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NANOSECOND DISCHARGE IN AIR IN SUBMILLIMETER GAPS IN A UNIFORM 
ELECTRIC FIELD*

 

G. A. MESYATS1, I.V. VASENINA1 
1P.N. Lebedev Physical Institute of the Russian Academy of Sciences, Moscow, Russia 

 
A pulsed nanosecond discharge in air at atmospheric pressure in a uniform electric field in the region 

of 106 V/cm is under investigation. The cathode-anode gap length reached fractions of a millimeter, and 
the gas pressure was atmospheric. Under such conditions, electrons runaway (RE) during the discharge. 
Such a discharge is referred to as nanosecond diffuse-channel (NDC). In such discharges, the critical 
length of the electron avalanche xk is much smaller than the gap length, i.e., xk <<d. The greatest attention 
is paid to the discharge at d = 0.1 mm, when the overvoltage across the gap was 15. Due to careful 
processing of the cathode surface, one-electron discharge initiation was achieved. The initiating electron 
enters the discharge gap and ionizes air molecules due to REs. 

During the discharge formation time of about 10-9 s, plasma accumulates. Upon reaching the critical 
value of the plasma density of the order of nk=104 cm3, a glow discharge (GD) begins. It leads to 
redistribution of the electric field to the plasma column and the cathode layer (CL). This redistribution 
lasts for a short time of the order of 10-11 s, which is called the commutation time. This beam occurs due 
to a rapid increase in the plasma density during the discharge. During this time, a beam of runaway 
electrons is formed in the number of 5·1010 pieces, which, falling on the anode, leads to the formation of 
an X-ray pulse. Let us assume that the reduced electric field ЕТ/р in the CL obeys the scaling law and 
depends on j/p2, where j is the current density at the cathode and p is the gas pressure. For a rough 
estimate, we use the formula 

( )0.625 /101.1/ pj=pET       (1) 
for nitrogen. It was obtained experimentally in the study of many discharges in the GD mode. For the 
used gap d=0.1 mm, the discharge current is equal to i=280 A, and the cathode surface area is 
S=πD2/4=0.2 cm2, where D is the cathode surface diameter. It is difficult to accurately determine the 
current density j, since it is not known what part of the cathode it occupies. If it occupies the entire 
surface, then ET=106 V/cm, and if it takes only 10%, then ET=3.4·106 V/cm. It is known that when the 
electric field on the cathode is 106 V/cm or more, field emission (FE) from microprotrusions on the 
cathode surface takes place. Under the action of the FE current, an electric explosion of these 
microprotrusions occurs, which initiates a transition to explosive electron emission. This leads to the 
formation of explosive electron emission and the formation of a cathode spot and the transition of the 
discharge to the arc mode. 

It should be noted that in the electric discharge in air we have considered, there are two types of 
runaway electrons. The first one is when runaway electrons participate in the process of discharge 
formation. The duration of this process with one-electron initiation is ~10-9 s. The second type is runaway 
electrons in the final stage of the discharge. They appear in the form of a beam with a duration of ~10-11 s 
with the number of electrons 5·1010. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                     

 

*This work was supported by the Russian Science Foundation (project No. 19-79-30086). 
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RUNAWAY ELECTRONS IN AN AIR GAP IN THE PRESENCE OF A MAGNETIC FIELD* 

Y.I. MAMONTOV1, G.A. MESYATS2, K.A. SHARYPOV1, V.G. SHPAK1, S.A. SHUNAILOV1, 

M.I. YALANDIN1,2, N.M. ZUBAREV1,2, O.V. ZUBAREVA1 

1Institute of Electrophysics UB RAS, Ekaterinburg, Russia 
2Lebedev Physical Institute RAS, Moscow, Russia 

 

The study of runaway electrons (RAEs) in over-voltage gas gaps is relevant because of their role in fast 

breakdown development and applications for impact on objects, media excitation, generation of 

electromagnetic radiation, etc. The main disadvantage of this source of fast electrons is the divergence of the 

RAE flow due to the electric field distribution in the gap and particle scattering by gas molecules. For 

practical use, RAEs need to be focused in the paraxial region in order to increase the current density.  

It has been recently shown [1] that the RAE flow divergence can be reduced by using an axial magnetic 

field in the gas diode with a tubular cathode. Moreover, the generated tubular RAE flow can be essentially 

compressed [2] by a nonuniform magnetic field increasing along the electron trajectories. However, two 

problems arise, which lead to extension of the RAE current pulse and, as a consequence, to a decrease in 

current density. The first problem is related to braking of particles and their partial reflection by the magnetic 

mirror. The second problem is that tubular RAE flow consists of adjoining jets whose emission from 

different regions of the cathode edge is not synchronous (this is a result of the time spread in the onset of 

field-emission from the cathode micro-protrusions). Therefore, to shorten the RAE bunch, it is expedient to 

switch to a pointed cathode placed into a strong uniform axial magnetic field. It can be expected that RAEs 

will start almost synchronously from the tip and then propagate along the lines of the guiding magnetic field.  

 

Fig.1. Dependence of the RAE bunch radius on the magnetic field (experimental data – blue squares;  

theory – red solid line). Insert: the corresponding glow of a luminescent screen. 

In the present work, we have succeeded in applying this approach for spatiotemporal compression of 

the RAE flow. This made it possible for the first time to form RAE bunches of comparable radial and axial 

sizes of several mm. The maximal RAE current density (0.3–0.65 kA/cm
2
) is effectively controlled by the 

magnetic field (1.1–4.3 T). The radial distribution of the RAE current density in the beam is experimentally 

determined, and the dependence of the RAE bunch radius on the magnitude of the applied magnetic field is 

found (Fig. 1). Our theoretical analysis shows that this dependence is due to two factors: the diffusion of 

RAEs across the magnetic field lines and a change of the character of RAE motion with a change in the Hall 

parameter  (the ratio of the electron gyrofrequency and the electron-molecule collision frequency). If  is 

relatively small, RAEs move predominantly along the electric field lines and their flow expands under 

conditions of an inhomogeneous electric field near the cathode tip. For large enough , RAEs become 

magnetized and therefore propagate along the magnetic field lines. The results of the analysis are confirmed 

by numerical simulation of the RAE propagation by the Monte Carlo method. 

REFERENCES 

[1] G.A. Mesyats, K.A. Sharypov, V.G. Shpak et al., “Runaway electron flows in magnetized coaxial gas diodes,” J. Phys.: Conf. Ser., vol. 2064, 
Article Number 012006, 2021. 

[2] M.A. Gashkov, N.M. Zubarev, O.V. Zubareva et al., “Compression of a runaway electron flow in an air gap with a nonuniform magnetic 
field,” JETP Lett., vol. 113, pp. 370–377, 2021. 

                                                      
*
 The work was supported in part the Russian Foundation for Basic Research under Projects 20-08-00249 and 20-08-00172. 
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4th GENERATION SYNCHROTRON RADIATION FACILITY SKIF:  
PROJECT DETAILS AND CURRENT STATUS * 

V.I. BUKHTIYAROV1, E.B. LEVICHEV1,2 
1Boreskov Institute of Catalysis SB RAS, Novosibirsk, Russia 

2Boreskov Institute of Catalysis SB RAS, Koltsovo, Russia 
 
Synchrotron Radiation Facility SKIF is a new large-scale research infrastructure project currently 

underway in the Science City Koltsovo, 15 km apart from Novosibirsk. The 3 GeV electron storage ring 
designed by specialists from the Budker Institute of Nuclear Physics SB RAS will provide the record low 
emittance of 75 pm•rad by the date of scheduled commissioning in December, 2024. 

The SRF SKIF will become a national-level multidisciplinary research and innovative center. Key 
directions of the scientific program to be deployed at the SRF SKIF will encompass biomedicine, green 
technologies in chemistry and energetics, advanced engineering materials and mechanical engineering 
technologies. 

Presently, accelerator equipment is under production within two state contracts concluded between the 
Boreskov Institute of Catalysis SB RAS and the Budker Institute of Nuclear Physics SB RAS. The Titan2 
Holding is responsible for the large-scale construction works on-site. The total budget of the project exceeds 
47 billion Russian rubles.  

The aerial view of the construction site as of summer 2022 is shown in Fig. 1. More than 30 specialized 
buildings with advanced engineering infrastructure will appear within several months. 

 
Fig.1. Construction site of the Synchrotron Radiation Facility SKIF (as of summer 2022).  

The present contribution gives a concise survey on technological parameters of the project and its 
potential scientific impact in the future. More information on the SRF SKIF project may be found elsewhere 
[1].  

REFERENCES 
[1] Tekhnologicheskaya infrastruktura Sibirskogo Koltsevogo Istochnika Fotonov SKIF, K.I. Shefer Ed., Novosibirsk: Boreskov Institute of 

Catalysis, 2022, 999 pages, ISBN 978-5-906376-40-4. Electronic resource https:// disk.yandex.ru/d/1SBhHph2rgbeBg [Technological 
Infrastructure of SRF SKIF, In russian]. 

                                                            
* The work was supported by the Russian Ministry of Science and Higher Education of the Russian Federation within the Budget project for the 
Synchrotron Radiation Facility SKIF, Boreskov Institute of Catalysis SB RAS. 
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IN SITU INVESTIGATION Y-AL-O THERMAL BARRIER COATING * 

E.L. VARDANYAN1, A.YU. NAZAROV1, K.N. RAMAZANOV1, A.A. NIKOLAEV1, A.N. SHMAKOV2 

1Ufa state aviation technical university, Ufa, Russia 
2 Institute of High Current Electronics SB RAS, Tomsk, Russia 

 

To increase the power and efficiency of gas turbine engines (GTE), it is necessary to increase the 

temperature of the gases in front of the GTE turbine. In this regard, it is necessary to protect the parts of the 

gas turbine engine from exposure to high temperatures and gas flow. To date, to protect GTE blades, 

multilayer coatings are traditionally used, which consist of an inner layer based on MeCrAlY or NiAlPt 

system and an outer thermal barrier layer based on ZrO2-Y2O3 [1, 2, 3]. But this coatings can't protect 

aviation parts at 1500 C.  Therefore, investigation to create new thermal barrier coatings for higher 

temperatures. 

The thermal barrier coating of the Y-Al-O system deposited by arc-pvd was studied by using 

synchrotron radiation. Coating based on the Y-Al-O system was deposited on molybdenum substrates  from 

two single-component aluminum and yttrium cathodes. The phase stability of the coating  when the sample 

was heated to 1500°C in vacuum was studied by using synchrotron radiation. The coating after deposition 

has an amorphous structure. This structure saved up to 1000°C, crystallization occurs when the temperature 

reaches 1160–1170 °C. Other phase transformations in the coating during heating wasn't observed . The 

qualitative phase composition of the coating was determined, and the microstresses in the coating were 

evaluated. The results demonstrate the absence of microstresses in the coating. Based on the results of the 

research, a fundamentally new method for the synthesis of thermal barrier coatings based on the Y-Al-O 

system was developed, in which  coating consists of oxides YAlO3 (mainly), Y2O3 and YAl2 intermetallic 

compound. Obtained results may be applying for develop new Thermal Barrier coatings for perspective 

aviation engine. 

 
Fig.1. X-ray diffraction pattern of the YAlO sample in the representation of the projection  

of the intensity on the plane "diffraction angle-temperature". 

REFERENCES 

[1] Riallant F., Cormier J., Longuet A., “High-Temperature Creep Degradation of the AM1/NiAlPt/EBPVD YSZ System” Metall Mater Trans A – 
2014. V.  45. C. 351–360.  

[2] Kunal M., Luis N., Calvin M.D., “Thermal Barrier Coatings Overview: Design, Manufacturing, and Applications in High-Temperature 
Industries” Industrial & Engineering Chemistry Research – 2021. V.60. №.17. C. 6061-6077.  

[3] Zhang, C., Lv, P., Xia, H., Yang, Z., Konovalov, S., “The microstructure and properties of nanostructured Cr-Al alloying layer fabricated by 
high-current pulsed electron beam” Vacuum – 2019. V. 167. C. 263-270. Alymov, M.I., Stolin, A.M., Bazhin, P.M. // Industrial Laboratory. 
Materials Diagnostics. -  2022, V. 88. №. 2.  C. 40–48.  

                                                      
* This work was carried out with the financial support of Russian Federation represented by Ministry of Science and Higher Education (project No. 

075-15-2021-1348). 
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COHERENT X-RAY OPTICS AND MICROSCOPY FOR ADVANCED MATERIAL RESEARCH 
APPLICATIONS  

A. SNIGIREV 

Immanuel Kant Baltic Federal University, 238300 Kaliningrad, Russia 
 
With appearance of new Megascience facilities - fourth generation X-ray sources (synchrotrons and 

free-electron lasers) materials research will strongly benefit from the increased spectral brightness, small 
source size and divergence. New ultimate parameters of the beam provided by the diffraction-limited sources 
– new synchrotrons with the reduced horizontal emittance will open up unique opportunities to build up a 
new concept of X-ray diagnostics including diffraction, spectroscopy and microscopy techniques based on 
the beam transport and conditioning systems using in-line refractive optics [1]. The refractive optics can 
provide the various beam conditioning functions in the energy range from 3 to 200 keV: condensers, micro-
radian collimators, low-band pass filters, high harmonics rejecters [2], and beam-shaping elements [3-4]. The 
implementation of the lens-based beam transport concept will significantly simplify the layout of new 
beamlines, easily expanding their microscopy capabilities in different fields including biomedical science [5-
6] and material research under extreme conditions [7-10].  

The versatile beam conditioning properties of refractive optics enable to develop and implement novel 
X-ray coherence-related techniques including Fourier optics [11-13] and interferometry [14-18]. Further 
development of phase contrast bright [19-24] and dark field microscopy [25] will benefit by recently 
proposed light and ultracompact objectives based on polymer and diamond microlenses made by 3D printing 
[26-27] and FIB technology [28].  

All mentioned achievements and applications based on refractive optics are becoming especially 
relevant for the new SKIF synchrotron in Novosibirsk.   

 

REFERENCES 

[1] A. Snigirev, V. Kohn, I. Snigireva, B. Lengeler, Nature, 384, 49, 1996. 
[2] M. Polikarpov, I. Snigireva, A. Snigirev, J. Synchrotron Rad., 21, 484, 2014. 
[3] D. Zverev, A. Barannikov, I. Snigireva, A. Snigirev, Opt. Express, 25, 28469, 2017. 
[4] D. Zverev, et al., Optics Express, 29, 35038, 2021. 
[5] M. W. Bowler, D. Nurizzo, R. Barrett, et al., J. Synchrotron Rad., 22, 1540, 2015. 
[6] M. Polikarpov, et al., Microsc. Microanal. 24 (Suppl. 2), 384, 2018. 
[7] N. Dubrovinskaia , L. Dubrovinsky, N. Solopova, et al., Sci. Adv., 2, e1600341, 2016.  
[8] F. Wilhelm, G. Garbarino, J. Jacobs, et al., High Pressure Research, 36, 445, 2016. 
[9] A. Snigirev et al., Microsc. Microanal. 24 (Suppl. 2), 236, 2018). 
[10] T. Fedotenko, et al., Rev. Sci. Instrum, 90, 104501, 2019. 
[11] P. Ershov, S. Kuznetsov, I. Snigireva et al., Appl. Cryst., 46, 1475, 2013. 
[12] D. V. Byelov, J.-M. Meijer, I. Snigireva et al., RSC Advances, 3, 2013)  
[13] A. Chumakov, et al., J. Appl. Cryst., 52, 1095, 2019. 
[14] A. Snigirev, I. Snigireva, M. Lyubomirskiy, et al., Opt. express, 22, 25842, 2014. 
[15] M. Lyubomirskiy, I. Snigireva, A. Snigirev, Optics express, 24, 13679, 2016.  
[16] M. Lyubomirskiy, I. Snigireva, V. Kohn, et al, J. Synchrotron Rad., 23, 1104, 2016. 
[17] S. Lyatun, et al., J. Synchrotron Rad., 26, 1572, 2019. 
[18] O. Konovalov, et al., J. Synchrotron Rad., 26, 1572, 2019. 
[19] D. Zverev et al., Microsc. Microanal. 24 (Suppl. 2), 162, 2018. 
[20] D. Zverev, et al., Optics Express, 28 (15), 21856, 2020. 
[21] K. V. Falch, C. Detlefs, M. Di Michiel et al., Appl. Phys. Lett., 109, 054103, 2016. 
[22] K. V. Falch, D. Casari, M. Di Michiel et al., J. Mater. Sci., 52, 3437, 2017. 
[23] K. V. Falch, M. Lyubomirskiy, D. Casari, et al., Ultramicroscopy, 184, 267, 2018. 
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[25] H. Simons, A. King, W. Ludwig et al., Nature Communications, 6, 6098, 2015.  
[26] A. K. Petrov, V. O. Bessonov, K. A. Abrashitova et al., Optics Express, 25, 14173, 2017. 
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FOR THE 30TH ANNIVERSARY OF FERRY VATT 

Ya. O. ZHELONKIN 

Ferry Vatt LLC, Kazan, Russian Federation 
 
The company's history starts in 1991 when a group of initiative employees of VAKUUMMASH 

Research Institute created Kvazar Company, later renamed as MP VATT [VATT small enterprise], and after 
that as FERRY VATT. 

From the first days of operation, the company had orders for manufacturing various protective and 
decorative coating sputtering systems. Since 1993, the company has opened its coating application floor, 
which involved several round-the-clock operation systems. To date, our team has finished more than 150 
unique projects and accumulated a wealth of experience in the development and manufacture of various 
vacuum equipment formalized in the form of 6 principal directions: 

• Vacuum and plasma thin film and coating deposition technologies (PVD, CVD, PECVD, ALD, etc.); 
• Miscellaneous material low-pressure radio-frequency (RF) plasma processing technologies (CCP, 

ICP); 
• Composite material forming, and resin and lacquer impregnation vacuum equipment; 
• Climate testing, space simulation and electric propulsion engine (EPE) testing systems; 
• Miscellaneous vacuum furnaces; 
• Special industrial and laboratory vacuum and plasma equipment (zone melting equipment, including 

single crystal zone melting equipment, vacuum melting systems). 
Over the years, a hand-in-glove consolidated team has been created, ready to solve any tasks, including 

non-standard tasks. Our employees are graduates of the leading Russian vacuum and plasma technology 
departments of Kazan National Research Technological University and Bauman Moscow State Technical 
University. The highest skills of our team are confirmed by numerous scientific articles, diplomas and 
awards, as well as the choice of our Customers - state corporations, universities, research centers and 
manufacturing companies. The company is a regular participant and frequent winner of the International 
Exhibition of Vacuum Equipment VacuumTechExpo. The company is also experienced in dealing with 
foreign partners and customers – FERRY VATT systems are operated in 12 countries: Japan, China, 
Switzerland, Spain, Kuwait, Syria, Ukraine, Moldova, Belarus, Uzbekistan and Kazakhstan. The company's 
turnaround is cyclical, starting from the idea of implementation and design development to in-house 
manufacturing. FERRY VATT is proud of its past and looks forward to the future with confidence. 

REFERENCES 
[1] [1] Zhelonkin Ya O, Biktashev A A, Salikeev S I, Sungatullin I A and Zhelonkin O V 2019 Modern engineering tools for the development of 

new samples of vacuum process equipment // IOP Conf. Series: Journal of Physics: Conf. Series 1313 01206, doi:10.1088/ 
[2] [2] Glinkin V A, Biktashev A A and Murtazin R N 2014 Ustanovka dlya naneseniya prozrachnykh plenok oksida indiya magnetronnym 

metodom [Magnetron sputtering transparent indium oxide film application system] // Vestnik Kazanskogo tekhnologicheskogo universiteta 
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and technologies"]. Moscow: OMR. PRINT, pp. 50-56. 
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[7] [7] Biktashev A A, Zhelonkin O V, Burmistrov A V and Glinkin V A 2001 Oborudovaniye dlya naneseniya razlichnykh funktsional'nykh 
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NEW PHYSICAL PHENOMENAS BEHIND SHS 

A.A. GROMOV1,2, R.V. MININ3, N. I. RADISHEVSKAYA3 
1Moscow Polytechnic University, Moscow, Russia 

2NUST MISiS, Moscow, Russia 
3Tomsk Scientific Center SB RAS, Tomsk, Russia 

 
The problems of new physical effects appearance accompanied chemical combustion processes (SHS 

and analogues) were discussed. Those are soft X-ray irradiation, non-thermal routes of energy dissipation, 
and conditions of quasi-adiabatic combustion [1]. 

In the previous studies of Dr. A.I. Kirdyashkin’s group [2, 3] and ours [4] it is shown that by thermites 
combustion, and especially for high-energy / high enthalpy ones, the local energy release could be higher 
than the theoretical ones assuming only chemical interaction. Calcium in noticeable concentrations was 
found in the solid combustion residues of Al-Fe2O3 thermites.  

It has been found that during the synthesis of MgAl2O4 spinel by the SHS method in the (MgO-Al2O3-
Mg(NO3)2 6H2O)-Al system with boron additives (1-4 wt. %), diamond phase is formed in the synthesis 
products. The composition and structure of the final reagents were confirmed by XRD, SEM, equipped with 
an EDAX local X-ray microanalysis system. IR spectroscopic analysis confirmed the formation of carbon, 
which has a diamond-like lattice of lonsdaleite with aggregated nitrogen defects similar to the lattice of 
detonation diamonds. The emission spectrum of the radiation of the SHS process, obtained using a high-
resolution spectrometer, showed that the composition of the evolved gases includes mainly hydrogen. Low-
intensity lines of Al and O with various degrees of ionization and He are observed. It is shown that under 
certain conditions low-energy nuclear reactions (boron-proton reaction) occured in the high-speed SHS 
processes in the combustion wave. Due to the chemical inertness of MgAl2O4 to carbon at high temperatures, 
carbon formed during the boron-proton reaction is retained in the pores and intergranular space of the spinel. 
Based on the obtained experimental data, the most probable mechanism of carbon formation in the synthesis 
products was proposed [5]. 
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STABILIZATION OF THE BEAM CURRENT PULSE IN ELECTRON SOURCES WITH GRID 

PLASMA CATHODES* 

M.S. VOROBYOV, N.N. KOVAL, P.V. MOSKVIN, V.I. SHIN, V.N. DEVYATKOV 

 Institute of High Current Electronics SB RAS, Tomsk, Russia 
 
In electron sources with grid plasma emitters (GPE) and a plasma anode, the current in the accelerating 

gap I0 is determined by several components [1–5] and can be written as: 
 

I0=α·Id + Ii2·[1+(1–Г)·γ2 + Г·γ1] 

where α=Iem/Id is the coefficient of electron extraction from the plasma emitter, equal to the ratio of the 
emission current Iem to the discharge current Id; Ii2 is the current of accelerated ions from the anode plasma; γ2 
is the coefficient of ion-electron emission from the metal during bombardment with accelerated ions of the 
emission electrode; γ1 is the coefficient of ion-electron emission from the emission plasma due to ion-
electronic processes in the plasma emitter; Г is the effective geometric transparency of the emission 
electrode, which makes it possible to take into account the flow of ions that have passed through the grid of 
the emission electrode into the plasma emitter. In this case, the contribution of each term can be different 
depending on the specific type of electron source, the parameters of the generated electron beam, the 
geometry of the electrodes, their material, operating pressure, etc. 

This work is devoted to methods for increasing the electrical strength of a high-voltage accelerating gap 
in electron sources with a GPE. First of all, the paper highlights the issues of stable generation of an electron 
beam under conditions of an uncontrolled increase in the current in the accelerating gap due to the ion 
component Ii2. Several methods have been proposed to reduce such instability, both by eliminating the 
positive feedback associated with an uncontrolled increase in the arc discharge current during its pulse, and 
by implementing several methods for introducing negative feedback (NFB) into the total current in the 
accelerating gap, which make it possible to level the factors, destabilizing the operation of electron sources 
on the example of a source with a GPE based on a low pressure arc. The use of any of the proposed methods 
for introducing beam current stabilization made it possible not only to increase the stability of the operation 
of several electron sources with GPE, but also to ensure greater repeatability and controllability of pulses, as 
well as to increase the integrated energy of the generated electron beams. 
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OPERATION FEATURES AND EMISSION CHARACTERISTICS OF A CONSTRICTED ARC 

DISCHARGE FORMING EMISSION PLASMA IN A FOREVACUUM PLASMA-CATHODE 

SOURCE OF A PULSED ELECTRON BEAM* 

A.V. KAZAKOV1 

1Tomsk State University of Control Systems and Radioelectronics, Tomsk, Russia 

 

A cathodic arc (an arc discharge with cathode spots) is rather often used to generate emission plasma in 

pulsed plasma-cathode electron beam sources [1, 2]. The cathodic arc provides high current and long pulse 

duration of the discharge current and accordingly of the electron beam current. On the other hand, the 

cathodic arc has some disadvantages caused by the chaotic movement and instabilities of cathode spots, and 

by formation of vapors and microdroplets of the cathode material during cathode spot operation. These 

disadvantages affect the characteristics and operation parameters of the plasma-cathode electron sources 

(e.g., it leads to decrease of electric strength of an accelerating gap). A constricted arc discharge is used to 

eliminate the disadvantages of the cathodic arc in the sources generating electron beams in the conventional 

gas pressure range of 10–4–10–1 Pa [1, 2]. The forevacuum plasma-cathode electron sources, generating 

electron beams at higher pressures, operate in the isobaric mode, i.e., the pressures in the vacuum chamber 

and in the source are the same. Therefore, there is practically no pressure difference between the cathode and 

anode regions of the constricted arc discharge. This leads to specific features of the formation of the 

emission plasma by the constricted arc discharge in the forevacuum plasma-cathode electron source [3]. 

The aim of this work was to research operation features and emission characteristics of a constricted arc 

discharge forming emission plasma in a forevacuum plasma-cathode source that generates a pulsed electron 

beam at pressure of 3–20 Pa. In case of helium as working gas, the use of a metallic intermediate electrode 

with a constricting channel has not ensured stable operation of the constricted arc discharge with current 

more than 4 A and pulse duration longer than 15–20 μs due to the transition to the cascade operation mode. 

The cascade mode is discharge operation with cathode spots on the intermediate electrode, i.e., discharge 

consists of two serial cathodic arcs. The use of the intermediate electrode made of high-temperature ceramic 

has provided a rather stable current flow through the constricting channel. However, short spikes in the 

burning voltage of the constricted arc during a pulse have been observed. The amplitude of these spikes 

could reach several hundred volts. Voltage spikes in the discharge voltage are due to voltage fluctuations on 

the electric double layer near the constricting channel. Apparently, in case of the metallic intermediate 

electrode, these voltage spikes lead to an arc transition to the cascade operation mode. The ceramic 

intermediate electrode has also provided to increase a little maximum current and pulse duration of the 

constricted arc in case of using argon and nitrogen as working gases. Processes, occurring during the 

generation of the electron beam in the forevacuum pressure range, influence significantly on the constricted 

arc discharge. The maximum current and pulse duration of the constricted arc have increased in case of 

generation of the electron beam. An increase in these maximum parameters is provided by the back-

streaming ion flow from the beam-produced plasma. Back-streaming ions penetrate into the discharge 

system of the plasma-cathode source through a mesh emission electrode and change the conditions for 

discharge operation. In particular, under the conditions of electron beam generation the probability of the 

transition of the constricted arc to the cascade operation mode has decreased. It was also found that length of 

an accelerating gap affects the maximum discharge parameters and the emission characteristics of the 

constricted arc. The efficiency of electron emission from arc plasma depends nonmonotonically on the length 

of the accelerating gap. The pulsed electron beam with energy up to 8 keV and current up to tens of amperes 

generated by the forevacuum plasma-cathode electron source based on the constricted arc has been obtained. 
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DEVICE FOR ESTIMATION OF CURRENT AND ENERGY DENSITY DISTRIBUTION IN THE 

CROSS SECTION OF A PULSED SUBMICROSECOND ELECTRON BEAM * 

M.A. SEREBRENNIKOV1, A.V. POLOSKOV1, I.S. EGOROV1 

1Tomsk Polytechnic University, Tomsk, Russia 

 

The research and practical application of electron beams [1–3]  requires the measurement and control of 

the electron beam parameters in the area of its use. A sectioned calorimeter combined with a detector of the 

total electron beam current was developed for estimation of the charge and energy density distribution in the 

beam cross section.  

The paper presents the features of the development, test results and description of the sectioned 

calorimeter modification, which collector is also the collector of the integral Faraday cup. The design of the 

device, its diagnostic and software equipment [4] make it possible to estimate the average kinetic energy of 

beam electrons in one measurement procedure. 

Fig.1. External view of the developed device without conductors (a) and measurement example of distribution of beam energy Q, 

charge q, and fluence across the calorimeter’s collector (b) [5].  

The calorimeter consists of a collector with isolated sections and an array of non-contact thermal sensors 

(pyrometers). The developed software controls the array of pyrometers and calculates the energy released in 

each section of the collector. The current detector monitors the total electron beam current through the 

electrical connection of each section to a low resistance shunt. The signal is detected by an oscilloscope to 

calculate the charge. Thus, the charge distribution is estimated in proportion to the energy distribution for a 

monoenergetic electron beam. 

The set of the calorimeter characteristics makes it possible to measure the energy distribution in the cross 

section of pulsed electron beams with an electron kinetic energy of up to 700 keV, an energy density of up to 

3.6 J/cm2, and a total beam energy of up to 50 J/pulse. The design of the device allows measurements under 

various vacuum conditions: discrete with a separating membrane and with joint pumping; as well as under 

various beam transportation conditions: in gases and in vacuum (up to 10-5 Torr). 

REFERENCES 

[1] S. Korenev, The pulsed electron accelerator for applications, in: Dig. Tech. Pap. PPC-2003. 14th IEEE Int. Pulsed Power Conf. (IEEE Cat. 

