RF generator using non-specialized general-

purpose field effect transistors (MOSFETs) was studied. The generator was constructed based on IRFB4020 

MOSFETs manufactured by Infineon. Operating frequency was chosen to be 13.56 MHz, as that is one of 

the widely spread industrial RF frequencies. The generator can provide power to a standard 50 Ohm load.  

The main obstacle to high-efficiency RF operation of general-purpose MOSFETs is repeated charging 

and discharging of their parasitic drain-source capacitance that occurs during switching, which rapidly 

increases energy losses at RF frequencies. To overcome this problem and minimize switching losses, the RF 

generator was built using Current-Mode Class D circuit [3]. This circuit provides zero-voltage switching 

condition on the drains of the transistors, which reduces capacitance-caused losses to a negligible value. This 

circuit also provides the advantage of suppressing higher-order harmonics on the output.  

The constructed RF generator supplies continuous RF power of up to 200 W to a 50 Ohm load. The 

efficiency of the generator is in the 90-95% range, and total harmonic distortion (THD) of the output signal 

is 2.5%. 
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The parameters of a discharge in xenon formed by voltage pulses with a duration at half-maximum of 

0.7 ns are studied. It has been confirmed that the main part of the energy emitted by the diffuse discharge of 

xenon in the range of 120–850 nm is ensured by the spectral transitions of xenon dimers (the second 

continuum with a maximum at the wavelength of 172 nm). Similar results were obtained earlier in [1]. 

Waveforms of the voltage and radiation pulses at 172 nm and in the region 200–600 nm for two xenon 

pressures are shown in Fig. 1.  

              

Fig. 1. Waveforms of voltage (1), radiation at 172 nm (2) and in the spectral range 200-600 nm pulses (3). Xenon pressures are 0.6 

atm. (a) and 1.8 atm. (b).  

During the first 30 ns before the arrival of the first voltage pulse reflected from the generator, the only 

by the voltage pulse with the duration of  0.7 ns (FWHM) is determined plasma glow. As a result, intense 

emission of the second continuum of xenon dimers is observed. The radiation pulse duration at the 

wavelength of 172 nm with xenon pressures of 0.3–3 atm, significantly exceeds the duration of the voltage 

pulse. The time until the peak radiation intensity of Xe2* molecules is reached decreases with increasing 

pressure.  

Broadband radiation in the visible and UV spectral regions from the spark discharge is mainly 

associated with the recombination radiation [2]. It was found that recombination continua appear after the 

discharge contraction, which occurs faster with a decrease in the interelectrode distance or an increase in the 

input energy from the voltage pulse. 

In the paper [3], V.I. Baryshnikov with coauthors claim that there is no radiation of the second 

continuum in a diffuse discharge of xenon. Our results indicate that the data given in article [3] require 

additional verification of the measurement procedure of VUV radiation, as well as, the voltage across the gap 

and discharge current. We assume that the authors of [3] did not took into account the effect of the capacitive 

current at the front of the voltage pulse, which was measured by the pin-diode. It is known that current 

collectors [4] and photodetectors [5] can detect the displacement current, including the dynamic 

displacement current when a voltage pulse with a subnanosecond rise time is applied to a discharge gap. 
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In a planar magnetron with a copper target 125 mm in diameter, the influence of the operating pressure 

and discharge current on the spatial distribution of the ion current density, as well as the substrate 

temperature in the drift space, is studied. The working pressure of argon in the experiments was 0.07÷0.3 Pa. 

The discharge current was 0.1÷1 A in continuous mode. The ion current was measured with a movable flat 

Langmuir probe with a guard ring. It is shown that at distances of 1÷3 target diameters in the radial direction, 

there is a Gaussian distribution of the ion current density. An increase in the discharge current does not lead 

to a significant transformation of the shape of the radial distribution. The effect of the discharge current on 

the temperature of a dielectric and also a metal substrate is investigated, depending on its potential. It is 

shown that the maximum temperature of the grounded substrate compared to the temperature of the insulated 

substrate at the same value of the discharge current is approximately 40÷45°C higher. At a magnetron 

discharge power of 250 W in a continuous mode, at a distance of 25 cm from the target, the steady-state 

temperature of the substrate under the floating potential is about 100°C. 

  

Fig. 1. Normalized radial ion current density distribution for different magnetron discharge current at a distance of 10 cm (a) and 

substrate temperature for different target-to-substrate distance (b):  

1 – Idis=1 A, floating potential; 2 - Idis=0.5 A, “ground” potential; 3 - Idis=0.5 A, floating potential (p=0.13 Pa). 
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We have analyzed the mass-to-charge spectra of ions in the plasma of a planar magnetron. The 

measurements were made by using a modified quadruple mass spectrometer and time-of-flight spectrometer. 

Experiments were carried out with copper magnetron cathode (target) and argon as operating gas. The 

operating pressure range was 0.15÷1.3 Pa. The discharge current was 10÷20 A at a pulse duration 50÷100 

μs. As expected, increasing the amplitude of the magnetron discharge current increases the Cu ion fraction 

and decreases the Ar ion fraction in a drift space plasma. At a distance from magnetron target more than 

20 cm the plasma mainly consists of metal ions (the Cu ion fraction is greater than 50%). Somewhat 

unexpected result is that an increase of operating pressure increases the Cu ion fraction in a drift space 

plasma. We suppose that prevalence of the metal component in the plasma at high currents can be explained 

by cooling of plasma electrons despite the fact that Cu has a much lower ionization potential (7.7 eV) 

compared to Ar (15.5 eV). The same results were observed in magnetron discharges with boron targets 

(8.3 eV) for operating gases such as argon (15.5 eV) and krypton (14 eV). An additional factor influencing 

the increase in the fraction of metal ions can be Penning ionization by excited metastable argon atoms 

(excitation potential 11.5 eV).   