No.03CH37472), IEEE, 2004: pp. 841–844. https://doi.org/10.1109/PPC.2003.1277940. 

[2] I. Egorov, M. Serebrennikov, Y. Isakova, A. Poloskov, Sectioned calorimeter for quick diagnostic of the electron beam energy distribution, Nucl. 

Instruments Methods Phys. Res. A. 875 (2017) 132–136. https://doi.org/10.1016/j.nima.2017.09.002. 

[3] I. Egorov, A. Poloskov, M. Serebrennikov, A. Isemberlinova, Research of Energy Density for Pulsed Electron Beam of Wide Electron Kinetic 

Energy Spectrum, Proc. - 2018 20th Int. Symp. High-Current Electron. ISHCE 2018. (2018) 27–30. https://doi.org/10.1109/ISHCE.2018.8521202. 

[4] E. V. Adamov, M.A. Serebrennikov, I.S. Egorov, A.V. Poloskov, Registration, storage and conversion of readings from non-contact temperature 

sensors of a sectioned calorimeter for measuring parameters of a pulsed electron beam (in Russian), 2019665350, 2019.  

[5] M. Serebrennikov, E. Adamov, A. Poloskov, X. Yu, I. Egorov, A calorimetric system for charge and kinetic energy characterizations of pulsed 

electron beams, Radiat. Meas. 143 (2021) 106569. https://doi.org/10.1016/j.radmeas.2021.106569. 

                                                           
* The authors are grateful to National Research Tomsk Polytechnic University (TPU, Russia) for technical support in a case of TPU development 

program. The work was conducted within the framework of the state assignment in the field of scientific activity: No. FSWW-2020-0008. 

EFRE 2022: 22nd International Symposium on High Current Electronics 
Intense electron and ion beams 

–––––––––––––––––––––––––––––––––––––––––––––––   S1-O-009601   –––––––––––––––––––––––––––––––––––––––––––––––

17



HIGH-CURRENT ELECTRON GUN WITH RADIALLY CONVERGING BEAM
i
 

G.E. OZUR, P.P. KIZIRIDI, V.I. PETROV 

 Institute of High Current Electronics SB RAS, Tomsk, Russia 
 
Low-energy (10‒30 keV), high-current (up to 25 kA) electron beams (LHEB) are widely used for 

surface treatment of materials for several decades [1]. As a rule, such beams are produced in the guns with 
plasma anode and explosive-emission cathode. High energy density (up to 15 J/cm2) and short pulse duration 
(2‒4 µs) allow one to release beam energy in a thin (sub-micron or micron in thickness) surface layer 
providing its melting and even partial evaporation. Such effects provide the development of different 
promising technologies including surface alloying of sub-micron or micron range in thickness. Due to this, 
our LHEB-sources found wide applications both in physical experiment and in practice [2].  

The present LHEB sources have a planar-axial geometry of electron gun and produce cylindrical beams 
transported along the guide magnetic field lines [1]. Plasma anode in such guns is formed with the use of 
high-current electron discharge in the space between the explosive-emission cathode and collector. At the 
same time, there are many tasks on irradiation of longitudinal cylindrical parts and it is better to use radially 
converging beams for these purposes [3]. For example, formation of protective coatings on the nuclear fuel 
elements made of Zr alloys or alloyed steels for prevention/deceleration from corrosion and high-temperature 
oxidation; increasing the lifetime of different cutting tools and dies. However, an essential defect of the 
«GESA» facilities described in [3] is relatively high accelerating voltage (up to 250 kV), that results in high 
cost of the equipment, decreases its reliability, pulse repetition rate (for «GESA» facilities it makes up 

2 pulses/min). The absence of the sources of radially converging LHEB operating at voltages of tens of kV 
as well as good understanding of the physical processes in them determines an actuality of the proposed 
electron gun.  

We proposed our recently developed new cathode assembly with multi-gap initiation of explosive 
emission by dielectric surface flashover [4] for the production of a radially converging beam (see Fig. 1). 
The present work is devoted to the research of electron gun with this new cathode assembly.  

 

 
Fig. 1. Principal design of the gun with radially converging electron beam. 1 – explosive-emission cathode; 2 – ceramic tube;  

3 – electrode (69 pcs); 4 – resistor TBO-2; 5 – anode (target). 
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ANALYTICAL CROSS SECTION OF CHARGED PARTICLES SCATTERING UP TO 
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We derived a simple analytically solvable model for calculation of the differential and total inelastic 

cross sections, mean free paths, and energy losses of charged particles in solids beyond atomic 
approximation [1]. It is applicable from small up to relativistic incident energies (from 30-50 eV up to GeV 
in a case of an electron). 

Within the linear response theory, the scattering cross section is defined by the complex dielectric 
function. We approximate this function with a set of delta-functional oscillators. The parameters of the 
oscillators can be obtained from the Drude-like oscillators using only optical data as an input. No ad-hoc 
correction terms are required. The approach enables us to avoid further approximations (such as close and 
distant collisions etc.) and to obtain a closed solution for the cross section.  

Being analytically solvable, the model allows for very fast yet precise calculations, and thus can be 
efficiently implemented in any simulation tools, such as Monte Carlo models [2]. It also avoids the Bragg 
additivity rule of the atomic cross sections, and is well suitable for compounds. Application of the derived 
formulae greatly saves computational time of evaluation of cross sections with respect to the numerical 
integration required by other models. 

We demonstrate that the derived expressions are in a very good agreement with other more complex 
numerical models and experimental data within a wide range of energies and targets (metals, 
semiconductors, insulators). For electrons and positrons, the range of applicability is from ~50 eV up to 
~GeV (within the precision ~20% at the energy of ~10 GeV, and  ~1% at ~MeV energies). For protons it is 
from ~100 keV to ~50 GeV, while for heavy ions it is from ~100 MeV to ~TeV, which covers a typical 
energy range of modern ion accelerators. 
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Designed high-intensity heavy ion accelerator facilities (e.g. HIAF, FAIR) will provide unique 

experimental conditions for investigation of unusual extreme matter states under intense ion beams [1, 2]. 
To study temporal nanometric inhomogeneities of target excitation at the initial stage of material 

excitation under such bunches, we developed a hybrid model, in which initial electronic excitation 
parameters are provided by Monte-Carlo code TREKIS [3]. This code supplies with radial distributions of 
the electrons concentration and their energy density up to 10fs, when the most part of ionization cascades 
finishes, and propagation of electrons changes from ballistic to diffusion one. We use microscopic kinetic 
approach [4] to describe subsequent joint electron-lattice kinetics. The dynamical structure formalism is 
applied to evaluate cross sections governing electron-lattice coupling [5]. Thermal diffusion approach 
describes spatial spreading of lattice excitation. We take Al2O3 for modeling, since the most part of blocks of 
this model was already built and well tested for this system [5]. 

We demonstrate spatial asymmetry of lattice relaxation caused by overlapping of excited areas as well 
as percolation threshold of the molten zone in the beam spot. 
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RING STRUCTURE OF ELECTRON-ION BEAMS EJECTED BY A PICOSECOND HIGH-

CURRENT ELECTRON ACCELERATOR
*
 

V.I.BARYSHNIKOV1 and V.L.PAPERNY2  

 
1Irkutsk State Transport University, Irkutsk, Russia 

2Irkutsk State University, Irkutsk, Russia 

 

The radial structure of electron-ion beams emitted by an electron accelerator with a discharge pulse of 

200 ps duration, a voltage amplitude of 280 kV, and a current of about 5 kA was studied. An analysis of the 

shape of the beam imprints on the anode foil showed that, in addition to an intense central core several 

micrometers in size, the imprint contains several (3–5) concentric rings up to 150 µm in diameter. The color 

of the rings, which has an interference origin, was used to estimate the relative intensity of the ion tubes that 

form the peripheral structure of the beam. 
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MEASURING THE PARAMETERS OF EMISSION PLASMA IN ELECTRON SOURCE BASED 

ON ION-ELECTRON EMISSION * 
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In electron sources with plasma emitters, which include sources based on ion-electron emission [1], the 

parameters of emission plasma affect the formation of ion-electron optics, the discharge current flow, the 

emission of charged particles into the accelerating gap, and, as a consequence, the electron beam generation 

[2]. That is why work is underway to measure the parameters of emission plasma and determine their 

dependence on the conditions of discharge and electron beam generation. 

In this work, determination of the parameters of emission plasma was carried out in an electron source 

based on secondary ion-electron emission with the output of generated large cross section beam into the 

atmosphere [3,4]. The plasma ion emitter is formed by a self-sustained glow discharge with a hollow cathode 

and two thin-wire anodes. To determine the plasma parameters, we used a single cylindrical Langmuir probe 

with the possibility of moving inside the hollow cathode to measure the plasma concentration distribution in 

the region of glow discharge generation. Measurement and recording of probe bias voltage values and their 

corresponding current values was carried out by a specially designed automated measurement system. This 

measurement system captures points of the probe characteristic with a period of 20 µs, the maximum number 

of points stored in memory for a single measurement is 1000. To measure more points, the measurement system 

writes the data to the computer and repeats the measurement for 1000 more values. After measuring the 

required number of points, the system displays the obtained probe characteristic on the screen of a personal 

computer. 

The following parameters of the emission plasma were obtained: plasma concentration ~ 108 cm-3, 

electron temperature ~ 3 eV, plasma potential relative to the hollow cathode ~ 200 V. The measured plasma 

parameters in different modes of glow discharge generation will be used in modeling the ion-electron optics 

of the electron source.  
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EXTRACTION INTO THE ATMOSPHERE OF A FOCUSED ELECTRON BEAM WITH AN 
ENERGY OF 2.5 MEV 

E.V. DOMAROV, D.S.VOROBEV,N.K. KUKSANOV, R.A. SALIMOV, A.I. KORCHAGIN, S.N. FADEEV, V.G.  
CHEREPKOV, Y.I. GOLUBENKO, I.K. CHAKIN, M.G. GOLKOVSKY 

Budker Institute of Nuclear Physics of Siberian Branch Russian Academy of Sciences, Novosibirsk, Russian Federation 
 
For over 30 years, an extraction device has been successfully working in BINP at the ELV-6 accelerator 

to extract a focused beam of electrons into the atmosphere. The accelerating tube with permanent magnetic 
lenses was used in this installation. The design of these accelerator tubes with magnetic lenses is rather 
complicated. Recently, simpler design and high reliability accelerating tubes with big aperture is operating in 
ELV accelerators. For this reason, the problem number one at present is to develop the extraction device, 
capable of reliably working with serial accelerator tubes, of the ELV accelerator with power up to100 kW. 
We designed the optical scheme shown in Figure 1. The lens L1 is located directly at the lower end of the 
accelerating tube. Passing the lens L1, the beam is focused near the diaphragm D6 and increases to a 
diameter of ≤ 10 mm in the diaphragm D5. The walls of the chamber with diaphragms form the steps of the 
vacuum system. For passing the beam along the axis of the diaphragms, there are corrections coils C1 C2 C3. 
The diameter of diaphragm hole D1 is the most critical, because it determines the flow of gas that should be 
pumped out in the following steps of the vacuum system [1]. 

 
Fig.1. Optical diagram of the extractions device.  

Measurements of the parameters of a high-power electron beam were carried out up to a power of  
100 kW. Based on the data obtained, a new type of gas-dynamic extraction device was designed and pre-
tested, which can efficiently output a focused electron beam to the atmosphere at the energy of 2,5 MeV and 
the beam current of 30 mA. In addition, this extraction device was tested at energy of 2.5 MeV and the beam 
current of 40 mA for a short time. 

REFERENCES 

[1] E.V. Domarov, D.S. Vorobyov, M.G. Golkovsky, Yu. I. Golubenko, A.I. Korchagin, N.K. Kuksanov, A.V. Lavrukhin, P.I. Nemytov, R.A. 
Salimov, A.V. Semenov, A.V. Sorokin,S.N. Fadeev, I.K. Chakin, V.G. Cherepkov, “ Research of Parameters of the Powerful Electron Beam of 
Industrial Accelerator ELV,” Sib. Jou. Phys., 2019, vol. 14, no. 2, p. 5–20. 

EFRE 2022: 22nd International Symposium on High Current Electronics 
Intense electron and ion beams 

–––––––––––––––––––––––––––––––––––––––––––––––   S1-O-042001   –––––––––––––––––––––––––––––––––––––––––––––––

23



AMPLITUDE MODULATION OF AN ELECTRON BEAM IN A PLASMA TRIODE* 

V.I. SHIN, M.S. VOROBYOV, P.V. MOSKVIN, V.N. DEVYATKOV, V.V. YAKOVLEV 

 Institute of High Current Electronics SB RAS, Tomsk, Russia 

The work is devoted to the generation of an electron beam in a triode-type electron source with a 

plasma cathode based on a low-pressure arc discharge [1]. The main purpose of the experiments was to 

demonstrate the possibility of controlling the beam current and, consequently, its power during a 

submillisecond pulse. In contrast to known analogs, in this work, the beam amplitude was controlled during a 

pulse up to 1 ms by applying a modulating voltage to the triode electrodes [2, 3]. 

The experiments were carried out on the SOLO facility [4, 5]. The scheme of the modernized facility is 

shown in Figure 1. To ignite the main arc discharge between cathode 2 and anode 3, an auxiliary discharge is 

used, initiated between the ignition electrode 1 and cathode 2. A redistributing electrode 4 is fixed in the 

center of anode 3. The redistributing electrode 4 is connected to anode 3 through resistors. A modulating 

voltage power supply has been developed to control the electron beam current. The modulating voltage is 

applied between the anode 3, the hole of which is covered with a fine grid 5, and the emission electrode 7, 

the hole in which is also covered with a fine grid 6. A constant accelerating voltage (up to 25 kV) is applied 

between the emission electrode 7 and the extraction electrode 8. The extraction electrode 8, drift tube 9 and 

collector 11 are at ground potential. The accelerated beam electrons are transported to the collector in the 

magnetic field of two coils 10, 12.  

 

Fig.1. Scheme of electron source SOLO (a) and oscillogram of the main currents of the electron source (b): Id – arc discharge current, 

Iha – hollow anode current, Iemel – emission electrode current, I0 – current in accelerating gap. 

The dynamics of the main currents of the SOLO electron source, the switching coefficients of the 

discharge current, the coefficients of current extraction from the discharge are considered. 
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Intense pulsed ion beam (IPIB), featured with pulsed high-power density, has been widely used in the 

modification of materials. The influence of IPIB irradiation on surface microstructure and phase structure of 

(TiZrNbTaCr)C  ceramics was investigated in this work. Experiments were carried out using TEMP-4M 

accelerator with peak accelerating voltage, current density, and pulse duration (FWHM) of 220 kV, 150 A/cm2, 

and 80 ns respectively. Atomic force microscope (AFM), scanning electron microscope pulse and Energy-

dispersive X-ray spectroscopy (SEM+EDS), as well as X-ray diffraction (XRD) will be used to analyze the 

surface microstructure and phase structure of (TiZrNbTaCr)C  ceramics under IPIB irradiation. The AFM 

images indicated that the grain size of (TiZrNbTaCr)C increased after IPIB irradiation which might improve 

the hardness and erosion resistance of material. The possible defects including micro-cracks and micro-craters 

caused by IPIB irradiation on surface will be analyzed according to SEM images. The influence of IPIB 

irradiation on elements distribution of samples will be analyzed based on EDS measurements. The phase 

structure stability of samples under IPIB irradiation will be analyzed by XRD and the lattice parameters, 

crystalline size, and micro-strain will be discussed as well. The evolution of surface structure and phase 

structure with pulse number will be summarized. 

 

Fig.1. AFM images of original samples, and after 5 and 45 pulses IPIB irradiation 

 

* The work was supported by National Natural Science Foundation of China by Grant No. 11875084 and 12075024. The authors are grateful to Mr. 
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INFLUENCE OF THE PRESSURE AND KIND OF WORKING GAS  

ON THE HIGH-CURRENT ELECTRON GUN CHARACTERISTICS* 

P.P. KIZIRIDI, G.E. OZUR 

 Institute of High Current Electronics SB RAS, Tomsk, Russia 
 
The use of low-energy (up to 30 keV), high current (up to 25 kA) electron beams (LHEBs) is rather 

effective for the surface treatment and modification of metal products [1, 2] and has good prospects for 
further development. Usually, LHEB formation is carried out in a high-current gun with an explosive 
emission cathode and plasma anode based on a high-current reflective (Penning) discharge. Recently, we 
have proposed a new method for initiating explosive emission with resistively uncoupled arc plasma sources built in a 
disk cathode [3]. The new cathode unit, providing the initiation of explosive emission irrespectively from the 
acceleration gap length and fill medium, is a controlled device and can be used in an electron gun with a vacuum or a 
gas-filled diode without any plasma anode. The present work is devoted to the investigations of the influence of the 
pressure and kind of the working gas on the characteristics of high-current electron gun.  

In the Fig. 1, the dependences of the beam pulse energy for the cases of argon, air and helium on gas 
pressure as well as for the case of vacuum diode at residual gas pressure (air) at 0.008 Pa are given. It is 
clear, that higher energy of the beam is achieved in the case of argon at pressure of 0.08‒0.093 Pa. The 
decrease of the beam pulse energy at higher pressure is caused by a plasma-beam discharge in the gun which 
leads to a sharp decrease of the gun impedance and therefore the average kinetic energy of the beam 
electrons.  

 

 
 

Fig.1. Beam current amplitude and total pulse energy in dependence on working gas pressure: argon (curve 1), air (2), and helium 
(3). Guide magnetic field – 0.1 T, acceleration voltage amplitude – 15 kV. The pressure values are given in an air equivalent. 

 
Besides, the energy density distributions via the beam cross section obtained by a thermal imager have 

been studied. 
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*
 

A.V.STEPANOV1, I.N. PYATKOV1, SHIJIAN ZHANG2, E.N. STEPANOVA1 
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2School of Physics, Beihang University, Beijing, P.R. China  

 
The transportation of an intense ion beam from the diode system [1] to the target has been studied.  

It was found that the angular ions divergence from the ideal (calculated) trajectory at the outer border of the 
beam, propagated outside the diode, was 10°. In this case, 26% of total beam energy was lost and the degree 

of positive beam charge compensation by electrons was 38%. 
An approach for improving beam characteristics was proposed and studied [2, 3]. The ion beam was 

injected in the metal tube and due to the local divergence of ions the ion flux was partially closed on the 
inner tube wall. As a result, the ablation plasma was formed on the tube wall [4] and electrons entered into 
the ion beam. Thus, the full compensation of the beam space charge was provided. 

The analysis of the radial profile of ion current showed that the drift tube provides an increase in the 
current density and beam energy in comparison with geometric focusing. Based on the data of the time-of-
flight technique, the ion beam pulse had, as a rule, three peaks characteristic of the polyethylene coating of 
the anode. The first peak was corresponding to protons, the second and third ones - to singly and doubly 
ionized carbon ions. It was shown that the high density of ion current injected into the tube is mainly 
provided by protons. The relative content of protons in beam increased from 75.7% to 84.7%. 
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PROPOGATION OF A PULSED ELECTRON BEAM IN GAS COMPOSITIONS OF CARBON-

CONTAINING COMPOSITE NANOMATERIAL SYNTHESIS REAGENTS* 

G.E. KHOLODNAYA, D.V. PONOMAREV, R.V. SAZONOV, M.A. SEREBRENNIKOV, O.P. LAPTEVA 

Tomsk Polytechnic University, Tomsk, Russia 

 

Carbon-containing composite nanomaterials are of great interest to researchers in chemistry, medicine, 

biology, and materials science. The physicochemical properties of nanomaterials depend on the synthesis 

method, on the composition of the mixture of initial reagents, on the synthesis temperature, and on the duration 

of the process [1]. To date, carbon-containing nanomaterials can be obtained by the sol-gel method [2]. The 

process is carried out at high temperatures, and the use of catalysts is also required, which shall be removed 

from the final product at the end of the process. 

It seems promising to use the pulsed plasma-chemical method to synthesize nanomaterials. Efficient input 

of energy into the gas by a pulsed electron beam due to elementary processes of the first kind (collision 

ionization, dissociative electron attachment, etc.) significantly reduces the energy costs of the synthesis 

process. Investigation of the processes occurring during the interaction of pulsed electron beams with objects 

with a complex chemical composition, which are the key ones in technological processes, is topical. 

The paper presents the results of comprehensive studies of the efficiency of the propagation of a pulsed 

electron beam in a mixture of gases: titanium tetrachloride (6 mmol) and hydrogen (18 mmol); titanium 

tetrachloride (6 mmol) and methane (18 mmol); titanium tetrachloride (6 mmol) and oxygen ( 36 mmol). The 

signified components are the initial reagents or products of plasma-chemical reactions of the synthesis process 

using pulsed electron beams. 

 

 

Fig.1. Dependence of an electron beam charge, having reached the collector of the Faraday cup, on the distance. 

The investigations were carried out using a test bench including a TEA-500 pulsed electron accelerator, 

a drift chamber, and a sectioned cut-off calorimeter with a beam charge control function. The main 

characteristics of the electron beam are as follows: 60 ns half-amplitude pulse duration, up to 200 J pulse 

energy, and 5 cm beam diameter. During the experiments, the drift chamber was filled with the investigated 

gas, into which the electron beam was injected. Using a reverse current shunt, the charge of the electron beam 

was determined. The energy distribution over the beam cross section was measured using a sectioned 

calorimeter. The sectioned calorimeter with the beam charge control function was installed inside the mobile 

tube, which made it possible to perform measurements at a variable distance from the accelerator output 

window along the entire length of the drift chamber.  
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 Institute of Electrophysics UB RAS, 106 Amundsen Str., Ekaterinburg, 620016, Russia 

 

The report is devoted to measurement of ion flow parameters of vacuum spark discharge with tungsten 

cathode, coated with FUZZ nanostructures.  

A pulse of 20 kV, 50 ns was used. Distance cathode-anode 30-20 microns. Measurements were taken in 

10 series of 100 pulses. For each position of the cathode, three series of 100 pulses were performed. 

All components of the experimental setup are arranged coaxially, which makes it easier to find the 

optimal relative position of the spectrometer source and detector to obtain a spectrogram. The Thomson 

spectrometer has a circuit modified with respect to those previously used [1]. 

This design of the spectrometer differs from the previously used one by the presence of a plasma 

disruption system with additional acceleration of the ion component by 200 eV. 

 

Fig.1. Energy spectra of the ion flux from the surface of tungsten coated with FUZZ for the first hundred pulses. 

As a result of the measurements performed, it can be unambiguously indicated that during the first few 

tens of discharges on the FUZZ surface, the flow contains mainly hydrogen ions and impurities. 

Subsequently, the proportion of tungsten ions increases, while the proportion of hydrogen ions decreases to a 

few percent. The helium ion signal is present in almost all frames with a good ion signal. The energy spectra 

of the ions contain several local maxima in the range of 1000-6000 eV, which is several times less than the 

pulse amplitude at the anode, and, consequently, the energy of explosive electrons. When the cathode surface 

is cleaned from the coating, the proportion of fast hydrogen ions decreases, therefore, the velocity of the 

plasma boundary should drop by an order of magnitude from 108 cm/s to 107 cm/c. 
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ELECTRON BEAM SOURCE WITH A PLASMA ANODE AND THE BEAM OUTPUT TROUGH  
A FOIL WINDOW INTO THE ATMOSFERE * 

E.N. ABDULLIN, G.F. BASOV 
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Experiments were carried out to obtain electron beams of round or rectangular cross section up to     

200 cm2 in an electron beam source with an explosive emission cathode and a plasma anode at an 
accelerating voltage of 200 kV and the beams extraction through a foil window into the atmosphere. The 
electron beam current in the source was up to 2.5 kA, and the pulse duration was 5 μs. The beam energy 
estimated from the heating of the collector with a cross-section area of 74 cm2 placed in the source behind 
the plasma anode was 650–850 J/pulse. The maximum beam energy extracted behind a grid with a geometric 
transparency of 80%, covered with an aluminum-magnesium foil 30-μm-thick, was up to 250–270 J/pulse. 
The power source was a Marx generator based on long lines, providing the obtaining of rectangular pulses at 
a constant arbitrary resistive load. Experiments have shown that the use of a plasma anode in an electron 
beam source with the use of a leading magnetic field makes it possible to increase the current and energy of 
the electron beam. At the same time, the presence of plasma in the interelectrode gap contributes to the 
appearance of low-energy electrons in the beam, which leads to a limitation of the energy output beyond the 
foil. One of the probable causes of energy losses during beam transportation in an electron beam source may 
be the development of the beam instability as a result of plasma-beam interaction. Data are obtained on the 
influence of the accelerating voltage and magnetic field on the beam energy. 
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TESTING OF THE WATER SUPPLYING SYSTEM FOR THE CATHODE OF A VACUUM 

ELECTRON DIODE
*
 

I.S. EGOROV1, M.A. SEREBRENNIKOV1, A.V. POLOSKOV1,  

1Tomsk Polytechnic University, Tomsk, Russia 
 

An increase in the number of examples of the use of pulsed electron accelerators as sources of ionizing 
radiation stimulates the development of accelerator technology. One of the nodes that require the attention of 
researchers and developers of high-power pulsed accelerators is the electron emitter, the cathode. Research 
in this direction is being carried out both to improve the emission characteristics and to increase the lifetime 
and operational characteristics of the assembly. One of the original developments is the use of a liquid 
injected into the accelerating gap as a substance for plasma formation [1]. This work is devoted to testing the 
system of external liquid supply to the cathode of a vacuum electron diode. The change in the vacuum 
conditions in the diode during the injection of water is studied. The system is tested when a high voltage 
pulse is applied to the cathode. The values of water flow rates at which frostbite occurs by the injection 
system are established. Based on the research results, conclusions were made about the required 
characteristics of the liquid during injection into the accelerating gap of the vacuum electron diode of a 
pulsed submicrosecond accelerator. 
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DETERMINATION OF THE SPECTRUM OF A PULSED ION BEAM 

A.I. PUSHKAREV 

Tomsk Polytechnic University, Tomsk, 634050 Russia 

 

An algorithm for calculating the energy spectrum of a pulsed ion beam generated by a direct-acting 

accelerator is presented. The ion spectrum is calculated using the oscillograms of the accelerating voltage, 

the experimental ion-current density, the one-dimensional Child–Langmuir (1D С–L) ratio, and the total 

current in the diode. The results of studying the ion spectrum generated by the TEMP-4M accelerator (250–

300 kV, 150 ns) are presented. A good coincidence of the spectrum of ions that were calculated from the 

experimental ion-current density and 1D С–L equation is obtained. For ions whose energy is 95% of the total 

energy of the ion beam per pulse, the divergence between the spectra does not exceed 10% and is most 

significant in the region of low ion energies. The error in calculating the ion spectrum from the total current 

in the diode is much greater. 

The ion spectrum from the experimental ion-current density was calculated for a small part (less than 

5%) of the beam ions (local ion spectrum). The local ion spectrum was calculated in a similar way as the 

electron spectrum [1]. The full spectrum of ions per pulse was obtained by multiplying the local ion 

spectrum by the ratio of the total ion beam energy to the energy density at the point of measurement of the 

ion current density. The total beam energy was calculated by integrating the energy-density distribution over 

the beam cross section. The results of calculating the full spectrum of ions are shown in figure 1. 

 
Fig.1. The full spectrum of ions generated by the diode per pulse (1), and the confidence interval taking the errors in the 

spectrum calculation into account (2, 3) 

 

Figure 1 shows the confidence interval for the full ion spectrum per pulse; it was determined taking the 

discrepancy of the spectra calculated from the experimental ion-current density and the 1D C–L ratio into 

account, as well as with consideration for the discrepancy of the local ion spectra over the ion beam cross 

section. 

The total PIB energy that was calculated from the full spectrum of ions by summing (over the entire 

spectrum) the products of the number of ions with the energy E and their energy for the data presented in fig. 

1 was 58 J. The total ion beam energy that was calculated by integrating the energy-density distribution over 

the beam cross section is 64 J. The calculation of the total ion beam energy from the ion spectrum gives 

underestimated values due to the contribution of fast atoms to the target heating. 

The developed algorithm for calculating the energy spectrum of a pulsed ion beam that is generated by 

a direct-acting accelerator makes it possible to quickly control the beam spectrum with a small error during 

the target irradiation. To control the spectrum of ions, additional equipment and time-consuming processing 

of measurement results are not required.  
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INFLUENCE OF THE ACOUSTIC RESONANCE ON THE COLD PLASMA JET 

CHARACTERISTICS1 
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Cold atmospheric pressure plasma jet is a current trend in modern science, technology and medicine. It 

is widely used in cosmetology, oncology and the food industry [1]. It consists of gas discharge pulses that 
form a streamer moving through a capillary into an open atmosphere at a pulse repetition rate of typically 
tens of kilohertz. The energy carried by the streamer is low enough to ensure that a target, such as a 
biological object, does not experience intense heating, causing the phenomenon to be called "cold". Despite 
its apparent simplicity, this type of discharge gives rise to a number of technical and scientific problems, so it 
is a relevant subject for research, both on the specific form of gas discharge and the phenomena associated 
with it [2,3].     

Cold atmospheric pressure plasma jet exists in the open air, so it is possible to influence its 
characteristics by a large set of methods. One of these methods is to create conditions for acoustic resonance 
in the volume of the plasma gun and the gas supply fittings. The ignition of any gas discharge generates a 
shock wave in the environment. If the frequency of power pulses, and accordingly the generation of jets is 
matched to the length of the standing wave, which is formed in the volume of the installation, it is possible to 
have a significant influence on the intensity of the cold plasma jet, increasing or decreasing it.  

The paper describes a study of the effect of acoustic resonance on the characteristics of a cold plasma 
jet. The frequency dependence of the current amplitude (fig. 1) carried by the jet is determined, in which the 
resonance peaks of intensity located at a multiple distance from each other are clearly visible. Experiments 
were carried out with helium and argon. An experiment was also carried out to tune the resonance to a given 
frequency by changing the length of the gas supply tube. 

 

 

Fig.1. Jet current amplitude versus frequency at different voltages. 
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DEVELOPMENT OF PHOTOINJECTOR IN IAP RAS
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Institute of Applied Physics, Nizhny Novgorod, Russia 

 

Short dense electron bunches with a charge of 100 pC, duration up to 10 ps and a small spread of 

particle parameters obtained with a photocathode and accelerated up to MeV average energies can be used in 

such promising applications as generation of high-power short terahertz pulses of undulator or cyclotron 

radiation, Compton scattering of laser pulses, as well as injection into more energetic accelerators. A 

photoinjection complex is being created at the IAP RAS [1], in which a step-by-step acceleration of electrons 

up to energies of the order of 20 MeV should be realized while maintaining the normalized transverse 

emittance of bunches at a level of 1 mm mrad. The report describes the design of the accelerating and 

focusing systems of the accelerator and the development of new versions of the photocathode based on 

diamond films. 

The first section of the accelerator is a classic version of a photoinjector with one-and-half-cell 

accelerating structure based on the symmetric TM π-mode. Powering the cavity from a 5 MW klystron at a 

frequency of 2.45 GHz provides an amplitude of the accelerating field at the cathode of about 70 MV/m and 

particle acceleration to an average energy of ∼3.6 MeV. The design of the magnetic electron-optical system 

of the photoinjector includes a focusing system of the accelerating section consisting of a main solenoid with 

a field of about 0.25 T and a counter-cathode coil providing a zero magnetic field on the cathode surface. 

Such a system provides a regime of compensation for the space charge-related emittance [2] and focusing of 

the electron beam over a length of about 1 m. 

For the second stage, a system of accelerating sections and focusing solenoids has been designed. Each 

accelerating section is a sequence of 6 coupled cells powered by a single microwave signal source at a 

frequency of 2.45 GHz. This frequency coincides with the operating frequency of the first stage of the 

photoinjector, which makes it possible to synchronize all final microwave amplifiers in both stages, feeding 

them through controlled phase shifters from one stable low-power continuous microwave signal source. The 

operating TM mode of the accelerating structure is a π-mode with antiphase field oscillations in neighboring 

cells. With a power supply signal of 5 MW, the amplitude of the accelerating field in the cavities is about 35 

MV/m, which, according to calculations, provides an increase in the energy of relativistic particles of about 

6.5 MeV over a length of one section of about 40 cm. The sequential arrangement of three such sections 

makes it possible to achieve an acceleration of 3.5 MeV photoinjection electron bunch up to an average 

energy of more than 20 MeV. 

In parallel with the design of the accelerator, a study of photocathodes based on CVD diamond films is 

under way. Such cathodes can combine high quantum efficiency and insensitivity to vacuum quality [3, 4]. 

Investigations are carried out using a specially designed vacuum chamber, which makes it possible to 

register the electric charge emitted from the cathode surface under the action of laser radiation. According to 

preliminary results, the quantum efficiency of even a thin (several nm) diamond layer can exceed the 

quantum efficiency of a copper photocathode by several times, depending on the characteristics of the 

doping of the diamond. 
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PROMPT GAMMA AND NEUTRON SPECTROMETRY OF INTENSE NANOSECOND ION 

BUNCHES COLLECTIVELY ACCELERATED IN A LUCE DIODE 

V.A. RYZHKOV, I.N.PYATKOV 

National Research Tomsk Polytechnic University, Tomsk, Russian Federation 
 
Instantaneous time-of-flight spectrometry of neutrons (nToF) and γ-spectrometry from nuclear reactions 

generated by nanosecond  proton and 12C ion bunches collectively accelerated in a Luce diode at a voltage 
across the diode of 250-300 kV has been thoroughly researched. A two-channel γ-spectrometer with time 
resolution of 2.5 ns enables a prompt control of number and energy of collectively accelerated protons in 
their separate bunches dumped into a sustainable and refractory B4C target. Combination of nuclear reactions 
10B(p,αγ)7Be, 12C(p,γ)13N, and 11B(p,γ)12C was used to characterize the intense nanosecond (≤5 ns) proton 
bunches with energy and number per shot in excess of 500-750 keV and 6∙1014, respectively. The 
simultaneous control of signals from two organic scintillators shielded with lead layers of 1 and 7 cm was 
used to reliably separate contributions of the analytical reactions. The radioactivity of 7Be and 13N 
radionuclides produced in the reactions is measured with a conventional HP Ge detector to calibrate the 
prompt technique [1].  

The threshold nuclear reactions 11B(p,n)11C and 2H(12C,n)13N were used to perform nToF spectrometry 
of high-energy protons bunches (up to 3∙1011 per shot) with energy higher than 3.02 MeV [2] and 12C ion 
bunches of 0.5-25∙1012 per shot and energy of 4-7 MeV [3]. The nToF spectrometry was also used to study 
the collective acceleration of deuterons [4] and helium-4 ions by use of nuclear reactions 10,11B(d,n)11,12C, 

12C(d,n)13N and 10,11B(α,n)13,14N, respectively. 
 

 
Fig.1. Scheme of registration of γ-rays and ToF neutrons from the threshold nuclear reaction 11B(p,n)11C  

         This work was supported jointly by the Russian Foundation for Basic Research and Rosatom State 
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ELECTROSTATIC CUMULATION: A CONVINIENT RESEARCH INSTRUMENT TO OBTAIN
MBAR PRESSURES IN SOLIDS

S  .   ANISHCHENKO  1, V. BARYSHEVSKY1, A. GURINOVICH1

1Research Institute for Nuclear Problems, Minsk 220030, Belarus

Magnetic cumulation is not the sole phenomenon capable to produce high-dense electron beams in
relativistic  vacuum diodes.  Electrostatic  cumulation  phenomenon also exists  and  reveals  at  much lower
accelerating  voltages  in  relativistic  diodes  with  a  ring-type  cathode  [1,  2].  A  distinctive  feature  of
electrostatic cumulation is quite low spread of electron energies in the produced high-dense beam. These
circumstances  give  advantages  to  electrostatic  cumulation  phenomenon  if  the  latter  is  considered  as  a
convenient research instrument for high energy density physics.

Electrostatic  cumulation  was  revealed  during  modeling  of  high-current  accelerators  [3]  and
confirmed experimentally [2]. The qualitative picture of electrostatic cumulation can be described as follows.
In a relativistic vacuum diode, electron emission is most intense from the cathode's edges (Fig. 1). Let us
consider electrons emitted from the inner edge. The Coulomb repulsion causes the charged particles to rush
to the region free from the beam. As a result, the accelerated motion of electrons toward the anode comes
alongside the radial  motion to the cathode's  symmetry axis.  As a result,  the high-current  beam density
increases multifold on the axis as compared to the average current density in the cathode-anode gap.

Fig.1. Electrostatic cumulation. 

Electrostatically cumulated electron beam with an energy of 400 keV and a cross section of 3·10-4 cm2

is capable of delivering of 25 kJ/cm3 of specific energy to a tungsten plate [4]. An increase in the accelerating
potential  up  to  several megavolts makes  it  possible  to  rise  delivered  specific  energy by  1–2 orders  of
magnitude.
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In this paper, the region of the auxiliary discharge of an electron accelerator based on a non-self-

sustained high-voltage glow discharge is investigated. The paper presents the developed analytical model 

and the results of numerical simulation of an glow discharge, which plays the role of an auxiliary discharge 

and is used to generate plasma with subsequent extraction of ions into the main high-voltage gap. 

In this glow discharge, two tungsten wires are the anode, and the cathode is the inner walls of the 

chamber. In the model, these discharge regions are considered as separate independent nodes, which are 

connected by a layer of conducting plasma that matches the boundary conditions. In this case, it is assumed 

that the Child-Langmuir conditions are satisfied for both the cathode and anode layers. The developed 

model, based on the representation of the auxiliary glow discharge as matched electron and ion diodes, 

makes it possible to estimate the range of possible voltages for each of the near-electrode layers and 

determine the plasma potential. Then this results was used in further simulation aimed at obtaining the 

maximum coefficient of electron beam extraction into the atmosphere. 

 

 

Fig. 1. Helium gas plasma of auxiliary discharge. 

 

Fig. 2. Distribution of potential in the auxiliary 

discharge in “plane” model. Simulation with xoopic 

code. 

Modeling was carried out using the codes KOBRA3-INP [1] and xoopic [2]. The calculation of 

the plasma potential and the parameters of the cathode and anode layers agree with the experimental 

results obtained by the probe method.  
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The use of a modern elemental base makes it possible to create discharge power supplies in a 

repetitively pulsed mode with a pulse repetition rate at the level of a few to tens of kHz. However, due to the 

complex nature of the dependence of the power output factor on the control parameters, the high potential 

inherent in the transition from the continuous operation of the accelerator to the repetitively pulsed operation 

is difficult to study experimentally. The purpose of the work was to develop new and adapt existing 

numerical models and simulation codes for modeling the repetitively pulsed operation of an accelerator of 

this type, since such models have not yet been developed. The paper proposes analytical and numerical 

approaches to modeling the generation of an electron beam in a repetitively pulsed mode of a wide-aperture 

electron accelerator based on secondary ion-electron emission with a plasma emitter. With the help of well-

known codes KOBRA3-INP [1], KARAT [2], xoopic [3] and the developed analytical approach, individual 

modes of accelerator operation are simulated. Qualitatively, the obtained experimental results are explained, 

which are in good agreement with the developed approach. Directions for further research and development 

of diagnostics are proposed. 

 
 

Fig. 1. Design of simulated wide-aperture electron accelerator 

based on ion-electron emission in repetitively pulsed mode. 

Electron energy: up to 150 keV, beam current 1–40 mA, 

current density 1–15 µA/cm2.  

Fig. 2. Distribution of ion particles in the simulation in 

the five-slit approximation. Modeling with xoopic 

code. 

 

Figure 1 shows a design of a wide-aperture electron accelerator, on which the experimental part of the 

work was carried out. Figure 2 shows instant distribution of ions in the computational domain. The computer 

simulation was done with the xoopic code. The emission boundary is set on the left boundary of the 

computational domain. The simulation was carried out taking into account the calculated parameters of the 

auxiliary discharge. 
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In experiments [1, 2, 3] on fast switching of the megaampere current to a foil liner or a solid metal rod 

1–2 mm in diameter, the formation of a thin layer of hot (>100 eV) dense plasma was observed on the 

surface of the liner (rod). The process of switching the current to the load is accompanied by a powerful 

pulse of soft X-rays emitted from the surface of the load. The current switches to the load in 1-3 ns in the 

process of sweeping (pushing away from the load) by the magnetic field of the plasma, previously injected in 

the area of the load and the conical load holder. (Fig.1a). In the course of these experiments, the question 

arose of whether the formation of a surface plasma is the result of implosion onto the load surface of a part of 

the injected plasma swept by the current. To clarify this issue, test shots were made in this work with 

different configurations of the load area and the composition of the injected plasma. 

In the first test, instead of a conical holder (Fig. 1a), a cylindrical holder (Fig. 1b) was used, i.e., a 

cathode configuration was used close to that used in the plasma focus [4]. In this configuration, after the 

swept plasma reaches the end of the cathode, it is possible (this occurs in the plasma focus) to implode the 

plasma onto the load surface. Upon transition to a cylindrical holder, the X-ray power from the surface of the 

aluminum liner decreased by several times. This result can be explained by the implosion of a portion of the 

injected plasma onto the liner surface. This plasma transfers the current even after its stagnation on the 

surface of the liner. 

In the second test, a screen was used to eliminate the possibility of radial implosion of the injected 

plasma on the load (Fig. 1c). The presence of the screen eliminates the possibility of sweeping the injected 

plasma from the periphery to the load. The power and duration of the X-ray pulse, as well as the X-ray image 

of the load with and without a screen, practically coincided. This test confirms that the anode configuration 

(presence or absence of a shield) does not affect the result and the formation of a short X-ray pulse is due to 

the plasma pushing away from the load surface and the subsequent explosion of this surface. 

A change in the elemental composition of the injected plasma also does not affect the radiative 

characteristics of the load.  

Thus, the performed studies confirm that when plasma is injected into the load region with a conical 

holder, the plasma is pushed away from the load and the current is switched over to the surface of the load 

(liner or rod) in a few nanoseconds. 

                                                                        

Fig. 1. Schematics of the load area with cone holder a), cylindrical holder b), cone holder and screen c). 

REFERENCES 

[1] Sorokin S.A. // Plasma Physics Reports.  2017.  Volume 43.  № 5. Pages 542–546. 

[2] Sorokin S.A. // Physics of Plasmas.  2018.  Volume 25.  № 8. Pages 082704. 

[3] Sorokin S.A. // Physics of Plasmas.  2019.  Volume 26.  № 8. Pages 082706. 

[4] Mather J.W. and Bottoms P.J. // Physics of Fluids.  1968. Volume 11.  № 3. Page 611. 

 

                                                      
* This work was supported by the Russian Foundation for Basic Research (grant No. 18-08-00155). 

EFRE 2022: 22nd International Symposium on High Current Electronics 
Pinches, plasma focus and capillary discharge 

–––––––––––––––––––––––––––––––––––––––––––––––   S2-O-007301   –––––––––––––––––––––––––––––––––––––––––––––––

39

mailto:s.sorokin@rambler.ru


LEAKAGE OF CURRENT FROM MITL WITH CERAMIC COATING CATHODE* 
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It was shown in [1] that the ceramic coating reduces the expansion of dense plasma from the surface 

of the MITL cathode. This made it possible to consider the coating of MITL cathodes with ceramics as 
protection against current leakage. The purpose of this work was to study the processes of current flow in 
MITL, in which the cathode is covered with ceramics. For this purpose, a 40mm short-circuited MITL was 
installed at the output of the eight-module installation of the Angara-5-1. The amplitude of the generator 
current reached 3 MA. The time of the current rise to the maximum was ~ 100 ns. With the help of loops, 
the currents were measured: flowing into the MITL, and at the end of the MITL. 

Hollow stainless steel tube with a diameter of 3 mm and a wall thickness of 220 microns was used as 
the MITL cathode. The skin time of the current in the linear approximation (at low current amplitudes) is 16 
ns, which is smaller than the duration of the current pulse. In a number of experiments, a ceramic tube 
with an inner diameter of 3 mm and an outer diameter of 5 mm was put on this tube. 

An insulated conductor was located inside the cathode tube, which had contact with its inner surface 
and was used to measure the electric field strength on the inner surface of the tube. The MITL anode is 
made of stainless steel, its inner diameter is 20mm. The inductance of such a MITL is equal to 10 nHn. With 
the internal resistance of the generator of theAngara-5-1 installation 0.25 Ohms, the time of filling the MITL 
with a magnetic field is 40 ns, thus filling the MITL with a field occurs more than 2 times faster than the 
current reaches the amplitude value. 

Based on the totality of the recorded information (electrical signals, laser shadow pictures and streak 
camera pictures), it can be argued that in the case when the MITL cathode was coated with ceramics, 
plasma formation on it occurs earlier than without such a coating. It is shown that, for our case of classical 
MITL, in which the cathode was located coaxially inside a cylindrical anode, just as in [2], in the case of 
coating the MITL cathode with ceramics, not all off the current entering the MITL  flows to its end. 

Numerical simulation of the processes occurring when a current with a linear density of up to 
3 MA/cm is passed through a thick-walled tube with a wall thickness of 220 microns was carried out. A 
system of one-dimensional one-temperature magnetohydrodynamic equations was solved. To describe the 
properties of a real substance, wide-range semi-empirical equations of state [3] were used, taking into 
account phase transformations (melting and evaporation) and the possibility of realizing metastable states, 
as well as the dependence of transport coefficients (conductivity and heat capacity) on temperature [4, 5]. 
The numerical results are in good agreement with the measured value of the electric field strength on the 
inner surface of the tube. 
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GENERATION OF AR K-SHELL RADIATION USING A HYBRID GAS PUFF WITH AN OUTER 
PLASMA SHELL. * 

A.V. SHISHLOV, R.K. CHERDIZOV, V.A. KOKSHENEV, N.E. KURMAEV, S.A. VAGAITSEV 

Institute of High Current Electronics SB RAS, Tomsk, Russia 
 
In our work, we investigated a new type of load, a hybrid gas puff with an outer plasma shell, as a 

plasma radiation source for efficient production of K-shell radiation at microsecond implosion times. We 
used the hybrid load of the following type. The inner argon shell was actually a solid gas jet on the axis of 
the system with a diameter of 20 mm. An outer deuterium shell played a role of an implosion stabilizer and a 
current sharpener for the inner gas jet. The outer shell was formed at a diameter of 80 mm, extending 
outward to large initial radii. The falling profile of the gas density should ensure stable implosion of the gas 
puff for hundreds of nanoseconds while the generator current rose. The third component of the hybrid load 
was the outer plasma shell located at the diameter of 350 mm, which provided the initial conductivity and 
reduced the negative effects of the "cold start". The experiments have been carried out on the GIT-12 
generator. The generator was operated in a microsecond mode that provides 4.7-MA current with the current 
rise time of 1.7 µs in a short-circuit load at a charging voltage of 50 kV. 

The experiments showed that the hybrid gas puff with the outer plasma shell is capable to provide a 
stable Z-pinch compression at implosion times of 750-800 ns. The plasma column radiating in Ar K-shell 
lines had a typical diameter of 1-1.5 mm, and FWHM of the radiation pulse was in the range from 2.5 to 6 
ns. The data on the Ar K-shell radiation power and yield were obtained for the Ar-D2 gas puffs with different 
initial parameters. The experimental data were compared to the theoretical predictions of an expected K-shell 
yield at a certain current level in order to estimate the efficiency of a new type of K-shell plasma radiation 
source. The maximum Ar K-shell radiation power and yield observed in the experiments were 570 GW/cm 
and 1.6 kJ/cm at the peak implosion current of 2.9 MA and the implosion time of 780 ns. However, the 
efficiency of the plasma radiation source reached only 70%, i.e. the experimental K-shell radiation yield was 
still 30% lower in comparison with the theoretical predictions. Nevertheless, we consider this type of Z-
pinch load as promising and plan to continue our research in this direction. 
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FOR EFFICIENT GENERATION OF K-SHELL RADIATION IN THE MICROSECOND 
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 Institute of High Current Electronics SB RAS, Tomsk, Russia 

 

Studies of Z-pinch plasma as X-ray source were carried out on the GIT-12 generator (4.7 MA, 1.7 μs) 

in the IHCE SB RAS, Tomsk. The main purpose of the research was optimization of load parameters for 

efficient generation of the argon K-shell radiation in the microsecond implosion regime. A new type of a Z-

pinch load, a hybrid gas-puff with an outer plasma shell, was tested. The inner argon shell is actually a solid 

gas jet on the axis of the system with a small initial diameter. An outer deuterium shell plays the role of an 

implosion stabilizer for the inner gas jet. The third component is the outer plasma shell, which provides the 

initial conductivity. The outer deuterium shell, together with the outer plasma shell, has proved its 

effectiveness in past experiments, providing stable implosion at times of the order of µs [1][2]. In these 

experiments, the diameter of the inner argon jet was 20 mm, the diameter of the annular deuterium shell was 

81 mm, and the outer plasma shell was generated by 48 plasma guns located at the diameter of 350 mm. The 

experiments were carried out at constant parameters of the outer deuterium and plasma shells with varying 

parameters of the inner argon jet. An electromagnetic valve with separate volumes formed a hybrid gas-puff 

consisting of an annular outer shell and an inner central jet. 

To increase the K-shell radiation yield, the following initial load parameters were changed: the mass of 

the gas-puff, the time of gas injection, and the transparency of the grids of the interelectrode gap. To study 

the dependence of the K-shell yield on the implosion dynamics, we analyzed the initial density profiles of the 

gas-puff [3], and B-dots data. The K-shell yield increased when the matter of the central argon jet did not 

propagate from the central region to the periphery. This was achieved by reducing the mass of argon jet, the 

injection time, and the absence of a grid under the central argon jet. As a result, K-shell radiation yield 

increased from 1.0 kJ/cm to 1.5 kJ/cm, and the power increased from 380 GW/cm to 535 GW/cm at a peak 

implosion current of 2.8 MA. This radiation yield is 70% of the theoretical yield at this current level, 

calculated by the two-level model [4]. Previously [5], for a double shell argon gas-puff with outer plasma 

shell (with cascade parameters jet/shell of 20/100 mm), the K-shell radiation yield was 60% of the 

theoretically expected yield for a current level of 3.1 MA, and the power reached 280 GW/cm. Thus, the 

hybrid gas-puff proved to be promising for a further increase in the yield of K-radiation in the microsecond 

implosion regime, which is the subject of our further investigations. 
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A WIDEBAND PLASMA MODEL FOR METALS AT HIGH ENERGY DENSITIES
*
 

N. B. VOLKOV, E. A. CHINGINA 

Institute of Electrophysics UB RAS, Yekaterinburg, Russian Federation 

 

The main objective the paper present is to develop the wideband plasma model of a metal at high 

energy densities (HED) on the basis of ideas expressed in [1-4]. 

Accounting mentioned above about HED and  fact the melting specific heat of phase transition liquid – 

solid state is lower then that one for liquid-gas transition we will not differ liquid and solid state of matter . 

We suppose the metal represents a mixture of two ‘liquids’: the ionic, consisting ion skeletons of 

identical weight occupying sites of a deformable lattice, and electronic, containing electrons of a continuous 

spectrum. The electron transitions between localized (discrete) and delocalized (continuous) states with total 

rate /e en t    are taken in account in our model also. With the help of the approach developed by 

Andreev and Pushkarov [4] we deduced the two-liquid, two-temperature equations for describing the metal 

interaction with a pulse electromagnetic field within the framework of full Maxwell equations system in 

view of generation and recombination of the conduction electrons, and of their inertia. Expressions for 

electron and phonon transport in deformable crystal were obtained with the help of known methods solving 

of kinetic equations for phonons and conduction electrons. 

In the case of slow electrophysical processes at high energy densities, one can ignore the displacement 

current and to use the one-liquid and one-temperature approximation. For this case, wideband expressions 

for the thermodynamic functions and electronic transport coefficients of aluminum are obtained. It is shown 

that the resulting equation of state for aluminum describes well the experimental Hugoniot adiabats known 

from the literature. 
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PARAMETERS 
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Vacuum arc cathode spot consists of ensemble of explosive electron emission pulses resembling the 

'boiling' of metal surface. The plasma parameters of these splashes strongly vary in time and space within 

nanoseconds and micrometers, as can it be seen in experiments. However, there are some nearly invariant 

characteristic that depends on the element. In particular, the plasma expansion velocity vary in narrow range 

from about 5 to 20 km/s, and the average ions' charge vary from +1 to +3 for different metals. We have 

developed model for estimation of plasma parameters from parameters of the critical state of metal [1-3]. 

The model includes  

(i) a Saha-like equation for the average charge of a weakly nonideal plasma,  

(ii) two-temperature calculations with finite e–i relaxation rate, and 

(iii) the current density evolution derived from a liquid-jet tearing model 

Estimations for the ions kinetic energy and their average charge have been obtained 

Ekin ≈ 100 Tcr       (1) 

Zav ≈ 1 + Tcr/eV      (2) 

where Tcr – is the critical temperature of metal. Both estimations agree with typical experimental results for 

the Tcr values obtained by Fortov et al [4]. 

One may propose to evaluate critical temperature of metal Tcr and the corresponding cohesive energy 

Ecoh ≈ 5 Tcr from the experimentally measured vacuum arc plasma parameters – Ekin and Zav. 

It was found that the cathode voltage deviates from the ‘cohesive energy rule’ for Nb-Al composite and 

intermetallic cathodes [5]. Estimations by (1) and (2) from experimentally measured average charge and 

kinetic energy give Tcr and corresponding Ecoh lower than that was calculated by DFT and USPEX in [5]. 

Values Tcr are close to that for Al for various cathode composition Nb/Al = ¼, ⅔, ¾. Deviation of character 

of cathode voltage from nearly linear dependence could be described by ‘cohesive energy rule’ with our new 

estimations of Tcr (and Ecoh) from measurements of average ion charge and their kinetic energy by our model. 

 
Measured cathode fall voltage values Uc for Nb-Al and estimations by average charge and kinetic energy of the vacuum arc plasma ions. 
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MODELING WAVEGUIDE FORMATION IN LASER-ASSISTED CAPILLARY DISCHARGES* 
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 Keldysh Institute of Applied Mathematics (Russian Academy of Sciences), Moscow, Russia 
 
A plasma-based acceleration scheme for particle acceleration by space charge wave was proposed by Y. 

Fainberg in 1956 [1]. Later on, plasma-based accelerators (PBA) were considered as an alternative for the 
conventional ones. PBAs use either intense laser pulses in the case of laser wake-field acceleration (LWFA) 
or charged particle beams passing through plasma in the case of plasma wake-field acceleration (PWFA). 
These acceleration approaches allow overcoming the most significant limitation in conventional accelerators 
- limited electric field gradient in radio frequency accelerating structures. Extreme LWFA accelerating 
gradients, demonstrated experimentally by different teams, offer a path towards a compact PBA needed in a 
broad variety of applications, including free-electron lasers (FEL). Comprehensive model of processes in a 
discharge capillary is required in order to obtain nominal parameters of a preformed plasma channel suitable 
for the laser wake-field acceleration [2]. We present 3D magnetohydrodynamics simulations of a hydrogen 
gas filling process and discharge plasma formation in a short square shape capillary with gas supply 
channels. Time evolution of the gas pressure and the plasma density in the capillary channel for a chosen 
discharge current profile is analyzed. Performed simulations provide distributions of the electric current, the 
magnetic field and the electron density along the whole channel, taking into account gas supply areas as well 
as areas outside of the capillary. Obtained results show that presence of gas supplies leads to the 
inhomogeneous plasma density distribution along the capillary channel which have to be taken into account 
for generating optimal laser-driven electron beam. 

The computations were carried out using supercomputers K60 and K100 at KIAM RAS. 
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THE PLASMA GENERATION ON COPPER AND DURALUMIN CONDUCTORS COATED WITH 

MOLYBDENUM OR BISMUTH * 

N.A. LABETSKAYA1, I.M. DATSKO1, S.A CHAIKOVSKY1,2, V.A. VANKEVICH1, V.I. ORESHKIN1 
1Institute of High Current Electronics SB RAS, Tomsk, Russia 

2Institute of Electrophysics UB RAS, Ekaterinburg, Russia 
 
The use of a double-layer structure of a conductor with an outer layer up to 100 μm thick, obtained by 

vacuum deposition, which has a lower conductivity, leads to a delay in the onset of plasma generation on its 
surface compared to a homogeneous conductor in fields with a maximum magnetic field induction of 
200÷400 T [1,2]. In addition, the outer layer suppresses the development of plasma instabilities comparing to 
a homogeneous conductor [3]. Titanium or zirconium was usually used as the outer layer, and the main 
conductor was made of copper or duralumin. 

Assuming such parameters as conductivity and mass of the ion of molybdenum and bismuth, these 
materials look quite promising. But the experiments on the MIG generator (current amplitude up to 2.5 MA, 
rise time 100 ns) show that the use of molybdenum and bismuth as the outer layer of double-layer conductors 
does not improve the results comparing to titanium and zirconium. Thus, when choosing a material of 
deposition as the outer layer for double-layer conductors, one should take into account both the features of 
the materials themselves and the methods of their deposition: adhesion, increased stresses in the material, the 
complexity of deposition of "thick" layers of tens of microns, etc. 
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COMPACT TORUS COLLIDER 
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A compact torus  or FRC is Field Reversed Configuration.is an axisymmetric configuration with a 

closed loop with a current in the plasma. The main advantage of such torus is the possibility of their 
acceleration and compression by an external magnetic field for use in inertial thermonuclear fusion, as well 
as in electric rocket thrusters or for collective ion acceleration. The main idea of a FRC collider  in the 
formation of two torus with their subsequent acceleration towards each other. 

 Compact torus were obtained using theta-pinches at the Novosibirsk BINP, later at TRINITI, and the 
Sukhum Physicotechnical Institute. In the USA - in Livermore, Los Alamos. Currently, two private 
companies Tri Alpha Energy (rised 800 mil. $.+50 mil. $ from Rosnano) and Helion Energy (recieved 500 
mil. $ in 2021) are conducting research on ICF using FRC. Their method of forming FRCs using theta-pinch 
is not effective - the current in a compact torus is always small, but it is promised to supply energy to the grid 
by 2024. 

We have proposed a new method for  formation of compact torus in inductive storage devices [1]. The 
energy of the magnetic field was accumulated in two inductors in the form of multi-start windings, such as 
an Archimedes spiral, placed on the end flanges of the vacuum chamber. Before the current maximum, 
plasma was injected into this volume and the current was forcibly cut off with exploding wires. When the 
current is cut off, a closed current loop arises in the plasma, capturing most of the magnetic flux (more than 
70 percent) and storing the energy stored in the magnetic field. Two formed FRC with the same current 
direction begin to attract each other. When they collide, the plasma heats up and to flash of soft X-ray. 