 

Fig. 1. Axial distribution of mass-to-charge ion state depending of operating pressure in a drift space plasma for magnetron discharge 

current of 10 A (a) and 20 A (b), τ =50 µs, f =200 Hz. 
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In electron accelerators based on ion-electron emission and non-self-sustaining high-voltage glow 

discharge (HVGD), the stability of operation is determined by the probability of HVGD transition to the arc 

form. The transition of the HVGD to the arc form of discharge burning can be due to several reasons, 

namely, the exacerbation of the electric field at the cathode of the HVGD (due to the presence of micropoints 

or charge accumulation on any dielectric inclusions), violation of gas conditions (uncontrolled increase in the 

pressure of the working gas) malfunction of the plasma emitter [1]. In the latter case, when used as an 

auxiliary glow discharge, instabilities can be associated with the appearance of cathode spots on the walls of 

a hollow cathode and the transition of a glow discharge into an arc [2], which leads to a local increase in the 

concentration of the emission plasma, disruption of ion-electron optics, and an increase in the ion current 

density at the cathode HVGD, when exceeding a certain value of which an electrical breakdown of the high-

voltage accelerating gap occurs. 

In this work, in the electrode system of an electron accelerator based on ion-electron emission [3], we 

present the results of studying the stability of the plasma emitter during the transition from continuous to 

frequency (up to 50 kHz) repetitively pulsed generation of a self-sustained glow discharge with a hollow 

cathode. Thus, the work investigated the dependences of the number of cathode spots on the operating modes 

of the plasma emitter, as well as the pressure and type of gas in the working region of the auxiliary discharge 

generation. 

In fig. 1 shows the graphs of the dependences of the number of cathode spots depending on the 

operation time of the accelerator (a), the pressure of the working gas in the system and the modes of 

discharge generation (b) and when using nitrogen as the working gas. It can be seen from the graphs below 

that the use of a pulse-frequency mode of beam generation, as well as an increase in pressure in the system, 

increases the stability of its operation, due to a decrease in both the total number of cathode spots and their 

increase over time (the slope of the constructed straight line). The main reasons for the appearance of 

cathode spots in the plasma emitter are discussed. 

  

a)      b) 

Fig. 1. Dependence of the number of cathode spots (Nc.s.) on the operating time of the system in a continuous mode (a) and at 

different pressures (0.4 and 0.8 Pa) and discharge combustion modes (with the same average current of 150 mA) (b) 
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We demonstrate the experimental studies of a non-self-sustained pulsed high-voltage discharge (HVD). 

A distinctive feature of the high-voltage discharge geometry is the use of a hollow cathode, instead of a flat 

cathode, and a plasma anode without rigid fixation of the plasma surface position. A toroidal plasma 

generator (plasma anode) based on a geometry of a closed-drift plasma thruster with a short acceleration 

zone (plasma thruster with anode layer) creates the anode plasma emitting ions into cathode region. In the 

pulsed operation mode the high-voltage discharge current reaches 10 A with a pulse duration of 200 μs and a 

voltage across the high-voltage gap of 35 kV. Pulse mode is implemented due to the pulsed operation of the 

anode plasma generator. The HVD current is proportional to the current of the anode plasma generator and 

does not depend on the pressure of the working gas. The working gas pressure has a strong effect on the 

operation of the plasma anode generator - determining the generator discharge current and the duration of the 

discharge current pulse. Argon, nitrogen, and air were used as a working gas in the experiments. It is shown 

that the current of the non-self-sustained pulsed high-voltage glow discharge with a hollow cathode increases 

by one and a half times in comparison with the discharge current with a flat cathode. Under certain 

experimental conditions, the self-oscillation excitation in the MHz-frequency range of the discharge current 

is observed. 
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Ceramics, polymers and glasses, which are usually dielectrics, are widely used in various fields of 

industry and medicine [1–4]. Therefore, different methods of treatment of these dielectric materials are 

developed and improved [4–6]. Forevacuum plasma-cathode sources of low-energy (up to 20 keV) electron 

beams provide treatment of different dielectric material by electron beams at gas pressure 3–50 Pa (negative 

charge appearing on dielectric surface is compensated by ion flow from beam-produced plasma) [7, 8]. In 

particular, the forevacuum sources of pulsed electron beams provide surface modification of dielectric 

materials [8]. The characteristics of plasma-cathode electron sources are determined by the type of discharge 

used to generate the emission plasma, the electrode configuration of the accelerating gap, and some other 

parameters and conditions [9]. The purpose of this work is to investigate influence of the configuration of the 

accelerating gap of the source and the processes occurring in this gap on the parameters of the plasma-

cathode electron source generating the pulsed low-energy electron beam in the forevacuum pressure range of 

3–30 Pa. 

Influence of configuration of the accelerating gap on the parameters of the forevacuum plasma-cathode 

electron source generating low-energy (up to 10 keV) electron beam in the pressure range of 3–20 Pa has 

been investigated. Electrode system of the pulsed forevacuum plasma-cathode electron source based on a 

cathodic arc has been used in the experiments. The plane-parallel accelerating gap is formed by a fine mesh 

emission electrode and a mesh extractor (accelerating electrode). An increase in the length of the 

accelerating gap, i.e. the distance between the emission electrode and the extractor leads first to an increase 

in the electron emission efficiency η, but when a certain optimal value is reached, a further increase in the 

length leads to a decrease in the efficiency η. The electron emission efficiency has been estimated as the ratio 

of the emission current Ie to the arc discharge current Id (η = Ie/Id). The optimal value of the length of the 

accelerating gap, at which the maximum emission efficiency is provided, depends on the pressure and the 

type of working gas. In addition, the length of the acceleration gap influences the maximum working gas 

pressure. The influence of the length of the accelerating gap on the parameters of the forevacuum plasma-

cathode electron source is caused by a change in the value of the back-streaming ion flow moving towards 

discharge gap and by change in the electric field pressure at the boundary of the emission plasma. 
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Pulsed plasma-cathode sources of large-radius (or large area) low-energy (up to about 30 keV) electron 

beams are used for surface treatment of materials and for other applications [1–3]. The characteristics of the 

plasma-cathode electron sources are largely determined by the parameters of the emission plasma generated 

by the gas discharge [4]. An arc discharge with cathode spots also called vacuum arc is often used to 

generate emission plasma in the pulsed electron beam sources. This type of discharge provides high current 

and long pulse duration of the discharge current, and, accordingly, of the electron beam. However, the arc 

discharge with cathode spots has disadvantages caused by the chaotic movement and instabilities of the 

cathode spots, and by formation of vapors and microdroplets of the cathode material during operation of the 

cathode spots [5]. More over the vapors and microdroplets of the cathode material may penetrate into the 

accelerating gap of the source and the region of electron beam propagation. These disadvantages affect the 

characteristics of the plasma-cathode electron sources (for example, it leads to decrease of electric strength 

of an accelerating gap). A constricted arc discharge is used to eliminate the negative influence of the cathode 

spots operation in the sources generating electron beams in the traditional gas pressure range 10
-3

–10
-1

 Pa [6]. 

The operation of the constricted arc discharge and features of electron emission from plasma formed by this 

type of arc have been studied in detail for the traditional plasma-cathode electron sources. The research of 

constricted arc operation in a forevacuum plasma-cathode electron source operating at pressure 5–20 Pa have 

demonstrated some features of formation of the emission plasma [7]. The aim of this work is to research 

influence of electron emission on the constricted arc discharge forming emission plasma in the forevacuum 

plasma-cathode source of the pulsed electron beam. 

The research of influence of electron emission on the pulsed constricted arc discharge forming emission 

plasma in the forevacuum plasma-cathode source generating low-energy (up to 10 keV) electron beam in 

pressure range 5–20 Pa is presented. The electron emission from plasma formed by the constricted arc leads 

to a change in the discharge operation voltage. An increase in the gas pressure and an increase in the 

accelerating voltage lead to a decrease in the constricted arc voltage. In case of use nitrogen as working gas, 

an increase in gas pressure from 7 to 20 Pa leads to a decrease in the pulse-averaged voltage of the 

contracted arc from 90–100 V to 60–70 V (Ua = 2 kV). The use a working gas with a larger ionization cross 

section (for example, argon) provides lower arc voltage and a sharper decrease in the constricted arc voltage 

with increasing gas pressure. The decrease in the voltage of the constricted arc discharge observed during the 

electron emission is caused by a change in the discharge operation conditions due to the penetration of the 

back-streaming ion flow into discharge system of the forevacuum plasma-cathode electron source. The value 

of the back-streaming ion flow, which propagates towards a mesh emission electrode and penetrates into the 

discharge system, increases with increasing gas pressure and with increasing accelerating voltage. 
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Nowadays, a lot of practical applications—such as material etching; electric propulsion (plasma 

thrusters); material testing under high thermal and plasma loads; plasma separation of spent nuclear fuel—

demand having efficient sources of highly ionized metal-free plasma. It could be convenient to utilize 

commercially available high-power impulse magnetron sputtering (HiPIMS [1]) technique for this purpose. 

However, originally HiPIMS is being used for coating deposition and thus in its conventional form is not 

suitable for generating plasma free of metal species. The usage of light working gas (e. g. helium) can 

significantly reduce the sputtering effects and turn this type of discharge into highly efficient generator of 

metal-free plasmas. 

Depending on operating conditions (including pulse duration), it is possible to transform long HiPIMS 

regime (L-HiPIMS) into the non-sputtering low-voltage mode at the same power level. This mode is known 

as non-sputtering magnetron discharge (NSMD) [2–4]. Introducing helium into NSMD might result in high 

density plasma generation with extremely low cathode material erosion rate. 

In this study the operation of millisecond-scale impulse magnetron discharges in helium has been 

examined. The pulse duration was varied from 1 ms to 20 ms, and the maximum pulse energy was 6 kJ. We 

measured the deposition rates of target materials (Al, Ti, Cu) in L-HiPIMS, as well as the content of metallic 

species in plasma. The plasma parameters were monitored with a Langmuir probe. 

The use of the long-pulsed modes enables achieving high plasma density (up to 10
15

 cm
–3

) and 

accelerating the ion flux with a peak energy distribution of 20–30 eV, which corresponds to 30–40 km/s for a 

helium ion. 
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Studies of an high-voltage switch based on a capillary discharge with a plasma cathode - an eptron 

[1, 2] were carried out in the burst mode operation. The characteristic features of this type of switch are short 

times of transition into the conducting state (fractions, units of nanoseconds), high pulse repetition frequency 

(PRF) (tens of kHz and more), long breakdown delays after the moment of voltage applying (hundreds of 

nanoseconds and more), a wide range of operating voltages (from units to hundreds of kV). The study of the 

structural and other parameters influence on the switch maximum achievable PRF at voltages of tens of kV 

was carried out, changes in the operating parameters of the switch (switching time, efficiency, breakdown 

delay) were also investigated with an increase in the operating PRF up to 200 kHz. The considered factors, 

that significantly affect the ultimate PRF of an eptron, in particular, include the dimensions of the conducting 

shield around the capillary part of the switch and the reverse voltage applied to the electrodes in the period 

between pulses.  