Seven independent capacitor banks and switches were used (a total of 60 capacitors, K-5-40, charging 
voltage 20-26 kV, energy storage up to 100 kJ)  

                                         
 

         The current in the FRC, according to estimates, reached several tens of kiloamperes with a diameter of 
30 cm. The plasma temperature at the collision site exceeded several keV and the duration of a soft X-ray 
pulse was about 1 microsecond, i.e. three orders of magnitude higher than in installations with a plasma 
focus and with a Z-pinch.   1 - inductive storage in the form of a 3-lead spiral, 2 - high-voltage electrodes (to 
create an azimuthal magnetic field), 3 - plasma guns, 4 - loops for radial plasma compression, 5 - vacuum 
chamber with a diameter of 300 mm, 6 - end flanges with inductive storage devices, 7 - magnetic field sensor 
in the center of the chamber, 8 - current breaker on exploding wires, 9 - K1-K4 switches (half shown) 10 - 
C1-C4 capacitor banks (half shown)  
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Polymers and composites are often used as construction materials for aircraft, space, terrestrial 

transport, and many other industrial applications due to their high strength characteristics and relatively low 
weight of structures. The impact of powerful energy flows on polymer samples, for example, in experiments 
with relativistic electron beams, is one of the effective methods for analyzing the resistance of polymer 
materials to extreme loads. Experimental studies of short high intensity action on polymers usually are 
accompanied by numerical simulations. Modern tools of modeling thermomechanical effects during pulse 
loading of polymer samples allow  study the details of wave structures as well as zones of material failures. 

We studied the impact of a powerful relativistic electron beam on polymer targets at energy density up 
to 600 J/cm2. Experiments were carried out on high current electron accelerator “Kalmar” at beam current up 
to 45 kA and electron energy up to 300 keV. Laser shadow streak image was used to visualize the dynamics 
of the passage of shock waves in transparent materials [1] and to record the plasma dynamics in the diode 
gap of the generator [2].  

Three-dimensional numerical simulation of gasdynamic phenomena in the diode gap and elastoplastic 
phenomena that depend on them in the target material was performed using MARPLE3D [3] multiphysics 
software package. Our report concerns with the new technique designed for end-to-end modeling including 
hydrodynamic of heating and evaporation of the target under the action of the electron beam; evaporation of 
the cathode material and interaction of plasma streams in the diode gap; nonlinear wave processes leading to 
internal fractures and spalling phenomena in the target material. We use wide-range equation of state (semi-
empirical QEOS model) [4] for the description of the liquid and solid phases of matter at low temperatures. 

Appropriate modeling of this complex multiphysics problem is based on high resolution numerical 
methods as well as on high performance computing. The implemented computer models are verified by 
experimental data. Comparison of simulation results with experimental data are used to test the used models 
of volumetric fractures and spallations in brittle solids and validate wide-range equations of state. The 
developed software can be used for numerical stress-strain analysis of various structural units loaded by 
strong pulsed forces and/or energy fluxes. 

The calculations were performed using supercomputers K-60 and K-100 in KIAM RAS.  
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EVOLUTION OF MITL PARAMETERS DURING THE PASSAGE OF A POWERFUL  
CURRENT PULSE* 

S.I.TKACHENKO 1,2,3, V.V.ALEKSANDROV 1, I.N.FROLOV 1, E.V.GRABOVSKY 1, K.M.MITROFANOV 1, YA.N.LAUKHIN 1, 
G.M.OLEINIK 1  

1JSC SRC RF TRINITI, Moscow Troitsk, Russia 
2Moscow Institute of Physics and Technology (National Research University), Dolgoprudny, Moscow Region, Russia 

3Joint Institute for High Temperatures, Russian Academy of Sciences, Moscow, 125412 Russia 
 
When a submicrosecond current with a linear density of more than 1 MA/cm flows over MITL, a 

significant heating of the metal occurs, up to melting, evaporation, and ionization. In the experiments, a 
thick-walled tube made of stainless steel was used as a MITL model. To simulate the processes occurring in 
a thick-walled tube when a current with a high linear density is passed through it, numerical calculations 
were carried out. A system of one-dimensional one-temperature magnetohydrodynamic equations was solved 
(in [1], a similar problem was studied for thin-walled tubes – the wall thickness is less than the skinning 
thickness of the magnetic field). 

To describe the properties of a real substance, wide-range semi-empirical equations of state [2] were 
used, taking into account phase transformations (melting and evaporation) and the possibility of realizing 
metastable states, as well as the dependence of transport properties (conductivity and heat capacity) on 
temperature [3, 4]. The parameters of the tube made of stainless steel and the time dependence of the current 
in numerical calculations were used those that were used in the experiments. 

At different times, the distributions of pressure, temperature, substance density, and current density over 
the wall thickness of a tube with an outer diameter of 3 mm and a wall thickness of 220 µm were obtained. It 
can be seen that by the time of 100 ns, the current density is almost uniformly distributed over the thickness; 
the substance density decreased most of all at the outer boundary of the tube in the region where the 
temperature increased the most. By this moment, the substance of the tube from the outer boundary and 
slightly more than to the middle of its thickness is already in a liquid state; the remaining part near the inner 
boundary has not yet had time to melt to the end and is in a two-phase state of a solid–liquid. 

The time for the melting wave to reach the inner surface of the tube is clearly seen in the time 
dependence of the resistive voltage calculated on the inner surface of the tube. The same voltage was 
measured in experiments; comparing them, it can be stated that the time of the melting wave reaching the 
surface of the inner boundary of the tube and its duration coincide in experiments and numerical calculations. 
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TRIGGERING STABILITY OF THE COLD-CATHODE THYRATRON  
WITH A TRIGGER UNIT BASED ON FLASHOVER* 

N.V. LANDL, Y.D. KOROLEV, V.G. GEYMAN, O.B. FRANTS, G.A. ARGUNOV, I.A. SHEMYAKIN 

 Institute of High Current Electronics SB RAS, Tomsk, Russia 
 
Currently, high-current switching devices based on low-pressure hollow-cathode pulsed discharge (so-

called pseudospark switches) are widely used [1-4]. The design and principle of operation of these switches 
are close to those of a classical hot-cathode hydrogen thyratrons. However, these devices do not have a hot 
cathode. Therefore, pseudospark switches are often called cold-cathode thyratrons or thyratrons with a 
grounded grid [3, 4]. 

As in the case of classical thyratrons, a range of operating pressures of the switch corresponds to the left 
branch of Paschen's curve. Under these conditions, the electron free path for ionization is much in excess of 
the electrode separation. For both self-breakdown of the main gap of the thyratron and for external discharge 
triggering a considerable pre-breakdown electron current is required [1, 3, 5]. For the case of external 
triggering, this current is provided due to a special trigger unit that is placed in the main cathode cavity. One 
type of trigger units is based a discharge over a dielectric or semiconductor surface or, in other words, based 
on a flashover [3, 4]. 

Any trigger unit is intended for plasma generation of trigger discharge inside the thyratron cathode cavity 
at a curtain instant of time. When a trigger unit based on discharge formation over the dielectric surface is 
used, trigger discharge plasma is generated due to the interception of surface discharge current to the main 
cathode cavity. In this report the results of investigation of the trigger unit based on discharge over the dielectric 
surface with the high value of dielectric permittivity are presented. Schematic of the experimental setup is 
shown in fig. 1. Experiments were carried out with the demountable single-gap thyratron with the external gas 
filling. Data on delay times to discharge initiation in the trigger unit, current interception to the main cathode 
cavity and breakdown in the thyratron main gap were obtained.  

 

 
Fig.1. Schematic of the experimental setup. 1 – dielectric, 2 – multipoint contact, 3 – ground contact, 4 – main cathode cavity, 

 5 – main anode, VA = 15 kV, RL = 15 Ω, C0 = 10 nF, RT = (15 – 50) Ω, VT = (2 – 8) kV. 
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CONDUCTION CURRENT IN LOW-DENSITY PLASMA OPENING SWITCHES* 

S.V. LOGINOV 

Institute of High Current Electronics SB RAS, Tomsk, Russia 
 
Recently [1], a new concept of conduction has been proposed for low-density plasma opening switches. 

The concept suggests that a unipolar ion layer is formed near the cathode as electrons leave it under the 
action of an electric field induced by magnetic field penetration into the plasma. The main aspects of this 
concept, being an alternative to that on the formation of a bipolar near-cathode space charge layer subject to 
unlimited cathode emissivity [2], are reduced to the following. 

For a collisionless plasma, the magnetization time of electrons in a rising magnetic field is given by 
1/2(3 / )mc eBτ = ɺ , where Bɺ  is the field rise rate, m  and e  are the electron mass and charge, c  is the velocity 

of light. The transport of current across a strong magnetic field is provided by electron drift in crossed 
magnetic and polarization electric fields. The polarization field results from charge separation during the 
motion of electrons in the current channel. As a result, the velocity of field penetration into a plasma of 
density n  is given by 1/2( / 6 )u Bc enπ= ɺ , and the switch conduction current for this velocity by 

2 2 1/2(3 / 2)c cI encBr lπ= ɺ . 
The paper presents a comparison of the derived relations with experimental data [3], showing that the 

conduction current behaves strictly as 1/2
cI n∝  at a plasma density of about 1011 – 1014 cm-3 and field rise 

rate of about 0.3 – 4 kA/ns and that this behavior holds for any plasma bridge length. Attaining the same 
conduction current at different bridge lengths requires that 2nl  be constant. As the magnetic field rise rate 
varies, the conduction current behaves as 1/2

cI B∝ ɺ . These results differ radically from what is predicted by 
the bipolar model [2]. Additionally, the paper presents arguments of why the axial current channel width 
varies nonmonotonically during a pulse and gives estimates of the electron temperature in plasma opening 
switches at different plasma densities and field rise rates. 
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+7(3822)491617 

 

One of the most effective ways to create a hot dense plasma is the implosion of cylindrical shells 

(liners) by the current of a high-current generator. The density of energy and particles of the pinched plasma 

are largely determined by the implosion time (initial radial size) of the liner, which should be longer than the 

rise time of current through the liner. Due to the preliminary injection of plasma into the region of the liner 

load, the rise time of the current through the liner can be reduced to several nanoseconds, and the initial 

radius of the liner can be reduced to 1 mm or less [1,2]. This approach makes it possible to obtain a plasma 

column with a particle density higher than the particle density in a solid, and a plasma energy density of 

more than 108 J cm-3 already at a generator current of 1-2 MA. The spectrum of thermal X-ray emission from 

such a plasma can be close to the Planck spectrum, which makes it possible to determine the plasma 

temperature from the ratio of the signals of radiation sensors with different spectral responses. In this work, 

under the assumption of the Planck radiation spectrum, the temperature dependence of the signal ratio of two 

photoemission X-ray diodes (XRDs) with an aluminum photocathodes and polypropylene filters 10 µm and 

20 µm thick is calculated (Fig.1). It can be seen that in the temperature range from 100 eV to 350 eV there is 

a strong dependence of the signal ratio on temperature. The calculation results were used to determine the 

temperature of the pinched plasma column, which is formed after the 2-MA implosion of liners about 1 mm 

in diameter, made of 2.5-μm thick aluminum foil. The temperature measured in this way during the evolution 

of the plasma after its first stagnation satisfactorily corresponds to the temperature estimate from the Bennett 

relation. 

 

 

                                      
                                 

Fig. 1. Results of calculating (under the assumption of the Planck radiation spectrum) the temperature dependence of the signal ratio 

of two photoemission X-ray diodes (XRDs) with an aluminum photocathodes and polypropylene filters 10 µm and 20 µm thick. 
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SOME FEATURES OF CURRENT SHEET FUNCTIONING IN GAS-PLASMA SYSTEMS* 

V.A. KOKSHENEV, A.V. SHISHLOV, R.K. CHERDIZOV 

 Institute of High Current Electronics SB RAS, Tomsk, Russia 

 

The paper analyzes the results of experiments with argon/deuterium gas-puffs with an outer plasma 

shell. The dynamics and characteristics of the current sheet (CS) were studied using magnetic probes (B-dot) 

and optical diagnostics [1]. Measurements of the currents in the CS using B-dot, installed at different radii 

from the axis of the system, but at the same level relative to the cathode surface, show that there is a decrease 

in the amplitude of the current B-dot relative to the generator current Ig as the CS moves towards the center. 

The width of the current sheet decreases as one moves toward the axis with an increase in the average current 

density from units of kA/cm2 to tens of kA/cm2. Such high current densities cannot be explained by thermal, 

auto- or photoemissions. Obviously, a dense explosive emission plasma is formed on the cathode, which 

provides emission with a current density of tens of kA/cm2. This high concentration plasma will expand into 

the interelectrode gap, and its front becomes the emitting cathode. A double layer is formed at the boundary 

between the dense cathode plasma and the injected anode plasma, as is the case in plasma opening switch. 

When the cathode plasma expands into the interelectrode gap with a simultaneous increase in the 

magnetic field, it is possible to shift the emission boundary from the electrode into the plasma with shielding 

of part of the current in B-dot. This may be one of the reasons for the decrease in the current amplitude 

obtained by integrating the signal from magnetic probes near the pinch axis. An experiment with magnetic 

probes installed at different levels relative to the cathode plane confirms the possibility of such a scenario. 

On Fig. 1 shows a graph of the fraction of the probe current IK2 at a radius of 6 cm relative to the generator 

current Ig depending on the location of B-dot relative to the cathode grid. 

The dynamics of the СS during the implosion of gas-puffs is the essence of the evolution of the near-

cathode double layer and the current sheath formed by electrons injected from the cathode plasma. The 

acceleration of ions in a CS can only occur in an electric field. In our case, a self-consistent electric field 

arises in the СS due to the Hall effect and directed to the axis of the system: Er ~ jzB/en. On the basis of 

optical diagnostics, the appearance of a glow on the axis of the system was registered at the moments when 

the front of the СS did not reach the center. Obviously, this is the registration of a shock wave front with a 

jump in density and temperature. 

 

Fig.1. Graph of the dependence of the current fraction in the CS IK/Ig on the position of B-dot relative to the cathode plane h at a 

radius of 6 cm. Points 1+1 and 1+5 were obtained for B-dot at a radius of 3 cm in an experiment with an argon gas-puff with an outer 

plasma shell, 1+1 - standard position of the sensor (completely above the grid), 1+5 - the sensor is raised by 5 mm into the 

interelectrode gap (h = 5 mm).  
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CHARACTERISTICS OF PLASMA JETS OF A HIGH-CURRENT VACUUM-ARC DISCHARGE*

V.A. KOKSHENEV, N.E. KURMAEV

 Institute of High Current Electronics SB RAS, Tomsk, Russia

Plasma sources based on high-current discharges in vapors of aluminum electrode material initiated by
breakdown along the surface of ceramics based on aluminum oxide are studied. Two geometries of discharge
gaps with a corundum ceramic insert between the cathode and anode were tested. Option 1 - end, where the
cathode, anode and the surface of the ceramic insert are in the same plane, option 2 - the cathode was inside
the ceramic tube with an increase in the gap along the surface of the ceramic by 2-3 times. The capacitive
storage provided the oscillatory regime of the discharge current with a period of ~5.7 μs. The discharge was
initiated by a high-voltage breakdown over the  surface of a  ceramic insert  between the electrodes.  The
current amplitude of the plasma gun was controlled both by the charging voltage (30–40 kV) and by the
connection circuit [1].

The plasma flow velocity was measured by the time-of-flight technique using double probes with a
reference electrode [1]. The flow velocity was measured by the time shift of the signal maximum from two
probes. The figure shows a graph of the dependence of the plasma flow velocity on the amplitude of the
vacuum arc current. It  is found that with an increase in the discharge current, both the velocity and the
concentration of the plasma jet increase for both variants of the discharge gap. The recorded decrease in the
opening angle  of the plasma jet  with increasing current  is  obviously associated with an increase in the
influence of the intrinsic magnetic field on the compression of the current-carrying plasma [2].

Fig.1. Зависимость скорости плазменного потока от разрядного тока. Dependence of the plasma flow velocity on the discharge
current.

Large values of velocity for variant 1 can be associated with a more effective action of electrodynamic
forces as the main mechanism for accelerating the current-carrying plasma along the axis of the system. If
we assume that the velocity of the plasma bunch in the section between the discharge gap and the probes
changes insignificantly, then the formation of a directed flow lags behind the onset of the current by ~ (200–
300) ns. Due to the high thermal stability of the corundum dielectric insert, ceramic ablation is negligible.
The plasma flow basically consists of ions of the electrode material with a significant proportion of ions of
the cathode jet [2]. Plasma compression can be associated with the dynamic head of the convergent ion flow
characteristic of the inertial regime. Estimation of the plasma concentration from the hydrodynamic model of
a current-carrying jet gives the value n ~ I2/(Miv2) ~ (1-2)1015 см-3 for aluminum ions.
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Experimental studies of the explosion of flat copper conductors on the MIG facility at a current level of 

2 MA passing through them and a current pulse rise time of 100 ns have been carried out. In these 

experiments, we have studied the electric explosion of flat conductors in the current skinning mode, and the 

propagation of a magnetic field nonlinear diffusion wave that occurs during such explosion. The magnitude 

of the magnetic field induction significantly exceeded the values required for the explosion of both plate 

surfaces in a symmetrical configuration. The conductor surface plasma formation was recorded by its glow 

in the visible range using a four-frame optical camera with an exposure time of 3 ns for each frame. The 

internal structure of the surface plasma at different times was studied with X-ray radiography with 

һν > 0.8 keV and an exposure time of 2-3 ns, which is formed in the X-pinch “hot spot”. It has been shown 

that during the explosion in megagauss magnetic fields of flat conductors, the width of which (along the x-

axis) is much greater than their thickness (along the y-axis), and the current flows in the direction of the z-

axis, the plasma expansion along the x-axis is suppressed, and the conductor expands along the y-axis almost 

from the beginning of the current flow through it. In this case, large-scale instabilities develop on the foil 

edge, the appearance of which is similar to the instabilities that develop during the cylindrical conductors 

explosion. On the wide side of the plate along its longitudinal axis z, approximately 75 ns from the current 

beginning, a plasma channel is formed. Estimations, that were made taking into account the enhancement of 

the magnetic field at the foil edges showed that it takes about 70-80 ns for the propagation of magnetic field 

nonlinear diffusion wave from the foil edge to its center. Interpretation of the experimental results was 

carried out using radiation magnetohydrodynamic simulation (RMHD) of the flat conductor’s explosion 

process. The performed magnetohydrodynamic calculations showed good agreement with the results of 

experiments on measuring the expansion rate along the y-axis from X-ray shadow patterns. 
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Plasma formation on the conductor surface is a key issue in terms of the energy imputed into 

the metal substance. For the magnetic field growth rates, which are characteristic for magnetically 

isolated transmission lines of multi-megaampere generators, this issue remains insufficiently 

studied. Therefore, the task of this work was to study the dynamics of plasma and its density on the 

metal surface at magnetic induction values up to 700 T and its growth rates of (2-7) T/ns. The 

experiments were carried out on a pulse-power MIG generator at a current amplitude of up to 

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

by its glow in the visible range using a four-frame optical camera with an exposure time of 3 ns for 

each frame. In addition, vacuum photoemission diodes recorded the surface plasma reaching a 

temperature of more than 1 eV in the black body approximation. The surface plasma internal 

structure, the estimation of the substance density in it and its radial distribution were studied using 

X-ray radiography obtained by transmission with һν > 0.8 keV and an exposure time of 2-3 ns, 

which is formed in the “hot spot” X-pinch. According to the data of X-ray studies of the 

conductor’s electric explosion, the distribution profile of the substance along its radius at various 

points in time was simulated by means of the developed calculation code using the Abel 

transformation. In the course of the experiments, the cylindrical conductor’s electric explosion 

made of various materials and with various diameters was studied, which made it possible to study 

the formation of plasma at different magnetic field induction growth rates up to 7 T/ns. It is shown 

that current increase prompts the lighting up of “spots” on the cylindrical conductor surface, and 

they serve as sources of low-temperature and relatively low-density plasma, that is, they are centers 

of plasma formation. Subsequently, current channels develop in this plasma. The dependences of 

μ·ρ on the conductor radius in the selected section of the X-ray radiography picture of its explosion 

are obtained. The value of the mass radiation absorption coefficient μ was determined from the X-

ray transmission patterns of stepped filters made of the same conductor material as the exploding 

one. The dependences of the load substance ρ density on its radius at different moments of time 

from the current beginning are determined and plotted. 

If the maximum field on the conductor surface is more than 600 T, which in our experiments 

was achieved with their initial diameter less than 1 mm, then for a duralumin conductor with an 

initial diameter of 0.95 mm in the visible range, its size increased at 104 ns up to 1.46 mm, and at 

144 ns - up to 2.4 mm. In this case, density estimations of the substance that expanded by 65 µm to 

80 ns relatively to the initial radius (that is, at a radius of 0.54 mm) are 0.17–0.19 g/cm3, and at a 

radius of 0.5 mm from the axis, 0.45 g/cm3. By 142 ns, a density of more than 0.15 g/cm3 is reached 

at a radius of 0.7 mm, and at a radius of 1 mm, the substance density in the column is 0.01 g/cm3. 

The streaks of instabilities at this time expand up to 700 μm from the initial conductor radius, and 

the density of matter in them is less than 0.01 g/cm3. It can be concluded that the low density of 

matter at the boundary of the plasma column does not allow us to assume any significant fraction of 

the current carried by it. 
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3D MODELING OF PARTIALLY IONIZED PLASMA INTERACTED WITH MAGNETIC FIELD1

Y.S. SHAROVA1

1Keldysh Institute of Applied Mathematics, RAS, Moscow, Russia
Plasma  physics  is  a  vast  area  of  physics,  which  includes  both  fundamental  aspects,  such  as,  for

example, astrophysics, and more applied ones: new compact plasma accelerators, compact powerful sources
of X-ray and gamma radiation,  new promising,  practically inexhaustible sources of clean energy due to
controlled thermonuclear fusion, compact ion sources for cancer therapy and isotope sources for nuclear
medicine. Currently, studies of non-stationary and non-equilibrium processes in pulsed plasma created under
the  influence  of  high-intensity  energy  flows  on  matter  are  topical.  Energy  flows  of  multiterawatt  and
petawatt power levels are created, for example, in laboratory conditions, by electric pulse generators, as well
as by short-pulse laser installations.

This  paper  presents  a  hydrodynamic model  that  considers  ions  and neutrals  as  separate  fluids  that
interact with each other through collisional processes. In this case, the evolution of ions is determined by the
system of magnetic hydrodynamics, and of neutrals - by ordinary, non-magnetic hydrodynamics. Such an
approximation makes it possible to carry out simulations and study effects in a partially ionized plasma [1,2].
The  code  MARPLE3D  (Keldysh  Institute  of  Applied  Mathematics,  Russian  Academy  of  Sciences),
developed  for  solving  problems  of  magnetic  radiation  gas  dynamics  on  high-performance  cluster-type
computing systems, was used for simulation [3].
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ELECTRIC EXPLOSION OF MICROWIRES BY HIGH FREQUENCY CURRENT.
*
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2 Prokhorov General Physics Institute, RAS, Moscow 119991, Russian Federation1 

3 Lebedev Physical Institute, RAS, Moscow 119991, Russian Federation 

 

In various accelerating structures operating at a high frequency, an important role is played by the 

mechanism of explosive emission [1]. Such a situation can be realized, for example, at the Compact Linear 

Collider (CLIC) [2], the development of which is being carried out within the framework of international 

cooperation. In the process of explosive emission, an electric explosion of metal microprotrusions occurs on 

the cathode surface, and the one formed during the explosion emits electrons. In this work, using 

magnetohydrodynamic calculations, the influence of the frequency of an electromagnetic pulse on the 

characteristics of an electric explosion is determined. 
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3D NUMERICAL SIMULATION OF WIRE-ARRAY Z-PINCHES * 

O.G.  OLKHOVSKAYA1  
1Keldysh Institute of Applied Mathematics of the Russian Academy of Sciences, Moscow, Russia 

 
Experiments at Angara 5-1 facility [1] on the current implosion of combined nested arrays [2] and 

single arrays of metalized dielectric fibers [3] have demonstrated stable and compact compression of the 
metal plasma. The presence of substances with a low rate of plasma ablation at the periphery of the arrays 
leads to suppression of the development of magnetic Rayleigh-Taylor instability in plasma at the axis of the 
array, as compared with the compression of the of single cylindrical wire arrays. As a result, stable and 
compact Z-pinches were formed, and SXR pulses with the amplitude of 5–7TW and the duration about 5ns 
were obtained.  

The report is devoted to numerical simulation of implosion of combined arrays with various designs. 
The aim of the simulation is to explore the interaction of plasma flows and the magnetic field during the 
implosion of different types of wire arrays, determine the physical conditions for a shock wave region 
formation between the arrays, and help to control the time profile and amplitude of the resulting SXR pulse.  

Three-dimensional numerical simulation is based on two-temperature radiative magnetic gasdynamic 
(RMHD) model with dissipation implemented in multiphysics program package MARPLE-3D [4]. The data 
on the equations of state and optical properties of matter were calculated using the THERMOS program [5]. 
For modeling combined arrays from various materials, the MARPLE-3D code has been upgraded to solve 
hydrodynamic problems for the flow of a multicomponent mixture. To describe the evaporation of wires 
under the action of a current, a semi-empirical model [6] is used, taking into account the experimental data 
on the plasma ablation rate [3]. Thus the process of non-stationary plasma generation of fibers and wires is 
reproduced adequately. Appropriate modeling of this complex multiphysics problem is based on high 
resolution numerical methods as well as on high performance computing. The implemented computer 
models are verified by experimental data. 

The numerical simulation as a whole reproduces the main tendencies registered in experiments with 
combined arrays. The computations confirmed the experimentally found existence of an optimal 
configuration with an external array mass in the range 7–10µg/cm. Numerical simulation using 3D RMHD 
code made it possible to visualize the interaction of the plasma of the arrays, namely: the spreading of the 
plasma jets of the outer array as a result of their interaction with the magnetic field of the inner array and the 
formation of a quasi-homogeneous shell from the plasma of the outer cascade around the inner cascade. A 
comparison of the calculated values of the power and total energy of the SXR pulse with the experimental 
data was used to calibrate the RMHD code and the model of the matter properties. 

The calculations were performed using supercomputers K-60 and K-100 in KIAM RAS. 
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RADIATION OF HIGH-POWER LINEARLY POLARIZED ULTRAWIDEBAND PULSES OF 
SUBNANOSECOND DURATION BY A HYBRID ANTENNA* 

E.V. BALZOVSKY, Y.I. BUYANOV, A.M. EFREMOV, V.I. KOSHELEV, E.S. NEKRASOV, S.S. SMIRNOV 

 Institute of High Current Electronics SB RAS, Tomsk, Russia 
 
A high-power source of ultrawideband (UWB) radiation with a hybrid antenna has been developed. The 

hybrid antenna is an offset reflector, in the focus of which there is an antenna array-feeder. The elements of 
the antenna array are combined antennas designed to be excited by bipolar pulses with a duration of 0.5 ns. 
The transverse dimensions of the antennas are 6560 mm2. The choice of the position of the antennas in the 
array based on numerical calculations is justified in the paper [1]. Figure 1 shows the position of the antennas 
in the array-feeder. The antennas are oriented the same way and have linear vertical polarization. The modes 
of operation of the hybrid antenna are implemented when the elements of the antenna array are 
synchronously excited by bipolar voltage pulses and when the elements of the array are excited with a time 
delay of 1 ns between pulses — the mode of the wave beam scanning. The combined antennas used in the 
work and their characteristics are given in the paper [2].  

 

 
Fig.1. Position of antenna elements in the array-feeder. 

Studies of radiation characteristics of a hybrid antenna at low and high voltages pulses have been 
carried out. Measurements at a low voltage level were carried out using a low-voltage bipolar pulse 
generator. The directivity characteristics of the hybrid antenna were measured in different operating modes. 
Measurements at high voltage were carried out using a four-channel generator of bipolar voltage pulses, 
which allows applying pulses with an amplitude of up to 65 kV to the input of each antenna element at a 
repetition rate of up to 100 Hz. In the mode of synchronous excitation of the array-feeder elements, high-
power pulses of UWB radiation of a hybrid antenna were obtained. The product of the peak electric field 
strength at a distance (4.5 m) was at least 500 kV and at least 200 kV in the mode of discrete scanning by a 
wave beam with a time delay of 1 ns between high-voltage bipolar pulses at the pulse repetition frequencies 
up to 100 Hz. 
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HIGH-POWER TERAHERTZ CHERENKOV RADIATION IN OVERSIZED SLOW-WAVE 
STRUCTURE* 

V.A. CHAZOV, M.P. DEICHULY, V.I. KOSHELEV, A.A. PETKUN 

 Institute of High Current Electronics SB RAS, Tomsk, Russia 
 
Cherenkov-type electronic vacuum devices seem to be promising sources of high-power terahertz (0.3–

3 THz) radiation. To create small-sized sources of high-power radiation on a mobile platform, it is necessary 
to use high-current electron beams with electron energy of up to 500 keV. At present, in a Cherenkov surface 
wave oscillator [1], radiation pulses with a power of 2.1 MW have been obtained in the frequency range of 
0.319–0.349 THz. In this case, a slow-wave structure has an oversize parameter (the ratio of the diameter to 
the radiation wavelength) of 6.8. In the experiments, the authors [1] used an annular electron beam with a 
current of Ib = 2.3–3.6 kA generated in a diode at a voltage of Ud = 350–480 kV in a magnetic field B = 3.1 
T.  

For numerical simulation of various Cherenkov devices with axial symmetry, we develop a 2.5D hybrid 
electromagnetic code consisting of two parts. The electrodynamic part of the code based on the scattering 
matrix method is used to study the resonant properties of oversized sectioned slow-wave structures. 
Examples of using the electrodynamic program, including in the sub-terahertz frequency range, can be found 
in [2, 3]. The second part of the code is developed based on the PIC-method and is used to simulate the 
interaction of a tubular electron beam with an electromagnetic field of pre-calculated resonant modes with a 
high quality factor.  

In this paper, we present the first results of numerical simulation of a Cherenkov surface wave oscillator 
in the terahertz frequency range using the developed hybrid code. The interaction of a tubular electron beam 
and an electromagnetic field near the π-type of oscillations of TM01 mode was investigated. The model used 
the condition of ideal conductivity of the slow-wave structure surface, i.e., radiation losses in the metal [1, 4] 
were not taken into account. This is the subject of further work.  

In the calculations, we used a slow-wave structure diameter of 40 mm with a period of rectangular 
diaphragms of 0.34 mm. The number of diaphragms is 40. The tubular electron beam with the leading edge 
duration of 0.5 ns and the current of 5 kA was injected into the slow-wave structure. The electron energy in 
the slow-wave structure was about 420 keV, which corresponded to the diode voltage of about 430 kV. The 
electron beam was transported in a uniform magnetic field B = 3 T. The average beam radius and the 
thickness varied in the calculations. The ratio of the slow-wave structure diameter to the radiation 
wavelength was about 50.  

Two main longitudinal resonances of TM011 and TM012 modes with the frequencies of 0.3678 and 
0.3658 THz and Q-factors of 2464 and 622, respectively, were found in the electrodynamic calculation. 
During the beam-field interaction, by the time moment of 1.5 ns from the pulse start, the longitudinal modes 
are synchronized at a frequency of 0.3662 THz. The radiation bandwidth is no higher than 0.04%. Total 
radiation power in forward and backward directions is equal approximately to 100 MW. Average electron 
losses of the beam for the period of diaphragms due of to deposition on the slow-wave structure surface are 
0.015%. 
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NUMERICAL SIMULATIONS AND DESIGN OF THE RESONATOR CHAMBER OF 
MICROWAVE-ASSISTED CVD REACTOR 

E.V. BALZOVSKY, S.S. SMIRNOV 

Institute of High Current Electronics SB RAS, Tomsk, Russia 
 
One of the directions to obtain diamond films of high purity is a microwave-assisted plasma chemical 

reactor using chemical vapor deposition (CVD) synthesis [1-2]. It is possible to obtain diamond crystals and 
defect-free films using plasma heating near the substrate with powerful microwave radiation [3-4]. A careful 
approach is required when designing the excitation system of the resonator chamber from the microwave 
oscillation source. One of the most commonly used commercial plasma reactors is the cylindrical reactor, 
which uses a TM011 mode and an electrical type system with a disk-shaped probe. Microwave energy is 
injected through the bottom of the resonator.  

The design of the resonator chamber is shown in Figure 1a. Modification of the upper part of the 
resonator made it possible to concentrate areas with maximum electric field strength directly near the 
substrate. The shape of the cavity 1 above the substrate is optimized. The tuning element is a movable piston 
above the substrate, which changes the size of the cavity 2 to find resonance. Quartz ring 3 is located 
between two flat surfaces away from the area of high plasma concentration.  

Numerical modeling of field distribution in the cylindrical resonator using CST Studio Suite was 
performed to find the optimal design of chamber. In addition to the main mode TM011, this resonator also 
contains secondary radial maxima, which are associated with simultaneous excitation of the TM021 and 
highest modes. The results of simulation of electric field strength distribution in the resonator at the input 
power of 1 kW are given in Figure 1b. Figure 1c shows the field distribution along the z-axis. 

The optimal geometry of the disc-shaped resonator chamber is found. The maximum electric field 
strength in the vicinity of the substrate with the growing samples is achieved. To increase the stability of 
ignition of microwave discharge in the resonator chambers the movable piston is used. According to the 
simulation results the sample of the resonator chamber was machined and experimental studies were carried 
out. The power source is a magnetron of a microwave oven. The improvement of the magnetron consists of 
the using of the water cooling system. By powering the magnetron from a three-phase network, the obtained 
power in the load of at least 2.5 kW. Experimentally found steady-state plasma ignition modes at air 
pressures up to 10 Torr and plasma clot combustion at pressures of 30-80 Torr. 

 

 a)  b) V/cm 
 

c) 

z, mm 

|E|, V/cm 

 

Figure 1 - Resonator chamber design (a); distribution of the electric field in the cross section of the resonator chamber (b) and 
distribution of the field along the z-axis at a power input of 1 kW (c).  
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EFFICIENCY OF MODERATELY RELATIVISTIC RESONANT S-BAND BWO 

P.V. MOLCHANOV, E.A. GURNEVICH

Institute for Nuclear Problems, Belarusian State University, Minsk, Belarus

The scheme of a resonant relativistic BWO was proposed by the Tomsk group of researchers [1, 2] for
efficient generation of high-power microwave radiation in the S-band while maintaining relatively small
structure  length (only 2–4 λ).  Due to  the  fact  that  this  scheme implements  effective conditions  for  the
interaction of the beam with both the (-1st) spatial harmonic of the backward wave and the fundamental
harmonic of the forward wave, a high generation efficiency (up to 30%) and record powers (above 5 GW)
were achieved, both in simulations and experiments. 

As far as can being found from publications, the scheme proposed in [1, 2] uses high-current relativistic
electron beams with energies of 0.7–1.5 MeV and a strong guiding magnetic field (at least 1.5 T, typically 2–
3 T).  In  this  paper,  we  propose a  variant  of  a  resonant  BWO that  operates  at  more  lower,  moderately
relativistic beam energies (400–550 keV) and at similar values of the guiding magnetic field (starting from
1.3 T). Compared to the original BWO geometry [2], in the the current investigated scheme, the length of the
periodic structure is increased by 1 period (see figure 1 below). The main generation wavelength is about 8
cm.

Simulation  and optimization  of  the  proposed  BWO were  carried  out  in  2.5D particle-in-cell  code
XOOPIC [3]. A general view of the electrodynamic structure of the proposed BWO is shown in figure below.
For optimization, the length of the insert between the cutoff-neck and the periodic structure, as well as the
corrugation profiles of the slow wave structure were varied in the calculations. It is shown in the numerical
simulation that for a beam energy of 500 keV and current of 6.25 kA, the average radiation power reaches
875 MW (28% efficiency). High generation efficiency is achieved in magnetic fields of 1.3 T and higher.

Fig.1. Geometry of the proposed resonant BWO in XOOPIC (left) and its efficiency as function of beam energy for beam impedance
80 Ohm (right).
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Development of a high-power long-pulse FEL operating from the sub-terahertz to the terahertz range 

was initiated in collaboration between the INP SB RAS (Novosibirsk) and the IAP RAS (Nizhny Novgorod) 
based on a new generation of linear induction accelerators "LIA 5" - 20 MeV / 2 kA / 200 ns. The goal of the 
project is to achieve a record sub-gigawatt power level and energy content in radiation pulses up to 10 – 
100 J in the specified ranges. One of the key problems in the implementation of this FEL is the development 
of an electrodynamic system capable of providing stable narrow-band generation under conditions of 
significant oversized factor. 

To ensure the current passage of an intense electron beam formed by the LIA through the FEL 
interaction space, the diameter of the system should be Ø ≥ 20 mm, which is orders of magnitude greater 
than the radiation wavelength in the discussed ranges. To solve the problem of mode selection under these 
conditions, two main types of electrodynamic systems have been studied: (1) modified Bragg resonators and 
(2) quasi-optical Talbot resonators. 

A distinctive feature of the modified Bragg resonators is the inclusion of quasi-cutoff waves in the 
feedback loop, which makes it possible to significantly improve their selective properties compared to 
conventional analogs. To operate in the range of 0.7 THz, structures of this type were developed with a 
diameter of Ø ≈ 20 mm (Ø/ ~ 45) and a length of about 5 cm, an axisymmetric corrugation with a period of 
0.43 mm and a depth of 0.15 mm provided a feedback cycle ТЕ1,1 ↔ ТЕ1,45 ↔ ТЕ1,1 . Three-dimensional 
modeling using the CST Microwave Studio software shows that even with such large transverse dimensions, 
the modified Bragg structures allow selective reflection of the operating wave with an efficiency of ~ 80 –
 90 % in power. The performed “cold” electrodynamic tests confirm the simulation results and demonstrate 
the presence of effective narrow-band reflection in the calculated frequency range. 

To carry out “cold” tests of an electrodynamic system of the second type, a model of a Talbot resonator 
was made with a diameter of 36 mm (Ø/ ~ 40) and a length of about 80 cm for operation in a frequency 
range of about 0.3 THz. The mirrors located at the edges had a width of 4 mm; a coupling hole with diameter 
2 mm was made on the output mirror (the position of the hole corresponded to the position of the calculated 
field maximum). The resonator was excited from the input side of the resonator by a ТЕ1,1 wave. According 
to the simulation, this wave is effectively transformed into the ТЕ1,7 wave, which is maximally represented in 
the supermode at the operating frequency. The detection of the output signal was carried out through the 
specified coupling hole. The simulation shows that at the frequency corresponding to the desired supermode, 
there should be a power peak at the coupling hole. In accordance with the simulation results, in the carried 
out "cold" tests, a well-defined peak of the detected output power at the calculated frequencies was observed, 
which thus confirmed the operability of this type of resonator. 
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The original concept of powerful pulsed spatially-extended Cherenkov oscillators is being developed at 

the Institute of Applied Physics of the Russian Academy of Sciences (Nizhny Novgorod). A distinctive 
feature of the ongoing research is the use of high-current relativistic electron beams (REB) of tubular 
geometry, which allows increasing the total power of the oscillator by increasing one of its transverse 
dimensions while maintaining moderate current densities and electromagnetic field strengths. Under 
conditions of a large oversized factor, the spatial coherence of radiation is achieved by using two-
dimensional (2D) distributed feedback (DFB). To implement 2D DFB, 2D Bragg structures are used, in 
which transverse wave flows synchronize the radiation of tubular REBs. 

A spatially-extended Cherenkov-type surface wave oscillator (SWO) operating in the Ka-band is being 
developed on the basis of the “Sinus-6” high-current explosive-emission accelerator 0.5 MeV / 5 kA / 25 ns 
(IAP RAS), which forms oversized tubular electron beam with a diameter of about 40 mm. Oscillators of this 
type are characterized by deceleration of the main wave and provide a high impedance of electron-wave 
interaction. To operate in this frequency range, a 2D slow-wave structure (SWS) of cylindrical geometry 
with an average diameter of Ø = 44.3 mm (perimeter of about 16 wavelengths) and a length of about 16 cm 
was designed, having a 2D sinusoidal corrugation with a period of 7.75 mm, a depth of 3.5 mm and 16 
azimuthal variations. The simulation of the SWO was carried out using the three-dimensional PIC code CST 
Studio Suite with parameters close to the experimental conditions. The simulation results demonstrate the 
establishment of a narrow-band oscillation regime with an output power of 0.4 - 0.5 GW and an electronic 
efficiency of ~ 25% at optimal parameters. The structure of the operating slow wave field has an azimuthally 
symmetric distribution and is a set of TM0,n – type modes of a cylindrical waveguide. In the initial 
experiments, in the calculated range of parameters, narrow-band radiation was registered at an operating 
frequency of about 32 GHz with an output power of ~ 0.2 – 0.3 GW. The radiation pattern of the output 
radiation, which was analyzed using a panel of neon lamps installed at different distances from the oscillator, 
was characterized by a pronounced minimum on the axis, which corresponded to the excitation of the 
calculated set of TM0,n – type modes. Currently, experiments are being carried out to optimize the 
configuration of the interaction space to achieve the calculated power. 

To operate in the W-band (operating frequency ~ 75 GHz), the SWO was developed on the basis of the 
same electron beam formed by the “Sinus-6” accelerator. For this oscillator, a 2D SWS of cylindrical 
geometry was designed with an oversized factor Ø/λ ~ 10 (system perimeter ~ 30 wavelengths), a 
corrugation period of 3.59 mm, an azimuthal number of variations of 32, a corrugation depth of ~ 1 mm, and 
a total length of about 10 cm. The simulation demonstrated the establishment of a stable narrow-band 
generation regime with selective excitation of operating azimuthally symmetric wave at the calculated 
parameters. According to the simulation, the electronic efficiency of the oscillator is ~15 - 20%, and the 
expected output power level reaches ~ 0.3 – 0.35 GW. At present, a 2D periodic SWS of the W-band with 
the described geometry has been manufactured and the assembly of the oscillator has been completed. In the 
initial experiments, narrow-band radiation with a power level of ~ 0.2 GW was obtained in the calculated 
range of parameters. Experimental studies of this oscillator are currently in progress. 
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Currently, the development and experimental implementation of millimeter-wave microwave sources 

with a sub-gigawatt output power level is the subject of active research [1–3]. The use of gyrotrons for this 
purpose is of particular interest, since in cyclotron interaction there is no need to transport the electron flow 
close to the electrodynamic system surface, in contrast to Cherenkov devices. To achieve a sub-gigawatt 
output radiation power level, gyrotrons must be powered by relativistic helical electron beams formed by 
explosive emission cathodes. In this case, a significant problem is the selective excitation of the working 
oscillation on time scales of tens of nanoseconds, corresponding to the characteristic duration of the electron 
beam. 

This report presents the results of the development and the first experimental tests of a high-current 
gyrotron with an operating frequency of 30 GHz with a new type of plate-type slitted cavity. Such a cavity 
provides a significant rarefaction of the mode spectrum due to a significant decrease in the quality factor of 
the TE-type modes while maintaining the quality factor of the TM-type modes.  As a result, it becomes 
possible to operate in one of the TM-modes in the gyrotron. 

The results of experimental studies of an electron-optical system based on a coaxial magnetically 
insulated diode and a kicker, which forms a beam with an energy of 500 keV, a current of up to 2 kA, and a 
pitch-ratio of about 1.0, are presented. Experimentally and within the framework of three-dimensional PIC-
simulation, it was demonstrated that when using the classical scheme for constructing a gyrotron with 
separation of the beam formation space and the electron-wave interaction region, the problem of parasitic 
self-excitation arises in the beam formation section. Possible modifications of the gyrotron are proposed to 
solve this problem and achieve the expected output radiation power level. 

 
Fig.1. Photos of the assembled gyrotron (a) and plate cavity (b). 
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Currently, there is a growing interest in creating sources operating in the terahertz frequency range with 

high radiation power. The natural way to implement such a source is to use the radiation of a high-current 
relativistic electron beam. However, there are a number of problems associated with the generation of 
powerful coherent THz radiation in free electron masers based on relativistic electron beams. First of all, the 
application of the traditional approach (i.e., operating on one pre-selected cavity mode) to the THz frequency 
range faces natural difficulties. Obviously, the cavity in this case must be oversized; this is necessary for a 
number of reasons, namely, the transportation of a relativistic high-current beam, the problem of breakdown 
of the field of powerful radiation inside the cavity, ohmic heating of the walls of the resonator by powerful 
radiation, etc. However, in this situation, the spectrum of transverse modes of the microwave system 
becomes very dense, which makes it difficult to ensure selective excitation of one operating transverse mode. 
The second problem is the difficulty of providing selective single-mode feedback in a oversized system. 

We describe an alternative concept of selective excitation of a operating oscillation in an electron maser 
with a oversized electrodynamic system powered by a high-current relativistic electron beam. The main idea 
is to abandon the excitation of a fixed resonator mode in favor of the excitation of a high-Q supermode 
formed by a fixed set of transverse modes of a oversized waveguide. Such a supermode can be formed inside 
a relatively simple cavity, which is a segment of a waveguide ending in two mirrors, as a result of the Talbot 
effect, namely, periodic reproduction of the transverse structure of a multimode wave field in a oversized 
waveguide [1].  

Despite the complexity of multidimensional spatial structures of Talbot-type supermodes, the ideology 
that is used in describing the modes of conventional waveguides and resonators, namely decomposition by a 
set of orthogonal modes, can be applied to them to some extent. Although the formation of supermodes 
involves a large number of partial transverse modes, the number of supermodes with high Q-factor is limited 
by the fact that the diffraction Q-factor of a supermode decreases sharply with an increase in the supermode 
index. Thanks to this, even in very supersized systems, it is possible to ensure that only one lower 
supermodel remains in the system [2]. Apparently, this gives us a reason to talk about the unique selective 
properties of Talbot-type caviries. 

As an example of the application of this approach, we will present simulations of a free electron laser 
powered by an electron beam of 10 MeV/2 kA /200 ns and based on the excitation of a Talbot-type 
supermode at a frequency close to 2 THz. This work is aimed at the experimental implementation of such a 
laser on a unique high-current accelerator developed at the Budker Institute of Nuclear Physics[3]. The 
report presents the results of our multi-wave modeling of electron-wave interaction in the space-time process 
of formation and amplification of a supermode in a oversized microwave system. The calculated electronic 
efficiency of this laser at the level of 5% corresponds to the gigawatt level of output power. A prototype 
cavity has been developed and tested in cold experiments.  
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Passive mode-locking as a method for generating periodic sequences of ultrashort optical pulses (USPs) 

is well known in laser physics [1]. This effect is achieved by incorporating a saturable absorber (nonlinear 
filter) into the laser resonator. The theoretical studies carried out [2-4] have shown the possibility of 
transferring the described method to microwave electronics. The key point for the development of electronic 
USP generators with passive mode-locking was the development of an absorber that should provide saturable 
absorption in the microwave range at a power level of tens and hundreds of kilowatts. For this purpose, it 
was proposed to use cyclotron resonant absorption of radiation by an initially rectilinear electron beam, when 
the absorption saturation is caused by the relativistic dependence of the gyrofrequency on the particle energy 
[3]. Based on the theoretical analysis, the two-section Ka-band USP generator has been developed which 
comprised a helical-waveguide gyro-TWT as an active unit (Fig. 1a). In good agreement with theoretical 
predictions, periodical trains of 0.4 ns pulses with peak power of 100 kW and repetition period of 2.5 ns 
were measured (Fig. 1b). Phase coherence of radiated pulses was demonstrated based on analysis of the auto-
correlation function [4]. Performed experiments open essential new possibilities in generation of wide-band 
coherent radiation highly demanded for numerous applications.  

 

(a)   

Spectrum 2.5 GHz
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 (b) 
Fig.1. (a) Principal scheme of a microwave mode-locked generator comprising a helical-waveguide gyro-TWT (amplifier) and a 
regular-waveguide saturable cyclotron resonance absorber (blue and red arrowed lines inside both tubes correspond to idle and active 
wave propagation, respectively. (b) Oscilloscope traces of recorded signal in the experiment. 
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A gyrotron backward-wave oscillator (gyro-BWO) is a type of cyclotron resonance maser (CRM), 

which differs from a gyrotron (the most developed version of CRM) by the potential for a much wider-band 

smooth oscillation frequency tuning (see e.g. [1], [2]). In conventional gyro-BWOs using a section of a 

smooth waveguide, the frequency tuning is, as a rule, piecewise with strong variations in the power and 

spatial structure of the output radiation [3]. In [4] we proposed a concept of a CRM, based on the use of an 

open quasi-optical (QO) mirror transmission line as a microwave circuit, in which a Gaussian wave beam is 

directed by mirrors along a zigzag trajectory, so that its periodic intersections with the electron beam occur at 

right angles (Fig.1). 3D Particle-In-Cell (PIC) simulations show that such a configuration is prospective for 

implementation of relatively high-power short-millimeter-wave amplifiers and oscillators with extremely 

wide frequency tunability.  

          

a)           b) 

Fig.1. Schematic layout (a) and CST model (b) of a gyro-BWO with 3-period zigzag QO transmission line. 

In this paper, we present design of a proof-of-principle experiment on implementation of such a 

broadband frequency-tunable gyro-BWO. A general layout and results of computer modeling of major 

experimental components (interaction circuit, electron gun, output microwave system etc.) are discussed for 

a CW device using a cryomagnet with the B-field of 4-8 T. According to CST simulations, the designed 

gyro-BWO ensures output of nearly Gaussian wave beam of kilowatt power level at any predefined 

frequency within 107-215 GHz range.  
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In laser physics, a well-known method exists for production of ultrashort optical pulses (USP) based on 

the effect of passive mode-locking [1], which is achieved by incorporating a saturable absorber (nonlinear 
filter) into the laser resonator. The similar method of USP generation was experimentally realized recently in 
high-power microwave electronics in a two-section Ka-band oscillator [2-3] consisting of a gyro-TWT 
amplifier and a nonlinear cyclotron resonance absorber in the feedback loop. The amplifier operated at the 
second cyclotron harmonic while the absorber operated at the first harmonic. This seriously restricts the 
advancement of the above scheme of USP generator into the shorter (W or G) wavebands and its use in the 
applications like spectroscopy.  

In this paper, we suggest an alternative scheme of W-band USP generator with passive mode-locking, 
which includes two gyro-TWT [4-5] sections with helical corrugation (Fig. 1a). One of them is used as an 
amplifying unit, while the other operates in the regime of nonlinear Kompfner absorption [6-7]. The regime 
of amplification or absorption in a gyro-TWT is achieved by adjusting the cyclotron resonance detuning. 
Both sections operate at the second cyclotron harmonics, which allows the required magnetic field to be 
reduced. According to simulations for W-band gyro-TWT with electron energy of 60 kW and current of 
10 A, it is possible to generate periodical trains of pulses with the peak power of about 400 kW and 60 ps 
duration (Fig.1b-c).  

Partially 
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mirror
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Saturable 
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Fig.1. (a) scheme of a mode-locked microwave oscillator consisting of two coupled helical gyro-TWTs, (b) profiles of microwave 

pulses, and (c) radiation spectrum. 
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Gyrotrons are well-known as the sources of the highest power in sub-THz and THz frequency bands. 
However, one of the main problems is achievement of single-mode oscillation with high efficiency and stable 
frequency, because modern gyrotrons operate at very high-order transversal modes with dense mode 
spectrum, where competition with spurious modes can be dangerous. One of the efficient ways is frequency 
locking by external signal, which has been deeply studied in the recent years, especially after the development 
of two-channel quasi-optical converter in IAP RAS [1]. The drawback of this method is that one needs special 
driver gyrotron with extremely high frequency stability and transmission line. The other way is using the 
reflections from gyrotron’s output window in the gyrotron with quasi-optical converter [1] for “self-locking” 
and frequency stabilization. The effect of the reflected wave on the gyrotron radiation spectrum was studied in 
a number of papers [2-4]. 

In this work, we studied the possibility of stabilizing the operating mode frequency under the action of a 
reflected wave with a sufficiently large delay and in the presence of small harmonic variations of the 
accelerating voltage. 

We consider the numerical model of 170-GHz megawatt-power level gyrotron. Such a gyrotron was 
developed in IAP RAS [1]. High-order operating mode TE28.12 competes with its sideband satellites 
TE27.12, TE29.12. In the case of free-running oscillation mode competition can significantly affect the 
operating mode and achievable efficiency. We assume that the window reflects at the frequency of operating 
mode. 

Equations, describing multimode gyrotron with reflections from non-resonant load in the fixed 
longitudinal field structure approximation, are given in [4]. The operating current is chosen 45A, which is 
typical for MW-power gyrotrons. Operating mode TE28.12 has quality factor Q = 1300. The reflection 
coefficient is 0.35 amplitude-wise, the delay time is equal to 9 ns. Satellites TE27.12 and TE29.12 (Q = 1300) 
are not affected by reflection. 

Our simulations show that reflection provides stabilization of the operating mode frequency at certain 
interval of magnetic field due to the sufficiently long delay time. The displacement of the reflector within the 
wavelength leads to a slight shift in the frequencies of stable states and the values of the magnetic field at 
which transitions between these states occur. Such changes in the radiation frequency depending on the 
magnetic field and on the distance to the reflector, which are typical for sufficiently large values of the delay 
time and reflection coefficient, are in agreement with the theory [4]. In the presence of small harmonic 
variations of the operating voltage, gyrotron with reflection on the operating mode demonstrates significantly 
smaller variations of the radiation frequency (more than an order of magnitude) than free-running gyrotron. A 
similar effect we observed at frequency locking of gyrotron by the external signal [5]. Also reflection expands 
oscillation zones of TE28.12 operating mode and significantly increases orbital efficiency compared to the 
free-running gyrotron. 
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TRANSVERSE RADIATION INPUT AND OUTPUT FOR PLANAR RELATIVISTIC SURFACE-

WAVE OSCILLATORS AND AMPLIFIERS* 

A.E. FEDOTOV, A.M. MALKIN, V.YU. ZASLAVSKY, A.S. SERGEEV, AND N.S. GINZBURG 

 Institute of Applied Physics of the Russian Academy of Sciences, Nizhny Novgorod, Russia 
 
The output power of relativistic high-current microwave sources decreases when operating frequency 

increases and transverse dimensions of the slow-wave structure (SWS) shrinks. To mitigate this power 
decline, the oversized slow-wave structures are needed so the problem of mode competition arises. 
Relativistic surface-wave oscillators are attractive devices for generation of multi-megawatt power at sub-
terahertz waves, since a usage of evanescent operating mode provides ultimate mode selection at least in one 
transverse direction. However, evanescent nature of the operating wave brings a number of difficulties such 
as a scattering of the wave at the edges of the grating, a power leakage to the cathode, and high ohmic losses. 
All these issues hamper utilizing of the generated microwave radiation for the applications. 

To organize the effective and practical radiation output in the relativistic high-power surface-wave 
oscillator, we recently proposed [1] to apply an additional diffraction grating with a period twice larger than 
the period of the main corrugation (Fig. 1). The similar method was studied earlier for low-voltage clinotron 
devices [2-4]. The main corrugation and the additional corrugation form the bi-periodic grating with the odd 

grooves being deeper than the even grooves. The auxiliary grating scatters the evanescent operating waves 
into the gaussian beam leaking in perpendicular direction to slow-wave structure. Produced gaussian output 
beam is suitable for applications. Besides, at sub-terahertz frequencies, the transverse energy extraction 
reduces the Ohmic losses drastically thus increasing the device efficiency. According to simulations, 150-
GHz surface-wave oscillator based on sheet electron beam with voltage of 600 kV and current of 600 A can 
provide 90 MW of output power with 25 % efficiency. 
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Fig.1. (Left panel) Surface-wave oscillator with transverse energy output (not in scale). Bi-periodic slow-wave structure driven by 

sheet electron beam provides coupling of surface wavebeams A+ and A– with transverse output wavebeam F. The odd grooves of the 

bi-periodic grating are deeper than the even grooves. (Right panel) PIC-code simulated pattern of the microwave magnetic field. Both 
the evanescent operating mode and the output gaussian beam are seen. 

The same method could be used for power input in surface-wave amplifier as well [5]. In high-power 
extended interaction klystron exploiting open gratings as surface-wave cavities driven by a high-current 
sheet electron beam, additional corrugation provides in- and out-coupling of the radiation. Simulations based 
on both averaged quasi-optical model and PIC code demonstrate the feasibility of the 150 GHz amplifier 
with 20-40 MW output power in gaussian beam and 20-30 dB linear gain in 1% bandwidth. 
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INFLUENCE OF COULOMB FIELDS ON THE FORMATION OF EMITTANCE  
IN PHOTOGUNS 

V.Ya. IVANOV 

Budker Institute of Nuclear Physics, Novosibirsk, Russian Federation 
 
The modern colliders require intensive high quality electron beams. The beam parameters for such 

projects, as SKEKB [1,2], FCC [3] or Super C-Tau factory [4] need the beam charge of a few nC (1-6.5 nC), 
the energy spread less than 1%, the normalized transverse emittance less than 20 mm ۔ mrad, The DC electron 
guns with thermionic cathode allow to achieve the beams with such charges, but the low emittance and the 
energy spread are difficult to obtain with such guns. For example, when one uses S-band accelerating 
structures, the beam length has to be of a few millimeters, and to have the energy spread less than 1%. There 
is nothing wrong with that, since for FCC or Super C-Tau Factory the rms energy spread is about 0.1%, 
therefore the beam length should be less than 1 mm in this case. Thus, the DC guns with thermionic cathode 
need the bunching system, but the beam compressing with high quality can be a very difficult challenge. 

In spite of the promising of the RF photoguns, there are a lot of challenges, which should be resolved. 
One of these is the high charge of the beam, and especially the effect of them on the beam emittance. Since 
1985, when the first photogun was constructed at the Los Alamos laboratory, such sources have become 
more and more popular. Photoguns are promising sources of electron bunches with a small transverse 
emittance [5-9]. 

The performed theoretical analysis and numerical calculations give an idea of the emittance acquired by 
the bunch due to the influence of Coulomb fields when moving in the accelerating cavity of the photogun. 
The data obtained provide a relationship between the emittance not only with the geometric dimensions of 
the beam, but also with an arbitrary distribution of the space charge density in the bunch. It is shown that the 
output value of the bunch emittance is minimal for a compact (uniform) charge distribution and increases 
significantly when the charge is smeared for a normal distribution in the longitudinal and transverse 
directions. For a bunch in the form of a thin disk, the growth of the transverse component of the emittance is 
much greater than that for the longitudinal direction. In practice, the degree of smearing of the space charge 
is determined by the shape of the laser pulse that excites photoemission. The results of numerical simulation 
will further serve as the basis for comparing the degree of influence of the high-frequency field of the 
resonators and the Coulomb fields of the bunch on the total emittance of the beam at the output of the 
photogun. The analysis performed allows us to formulate a number of recommendations for the design of the 
photogun to compensate for the growth of the emittance. 
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ELECTROMAGNETIC PROPERTIES CHARACTERIZATION AND Q-FACTOR 
MEASUREMENTS OF NIOBIUM PROTOTYPES OF 325 MHZ COAXIAL HALF-WAVE 

RESONATOR 

D. BYCHANOK1,2 , A. SUKHOTSKI1, S. HUSEU1, S. MAKSIMENKO1, M. GUSAROVA3, M. LALAYAN3, S. POLOZOV3, 
A. SHVEDOV4, S. YUREVICH4, V. PETRAKOVSKY4, A. POKROVSKY4, V. ZALESKI4, A. BUTENKO5 AND E. SYRESIN5 

1Institute for Nuclear Problems of Belarusian State University, Minsk, Belarus. 
2Tomsk State University, 36 Lenin Prospekt, Tomsk, Russia. 