One of the developed fast high-voltage switch applications is gas-discharge lasers pumping, in 

particular, lasers on self-terminating transitions in atoms and ions. The prospect of studying gas-discharge 

lasers on ion self-terminating transitions lies in the possibility of realizing relatively efficient and affordable 

sources of coherent UV radiation [3]. However, the achievement of significant values of the efficiency and 

average power is possible only at high pumping PRFs, under conditions when most of the ions in the active 

medium don’t recombine between pumping pulses, and with a rapid increase in the voltage across the active 

element, which ensures fast heating of electrons to the optimal temperature, at which the population of the 

upper laser level prevails over the lower one. 

The results of the frequency-energy characteristics studies of lasers on self-terminating transitions of 

Ba
+
 (λ = 614.2 nm) and Ca

+
 (λ = 854.2 and 866.2 nm) up to 60 kHz and Hg

+
 (λ = 398.4 nm) up to 200 kHz 

are presented. A comparison of various electrical circuits for pumping lasers using magnetic pulse 

compression (MPC) and an eptron was performed. In the first case, the voltage pulse edge on the gas 

discharge tube equaled ~ 30 ns, in the second, it was less than 2 ns. A significant increase in the laser pulse 

energy and optimal PRF was experimentally demonstrated when the eptron was introduced into the lasers 

pumping circuit (Fig. 1). 

Fig. 1. Average Ba+ laser (λ = 614.2 nm) output power versus pulse repetition frequency for different pumping electrical circuits 

with pure He and He + H2 mixture as a buffer gas.  
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The results of studies of a new type of switch [1, 2] based on a capillary discharge with a preionization 

of a cathode region are presented. The cathode region of the switch consists of two flat rectangular SiC 

cathodes with a total area of 22 cm
2
 and two grids remote from the cathodes by a distance of 3 mm each and 

forming a 6 mm region between each other. A capillary of rectangular cross section with dimensions of 

10x0.3 mm and a length of 35 mm is located at the side of cathode region. The inner surface of the capillary 

has a meander shape with a period of 2 mm, which avoids surface breakdowns along the walls of the 

capillary. Two copper plates connected to the cathodes of the device are attached to the outer surface of the 

capillary through an additional insulator. Such a configuration allows to reduce the inductance of the switch 

and has a great influence on providing a large breakdown development time td at high pulse repetition 

frequency (PRF) [2]. 

The positive voltage pulses from the generator and following magnetic compression line were applied 

to the anode of the switch, the cathode of the device was grounded. The charging time of the working 

capacitance was ~ 200 ns. The load resistance RL varied from 24.5 to 98 Ohms. Parameters were measured in 

the burst operation mode at a PRF inside the burst f of 5 to 50 kHz. A positive pulse with an amplitude of up 

to 8 kV was applied between the grids and cathodes to preionize the cathode region 1 μs before each of the 

pulses in the burst. Current measurements were carried out using two low-inductance shunts. 

The dependences of the switching efficiency η and the time of breakdown development delay td in the 

switch on the energy of the preionization pulse, PRF, pressure and type of working gas, and the amplitude of 

the switched voltage UA are obtained. It is demonstrated that at low PRF the starting losses in the switch 

significantly depend on the energy of the preionization pulse of the cathode region Wpre (Fig. 1). An increase 

in the amplitude of the charging voltage UA leads to an increase in the efficiency of the switch η. For 

example, with a low load resistance of 24.5 Ohms, the efficiency η  increases from 0.45 to 0.54 when voltage 

rises from 10 to 16 kV in helium. It was shown that in helium for PRF up to 50 kHz, with a switching time of 

tsw ~ 1.5 ns, the compression ratio of the leading edge of the voltage pulse exceeds S = td / tsw= 300 at UA = 16 

kV. 

Fig. 1. (a) - oscillograms of current I through the load at different values of the preionization pulse energy of the switch Wpre (He, P = 

10 Torr, UA = 16 kV, f = 5 kHz, RL = 24.5 Ohm, Cpre = 0.46 nF); (b) - dependences of the energy W10ns deposited into the load during 

the first 10 ns on Wpre (UA = 16 kV, RL = 24.5 Ohm). 
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The purpose of this work is to provide basic information about the manufacturing technology of sealed-

off spark gaps in metal-ceramic design with hydrogen filling and pressures up to 120 atmospheres at an 

operating voltages of 150-400 kV. The results of an experimental investigation of the switching 

characteristics of the RO-49 spark gap-sharpeners are also presented. 

Figure 1 shows the design of the RO-49 spark gap (1) located inside the body of the X-ray device (2). 

The spark gap contains a metal body (3) in the form of a cylinder and a ceramic insulator (4) located in it in 

the form of a truncated cone, two electrodes – the anode (5), fixed to the inner surface of the lid, and the 

cathode (6) together with the contact rod (7), located on the surface of the smaller base of the insulator (4) 

[1]. 

 

Fig. 1. The scheme of the compact pulse X-ray device. 

After assembly the spark gap is filled with a mixture of N2 and SF6 gases to the required pressure and 

the device is initially trained to improve the electrical strength of the inner surface of the insulator. This 

mixture is then released and the spark gap is filled with high-purity hydrogen to a pressure that provides the 

required breakdown voltage. 

The pulse transformer (8) after influence on the its primary winding to a voltage pulse of 15-20 

kilovolts, charges the constructive capacitance between the spark gap corps and the X-ray device body in a 

time of 1-2 µs. After the spark gap is triggered, the constructive capacity is discharged to the X-ray tube 

IMA5-320 (9) along the contour with a minimum inductance. 

Measurements of the switching characteristics of spark gaps were carried out on a similar stand, in 

which instead of an X-ray tube, a set of low-inductive resistors of the TVO-60 type and a resistive current 

shunt with R = 0.01 Ohms were installed. A constructive capacitive divider used to register the temporary 

behavior of the voltage on the spark gap. 