3National Research Nuclear University MEPhI , Moscow, Russia. 
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The results of experimental measurements of the electromagnetic properties of a niobium prototype of 

coaxial half-wave resonators (HWR) [1] operating at a frequency of 325 MHz for the Nuclotron-based Ion 
Collider fAcility (NICA) injector are presented and discussed. 

The experiments were carried out in a test cryomodule [2] at room temperature and liquid nitrogen 
temperature. Various methods for measuring the Q-factor of the niobium prototype are compared and 
analyzed. 

The presented results will be used for further development and fabrication of superconducting niobium 
resonators of a similar design for the NICA project. 
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DESIGN AND EXPERIMENTAL TESTING OF W-BAND PLANAR SURFACE-WAVE 

OSCILLATOR DRIVEN BY SHEET HIGH CURRENT RELATIVISTIC ELECTRON BEAM 
*
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2 Institute for Physics of Microstructures of Russian Academy of Sciences, Nizhny Novgorod, Russia 

 
In [1, 2] a surface-wave oscillator (SWO) of planar geometry have been described. In this configuration 

the use of a planar waveguide with one corrugated wall and open along the x axis (Fig. 1a) makes it possible 
to provide mode selection in two transverse coordinates. In this case using of sufficiently wide (on the 
wavelength scale) sheet relativistic electron beams can provide monochromatic radiation with a power of 
several tens of megawatts in the short-wavelength part of the millimeter range. 
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Fig.1. Schematic of the interaction space of SWO driven by a rectilinear sheet electron beam. 

This paper is devoted to theoretical and experimental studies of W-band planar SWO. In simulation we 
use both the quasi-optical approach [2 – 5] and direct 3D PIC modeling. The research parameters were 
chosen close to the parameters of the experiments currently being carried out on the basis of the “SINUKI” 

accelerator (IAP RAS, N. Novgorod). The oscillator is designed for the operation frequency 75 GHz. The 
device is driven by 20 mm wide sheet electron beam with a thickness of 1 mm and current 1 kA and electron 
energy 0.7 MeV. A sinusoidal-profile grating with a period of 1.6 mm, a groove depth of 0.46 mm, and 
length of 20 periods was assumed. A modeling of the nonlinear dynamics showed that the use of an “open” 

electrodynamic structure with the transverse width of about 20 mm leads to the establishment of a stationary 
single-frequency π-mode regime with the output radiation power 40 MW. 

In the experiment, the sheet electron beam was injected from a blade cathode and guided by uniform 
3 T magnetic field. 1 kA sheet beam with transverse dimensions of 20 × 0.7 mm2 was obtained. The beam 

was aligned parallel to the grating surface in order to minimize the distance between the beam and grating, as 
well as to minimize the beam interception. The microwave generation with a frequency of about 75 GHz was 
registered by microwave detector; measured pulse duration was about 4 ns. The output power measured by 
the calorimetric method was about 25 MW which is in a satisfactory agreement with the theoretical 
predictions. The important specific of the experimental set-up is the use of high efficient side wall absorber 
for realization of open edge configuration. 
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THERMAL LOSSES IN THE DIELECTRIC CASE OF THE ABSORBING LOAD OF LIQUID 

CALORIMETER IN MEASURING THE ENERGY OF HIGH-POWER MICROWAVE PULSES 

A.I. KLIMOV, V.YU. KONEV 

Institute of High Current Electronics SB RAS, Tomsk, Russia 

 

Liquid calorimeters are successfully used to measure the energy of high-power microwave pulses [1]. 

The energy of the pulses is determined by measuring the increase in the volume of the working fluid based 

on ethyl alcohol, filling the volume of the absorbing load. An advantageous feature of these devices is their 

calibration, which is performed by applying an electrical pulse to an active load (calibration heater) located 

in the volume of the working fluid. An analysis of the thermal processes associated with the calibration of 

the calorimeters was carried out in [2]. The process of absorption of microwave pulse energy in the working 

fluid may be accompanied by the loss of part of the heat into the dielectric housing of the absorbing load and, 

thus, the underestimation of the measured energy. This work is devoted to the analysis of this undesirable 

effect. Using the results of solving the well-known problem of half-space cooling [3] in a flat approximation 

(Figure 1) without taking into account convection, analytical estimates of the heating of the polyethylene 

case of the absorbing load of the calorimeter were made. 

 

Fig. 1. Computational geometry of the problem. 

The estimates show that the fraction of heat transferred from the alcohol to the dielectric increases with 

an increase in the carrier frequency of the microwave pulse and the duration of the measurement procedure. 

In the less favorable case, when the measurements are performed in the X-band, and the microwave energy is 

released mainly near the dielectric, the estimate of the underestimation of the measured microwave energy 

can reach tens of percent during the measurement time of 10 s. These results differ markedly from the 

experimental data. In order to more fully take into account the effects of heat transfer and more accurately 

determine the possible underestimation of the calorimeter readings, numerical simulations were performed. 
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To detect nanosecond high-power microwave pulses [1], waveguide detectors [2–4] are used, based on 

the effect of a decrease in carrier mobility in a semiconductor upon absorption of microwave energy. The 

detectors use p-type Ge or n-type Si crystals. Examples of the two measurement schemes used are shown in 

Figures 1 and 2. 

 
Fig. 1. Measurement scheme with a bias source next to the detector. 

 
Fig. 2. Measurement scheme with remote bias source. 

In both schemes, a bias voltage pulse with an amplitude U0 and a duration significantly exceeding the 

duration of the microwave pulse is supplied to the crystal from the pulse generator through the inductance L. 

This voltage sets the steady current I0 in the crystal and the initial resistance of the crystal R0. When a 

microwave wave appears in the waveguide, the crystal resistance R(t) increases, which is determined by the 

microwave power P(t), which depends on time t. Under the condition L / R(t) >> , where   is the duration 

of the microwave pulse, the current through the crystal during the microwave pulse remains constant and 

equal to the initial value I0. The output signal of the detector is determined by the registration circuit and 

depends on the voltage increase U(t) = I0[R(t) –R0] on the crystal. In the scheme presented in Figure1, the 

bias source is close to the detector, and the bias signal at the cable input is suppressed by capacitance C. 

According to the conditions of the experiments, the useful signal is transmitted over a cable with a length 

usually exceeding the length of the signal in the cable to a remote oscilloscope for registration. This circuit 

corresponds to the detector calibration circuit. The only difference is that the microwave pulse in the 

calibration procedure is supplied from a special magnetron oscillator [4]. Therefore, the calibration 

corresponds to the measurement conditions in experiments with high-power microwave pulses. In the 

scheme presented in Figure 2, the bias source is removed from the detector by a cable length and is located 

next to the oscilloscope. The measurement conditions are different from the calibration conditions. 

In this paper, the applicability of the calibration conditions (Figure 1) is analytically considered in this 

case as well. 
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A number of works published recently talk about the possibility of generating and emitting monopolar 

(or unipolar) electromagnetic pulses (MEMP) into free space [1,2]. Possible mechanisms for obtaining 
MEMP are considered. For example, the generation of MEMP is possible during the passage of a flat short 
bunch of relativistic electrons through an obliquely mounted conducting foil [3,4]. An electric discharge can 
be used for the radiation of a pair of solitary MEMP of opposite polarity in free space [5], etc. 

Separately, there is the problem of managing of MEMP: its focus, change in the direction of 
distribution. To solve this problem, it is necessary, in particular, to consider the structure of the field formed 
during the passage of MEMP through a region of space containing inhomogeneities of a simple geometric 
shape. 

This report presents the results obtained in a series of computational experiments, the purpose of which 
was to reveal the features of the spatiotemporal distribution of the diffraction field of a short MEMP with a 
flat front on a slit. 

In Fig.1. the dependences of the diffraction field components on the longitudinal coordinate are shown 
at different times for two different polarizations of the incident pulse. In both cases, the field is bipolar, and 
for the TM polarization its profile is close to the profile of the time derivative of MEMP. 
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Fig.1. Diffraction field on the axis of the system at different times (curves 1,2,3). Case of TE- (a) and TM- (b) MEMP polarization. 

 
It is shown that, for the considered cases, the MEMP diffraction field has a bipolar (or quasi-

monopolar) form at distances comparable to the aperture size of the optical system, regardless of the 
polarization of the incident radiation. 
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The design and fabrication of vacuum electron devices (VED) for high-power microwaves strongly 

depend on the manufacturing process. Due to the advance of additive manufacturing for 3D printers 

nowadays, it is possible to make devices with complex geometries using one machine only. The traditional 

manufacturing process in workshops is expensive because of many intermediate steps for fabrication, tools, 

and a significant amount of feedstock. The fabrication method based on the Fused Deposition Modeling 

(FDM) is the process that has presented the lowest cost to prototype from polymeric matrices. 

This paper presents the process of manufacturing metamaterials through additive manufacturing with 

electroplating and sputtering metallization techniques. The figure 01 below illustrates the set of 02 

complementary split-ring resonators for S band using a conductive polymer with resistances of 1.00 k  and 

1.13 k, respectively.  

 

 
Figure 1- Split Rings printed with conductive material 

 

Polymers with conductive properties are interesting to work as a seed layer in the material's 

metallization; however, high resistance and lack of material uniformity limit their application. Moreover,  

post-processing on the 3D printed material is necessary, and a conductive layer is applied. The results of this 

process and electroplating are in the figure 02. 

 

 
Figure 2- Split rings printed and copper plated 

 

After the metallization process, the initial surface resistance was reduced by up to 7E3 compared to the 

conductive polymer. The Sputtering process for 02 samples in figure 3 has a surface resistance of 0.2 and 

0.68, respectively. However, the deposition process was interrupted because of mechanical deformation 

that occurred in the samples. 

 
Figure 3- Split rings printed copper plated with sputtering technique 

 

The fabrication of split-ring resonators using 3D printers and metallization constitute an essential step 

in technological innovation for VED, allowing researchers to develop and manufacture complex geometries 

for metamaterials at a low cost quickly. 
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HIGH-GRADIENT ACCELERATION OF ELECTRON BEAM BY SUPERRADIATIVE 

MICROWAVE PULSE* 

K.A. SHARYPOV1, N.S. GINZBURG,2,  V.G. SHPAK1, S.A. SHUNAILOV1, M.I. YALANDIN1, I.V. ZOTOVA2 
1Institute of Electrophysics UB RAS, Ekaterinburg, Russia 

2Institute of Applied Physics RAS, Nizhny Novgorod, Russia 

 

The prospect of high-gradient electron acceleration by microwave superradiance (SR) pulses is 
related to the fact that in the millimeter-wave band such pulses are shorter than 300 ps, and at low exposures 
of a strong microwave field, breakdowns of electrodynamic structures are delayed. For example, in a 
relativistic backward wave oscillator (BWO), it is possible to obtain Ka-band SR pulses with a power of 1–3 
GW, although the microwave field strength on the wall of the slow-wave structure (SWS) exceeds 2 MV/cm 
[1, 2]. Apparently, at the edges of a resonant reflector located at the SWS entrance, many times larger fields 
arise. The report presents a model of acceleration of a paraxial electron beam in a low-Q “pill-box” cavity [3] 
pumped by Ka-band SR pulse. 

An experimental scheme proposed in [4] is considered, where devices for SR generation and electron 
acceleration are combined in one block. Coaxial electron beams are used, which are formed from the 
cathodes powered by the same voltage pulse (-300 kV; 2 ns). The outer tubular beam is used to excite SR 
BWO, while the inner (paraxial) beam is accelerated. For its emission, a needle cathode is used, the axial 
position of which determines the beam current. In test experiments this current varied within 15-150 A. In 
the simulations by particle-in-cell method (KARAT code [5]), it reached ≈250 A. Since the SWS has an 
average diameter larger than the generation wavelength, it is possible to place a “pill-box” cavity with a 
central hole for introducing paraxial beam in front of the SWS entrance. The outer tubular beam passes in a 
narrow annular slot between the anode constriction before the SWS entrance, and the outer wall of the “pill-
box” cavity. With that, a resonant reflector at the SWS entrance is not required. After “pill-box” pumping, 
the used SR pulse is output in the direction of external beam collector. Due to the gap between solenoid 
windings, magnetic field transporting the beams is profiled to drop external beam onto collector after the 
SWS. The area of paraxial beam registration by the current probe is located further than this collector. 

At a magnetic field induction of ≈7 T in the SWS region, the simulated peak power of SR pulse at 
the “pill-box” cavity entrance reaches 1 GW. Acceleration effect for a paraxial beam is tracked in numerical 
simulations using a phase portrait of electron bunches. At the cavity pumping peak, a normalized electron 
momentum pz/mc ≈ 4.5 is reached, which corresponds to their kinetic energy of 1.85 MeV. Thus, a paraxial 
beam with initial energy of ≈250 keV has accelerated to 1.6 MeV. Since the depth of the “pill-box” cavity is 
0.4 cm, the acceleration gradient turns out to be 400 MeV/m. An integral phase portrait of the accelerated 
beam separated by radius shows pz/mc ≈ 5 for paraxial particles at some instants, which corresponds to an 
energy of ≈ 2.1 MeV. However, this indicator does not refer to the particles at the “pill-box” exit, but to 
those localized along the SWS closer to the collector. In this additional acceleration, one can assume the 
influence of the non-synchronous interaction of paraxial bunches with z-field of SR wave (TM01), which 
moves slower than the fast incidental electrons. 

REFERENCES 

[1] S.D. Korovin, G.A. Mesyats, V.V. Rostov et al., “Subnanosecond 1-GW Pulsed 38-GHz Radiation Source,” Tech. Phys. Lett., vol. 30, no. 2, 
pp. 117–119, 2004. 

[2] V. V. Rostov, I.V. Romanchenko, M.S. Pedos et al., “Superradiant Ka-band Cherenkov oscillator with 2-GW peak power,” Phys. Plasmas, vol. 
23, Article Number 093103, 2016. 

[3] A. Vikharev, N. Ginzburg, S. Kuzikov et al., “Generation of Powerful Subterahertz Superradiance Pulses for High-Gradient Acceleration of 
Charged Particles,” European Physical Journal Web of Conferences, vol. 195, Article Number 01023, 2018. 

[4] M. I. Yalandin, A. A. Vikharev, I. V. Zotova et al., “Generation of Ka-Band Superradiant Pulses for High-Gradient Acceleration of Electrons 
in a Scheme with Two Coaxial Beams,”  In: Proc. of of 46th International Conference on Infrared, Millimeter and Terahertz Waves (IRMMW-
THz), 29 Aug.-3 Sept. 2021, Chengdu, China, pp.1-1. https://doi.org/10.1109/IRMMW-THz50926.2021.9567202. 

[5] V.P. Tarakanov, User's Manual for Code KARAT. Sprinfield, VA: Berkley Research. Associates, Inc. 1992.  

                                                      
* The work was supported by the Russian Science Foundation under grant No. 21-19-00260.. 

EFRE 2022: 22nd International Symposium on High Current Electronics 
High power microwaves 

–––––––––––––––––––––––––––––––––––––––––––––––   S3-P-031802   –––––––––––––––––––––––––––––––––––––––––––––––

80
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At present, the prospects of generation high-power terahertz-band radiation are under intense 

investigation. For instance, in [1], a 330 GHz surface-wave oscillator was studied with output power 
exceeding 40 MW fed by an electron beam with an energy of 380 keV and a current of 2.2 кА. In [2], 
prospects for realization of 2 THz planar free electron lasers with a multi-MW power were discussed. 
Currently, gyrotrons are known to be the highest-power CW radiation sources in THz band, as they feature 
high mode selectivity allowing for use the highly oversized electrodynamical systems [3]. Gyrotrons fed by 
high-current relativistic beams can potentially be used as sources of high-power THz radiation. However, the 
selective excitation of the operating oscillation can constitute a significant problem in this case. 

Here we propose a new type of high-selectivity resonators for high-current gyrotrons based on the 
coupling of modes with proportional azimuthal indexes and close eigenvalues. Based on the analytic 
approach and numerical simulations, we demonstrate that in an oversized cylindrical cavity with M axial 
slits, the coupling of the modes of regular waveguide with azimuthal indexes M and 2M can lead to 
formation of high-Q modes with small radial losses at the quasi-cutoff frequencies. 

Simulations of electrodynamical properties of axial-slit cavities were conducted using the CST 
Microwave Studio software. As an example, Fig. 1a shows the cross section of a six slits cavity. The 
"internal" part of the eigenmode has six variation along the azimuth while the external has twelve (Fig.1b). 
Similar transverse structure can be obtained by arithmetic summation of the TE6,4 and TE12,2  mode fields 
(Fig.1c). Clearly, the "supermode" is based on the combination of the specified modes of the cylindrical 
waveguide coupled via axial slits. 

We consider the cavities for ТЕ6,4+ТЕ12,2 mode combination in 300 GHz band and и ТЕ8,7+ТЕ16,4 mode 
combination in 500 GHz band. Using 3D PIC simulations at KARAT code [4], we show the possibility of 
development of gyrotrons with output power of up to 100 MW based on these cavities. We have also 
simulated the electron optics systems of high-current THz-band gyrotrons with an initially rectilinear 
electron beam pumped by a kicker and subsequent compression in rising magnetic field. 

 
Fig.1. Cross section of a six slits cavity (a), transverse structure of the axial component of the microwave magnetic field in the case 

of "supermode" excitation (b), arithmetic sum of ТЕ6,4 and TE12,2 transverse structures (c). 
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NONLINEAR AMPLIFICATION OF POWERFUL TERAHERTZ  
PULSEES BY ELECTRON BUNCHES* 
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 The effect of electron acceleration in the fields of wave pulses has been well studied [1,2]. In this work, 
we consider a possibility to “reverse” this problem and investigate the amplification of a short powerful 
terahertz-frequency-range wave pulse by a photo-injector electron bunch due to the deceleration (reflection) 
of electrons. In this process, the initial longitudinal velocities of electrons exceed the group velocity of the 
pulse. Naturally, this process should be realized in a media with the “proper” dispersion, so that the group 
velocity of the wave pulse is small enough. The electrons catch up with the pulse, and it reflects them, so that 
their final velocities become less than the group velocity of the wave packet. As a result,  kinetic electron 
energy is passed to the wave.  

Since this is a principally non-linear process, amplification of very powerful wave pulses is possible. 
We describe an amplifier based on a principally non-linear effect of reflection of a short high-current 
relativistic electron bunch from the powerful wave pulse. This is effective mechanism of energy extraction 
by the wave from particles, when parameters of the electron bunch (initial energy spread, bunch length and 
emittance) haven’t significant influence on the efficiency of the electron-wave interaction. We describe two 
schemes of realization of this process. The first one is the amplification of high-power pulses due to the 
almost total braking in a waveguide under effect of the non-resonant pondermotive force (Fig. 1 a). Second, 
the amplification of weak pulses in a waveguide immersed in the undulator magnetic field is describes (Fig. 
1 b); here, the undulator resonance provides an efficient electron-wave interaction. 

Results of numerical simulations on the basis of the approach described elsewhere [3,4] demonstrate the 
possibility to provide  nonlinear amplification of powerful wave pulses by at least in order of magnitude with 
efficiencies of the electron-wave interaction process at a level of 10 %. The amplification is accompanied by 
compression of wave pulses. Several examples of complicated dynamic of the nonlinear interaction between 
short electron bunches and powerful wave pulses will be given in the presentation. 

 
Fig.1. Non-resonant (a) and resonant (b) “reflection” of electron by a short powerful wave pulse.  
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Recently, a microwave system in the form of a quasi-optical transmission line was proposed for 

electron cyclotron sources of short-wavelength coherent electromagnetic radiation [1]. The system consists 

of focusing mirrors, which are periodically located along the longitudinal axis of coordinates and ensure the 

transportation of a Gaussian wave beam along a zigzag trajectory (Fig. 1). The operating electron beam 

propagates along the same axis, so that the electron beam intersects the wave beam periodically. Electron-

wave cyclotron interaction occurs in regions where the wave propagates strictly across the electron beam, 

which leads to gyrotron-type electron-wave interaction with minimal sensitivity to the velocity spread of 

particles in the beam. 3D PIC modeling demonstrates the attractiveness of this "zigzag" cyclotron maser for 

realizing gyrotron backward wave oscillators (gyro-BWOs) operating in the sub-THz frequency range with 

an octave band of frequency tuning. 

 

Fig.1. Schematic layout of a gyro-BWO with 3-period zigzag QO transmission line. 

In this paper, we develop a quasi-analytical linear theory of such a gyro-BWO, as well as a simplified 

nonlinear space-time theory. These approaches explain the features of changing the operating frequency and 

output signal power in the process of broadband frequency tuning due to a change in the operating magnetic 

field. In particular, the complicated discrete-like nature of the dependence of the frequency of the excited 

wave on the cyclotron frequency with periodically occurring frequency “jumps” is explained, as well as 

various scenarios for changing the output power and generation frequency with a change in the external 

magnetic field or the initial energy of the particles. In addition, the nonlinear theory predicts the existence in 

this system of complex self-modulation regimes of generation, as well as regimes of superradiance of high-

power short microwave pulses.  
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For spectroscopic applications, compact sources of continuous coherent radiation of the sub-terahertz  

frequency range with relatively high (tens of Watts and higher) power are required. Important requirements 
for such sources are a narrow-band spectrum of the output radiation and, simultaneously, the possibility of 
smooth broadband frequency tuning, which would make it possible to obtain a spectral picture in a frequency 
band of at least a few percent. The most attractive sources for terahertz spectroscopy are gyrotrons (electron 
cyclotron masers based on selective excitation by weakly relativistic electron beams of high-Q quasi-critical 
modes of open cavities).  However, the use of such operating modes in gyrotrons significantly limits the 
possibilities of frequency tuning.  

We describe a project of a frequency-tunable sub-THz gyrotron. To ensure smooth broadband 
frequency tuning, we propose to implement a scheme based on excitation of different far-from-the-cutoff 
axial modes of an irregular cavity. The change of the operating mode provides the change of the operating 
frequency. The selective excitation of each of the modes is provided by reflecting part of the output signal 
from a narrow-band mirror, which is located outside the gyrotron window (that is, outside the vacuum zone) 
and “tuned” to the frequency of the excited mode (Fig. 1). The absence in an irregular cavity of high-Q 
modes that could be excited without external reflection is principally important. In this situation, the 
frequency of the excited mode is easily changed by mechanical change of the frequency of the external 
mirror (or even replacing one mirror with another).  

The idea of the system shown in Fig. 1 arose after analyzing results of the experiment with a  30 
keV/0.7A / 0.39 THz large-orbit CW gyrotron [1]. As a development of this work, we present a design and 
results of preliminary simulations of large-orbit gyrotrons at the fundamental (the frequency is close to 140 
GHz) and the second (~280 GHz) cyclotron harmonics. Simulations predict selective excitation of different 
axial modes in a wide (~10%) frequency band with a relatively high efficiency of the electron-wave 
interaction (20-35%).  

 
Fig.1. Schematic of the gyrotron with reflections of the excited wave from the external frequency-tunable mirror.  
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The goal of this research was to reduce the number of external trigger pulses needed to trigger the LTD 

cavity with oil insulation. Previously the trigger circuit inside such cavity was a single wire O-ring which 

was connected to the switches of the cavity bricks via trigger resistors or coils. The minimum number of the 

external trigger cables connected to this O-ring was determined long time ago as 1 cable per 10 switches. It 

means, for example, that to trigger the switches of the cavity with ~30 bricks there must be at least 3 external 

trigger pulses.  

In [1] a novel trigger system was presented for the cavity of 34 usual bricks and one internal trigger 

brick, which was triggered by only 1 external trigger pulse. In our tests similar trigger system was used but 

without the internal trigger brick. The external trigger pulse for our cavity of 16 bricks was generated by 

usual trigger generator. The cavity was loaded into matched load, and tested in more than 3000 shots, at a 

charge voltage of the cavity capacitors ±100 kV, dry air pressure in the switches 4 ata, and a charge voltage 

of the trigger generator 100 kV. In all these shots no any malfunction was observed. 

Simulation has shown that up to 40 switches might be successfully triggered by one external trigger 

pulse not only in case the trigger system similar to [1] but without the internal trigger brick is used, but also 

in case of our previous trigger circuit consisting just of a simple wire O-ring. This last prediction was tested 

in experiment with our cavity of 16 bricks in 600 shots, at the charge voltage of the cavity capacitors 

±100 kV, dry air pressure in the switches 4 ata, and a charge voltage of the trigger generator 100 kV. In these 

shots no any malfunction was observed also. The comparison of tests with similar to [1] and with our 

previous trigger circuit of just one wire O-ring has shown, that the jitter of the output pulse did not change, 

and the mean delay of the cavity firing reduced from ~58 ns to ~44 ns. 

The results of this research, including simulation and tests, have shown that safe triggering of oil-

insulated LTD cavity can be provided by using previous trigger circuit inside the cavity and 1 external 

trigger pulse, allowing to simplify considerable the trigger system presented in [1]. Previous requirement of 

1 trigger cable per 10 switches can be reduced to less strict claim of 1 trigger cable per 16 switches, allowing 

to reduce at least 1.5 times the number of such cables needed for each LTD cavity. 

  

REFERENCES 

[1] Zhou Lin, Li Zhenghong, Wang Zhen et. al. Design of a 5-MA 100-ns linear-transformer-driver accelerator for wire array Z-pinch experiments// 
Phys. Rev. AB 19, 030401 (2016). 

EFRE 2022: 22nd International Symposium on High Current Electronics 
Pulsed power technology and applications 

–––––––––––––––––––––––––––––––––––––––––––––––   S4-O-001004   –––––––––––––––––––––––––––––––––––––––––––––––

85



* This work was funded by RFBR according to the research project № 19-08-00326a 

SURGE OF A HIGH-VOLTAGE PULSE IN THE TRIGGER SYSTEM OF A PSEUDOSPARK 

SWITCH DURING COMMUTATION
*
 

G. A. ARGUNOV, N.V. LANDL, Y.D. KOROLEV, V.G. GEYMAN, O.B. FRANTS, V.O. NEKHOROSHEV 

 Institute of High Current Electronics SB RAS, Tomsk, Russia 

 

High-current gas discharge commutators have always been of a keen interest in various fields of 

applications. Especial niche here have been occupied by cold cathode thyratrons, also known as pseudo-

spark switches [1]. These devices showed exceptional triggering characteristics such as low jitter and low 
delay time to triggering along with a capability to commutate high currents up to several kA’s at high anode 

voltage at a level of 40 kV and above [2]. 

Previously it has been shown that the trigger system is a crucial part, responsible for stability of 
triggering of the thyratrons [3]. To provide a nanosecond stability of triggering, it is necessary to achieve a 

stable formation of the pulse trigger discharge, which ignites in the trigger unit [3, 4]. Due to numerous trials 

and research, an optimal trigger unit of the thyratron has been developed [5, 6]. The new trigger unit 
provides a stable formation of the trigger discharge thus delivers a stable triggering of the switch. 

There is a dark side of the new trigger unit. It generates a dense plasma during triggering and this 

plasma conducts a high electric potential from the anode into the trigger unit cavity, delivering a pulse of 

high voltage into the trigger system when triggering. This drawback may bring undesirable consequences in 
some sensitive applications. 

In this work, we investigate opportunities to eliminate the high-voltage pulse, emerging in the trigger 

system during triggering of the thyratron. Different approaches have been applied toward investigation of the 
high-voltage pulse. 
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A surface irradiation installation based on the URT-0,5M accelerator (~ 0.45 MeV, 1 kW) [1] that 

includes built-in radiation protection and a radiation-resistant conveyor of products under the beam was 
developed based on the peculiarities of application in industrial poultry farming [2]. 

The oil-filled tank of the accelerator, where a circuit of high voltage pulse generation is located, 
has detachable side coversfor ease of installation and maintenance. A vacuum diode is used for double-
sided irradiation with a beam diameter of ~ 100 mm. The core of the pulse transformer is made of 1V-
M magnetic conductors.  

Built-in radiation protection is made of grade S3 lead, the thickness of the sheets (up to 36 mm) is 
based on the calculation, moreover, the dose limit allowed in the Russian Federation (20 mSv/year) is 
provided at a distance of 1 m from the beam axis during operation 2000 hours/year. 

The radiation-resistant conveyor consists of a console and a conveyor. The console contains 
ED3100 frequency converter, which allows to adjust conveyor belt speed by setting frequency within 
the range from 1 to 50 cm/s. 

All systems are operated and controlled from a personal computer connected to the control panel 
using a fiber-optic communication line up to 25 m long. The operating and control program installed on 
the laptop runs on Windows 7. Information on vacuum level, high voltage level, pulse generation and 
status of all sensors is supplied to control and monitoring program and recorded in a text file [3]. 

Tests of the installation showed that the resulting doses of the electron beam are sufficient for 
surface disinfection of eggs (~ 12 kGy) simultaneously on both sides at a rate of movement of egg 
cassettes of 3.1 cm/s, which provides a productivity of up to 5400 eggs/hour. Dosimetry showed that the 
designed protection provides the required level of safety. 
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TECHNOLOGICAL ASPECTS OF THE PRODUCTION OF SPARK GAP-SHARPENERS FOR
VOLTAGE UP TO 500 KV

 D.S. MAKHANKO

PLASMA, JSC Research Institute of Gas-Discharge Devices, Ryazan, Russia

The purpose of this work is to provide basic information about the manufacturing technology of sealed-
off  spark  gaps-sharpeners  in  metal-ceramic  design  with  hydrogen  filling  and  pressures  up  to  120
atmospheres providing minimum geometric dimensions at voltages up to 500 kV, subnanosecond response
times and a resource of at least 3x106 inclusions in a given operating mode.

Uncontrolled spark gaps-sharpeners are one of the main elements of any high-voltage pulse generator
designed  to  generate  high-voltage  pulses  with  amplitudes  of  hundreds  of  kilovolts  and  a  leading  edge
duration of units and tenths of a nanoseconds. The fields of application of spark gaps-sharpeners as part of
high-voltage pulse generators are portable X-ray machines, accelerator technology, sources of pumping gas-
discharge lasers of superatmospheric pressure, electron-optical converters and photo recorders of pico- and
femtosecond radiation processes. 

This paper describes the relationship between the structural elements of the spark gap-sharpener and the
electrical strength of the ceramic insulator to breakdowns on its surface, as well as the breakdown of the gap
between the high-voltage output and the body of the spark gap.

To ensure high rates of switching characteristics in spark gap-sharpeners, hydrogen is used as a working
medium at pressures up to 120 atmospheres. High pressure values impose very strict requirements on the
mechanical strength of both individual components and the design of the spark gap-sharpener as a whole. It
is  also  necessary  to  correctly  select  the  electro-vacuum materials  used,  which  ensure  high  mechanical
strength  and  vacuum density  of  metal  -  ceramic  junctions.  It  should  be  noted  that  the  use  of  ceramic
insulators imposes certain restrictions on their design, in particular in the form of a truncated cone.

The main technological process of soldering the cathode metal-ceramic unit using silver solder PSr 72,
the process manufacturing the anode unit using the two-stage soldering method, and describes the filling and
training of the spark gap-sharpener with electronegative gas to increase the electrical strength are given. 

Soldering at elevated temperature according to the mode described in this work contributes to better
wetting of the soldered surfaces with solder, its faster spreading and filling of the covering seams, and also
provides capillary filling of the edge seams. With a sharp change in the soldering temperature, the solder in
the edge joint begins to melt from the outside to the inside of the seam. Moving the molten solder from the
outside to  the  inside of  the  seam significantly improves the structure  of  the  seam and,  as  a  result,  the
mechanical and thermal characteristics of the ceramic-metal connection. 

A promising  direction  for  improving  the  quality  of  manufactured  spark  gap-sharpeners  and  other
complex structures of devices with simultaneous use of both edge and covering metal-ceramic and metal
junctions is the use of the technology of soldering of metal-ceramic assemblies given in this article with a
significant  excess  of  the  soldering  temperature,  the  rate  of  temperature  change  and  exposure  during
soldering,  depending on the design features  of  the products.  This method of  manufacturing a gas-filled
metal-ceramic spark gap-sharpener made it possible to ensure high reliability and tightness of the device.
Additional training of high-voltage spark gap-sharpeners in SF6 gas or its mixtures with inert gas and/or
nitrogen can significantly increase the electrical strength of the spark gap-sharpeners. 

The industrial production of a series of spark gap-sharpeners of the RO – 48, – 43, – 49, – 72 type has
been mastered  for operating voltages from 100 to 500 kV for use mainly in pulsed X-ray technology. Using
the manufacturing method described in this work, the percentage of usable products increased to 95% during
the mass production of spark gap-sharpeners. 

Measurements of the switching characteristics of spark gaps were carried out  on a stand,  in which
instead of an X-ray tube, were set low-inductive resistors of the TVO-60 type and a resistive current shunt
with R=0.01 Ohms were installed.  A constructive capacitive  divider  was used to  register  the  temporary
behavior of the voltage on the spark gap.
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VISUALIZATION OF THE TEMPERATURE DISTRIBUTION IN A DBD-DRIVEN HELIUM 

ATMOSPHERIC PRESSURE PLASMA JET
* 
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A helium plasma jet is often used in modern studies on plasma-bio interactions as a source of cold 

atmospheric plasmas [1]. Thermal control is a crucial factor for a plasma jet application, especially for the 
treatment of living tissues [2]. 

Here, a gas temperature field visualization of the DBD-driven helium plasma jet directed along upward 
vertical axis is presented. The plasma jet was generated by a dielectric-barrier discharge in a quartz tube with 
the inner diameter of 4.6 mm and the thickness of the wall of 1 mm. An electrode system consists from an 
inner electrode, a copper wire of 1.5 mm in diameter, located along the tube central line at the distance of 
7.5 mm from the edge of the tube and an outer electrode, a copper foil strip of 5 mm wide, wrapped around 
the tube at the distance of 5 mm from its edge. A high-voltage tailoring signal was applied to the inner 
electrode with the peak-to-peak value of 4.6 kV and a duty cycle of ≈90%. The applied voltage waveform 
and additional details about the experimental set-up can be found in [3]. 

Helium flow rates were set 2, 4, 6 and 8 l/min as in the paper [4]. A transition from one-pass 
propagation to stepwise propagation of a guided streamer along the plasma jet was observed at varying the 
gas flow rate . So, here we specified the temperature conditions associated with the transition from one-pass 
mode to stepwise propagation of the guided streamer. 

 

Fig.1. Temperature distribution in helium plasma jet at the gas flow rate of 2 (a), 4 (b), 6 (c) and 8 (d) l/min 
 

The temperature field was visualized on a thin glazed paper sheet, placed along the axis of the jet, and 
measured with a thermal imager looked perpendicular at the sheet’s surface. It was assumed that the 

temperature field qualitatively reflects the temperature distribution in the plasma jet. It has been 
experimentally determined that the temperature regime is set within two minutes. The temperature 
distribution patterns for different gas flow rates after 2.5 min are shown in Fig. 1. The temperature 
distribution obtained using the shadow method and temperatures obtained using thermocouples [5] coincides 
with those obtained using this technique. 
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THE INFLUENCE OF DC PULSE CURRENT PATTERN ON THE DIFFERENT 

MATERIALS PROPERTIES OF SAMPLES OBTAINED BY SPARK PLASMA SINTERING  
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Spark Plasma sintering (SPS) is most advanced sintering technology that is progressively developed for 

the manufacture of nanostructured composites and gradient materials. This sintering method is based on a 

modified hot-pressing process in which an electric current is passed directly through the die and the material 

to be sintered rather than through an external heater. SPS is one of 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 [1,2,3]. 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 [4], showed that the frequency is a factor that influences on 

the homogenous temperature distribution through sintering raw powder, but it has 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 [5]. 
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GAS DISCHARGE RM ION LASERS OPERATING AT HIGH PULSE REPETITION
FREQUENCY*
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 1A. V. Rzhanov Institute of Semiconductor Physics SB RAS, Novosibirsk, Russia
2 Novosibirsk State Technical University, Novosibirsk, Russia

Pulsed gas discharge lasers on resonance-metastable (RM) transitions still remains in-demand devices
due to their unique parameters, which include high gain coefficient, narrow line-width, large radiation pulse
power,  etc.  [1].  Specific  areas  of  their  application  include  active  optical  systems,  dermatology,
micromachining and etc.  In general lasers on RM atom transitions are more efficient and powerful than on
the ion ones.  However, this  situation can be different  in case of high pulse repetition frequency (PRF),
because maximum of the average output power Pav   for atom RM transitions is reached at lower values of
PRF. For example, recently [2], for Ba+ laser growth of Pav up to 60 kHz was demonstrated, meanwhile for
the copper vapor laser maximum of  the average output power lies in the range of ~ 10 - 30 kHz [1]. High
PRF is important in active optical systems, because it determine temporal resolution. So, it is valuable to
study other ion RM lasers operating at high PRF (100 kHz and more), as they may be more suitable for this
distinct application. Also, a lot of ion RM transitions in UV spectrum range exists, which increases potential
interest in the investigation of these lasers. Excitation of RM lasers at high PRF is complicated due to high
prepulse electron concentration, which requires rapid voltage growth between the GDT electrodes in order to
achieve preferable electron temperature for laser levels excitation. One of the possible solution is to use
appropriate nanosecond switching devices, such as described in [3].

Two different active medium were investigated. In the first, lasing occurred on 4p 2Po
3/2 - 3d 2D5/2 (λ =

854.2 nm) and 4p 2Po
1/2 - 3d 2D3/2  (λ = 866.2 nm) RM-transitions in  Ca+. Second studied laser operated on

5d106p 2P3/2 - 5d96s2 2D5/2 RM-transition in mercury ion (λ = 398.4 nm).  In case of Ca+ laser gas discharge
tube (GDT) was manufactured from BeO ceramics with inner diameter of 1.5 mm and length of 55 cm. The
operating temperature of the active medium was maintained by an external heater. The studies were carried
out using helium, neon or a mixture of helium and hydrogen as a buffer gas in the active medium of the laser.
The lasers operated in the burst mode to perform the measurements while independently controlling the
pumping power and the temperature of the GDT wall.  Maximum measured average output power in the
steady-state mode at PRF 100 kHz reached more than 5 W (Fig. 1), which is almost an order of magnitude
higher than obtained in other studies [1].

Fig.1. Dependences of the laser efficiency η (a) and average output power Pav (b) on the voltage amplitude Ua at the operating
capacitance for different values of the operating capacitance C and  GDT wall temperature T. Helium buffer gas pressure p equals 10

Torr and PRF f = 50 kHz, except for the curve with maximum values.

To  investigate  output  parameters  of  UV  Hg+ laser  two  externally  heated  GDT with  various  inner
diameters (5 and 12.5 mm) were constructed. Excitation circuit was modified in order to increase operating
PRF up to 200 kHz. As the result lasing with radiation pulses duration of ~ 20 ns were obtained in burst
operation mode.
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By using an atmospheric-pressure spark discharge, an apparatus and methodology for generating 

acoustic waves in the air medium were developed [1]. The gas discharge operation principle involves the 

forming of electric current pulses (tp <1 μs) in the electrode system of the emitter while the storage capacitor 

discharges through the gas discharge plasma channel. This leads to the appearance wide range of acoustic 

vibrations, in the ambient air and, correspondingly, on the emitter surface. By using the scanning laser 

Doppler vibrometry technique [2-4] in the time mode, the damped vibrations of the emitter membrane were 

measured during discharge current flowing. A typical graph of vibrations magnitude in the center of the 

membrane is shown in fig. 1. 

 

Fig.1. Vibrations of gas discharge emitter membrane excited by gas discharge electric pulse.  

The evaluation of membrane vibrations showed that the amplitude of the first maximum of 1-mm 

aluminum membrane oscillations reached 27 μm in the case of a minimal inter-electrode gap of 5 mm. 

Typical relaxation time is 2.1 ms, therefore, in the particular experiment, the recording time at each scanned 

point was chosen to be under 4 ms. This allowed recording emitter vibrations with the pulse repetition rate 

up to 30 Hz. In general, the results above show that the grade of damping of the oscillating system was low 

and it can be corrected by changing damping characteristics in particular applications.   

The amplitude-frequency spectrum of the proposed gas discharge emitter, as well as repeatability of the 

amplitude of vibrational displacement in the pulsed mode were analyzed. As a result, a non-stable character 

of vibrational displacement on the emitter membrane was demonstrated. The periodicity of measured is 

probably related to the physical processes in the gas discharge caused by variations of gap and plasma 

parameters.  

The mean displacement value matches well the corresponding characteristic of classical piezoelectric 

and magnetostrictive transducers [5]. Moreover, the amplitude-frequency spectrum analysis shows that the 

emitter generates acoustic waves in the air in the total frequency range from 50 Hz to 100 kHz and can be 

used for non-destructive testing of composite materials. An example of using a gas discharge emitter in 

combination with SLDV for nondestructive testing of a hybrid flax/carbon fiber reinforced composite is 

presented to confirm the possibility of defect evaluation. 
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The paper deals with the development micro pulse plasma thruster. Currently, the number of launches 

of nano and micro satellites is growing [1]. This is facilitated by their low price and mass. For example, a 3U 

CubeSat is a satellite with sizes 30x10x10 cm and a mass of about 4 kg. At the moment, the majority of 

satellites are not equipped with a propulsion system. The presence of the thruster will help to expand the 

number of available missions and to prolong the life of the satellite [2]. 

The main principals of electrical propulsion systems are that stored electrical energy is converted into 

kinetic energy of propellant. This occurs during flashover on the dielectric surface (propellant). The resulting 

plasma has fairly high velocities. The thruster consists of 2 main parts:  a high-voltage pulse generator and a 

discharge gap. A coaxial discharge gap with an anode-cathode distance of ~ 1 mm was used in experiments. 

The high-voltage pulse generator weighs about 60 g and operates from 5 volts and consumes 2-3 watts.  

The main purpose of the work is to measure the thrust depending on the operating mode of the thruster. 

The first mode is when short high-voltage pulses (4-5 kV, 1-2 kHz) are directly applied to the discharge gap. 

The second, the voltage multiplier is connected to the output of the transformer (10 kV 60-120 Hz). The 

thrust was measured with a torsional pendulum, by measuring the oscillation amplitude of the pendulum 

after a series of impulses. 

 

Fig.1. Photo of a thruster prototype.  
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The laser-induced gas breakdown [1] is widely used in high-pressure gas gaps with optical control
[2, 3]. The stability of switch transition time to the conducting state is important both for commutation losses
decrease and when it is necessary to fire up several devices simultaneously on a conjoint load. The most
significant advantage of optical controlled switches in comparison with electrically triggered analogs is the
isolation of control circuits from commutated ones. Despite decades of development, this determines the
interest  in  the  improvement  of  such  switches  even in  the  present  time  and the  activity  aimed  at  their
development is underway now, in particular, new switches has been patented quite recently [4]. Thus the
data we obtained earlier [5] could not be explained in frameworks on simple theoretical models [6]. Using
this approach no one can explain the both the dependence of the delay time td vs gap voltage U (Figure 1) and
its  instability  (jitter),  since the initial  laser  plasma formation is  not  related to the  voltage,  i.e.  the  field
strength in the spark gap, because it is determined by the laser pulse characteristics. Our analysis of the
distribution of  the  axial  electric  field  of  the  gap for  different  sizes  of  a  laser  plasma plume shows its
dynamics is similar to that one of the ionization wave front in a cathode propagating streamer as a result of
the transfer of resonance radiation along with associative ionization [7]. The processes on the ionization
wave front seem to be determined mainly both by the absorption/excitation of gas atoms and the effects of a
high-field domain (HDV) we propose.

Fig.1. Switch on delay time vs gas gap voltage. 

Within the framework of the model  we developed the formation of HDF is studied both with and
without accounting the effect of electron photoemission from the anode induced by laser radiation. It has
been established the role of this electron photoemission plays a minor role in the formation of such HFD.
Nevertheless, it has been found that this factor mainly affects the stability of the switching characteristics for
devices of this type.
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The influence of the oxide layer of silicon deposited on the front side of a GaAs photoconductive 

semiconductor switch (PCSS) on its resistance in on–state has been discovered. The PCSS was switched 

by a laser pulse with a duration 5 ns and a wavelength of 355 nm from the back side of the PCSS. The 

effect is to reduce the required electric field for breakdown in the nonlinear mode and increase the 

resistance in the on-state. With an increase in the electric field applied to the PCSS with an oxide layer, an 

increase in resistance to a threshold value is observed, after which there is a sharp decrease to a value 

comparable to the resistances without an oxide layer. 
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OPERATION OF MULTI-GIGAWATT MAGNETIC COMPRESSION LINES 

S.N. TSYRANOV, S.N. RUKIN 

Institute of Electrophysics UB RAS, Ekaterinburg, Russia 

 
Non-linear transmission lines (NLTL) filled with saturated ferrite are used as solid-state sources of 

high-power microwave oscillations [1]. Application of a pulse magnetic field orthogonal to bias constant 

magnetic field in time less than the relaxation time, leads to the precession of the magnetic moment vector 

and generation of voltage oscillations across the NLTL output. Recently NLTLs also have been used to 
increase the peak power of picosecond unipolar pulses in the multi-gigawatt power range [2-3]. Such kind of 

NLTLs is called Magnetic Compression Line (MCL). Shortening the duration of the input voltage pulse 

made it possible to obtain only one oscillation at the line output instead of several oscillations. The highest 
peak power achieved with the MCL is 77 GW with the voltage amplitude of 1.93 MV and pulse duration of 

105 ps [3]. 

In this paper, we numerically study the mechanism of MCL operation. The simulation was carried out 
using the Maxwell equations and the Landau-Lifshitz equation, which describe the dynamics of the 

electromagnetic field and magnetization, respectively. It has been found that the MCL regime is realized 

under the condition when the precession period of the magnetic moment is less than 2 T0, where T0 is the 

electromagnetic wave travel time between the inner and outer conductors of the line (2 T0 is equal to the 
period of the H01 wave in coaxial line).  

The formation of waves of the H01 type limits the width of the output pulse to a value close to 2 T0. 

Several periods of precession are located within the output voltage pulse. Such a mode can be called a 
multiwave mode with a cutoff, in contrast to the classical mode [1], in which one period of precession 

corresponds to one period of voltage oscillations.  
The studies have shown that the input pulse amplification in power has its maximum value when an 

input pulse width is around of 4 T0. While moving along the MCL, the input pulse splits in two peaks and 

then the energy is redistributed in favor of the first peak [2]. This effect is due to the fact that several periods 

of precession are located within the first and second peaks, and their number and frequency change during 

the movement. 
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Ferrite gyromagnetic nonlinear transmission lines (NLTLs) are used to convert the input video pulse 

into an output radiofrequency pulse, i.e. operate as a microwave generator [1, 2]. Typical frequency of the 
generated oscillations is in the range of units of GHz with a peak power of hundreds of MW. In the past 
several years, it has been shown that under certain conditions, NLTL can operate not as a microwave 
generator, but as an input pulse power amplifier. Lines operating in this mode were called MCLs (Magnetic 
Compression Lines). In combination with the solid state input pulse generator (SOS generator), such lines 
made it possible to implement the SOS+MCL approach for creating solid state picosecond pulsed power 
systems with a peak power of tens of GW [3–6].  

This report presents an overview of the systems based on SOS+MCL approach and shows the last 
results achieved in this area.  
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Over last several years, the situation in the field of generating powerful picosecond pulses has changed 

drastically. It turned out that a gyromagnetic nonlinear transmission line (NLTL), containing ferrite rings set 

on the inner conductor of the line and magnetized by an external magnetic field, under certain conditions can 

operate not only as a microwave oscillator [1], but also as a peak power amplifier [2–4]. The essence of the 

approach is that the line operates in a magnetic compression mode (Magnetic Compression Line, MCL), 

which is realized at close values of the input pulse duration and the period of oscillations generated in the 

line. In this case, the main part of the input pulse energy is transmitted only to the first peak of the 

oscillations.  

The most important features of the MCL approach are as follows. Firstly, it does not require the use of 

any switching elements – closing or opening switches. The amplification of the pulse in power and its 

compression in time occurs automatically during the passage of the pulse along the line. Secondly, the 

approach allows the use of several MCLs connected in series. Herewith, in each MCL power amplification 

close to twofold occurs. Third, being solid state devices, MCLs allow to create all-solid-state picosecond 

generators using a solid state driver of the input pulse. In particular, this is implemented in the SOS+MCL 

approach, when the input pulse from a solid-state generator with a semiconductor opening switch (SOS) is 

used. 

In this paper, we present results of the study of a 4-stage magnetic compressor, which focuses on the 

operation of the fourth stage line, MCL4. The maximum electric and magnetic fields are realized in this line, 

and the output peak power reaches ~80 GW at a pulse duration of less than 100 ps. Issues of the influence of 

the transverse dimensions of the line on the output pulse parameters are discussed. The results of theoretical 

studies of the energy compression mechanism are presented, as well as the results of numerical simulation 

and their comparison with experimental data. 
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AUTOMATED SYSTEM FOR MEASURING THE CURRENT DENSITY OF A WIDE-APERTURE 

BEAM EXTRACTED INTO THE ATMOSPHERE* 

V.A. LEVANISOV, S.YU. DOROSHKEVICH, M.S. TORBA, M.S. VOROBYOV, S.A. SULAKSHIN 

 Institute of High Current Electronics SB RAS, Tomsk, Russia 
 
Some applications of large electron beams require a low degree of current density inhomogeneity across 

the beam cross section. For example, when pumping electroionization lasers, the used beam should have a 
low degree of inhomogeneity of the current density distribution over the beam cross section, not exceeding 
10% [1]. In this case, it becomes necessary to measure the current density distribution over the beam cross 
section and to search for ways to reduce its inhomogeneity [2, 3]. The work is devoted to the development of 
a system for measuring the current density of an electron beam extracted into the atmosphere and the 
analysis of the obtained results. The object of study is a wide-aperture electron accelerator based on ion-
electron emission with a non-self-sustained high-voltage glow discharge with beam extraction into the 
atmosphere [4, 5]. The scheme for measuring the beam current density in the atmosphere is shown in Fig. 1. 

 
Fig.1. Scheme for measuring the beam current density. 

A sectioned collector is installed on the output window of the electron accelerator, each section of 
which is connected to a measuring resistor. Measuring resistors from each collector plate are connected in 
one node. A measuring resistor is connected between this node and the common point to measure the total 
current. he electron beam reaching the collector plates creates a voltage drop across the measuring resistors, 
this voltage is applied to the inputs of analog multiplexers, which switch the voltage to the input of the 
analog-to-digital converter of the microcontroller.  

An automated system for measuring the beam current density has been developed and created, which 
makes it possible to measure the beam current density over its cross section both in the direct current mode 
and in the repetitively pulsed mode with a beam generation frequency of tens of kilohertz. 
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SIMULATION AND DESIGN OF HELICAL FCG WITH SIMULTANEOUS INITIATION OF
EXPLOSION FROM BOTH LINER ENDS

S. ANISHCHENKO1, P. BOGDANOVICH1,  A. GURINOVICH1, D  . LEONENKO  2

1Research Institute for Nuclear Problems, Minsk 220030, Belarus
2Electrophysical laboratory, Minsk 220088, Belarus

The critical limitation for increasing FCG output appears due to limited velocity of detonation. The
idea enabling to overcome this limitation by double-side ignition of the explosive charge in FCG liner was
already discussed and tested by different authors [1, 2, 3].  The principal challenge in use of this idea is
collision of counter-propagating detonation waves, which should be thoroughly described in order predict
liner dynamics.

In contrast to the design considered in [1] we propose to use mirrored FCG inductors of equal length
with load connecting point located in the middle. Simulation of helical FCG of this design with simultaneous
initiation of explosion from both liner ends is presented.

Fig.1. Snapshot of liner geometry after the collision of two detonation waves

Liner dynamics is considered separately in order to describe the geometry and velocity of liner wall at
different operation stages. Power transmitted to the load is shown to be increased as compared to the helical
FCG of the same length (volume) initiated from one end. Design approaches and solutions are considered to
eliminate load damage, which could happen due to significant increase of liner expansion velocity in the area
of two detonation waves collision (see Fig.1). 
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POWERFUL HIGH-VOLTAGE PULSE GENERATOR OF NANOSECOND DOUBLE PULSES  
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The paper presents the results of a study of the operating modes of a pulse generator of double pulses. 

The design of a powerful pulse generator is made on the basis of 2 pulse transformers, a single and a double 

forming line connected in series. In the single-pulse mode, a single forming line is used as a transmission 

line, and in the two-pulse mode of accelerator operation, as an additional pre-pulse generator with a voltage 

amplitude of up to 200 kV. The duration of the generated voltage pulses at half maximum in both modes 

depends on the type of dielectric used in the forming lines. For water, the duration is 60 ns with a Double 

Forming Line (DFL) energy reserve of 1155 J at a voltage of 400 kV, while for glycerin it is 40 ns and the 

DFL energy reserve is 580 J. The synchronization system for the operation of pulse transformers provides a 

wide range of adjustment of the pause between pulses. The minimum value of the pause between pulses, 

associated with the spread in the operation of spark gaps based on compressed gas forming lines and pulse 

transformers, was 50 ns. The results of the operation of the generator as part of a pulsed light ion accelerator, 

when the first pulse served to form plasma in a diode system, are discussed. 
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SKIF is a synchrotron light source that is being built in Novosibirsk. For beam extraction from the 
booster ring the magnet kickers with a stable amplitude are used. To provide a required kicker’s B-filed a 

pulsed generator has been developed, it is capable of producing into an inductive load a current up to 5 kA 

with 200 ns rise time and 300 ns pulse duration. A voltage at the generator’s Pulse Forming Network could 

achieve 25 kV. A 50 kV, 10 kA TPI-type cold cathode thyratron, or Pseudospark Switch, is considered as a 
most convenient device for such application. One of the most important generator’s parameters that should 

be achieved is an output current amplitude stability at a level of ±0.2 %. In this work it was shown that a gas-

filled switch could influence on that parameter. To find the way to increase the stability the hot cathode TGI 
thyratrons and TPI Pseudospark Switches were tested. Also a new developed Pseudospark Switch without a 

high-emissivity cylinder [1] that is usually used to improve the auxiliary glow discharge characteristics has 

been examined. 

The different driver schematics were applied to trigger the thyratrons. The driver can provide single or 
double trigger pulses going to one or two grids [2]. The best generator’s output current stability was achieved 

while using a double pulse trigger of the auxiliary glow discharge thyratron’s grid and a single-pulse trigger 

of the main grid. Also a lower thyratron’s turn-on time jitter was observed while using such a driving 
principle. Special driver was applied for the pseudospark switch that was developed to exclude the high-

emissivity cylinder. Such a switch is considered to be operated in a grounded grid mode. The test results of 

thyratrons and pseudospark switches taken in kicker’s pulsed generator nominal operation are presented in 
the paper.  
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Sulfur hexafluoride (SF6) is commonly used as an etching/etching-aid gas in fabricating the 

submicrometer features of modern integrated circuits because it has a higher fluorine content than CF4 but 
does not undergo polymerization. However, the destruction of SF6 has attracted much interest because of the 
important environmental issues and the toxicity of sulfur compounds. Radio-frequency (RF) discharge 
plasma, which must be manipulated at low pressure, recently has become the most popular plasma 
technology used in the high-profit semiconductor industry, in both replicating patterns and depositing films. 
The discharge plasma can be manipulated at low substrate temperatures without changing its original 
properties and can replicate submicrometer patterns with anisotropic features. However, in the presence of an 
RF discharge, SF6, acting as an etching/etching-aid gas, can be decomposed into lower fluorides of sulfur 
and can generate hazardous byproducts, such as S2F10, SO2F2, SOF2, SOF4, and SF4. Particularly toxic is 
S2F10, which has an LC50. Because reducing or eliminating the toxicity of gaseous effluent from the RF 
discharge process is a serious concern.  

In this work, plasmas in medium of an electron beam were used to decompose SF6 [1-3]. The studies 
showed that in the conversion of sulfur hexafluoride plasma pulse the electron beam is realized  effect. Mass 
spectrometric studies of the positive ion yield due to the electron impact ionization of sulfur hexafluoride 
molecules in the gas phase have been carried out. The exothermal reaction going is organized in the reactor 
volume. The oscillation-excited products of these reactions participate in the dissociation of initial 
halogenide molecules. The non-equilibrium plasma is formed due to the action of pulsed electron beam with 
the duration of not more than 10-9 s to the mixture of halogenides and gas-carrier. Nitrogen, hydrogen and 
oxygen are used as the gas-carrier. The processing of halogenides is performed by adding of diluent gas to 
the mixture of halogenide and gas-carrier up to the total pressure providing full absorption of nanosecond 
pulsed electron beam energy. The thermal dynamic modeling showed that in case of plasma of SF6 and Н2 all 
the elements such as S, HF, H2F2 and SF4 are stable products of decomposition of sulfur hexafluoride in the 
mixture with hydrogen. The calculations showed the possibility of condensed phase formation of sulfur 
monomer S, sulfur dimmer S2 and of other clusters.  In our case, at the expense of dissociation of sulfur 
hexafluoride by electronic shock: SF6 + e  S + 6F and dissociative adhesion of low-energy electrons: SF6 + 
e  SF6

-  S + 6F. The atomic fluorine is formed, which initiates reactions in a mixture with molecular 
hydrogen. The major reactions are:  H2 + F = HF + H + 1,47 eV. The energy which is released in the 
exothermic reaction can be spent for initial decomposition of sulfur hexafluoride. The technical result is in 
the fact that the energy-capacity of chemical element degradation to nanodispersed condition from its 
halogenide significantly decreases. The experiments are performed at the electron accelerator TEU-500. The 
parameters of electron beam are the following: electron energy is 400-500 keV, pulse duration at the half-
height is 60 ns, frequency rate is up to 5 pulses per second, energy per pulsed is up to 200 J. The electron 
beam is injected to the closed reactor through the anode foil. The results allow one to define the range of the 
possible chemical compounds - reagents to carry out an efficient reaction, to determine the requirements to 
system and to chemical reactor, to estimate the efficiency of the technological process as a whole. 
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We present here the design and test results of portable HV pulsed generators, designed for materials 

fragmentation, though some other technological applications are possible as well. The generator consists 

of a low-voltage block, high-voltage block and fragmentation chamber with 4 independent discharge 

channels. The low-voltage block of the generator, consisting of a primary capacitor bank (~330 µF) and 

a thyristor switch, stores pulse energy and transfers it to the HV block. The primary capacitor bank stores 

energy of 660 J at the maximum charging voltage of 2 kV. The HV block includes an HV pulsed step-up 

transformer, HV capacitive storage (12.5 nF per discharge channel), and two electrode gas switches. Air 

at atmospheric pressure is used for insulation of the generator and as the work medium of the gas switch. 

 

Experimental tests of the generator consisted of the crushing[A1] of 4-layer printed circuit boards. 

Tests have shown that this generator circuit allows the implementation of four discharge channels 

simultaneously in the fragmentation chamber. The following technical parameters of the generator were 

achieved: output voltage up to 100 kV, voltage rise time of ∼60 ns, current amplitude of ∼5 kA per 

channel. 