The results of the investigations showed that the development of the discharge in the RO-49 spark gap-

sharpeners is determined by the composition of the working mixture and its pressure and they times have of 

≈ 2-10 nanoseconds at the anode voltages in the range of 150-400 kV. 

The resource of the RO-49 spark gap is 3x10
6
 pulses. 
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Plasma devices for a cold atmospheric plasma jet (CAPJ) generation in a mixture of inert gases and air 

are widely used in medicine [1]. To increase the exposure area of CAPJ to the target, a planar multichannel 

device was developed (see Fig. 1), and its functional parameters were investigated. The design was a 

dielectric box (1) in which between a quartz plates (2) formed flat discharge channels (3). Dielectric plates 

(4) at the outlet of the discharge channels formed a gap of 2 mm — a nozzle. The discharge area was formed 

by an internal copper saw-shape electrode (5) 40 mm in length, located along the gaps, and an external 

grounded electrode (6). A sinusoidal voltage U = 0–10 kV with a frequency of f = 10–50 kHz was applied to 

the internal potential electrode. 

   

Fig. 1. Planar devices (a) single-channel, (b) two-channel, (c) three-channel. 

The typical dependence of the current on the voltage I(U) of the CAPJ generated in a single-channel 

device at a gas flow rate υ = 15 L/min and a sinusoidal voltage frequency of f = 13 kHz had a sublinear 

character (see Fig. 2 (а)). When a sinusoidal voltage is applied to all interconnected potential electrodes, 

plasma jets are formed, which are determined by the stochastic generation of streamers from the tips of the 

potential electrode. Experiments have shown that the current is generated at each positive half-wave of the 

applied sinusoidal voltage, and its propagation both within one channel and through different channels are 

independent of each other (see Fig. 2 (b)). 

 

Fig. 2. (a) The typical dependence of the current on the voltage, (b) measured voltage (red) and currents recorded from different 

channels (green, yellow, blue). 

It was shown that at each moment of time, a separate streamer appears. Thus, the larger area and jet 

uniformity is determined by the multifrequency overlap of current pulses. 
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Experimental studies of ultrafast processes of electrical discharges development in gases, for example, 

at runaway electron flows generating in air [1], require the use of sources of powerful short pulses. The 

voltage pulse amplitude at pulse duration of 100–200 ps can reach 1–2 MV [2, 3]. The pulses affecting the 

gas gap are transmitted along a coaxial line and are recorded by capacitive voltage dividers (sensors), the 

division factor of which, as a rule, is ~10
3
–10

4
. Such sensors require preliminary calibration with pulses, the 

front and duration of which are shorter than the corresponding parameters of the measured pulse. 

The paper describes a semiconductor picosecond pulse generator that can be used to calibrate capacitive 

voltage sensors. The generator is designed as a base unit, to which additional external sharpeners and pulse 

converters are connected. In the base unit, semiconductor devices – first a semiconductor opening switch 

(SOS) and then a semiconductor sharpener (SS) – generate an output pulse with a front of 210 ps and a 

subsequent plateau of 2 ns in duration. The pulse amplitude is 970 V across 50-Ω load. An external diode 

sharpener generates a pulse with 155-ps front and 500-ps plateau at the amplitude of 820 V. To switch the 

semiconductor sharpeners to the conducting state, the shock-ionization wave mode is used. External 

converters make it possible to generate output pulses across 50-Ω load with the front of 105–155 ps, the 

pulse duration of 160–310 ps, and the amplitude of 180–500 V. 

The electrical diagram of the generator, waveforms of the output pulses of the base unit and after 

external sharpeners and converters are presented. An example of the calibration of capacitive sensors located 

in the measuring section of a powerful picosecond generator is also shown. 
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The spatial distribution of the intensity and the temporal dynamics of the plasma generated by 

atmospheric pressure with a magnesium cathode in an argon flow are experimentally investigated. A 

discharge system of coaxial geometry was used in the work [1]. In the center was a cathode placed inside a 

ceramic tube. There was a hole in the anode through which the plasma was forced out of the discharge 

system by the flow of the working gas. The repetition rate of unipolar quasi-rectangular pulses was 56 kHz, 

with a pulse duration of 12 μs. The amplitude of the discharge current in the steady-state mode was 100 mA, 

at a voltage of about 130 V. In this mode, local melting of the active cathode surface occurred. The 

evaporated magnesium atoms were captured by the working gas flow and formed a green glow plume around 

the positive discharge column outside the anode nozzle. The image of the plasma formation was projected 

onto the entrance slit of the monochromator, with the help of which the spatial distribution of the radiation 

intensity and its evolution in time of the selected monochromatic components were measured. The spectrum 

of this radiation contained groups of lines of ions and magnesium atoms with wavelengths 285.21 nm 

(singlet resonant Mg I); 383.08, 383.36, 383.9 nm (triplet Mg I); 516.8, 517.4, 518.5 nm (triplet Mg I) [2]. 

The results of this work are promising from the point of view of studying open-type spontaneous 

radiation sources, as well as the generation of combined gas-metal plasma flows [3] at atmospheric pressure. 
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The radio frequency (RF) inductively coupled plasma (ICP) is a universal tool for studying the erosion 

and surface modification processes [1]. Because of its unique properties, ICP discharge can be used in two 

different pressure regimes: at high pressure (pg ~ 100 torr) it can produce equilibrium plasmas, whereas at 

low pressure values (pg ~ 0.01 torr) its plasma is non-equilibrium [2]. Moreover, it is possible to regulate the 

values of the basic plasma parameters, such as electron temperature, Te, and electron density, ne, in a wide 

range. All described features are making ICP discharge a promising tool for plasma-surface interaction 

studies including LIBS, LIAS measurements in presence of background plasma. 

In this work, the change of the spectral lines ratio of the H impurity radiation and He/Ar plasma 

emission spectrum of the ICP discharge was studied in a newly designed and built device (see Fig. 1). In 

order to do so, the measurements of Balmer series lines intensities (n′ = 2 и n = 3, 4, 5) were considered. The 

measurements were carried out with a different impurity to working gas percentage ratio. Methods for 

increasing the signal to noise ratio of LIBS/LIAS measurements in the ICP background plasma discharge are 

studied. 

 

  

Fig. 1. Sketch of the minICP device 
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To date, the problem of creating a source of non-equilibrium low-temperature plasma, formed upon 

excitation of the air around us and having a temperature of the order of room one or slightly higher, 

continues to be extremely urgent. Despite the huge amount of research in this direction, such a plasma source 

has not yet been implemented. However, such a source is extremely promising from a practical point of view 

and can be used in various fields [1, 2]. 

The study deals with the results of studies of the characteristics of a source of cold air plasma based on 

the relatively recently discovered phenomenon of the gas discharge physics – an apokampic discharge (Fig. 

1a) [3, 4]. This type of discharge is implemented when voltage pulses of microsecond duration with an 

amplitude of tens of kilovolts, following with a frequency of tens of kilohertz, are applied to the gap formed 

by electrodes (1 and 2 in Fig. 1a) located at a certain angle to each other (one must have a capacitive 

decoupling with respect to the ground), and it allows to form plasma plume (5 на Fig. 1a) of relatively low 

temperature in atmospheric pressure air. Its formation is due to streamers propagating at a high speed from 

the bright branch (3 in Fig. 1a) of the pulse discharge channel (2 in Fig. 1a). 

A design is proposed that makes it possible to localize and stabilize the discharge channels, which are 

the centers of the formation of plasma plumes. Measurements of electronic, vibrational, rotational, and gas 

temperatures in plasma in various zones of the discharge formed in this design were carried out by optical 

emission spectroscopy techniques [5, 6]. It is shown that everywhere plasma is strongly non-equilibrium – 

there is a strong difference between the electronic temperature (several eV) and the temperature of heavy 

particles (hundreds to thousands of K, depending on the measurement zone). Thus, a cold air plasma jet 

based on the apokampic discharge has been realized (Fig. 1b). 

 

 

a) b) 

Fig. 1. (a) Apokampic discharge. 1, 2 – electrodes; 3 – discharge channel; 4 – bright branch; 

5 – plasma plume. (b) Cold air plasma jet. 
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Tesla transformers, the equivalent circuit of which is shown on Fig. 1, are widely used in the design of 

high-voltage power supplies. 

 

Fig. 1. Equivalent circuit of Tesla transformers. 

Many publications are devoted to the analysis of the operating modes of the Tesla transformer, for 

example [1-4], however, the optimal transfer properties of the transformer were considered, either with 

incomplete variation of the parameters, or using approximations. 

In the present work, the optimal processes of charging the capacitance of the output oscillatory circuit at 

the first and second half-waves are considered, based on the exact solution of the transformer equations with 

varying of Q-factors ( 1111 // RCLQ  , 2222 // RCLQ  ), of coupling factor ( 21/ LLMk  ) and of 

mismatching factor of the natural resonance frequencies of the circuits ( 1101 /1 CL , 2202 /1 CL ). 
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Interest in the investigation of a cold atmospheric pressure plasma and its parameters, in particular a 

plasma jet, is associated, on the one hand, with the fact that it is an interesting physical object, and on the 

other hand, with its active application as a tool for cold plasma medicine. The impact of a cold atmospheric 

plasma jet (CAPJ) on biological objects activates the processes of viability reducing of cancer cells and 

suppressing the development rate of malignant tumors. Non-equilibrium plasma state allows the production 

of chemically active species without excessive gas heating and affects to targets, including living organisms 

that are sensitive to heat. An increase in temperature in the contact area between plasma and biological 

object may not exceed several degrees, which is not a destructive parameter of plasma exposure. In most 

cases, during biophysical experiments, a source of cold plasma jet is used, generated when a sinusoidal 

voltage is applied to the potential inner electrode. The streamers generated at each positive half-wave of the 

applied voltage propagated along the gas flow into the surrounding space and formed a plasma jet. 

The aim of this research was to investigate the parameters of CAPJ generation excited by unipolar 

positive pulses. In this work, we used a coaxial device with a potential internal electrode [1], and a source of 

positive square-wave pulses with U = 0–10 kV and an adjustable frequency of  f = 3–30 kHz was used as an 

excitation source. 

When pumping a working gas helium grade A (99.995%) through the gas-discharge cell with flow rates 

υ = 1.5–12 L/min (υ > 1 L/min) and applying a voltage of U ≈ 0.7 kV to the electrodes, the discharge was 

ignited. When the voltage was exceeded U > 0.7 kV, a CAPJ was formed that propagated beyond the channel 

and spread in free space. Oscillograms of voltage and current are shown in Fig. 1 (a). In Fig. 1 (b, c) the 

typical dependences of the current amplitude on the voltage I(U) are shown, which has a saturating form 

with increasing U, and an exponentially decreasing dependence of the current on the pulse repetition rate I(f). 

In contrast to research [2], in which the CAPJ was generated by a sinusoidal voltage, in the present case 

(excitation by square-wave pulses) the previously discovered effect of frequency changing during the 

generation of current pulses, different from the frequency of the applied sinusoidal voltage, was not 

observed. 

   

Fig. 1. (a) Oscillograms of U, I: He, υ = 4.5 L/min, U = 5 kV и f = 13.4 kHz; (b) dependence I(U) υ = 4.5 L/min;  

(c) dependence I(f) υ = 4.5 L/min U = 5.6 kV. 

An increase in the pulse repetition rate leads to the growth of target temperature over 40°C, which 

limits the application of CAPJ at biomedical purposes. A specially developed device limiting the duration of 

the current pulse ≤ 2 μs made it possible to lower the target temperature by 10°C. 
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The impact of a cold atmospheric plasma jet (CAPJ) on biological objects is a developing area of 

plasma medicine. Until now, the mechanisms of the CAPJ effect on biological objects have not been 

unambiguously defined. To use CAPJ in biomedical research, it is necessary to control the temperature rise 

in the contact area of the CAPJ with the target at different He gas flow rates, amplitudes of the applied 

sinusoidal voltage U, and distances to the target. The target was an Al2O3 plate (1×25×34 mm) placed on an 

auxiliary grounded electrode at a distance of 20 mm and 30 mm from the nozzle [1]. 

The temperature measurements in the contact area of the plasma jet with the surface were carried out 

when a sinusoidal voltage was applied with a frequency of f = 13; 23 kHz in the range of He flow rates υ = 

1,5–13,5 L/min and voltages U = 2.7–6.5 kV. The target was positioned at a distance of 20 mm and 30 mm 

from the nozzle (see Fig. 1). 

It was found that the temperature in the contact area of the CAPJ with the target was established in a 

constant state within 60-120 s of exposure. The temperature of the dielectric plate reached Т ~ 100°С at υ = 6 

L/min, U = 6,5 kV at a distance of 20 mm from the nozzle.  

         

(a)           (b) 

Fig. 1. The temperature in the contact area of a CAPJ with a dielectric surface at distance (a) 20 mm, (b) 30 mm. 

In the contact area between the CAPJ and the target, the temperature increases with voltage growth at 

the same He flow rate. The dependences of the temperature to the gas flow rate at constant voltage is an 

extreme function, more pronounced at higher voltages. The right side of the dependence demonstrates that 

the temperature of the target decreases with an increase in the flow rate, and the left side of the dependence is 

determined that with flow rate decreasing the CAPJ length shorten and the contact between the jet and the 

target disappear. With an increase in the distance from the nozzle to the target under similar conditions, the 

temperature reached is lower. Thus, from the graphs it is possible to determine the conditions for the 

functioning of the CAPJ source and the necessary conditions for the effect on living tissues. 
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A non-self-sustained low-pressure glow discharge with a hollow cathode makes it possible to efficiently 

generate plasma in large (> 0.1 m
3
) vacuum volumes [1]. In this paper, we present the results of probe 

measurements of the main parameters of the glow discharge plasma in the case of separate and joint 

operation of electron sources supporting the combustion of the glow discharge. The validity of the 

application of the principle of superposition of the distributions of the main plasma parameters in a hollow 

cathode of a glow discharge with currents up to 200 A, obtained using two electron sources based on an arc 

discharge with an arc spot [2] was investigated. The studies were carried out for a hollow cathode with a 

diameter to length ratio of 2:1 and a volume of 0.34 m
3
. 

 

Fig. 1. The experimental assembly.  
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Microwave-driven cold plasma jets based on atmospheric-pressure discharges are intensively 

investigated for purposes of plasma modification in practical medicine, microbiology, agriculture and the 

food industry [1-3]. The experimental setup based on the previously developed multipurpose 2.45-Hz-

plasmatron was used [4] (see Fig. 1). The plasmatron has a microwave power in the waveguide of up to 2.5 

kW and a power in the torch of up to couple of hundreds of watts. The plasma torch consists of cylindrical 

common chamber with 6 rod-like electrodes forming a regular hexagon in a cross-section (MicroPlaSter 

device arrangement [5]). Discharge channels are formed between the ends of the electrodes and the inner 

wall of the torch close to the torch outlet. Argon of high purity (99.998%) was used with the flow rate in the 

range from 0 to 10 standard liters per minute. 

 

    
                                        (a)                                                       (b)                                    (c) 

Fig. 1. (a) Sketch of the 2.45-GHz-plasmatron, (b) discharges in the plasma torch (view from the outlet), (c) side view of the plasma 

jet (shadow imaging). 

Cold plasma jet generated by the torch is a discharge streaming-afterglow which is rather weak and not 

distinguished by naked eye. In the present work, the new collection of experimental diagnostic techniques 

has been developed to explore and characterize such plasma jets. The measurements and analysis of the 

emission spectra were conducted. Probe floating potential in the plasma jet was investigated by means of 

oscilloscope. The spatial structure and dynamics of the cold plasma jet were studied using the shadowgraphy 

and high-speed video filming. Thermocouple and thermal imaging measurements of the plasma jet 

temperature were conducted. 
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Plasma of the non-self-sustained arc discharge generated by a PINK plasma generator with a thermionic 

and hollow cathode in a system with a hollow anode is widely used in such processes of surface treatment of 

the materials as nitriding and plasma-assisted deposition of functional coatings [1]. One of the main factors 

complicating the treatment process is a significant inhomogeneity of the distribution of plasma parameters 

over the volume of the vacuum chamber. The pulsed mode of a non-self-sustained arc discharge is promising 

to reduce the degree of inhomogeneity of the distributions of plasma parameters. 

The paper presents the results of measurements of plasma parameters over the volume of a hollow 

anode formed by the inner walls of a cylindrical vacuum chamber 1200 mm high and 600 mm in diameter. 

The inhomogeneity of the plasma concentration distribution decreases 1.5-2 times with a decrease in the 

pulse duration from 500 μs to 200 μs, and also 15-30 times with an increase in the discharge voltage from 

100 V up to 300 V for the same pulse discharge power (30 kW). The required average discharge power for 

processing can be obtained by changing the pulse repetition rate. 

In this work, we also studied the optical emission spectra of the plasma at a distance of about 300 mm 

from the output aperture of the plasma generator. A significant increase in the intensity of the spectral 

emission lines of atomic nitrogen N * and molecular nitrogen ion N2
 +

, which have the main effect on the 

nitriding process, with an increase in the pulse power for a short pulse duration (600 μs) is shown. This effect 

for a doubled pulse duration (1200 μs) at the same average power is not observed. 

 

Fig. 1. The experimental bench.  
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The report provides an overview of recent research conducted at the integrated plasma electronics 

laboratory of High Current Electronics Institute, Russian Academy of Science (HCEI) And Tomsk State 

University of Control Systems and Radioelectronics (TUSUR) Tomsk, Siberia, Russia. The subject if 

investigation in the laboratory is associated with the development of unique plasma sources of electron 

beams, ion sources, and also plasma generators operating in extreme conditions or providing extreme output 

parameters. The physical principles of the functioning of the such devices and systems will be presented and 

described. 
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These last years have seen the growing interest of electrical engineering community for wide band gap 

semiconductors (Silicon Carbide, but also Gallium Nitride more recently) which will gradually spread over 

more and more converters designs, especially in the pulsed power area [1]. 

Within the frame of a project based on a SiC converter development, we initiated the development of a 

test bench based on FPGA-SoC (System on a Chip) technology, allowing the combination of FPGA fast 

synchronous features together with a ARM micro-processor operated OS together in one single chip. 

These fast and powerful devices [2] are a very appropriate solution to generate the driving commands of 

numerous semiconductor switches at increasing speeds, as well as to set their security routine. In addition, 

since the available resources of such systems remain significant, the development of Human Machine 

Interface (HMI) was also implemented and the development of an integrated data acquisition solution is 

currently under development. 

The idea behind this concept is to progressively establish our own all in one open system adapted to the 

specific requirements of pulsed power environment applications. In order to achieve this purpose, several 

EMC concerns will have to be investigated and avoided by the use of specific shielding and protection 

techniques. 

In our paper, we will describe in details the system we designed (Fig. 1) and present the first 

conclusions that were driven regarding the benefits of such solutions for pulsed power, as well as the road 

map ahead. 

Fig. 1. Architecture diagram of the developed FPGA SoC based test bench.  
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Recently, intensive development of plasma-chemical methods for modifying the surfaces of synthetic 

and natural polymers, has been carried out. For this purpose, low-current discharges - corona and dielectric 

barrier discharge (DBD) - with limited gas activation efficiency were initially used as sources of non-

equilibrium atmospheric pressure plasma of non-destructive action. The microwave discharge of atmospheric 

pressure removes the restrictions on the specific power. However, at atmospheric pressure, the microwave 

plasma torch of the "classical" electrodeless design forms a plasma jet with a temperature of several thousand 

degrees or more. Known electrode microwave dischargers [1] form argon plasma with a temperature of tens 

of degrees Celsius, but such plasma may contain products of destruction of the electrode material. The new 

type of non-destructive plasma microwave source presented in [2] has both the characteristics of DBD (in 

terms of configuration and low gas temperature) and the ability to form a "clean" plasma jet like a classical 

microwave plasmatron. The temperature of the plasma jet in this case is on average about 2000C, which does 

not have a destructive thermal effect on many polymers in the case when a short processing time is 

sufficient. However, the need to use a circulator leads to a significant increase in the complexity, cost and 

weight of the installation as a whole (see Fig. 1a). 

 
Fig. 1. (a) Fragment of the experimental setup, and (b) longitudinal section of the calculated model. 

The basis of the presented plasma source is a three-decibel waveguide bridge with a connection along a 

narrow wall. Both output arms of the bridge are loaded on identical short-circuited segments of waveguides. 

At a distance of a quarter of the wavelength from the short circuits, a discharge tube passes across the 

waveguides. In this case, the vector of the E-component in the antinode of the standing electromagnetic wave 

is perpendicular to the axis of the dielectric tube and, accordingly, the geometric conditions for the formation 

of DBD are met. In addition, since the output arms of the bridge are always loaded symmetrically, the 

generator power reflected from the short circuits (in the absence of a discharge) or not absorbed in the 

microwave discharge enters the decoupled arm of the bridge to which the matched load is connected. Thus, 

in any case, the magnetron is protected from the reflected wave without the need for an expensive circulator. 

For geometric parameters and their subsequent optimization calculation were using the HFSS – 

electrodynamics modeling of microwave structures program. A longitudinal section in plane H of the 

calculated model of the electromagnetic structure is shown in Figure 1b. As a source of microwave power, a 

budget generator can be used, built on the basis of components for household microwave ovens [3]. 
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During theoretical and experimental research of a high-frequency arc discharge [1] in air at pressures 

above atmospheric, instability was found, which manifests itself in the appearance of jumps in the current 

and plasma temperature.  

Loop-shaped sections appear on the current-voltage characteristics of the arc. The appearance of 

"overheating" instability can be explained by the non-monotonic dependence of the coefficient of thermal 

conductivity of air on temperature. The non-monotonic nature of thermal conductivity is associated with the 

dissociation of nitrogen and oxygen molecules and has two peaks: in the temperature range (3500-4500) K 

and (7000-10000) K. The position of the peaks depends on pressure. As it increases, the peaks shift towards 

higher temperatures. 

This type of instability was confirmed in an experimental study of an HF arc discharge. In this case, the 

current jumps were accompanied by a sharp increase in the plasma temperature and radiation from the 

discharge region. The active power of the discharge increased, but the reactive power of the discharge 

increased especially strongly, which was explained by an increase in the discharge inductance caused by a 

decrease in the radius of the conductive zone. 
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