 

Comparison of the results of crushing in a single-channel and multichannel mode demonstrates that 

a multichannel generator allows both a reduction of the specific energy consumption and an increase in 

the productivity of the crushing process in proportion to the number of channels, without increasing the 

stored energy of the generator. 

 

The work was performed with the support of the Russian Foundation for Basic Research (No. 18-29-

24079 mk).  
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Many applications of UV laser radiation require high pulsed power, a narrow spectral line, and a high 

pulse repetition rate. In a number of cases, widely used semiconductor lasers do not meet the presented 
requirements. The most effective and simple solution in this case may be a nitrogen laser [1,2]. 

Thus, we present the results of a study of an N2 laser with longitudinal pumping by a pulsed anomalous 
glow discharge. The possibility of bulk plasma formation at a maximum specific current density of 2.75 ± 0.25 

kA/cm2 and a specific pump power of more than 1 MW/cm3 is shown. Preservation of a stable discharge 
structure was ensured by the automatic inclusion of preliminary ionization of the gas volume, due to the 
introduction of sharply inhomogeneous distortions in the electric field of the discharge gap. An LC inverter 
was used as a pump generator with storage capacitances of 11 nF and 5.6 nF and a discharge capacitance of 
3.8 nF. 

It is demonstrated that at a nitrogen pressure (purity 99.6%) P = 10 mbar, the pulse duration of the 
generated radiation corresponds to the duration of the pump pulse. At the charging voltage U0 = 24 kV, the 
energy in the radiation pulse reached 1.3 ± 0.1 mJ with a duration at the half-intensity level up to 14 ± 2 ns, 

Fig.1. 

 
Fig.1. Oscillograms of the current I, voltage U on the discharge capacitance, and the time shape of the 

radiation pulse Pl. 
The maximum peak power of the output beam was 80 kW. The generation of radiation developed near 

the inner wall of the discharge tube with an inner diameter of 9–12 mm, in a ring ~2.5 mm wide, and the cross 
section of the laser beam was 0.6 cm2. The internal efficiency (relative to the energy stored in the discharge 
capacitance) was 0.11%. It is noted that when nitrogen was replaced in the discharge tube with atmospheric 
air (~78% N2, ~21% O2) at a pressure of 8 mbar and charging voltage U0 = 24 kV, the energy in the radiation 
pulse was 0.6 mJ at a pulse duration t = 12 ns. Without a system for pumping a gaseous medium, in a 
repetitively pulsed mode of laser operation up to 10 Hz, a stable repeatability of the discharge and generation 
characteristics of the laser was maintained. 
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Under extreme conditions, the most important mechanism of resistance is the activation of a multi-level 

biochemical system of antioxidant protection, which includes a large number of components. Among them, a 

special place is occupied by antioxidant enzymes as a component of the cell signaling system.  

In laboratory experiments, the effect of pre-sowing irradiation of barley seeds with low-energy 

electronic radiation on the activity of antioxidant enzymes, seed qualities and disease incidence of sprouts 

was studied.  

Studies were conducted on spring barley (Hordeum vulgare L.) of the Vladimir variety. The seeds were 

irradiated in the dose range of 1 to 5 kGy at a radiation dose rate of 500 Gy/imp. According to the 

methodology described in the article Loy, 2019 [1]. The activity of enzymes was determined by the method 

described in the article Bitarishvili, 2018 [2]. In addition, morphometric indicators of the development of 

sprouts and the incidence of their diseases were determined.  

Analysis of the data obtained showed that no statistically significant differences in enzyme activity 

between control and irradiation were found. However, at a dose of 5 kGy, there is a noticeable tendency to 

increase the activity of two enzymes - guaiacol peroxidase and ascorbate peroxidase (Table 1). 
 

Table 1 – Activity of catalase, guaiacol peroxidase, ascorbate peroxidase in control and irradiated barley 

seedlings 

Dose 

Activity, МЕ 

CAT POX APX 

М Q1; Q3 М Q1; Q3 М Q1; Q3 

0 kGy (control) 230.849 
225.172; 

241.571 
0150 0105; 0152 2943 2759; 3.035 

1 kGy 201.835 
198.051; 

280.046 
0.060 

0.056; 

0.286 
3.127 

2.851; 

3.587 

3 kGy 208.142 
207.511; 

219.495 
0.128 

0.122; 

0.259 
2.943 

2.207; 

3.127 

5 kGy 208.142 
203.096; 

217.603 
0.372 

0.244; 

0.389 
3.127 

3.035; 

3.679 

Note: the data is in the format "Median (Q1; Q3)». 

Irradiation of seeds in doses of 1 and 5 kGy had a stimulating effect on the length of the sprout by 1.1 

times and the root by 1.25 and - 1.1 times, respectively. 

Electron irradiation in doses of 3 and 5 kGy completely suppressed the development of fusarium 

(exciter Fusarium spp.) on 7-day sprouts of barley, at the same time stimulated the development of 

helminthosporiosis (exciter Helminthosporium sativum Pam.) – the degree of damage increased in variants 

with irradiation by 1.4-2.1 times, the prevalence of the disease by 1.4-1.7 times compared with unirradiated 

control. 

Thus, it has been shown that low-energy electron irradiation of barley seeds before sowing affects the 

morphometric indicators of the development of sprouts, the defeat of their fungal diseases and, at the level of 

tendency, the enzymatic activity. 
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Plasma chemistry is a rapidly developing branch of industry. One of the most important parameters of 

the balance of chemical reactions is the temperature of working gas [1]. To achieve an operating mode, a 
reactor must be preheated. 

In this work, the measuring technique of warming a plasma chemical reactor based on a dielectric 
barrier discharge is presented. The plasma temperature in the reaction volume was determined by analyzing 
the profile of the N2 0-0 337.13 nm spectral band using the Massive OES software package [2]. 

The plasma reactor consists of a quartz tube with an inner diameter of 7.6 mm and a wall thickness of 1 
mm, inside which a high-voltage electrode with a diameter of 4 mm is located. The outer ring electrode is 
grounded via the measuring capacitor. The reactor is powered by the 25 kHz sinusoidal voltage with the 
peak-to-peak value of 12 kV. The air with the humidity of 95±5% at a temperature of 20 oC was passed 
through the discharge cell at a flow rate of 0.2 liters per minute. Description of plasma reactor was presented 
in [3]. The radiation of the barrier-discharge plasma was collected by a quartz lens into the optical fiber and 
recorded using an MS-257 LOT Oriel spectrograph with an Andor CCD 420-UV-FK camera. 

 
Fig.1. Rotational temperature for N2 0-0 337.13 nm band vs time inside the reactor.  

The time dependence of the rotational temperature of nitrogen molecules is shown in Fig. 1. The 
spectral determination of temperature corresponds to gas temperature inside the reactor. The rotational 
temperature obtained correlates with ozone and nitrogen oxides production. 
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The problem of restoring skin after thermal damaging in humans is an urgent biomedical problem [1]. 

One of the promising ways to solve this problem is the creation of new recovery methods using high-frequency 

low-intensity electromagnetic factors. From this point of view, data on the wound healing effect of pulsed 

radio-frequency radiation [2, 3], as well as nanosecond pulsed electromagnetic radiation (RPMs) are of some 

interest. RPMs under certain parameters can stimulate the reparative regeneration of a full-layer skin wound 

in mice. According to some reports, the positive effects of wound healing using extremely high-frequency 

exposure are explained by a decrease in the intensity of inflammatory processes due to increased 

microcirculation in the wound site and adjacent tissues [4]. 

The experiment was performed using 30 mature male rats of the Wistar line (250-280 g). All animals 

were divided into three groups: control – animals with a burn of the III degree without exposure to 

electromagnetic radiation; experimental group 1 – animals that, after modeling a III degree burn were exposed 

to local burn wound effects with exposure to radiation with peak power flux density (pPFD) of 140 W/cm2, 

with a pulse repetition rate of 8 Hz; experimental group 2 – animals that, after modeling a III degree burn were 

exposed to local burn wound effects with exposure to radiation with pPFD of 140 W/cm2, with a pulse 

repetition rate of 13 Hz. Thermal burns were modeled according to the standard method. The pulsed laboratory 

generator based on the MI-505 magnetron was used as a source of nanosecond RPMs. Histological processing 

of the skin was carried out by standard methods. Statistical processing of the results was carried out according 

to standard procedures of mathematical statistics using the capabilities of the program Statistica 8.0 for Windows. 

In the performed experiments, after thermal exposure in laboratory rats, a burn injury was formed, 

corresponding to a third-degree burn in humans. In the control group of animals not exposed to nanosecond 

RPM, a monotonous decrease in the area of burn wounds was recorded. The healing process proceeded 

gradually from days 1 to 32 of the study. It was accompanied by a long-term preservation of the scab, which 

completely fell off only on the 16th day of the experiment, and partial epithelialization was observed from the 

28th day. In rats of experimental group 1, subjected to 4-fold local irradiation with RPM with an intensity of 

140 W/cm2 at a pulse repetition rate of 8 Hz, starting from the 19th day, a statistically significant decrease in 

the area of the wound was recorded compared to the control group. At the same time, the discharge of the 

formed scab began on the 12th day of the experiment, and epithelialization occurred by the 24th day with 

complete healing of burns in all animals by the 28th day. In rats from experimental group 2, irradiated with 

nanosecond RPMs with an intensity of 140 W/cm2 at a pulse repetition rate of 13 Hz, by the 5th day of the 

study, a statistically significant decrease in the area of the wound was observed relative to both the control 

group and experimental group 1. However, a further decrease in the area of wounds in experimental group 2 

was monotonous and did not differ significantly from that in the control group. The scab was fully formed and 

began to recede only on the 14th day of the experiment, and on the 28th day of the study, partial epithelization 

of the wounds was observed. Thus, a comparison of the obtained results allows us to state that nanosecond 

low-intensity RPMs 140 W/cm2 accelerates wound healing processes. At the same time, the impact with a 

pulse repetition rate of 8 Hz turned out to be more effective compared to a pulse repetition frequency of 13 

Hz. Histological analysis of rat skin showed an increase in the rate of wound healing due to the accelerated 

formation of granulation tissue, a decrease in the thickness of the eschar, and scarless healing. 
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High-voltage bipolar nanosecond pulses are used to excite antenna arrays of electromagnetic UWB 

radiation. The spectrum of the emitted pulse depends on the duration of the bipolar pulse and can be 

expanded if the antenna array is synchronously excited by bipolar pulses of different durations. Works of this 

kind were carried out at the IHCE SB RAS. Four-channel formers were created in combinations with pulse 

durations of 0.5; 1; 2 and 3 ns [1–3]. The scheme for the formation of bipolar pulses was rather complicated 

in tuning: up to 9 spark gaps were used, located in 5 independent high-pressure gas volumes. This report 

proposes a new scheme for a four-channel bipolar pulse former with durations of 1 ns (2 channels) and 2 ns 

(2 channels). A significant difference from the above-mentioned four-channel former circuit is that only one 

high-pressure spark gap is used in the circuit. The advantages of the circuit are also the ease of setting the 

circuit, more stable amplitudes and durations of bipolar pulses, tight synchronization of pulses on the leading 

edges. The original scheme of the former and the experimental bipolar pulses are shown in Figure 1. The 

forming lines FL1 - FL8 were charged at a frequency of 100 Hz from the Sinus-160 generator. When the 

spark gap S was actuated in the transmission lines FL9 - FL12, loaded with matched loads R, bipolar pulses 

with durations of 1 and 2 ns with an amplitude of up to 90 kV were formed. Forming lines and a 

multichannel spark gap are located in a nitrogen atmosphere at a pressure of 40 atm. The output bipolar 

pulses were recorded by coupled-line dividers installed in the transmission lines. The electrical insulation of 

the transmission lines is SF6 gas at a pressure of 4 atm. 
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Fig.1. Schematic diagram of a four-channel shaper and experimental bipolar voltage pulses 
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Capillary  discharge  applications  include  a  wide  range  of  areas,  such  as  UV  and  X-ray  sources,
generation of high-voltage nanosecond pulses, etc. In a number of recent papers [1, 2] the unique ability of
nanosecond switches based on capillary discharge to operate at high pulse repetition frequency (PRF) has
been demonstrated. In burst  operation mode, with optimization of external conductive shield around the
capillary,  PRF more than 100 kHz was achieved [3].  Such values make these switches promising for a
number of applications, such as plasma processing, excitation of gas lasers, etc. 

Nevertheless, the development of models of the considered type of the switch, capable to operate in the
regular pulses mode at high PRF values (50-200 kHz and more) and high average switching power ~1-10
kW, is associated with a number of difficulties, caused by intensive heat dissipation inside the switch. In
particular,  it  leads to a change in gas composition and pressure in the switch volume, which negatively
affects the switching characteristics and lifetime of the device. One of the ways to mitigate this problem is
the maximum simplification of structural parts of the switch, particularly the cathode node and capillary
structure, with minimal deterioration of the switch operating parameters.

In most recent works devoted to the study of switching characteristics of the capillary discharge, a
rather  complicated discharge structure  has  been used as  a  plasma cathode.  Particularly,  it  is  due to  the
preionization of  the  cathode region  in  order  to  increase the  switch  efficiency.  Nonetheless,  it  has  been
demonstrated in [4] that additional ionization does not play a significant role at PRF greater than 20 kHz.
Regarding the capillary configuration,  in [3] it  was suggested that  the process of formation of runaway
electrons in the capillary region has a significant influence, which leads to a decrease in the degree of pulse
compression  and the  maximum achievable  PRF values.  However,  direct  experiments  demonstrating  the
influence of the capillary structure shape haven't been presented.

Comparative  experimental  studies  of  several  switches  with  different  capillary  configurations  were
performed in this work. In all cases, a hollow cylindrical Ti cathode with an inner diameter of 2.6 cm and a
length of 90 cm was used as a cathode node. In the side surface of the cylinder a rectangular hole was formed
to which a capillary of rectangular cross section made of Al2O3 plates was attached. Studies were carried out
using helium with pressure of 2-20 mbar as a working gas of the switch. To form high-voltage pulses on the
operating capacitance primary generator with a PRF of up to 200 kHz in the burst operation mode was used. 
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The production of polymer materials is one of the most important sources of air polluted with volatile 

organic compounds (VOCs). Technologies using nonequilibrium plasma (NP) of electric discharges of 
various types are promising for air purification from VOC vapors [1,2]. 

VOCs are: monomeric compounds used to produce polymers: butadiene, styrene, acrylonitrile, methyl 
methacrylate (MMA), acrylic ethers and many other compounds. As a rule, these are highly toxic 
compounds. They can be contaminated during transportation, during the polymerization reaction, during the 
processing of plastics, etc. Freshly prepared plastic contains a small amount of monomer, which pollutes the 
air. A significant amount of VOCs is formed during the heat treatment of plastics and during their recycling 
in order to obtain valuable chemical raw materials. 

This paper presents the results of a study of the effect of pulsed corona discharge plasma on air 
containing volatile pyrolysis products of polymers of wide application: Polystyrene, polymethyl-
methacrylate (MMA), ABS plastic, poly-olefins and rubber. Each of the polymer materials at a temperature 
of 300-600C forms a variety of volatile products, the analysis of which was carried out by the GC/MS 
method. These are aliphatic and aromatic unsaturated compounds of various structures, including monomers. 
Each of these products has a different reactivity to plasma components and different toxicity. For the 
research, an installation with a plasma chemical reactor, in which a pulsed corona discharge with parameters: 
pulse duration of 40 ns, pulse repetition rate of 10 Hz, a voltage of 100 kV, and a current of up to 100 A, 
described in detail in [3], was used. The method of competing reactions developed by us [4] allows us to 
study the relative reactivity of each of the components most effectively. 

It is shown that NP removes unsaturated and saturated aliphatic compounds more effectively, and 
aromatic compounds are removed less efficiently. The high reactivity of unsaturated compounds is due to 
their reaction with ozone [5,6]. 

The found dependencies will be useful in the development of new energy-efficient air purification 
technologies for the tasks of primary and secondary plastics processing. 
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Nowadays CubeSat nanosatellites are widespread technology in space industry. Due to the low 

manufacturing and launch price, CubeSat is an attractive option for testing new technologies, for observation 
and etc. Sometimes a low-thrust propulsion system is required on these satellites for increasing lifetime and 
number of satellite abilities. Electric propulsion systems (EPS), which can generate thrust about 
1 μN…10 mN fit this requirement the best [1]. 

However there are a number of restrictions on power supply, propulsion system volume and mass for 
CubeSats due to their small dimensions. Some EPS (for example, GIT or Hall thrusters) suffer from 
performance decrease and manufacturing complication at low powers. This raises satellite’s price [2].  

In this regard ablation pulsed plasma thruster (APPT) is considered as a promising propulsion system 
for nanosatellites. APPT operation is stable at low power supplies; this thruster uses solid dielectric material 
as propellant. This makes propellant supply system simple and propulsion system’s price low. 

APPT operation principle is mass acceleration by electromagnetic and gas dynamic forces. Mass flow 
with thermal velocities makes specific impulse low. So processes in APPT have to occur under optimal 
conditions in order to make most amount of mass accelerated by electromagnetic forces [3, 4]. One of the 
promising ways to organize optimal mass acceleration is matching energy distribution during the impulse. 

Experimental and theoretical studies of ablation and acceleration processes matching with thruster 
performance parameters were carried out. Electrical parameters variation in RLC-circuit allows managing 
the decay factor and natural angular frequency in current and voltage oscillations. This can lead to circuit 
released power changing during the same time. 

Since the determining resistance value in the circuit is the plasma resistance, an increase in the other 
elements resistance will lead to power release on the element with the highest resistance value. This will lead 
to the fact that less energy will be delivered to the plasma so the efficiency will decrease. 

In this regard, energy storage capacity and circuit inductivity were varied for studying the current 
oscillation influence on thruster performance parameters. In each case current waveform data and impulse bit 
were measured. Impulse bit was measured by shooting method. 

Measured data allows estimating impulse bit of the plasma filament contribution to the total impulse bit 
measured by shooting method. Based on experimental data, an assumption was made. It is assumed that most 
amount of plasma filament, which takes part in electromagnetic acceleration, left discharge channel during 
the first period. 
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CONVERSION OF LC-CIRCUIT ENERGY INTO KINETIC ENERGY OF CURRENT-

CARRYING METAL PLATE 

A.V. KOZYREV, A.A. ZHERLITSYN  

Institute of High Current Electronics SB RAS, Tomsk, Russian Federation 

 

When conducting shock-wave experiments with metal plates accelerated to a speed of about 10 km/s, it 

is possible to use electric generators based on a capacitive energy storage. An analysis of the efficiency of 

energy transfer of a capacitive storage into the kinetic energy of a current-carrying plate (planar liner 

geometry) has been carried out.  

The mathematical model included the equation for the current in the LC-circuit with a nonlinear load 

inductance and the 1-dimensional equation for the liner motion. It is shown that at a fixed dimensionless 

ratio, F = LF/L0 (here, LF is the final inductance of the liner, L0 is the inductance of the electrical circuit), 

liner kinetic energy depends only on one dimensionless parameter u, which combines the parameters of the 

generator and the liner, and u is proportional to the initial charge of the capacitive storage. The results of a 

numerical calculation of the dimensionless ratio, S, of the final kinetic energy of the liner to the energy 

stored in the capacitive energy storage are shown in the figure 1. The dotted line shows the linear 

dependence of the points of maximum efficiency on the coordinate plane (u-S). The data shown make it 

possible to determine the optimal parameters of the capacitive storage for the given parameters of the liner, 

while it is necessary to ensure the lowest inductance of the electric circuit, L0, since it determines the value of 

the key parameter F.  
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Fig.1. Dependences of the efficiency of energy transfer to the liner, S, versus the dimensionless parameter u for different 

dimensionless liner inductances F .  
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PULSE POWER SUPPLY FOR PLASMA CATHODE LOW ENERGY PULSE ELECTRON 

SOURCE * 
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1Institute of High Current Electronics SB RAS, Tomsk, Russia 
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Low-energy intense electron beams with a pulse duration of a few, tens and hundreds of microseconds 

are currently widely used for research on creating the scientific foundations of technologies in the field of 
surface modification of metal and metal-ceramic materials. The greatest number of studies were carried out 
with the use of electron sources in the pulse duration range of 1-4 μs. [1] or in the range of 20 - 300µs. [2, 3]. 
At the same time, the range 4–20 μs is of interest and remains unexplored at the moment. 

The paper presents a description of a pulsed power supply for an arc discharge of a plasma cathode for a 
pulsed source of electrons with energies up to 25 keV. The source is suitable for powering the SOLO arc 
plasma cathode with an additional discharge initiation cell [4]. A feature of the developed switching power 
supply is the possibility of generating current pulses with an amplitude of up to 2000 A and a duration of 7 μs. 

The formation of short current pulses is ensured by the use of an isolating transformer with low stray inductance 
and a multi-channel thyristor pulse shaper. Fig. 1a shows the power supply circuit and Fig. 1b shows the 
waveforms of trigger pulse current for arc discharge initiation, as well as the pulses of the main arc supply 
channel. 

 
Fig.1. Scheme of high power supply for low energy pulse electron source (a) and typical output waveforms (b). 
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MODIFIED CAPACITOR-SWITCH ASSEMBLY FOR LTD GENERATORS OF PETAWATT 
POWER LEVEL* 

D.V. RYBKA, A.D. LENSKIY, S.A VAGAYTSEV, E.A. VAGAYTSEV 

Institute of High Current Electronics SB RAS, Tomsk, Russia  
 
Currently, LTD-technology is positioned as a promising direction in the construction of high-current 

pulse installations of a new generation. The development of LTD-cavities, as a basic element of LTD-
generators, is actively underway in the USA, China and Russia [1 - 9]. 

Most of the developments in this area are carried out using "bricks" based on high-voltage capacitors 
manufactured by GA, models No. 35473, No. 35479, No. 35462 with a nominal capacity (40-100) nF [10], 
or their analogues. But in [11], the authors presented a prototype of a capacitor-switch assembly (CSA) of a 
unique design with an output power level exceeding the existing values. In [12 - 14], it was proposed to use 
CSA to create compact LTD generators, and in [15, 16], technical requirements for CSA for use in LTD 
generators with a water transmission line of a petawatt power level were formulated. 

This paper presents the design and results of resource tests of the CSA, which can be used as a basic 
LTD driver in electrophysical installations with an initial energy reserve of up to 50 MJ. 

 

REFERENCES 
[1] M. G. Mazarakis, W. E. Fowler, A. A. Kim et al., “High current, 0.5-MA, fast, 100-ns, linear transformer driver experiments.” Phys. Rev. ST 

Accel. Beams, vol 12, 2009, Art. no. 050401, doi: 10.1103/PhysRevSTAB.12.050401. 
[2] J. R. Woodworth, W. E. Fowler, B. S. Stoltzfus et al., “Compact 810 kA linear transformer driver cavity.” Phys. Rev. ST Accel. Beams, vol. 14, 

2011, Art. no. 040401, doi: 10.1103/PhysRevSTAB.14.040401. 
[3] B. M. Kovalchuk, A. V. Kharlov, E. V. Kumpyak, and A. A. Zherlitsyn, “Pulse generators based on air-insulated linear-transformer-driver 

stages.” Phys. Rev. ST Accel.Beams vol.16, 2013, Art. no. 050401, doi: 10.1103/PhysRevSTAB.16.050401. 
[4] W. A. Stygar, T. J. Awe, J. E. Bailey et al., “Conceptual designs of two petawatt-class pulsed-power accelerators for high-energy-density-

physics experiments.” Phys. Rev. ST Accel. Beams, vol. 18, Nov. 2015, Art. no. 110401, doi: 10.1103/PhysRevSTAB.18.110401. 
[5] L. Zhou, Z. Li, Z. Wang et al., “Design of a 5-MA 100-ns linear-transformer-driver accelerator for wire array Z-pinch experiments.” Phys. 

Rev.Accel. Beams vol.19, 2016, Art. no. 030401 doi: 10.1103/PhysRevAccelBeams.19.030401. 
[6] J. D. Douglass, B. T. Hutsel, J. J. Leckbee et al., “100 GW linear transformer driver cavity: Design, simulations, and performance,” Phys. Rev. 

Accel. Beams, vol. 21, Dec. 2018, Art. no. 120401, doi: 10.1103/PhysRevAccelBeams.21.120401. 
[7] R. D. McBride, W. A. Stygar, M .E. Cuneo et al., “A Primer on Pulsed Power and Linear Transformer Drivers for High Energy Density Physics 

Applications,” IEEE Trans. Plasma Sci., vol. 46, Nov. 2018, pp. 3928–3967, doi: 10.1109/TPS.2018.2870099 
[8] L. Chen, W. Zou, L. Zhou, et al., “Development of a fusion-oriented pulsed power module,” Phys. Rev. Accel. Beams, vol. 22, 2019, Art. no. 

030401, doi: 10.1103/PhysRevAccelBeams.22.030401.  
[9] L. Chen, W Zou, J. Jiang, et al., “First results from a 760-GW linear transformer driver module for Z-pinch research.” Matter Radiat. Extremes, 

vol. 6, 2021, 045901 (2021); doi: 10.1063/5.0003346 
[10] https://www.ga.com/capacitors/series-pds-pdss-fast-pulse-capacitors  
[11] I. Lavrinovich, D. Molchanov and N. Zharova, “High-Power Capacitor-Switch Assemblies Rated at 100 ns.” 2018 20th Int. Symp. on High-

Current Electronics (ISHCE), Tomsk, 2018, pp. 98–102, doi: 10.1109/ISHCE.2018.8521223. 
[12] I. Lavrinovich, A. Artyomov, D. Molchanov and D. Rybka, "Compact LTD Stage Based on a New Capacitor-Switch Assembly." 2018 20th Int. 

Sym. on High-Current Electronics (ISHCE), Tomsk, 2018, pp. 103-106, doi: 10.1109/ISHCE.2018.8521210. 
[13] I. Lavrinovich, S. Vagaytsev, A. Erfort et al., “New Type Capacitor-Switch Assembly for LTD Technology.” 2019 IEEE Pulsed Power and 

Plasma Science (PPPS), Orlando, FL, USA, 2019, pp. 1–4, doi: 10.1109/PPPS34859.2019.9009957. 
[14] I. Lavrinovich, S. Vagaytsev, A. Erfort, et al., “Concept Designs of a Compact LTD Generator with a Pulse Rise Time of 100 ns.” 2019 IEEE 

Pulsed Power and Plasma Science (PPPS), Orlando, FL, USA, 2019, pp. 1–4, doi: 10.1109/PPPS34859.2019.9009657. 
[15] I. Lavrinovich, D. Rybka, A. Lenskiy et al., "Architecture of a 100-ns LTD Generator Based on a New Type of Capacitor-Switch Assemblies." 

2020 7th International Congress on Energy Fluxes and Radiation Effects (EFRE), 2020, pp. 297-301, doi: 10.1109/EFRE47760.2020.9241939.  
[16] N. D. Zameroski, C. Anderson, H. Kirbie, et al., “Characterization of a 200-nF unipolar, high current, low inductance capacitor switch 

assembly.” Rev. Sci. Instrum. vol. 92, 2021, Art. no. 094710, doi: 10.1063/5.0047261. 

 
* The research was funded by RFBR and Tomsk region, project number 19-48-700017. 

EFRE 2022: 22nd International Symposium on High Current Electronics 
Pulsed power technology and applications 

–––––––––––––––––––––––––––––––––––––––––––––––   S4-P-036501   –––––––––––––––––––––––––––––––––––––––––––––––

115



METHOD FOR MEASURING VOLTAGE DROP ALONG A LOAD OF THE MIG PULSE POWER 

GENERATOR* 

A.G. ROUSSKIKH, A.S. ZHIGALIN, V.I. ORESHKIN 

 Institute of High Current Electronics SB RAS, Tomsk, Russia 

 

The work is devoted to development of a technique for measuring the voltage drop along a load of the 

pulse power generator MIG [1]. In the course of solving the problem posed, we tested various approaches to 

solving the problem of voltage measurement. The amplitude values of the voltage drop  in the point of the 

voltage sensor location can be several hundred kilovolts with a rise time of about 80 ns. Voltage drop 

measurements are made in conditions of closely spaced current-carrying electrodes. The most reliable and 

adequate scheme that allows us to measure the voltage drop along the load is an inductive divider. The 

parameters and features of an inductive voltage divider developed and implemented in the course of this task 

are described. 
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CALIBRATION TECHNIQUE FOR A SLEET STREAK SPECTROMETER UNDER THE 

CONDITIONS OF THE PULSE-POWER MIG GENERATOR* 

A.S. ZHIGALIN, A.G. ROUSSKIKH, V.A. VANKEVICH, V.I. ORESHKIN 

Institute of High Current Electronics SB RAS, Tomsk, Russia 
 
The paper describes the method of spectral and temporal calibration of the Hamamatsu C10910 sleet 

streak spectrometer, carried out before experiments on the pulse-power MIG generator [1]. The design and 
principle of operation of a hydrogen flash lamp specially designed for spectral and temporal calibrations are 
described. Optical circuits for recording the spectrum of a hydrogen flash lamp and electrical circuits for 
synchronizing a streak camera with a pulse-power MIG generator are presented. 
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A FIVE-CHANNEL TRIGGER SIGNALS AMPLIFIER* 

A.P. ARTYOMOV1, A.V. FEDUNIN1, A.G. ROUSSKIKH 1, V.I. ORESHKIN1,2 
1 Institute of High Current Electronics SB RAS, Tomsk, Russia 

2 National Research Tomsk Polytechnic University, Tomsk, Russia 
 
At present, plasma physics is actively investigating objects whose lifetime can be tens or even units of 

nanoseconds, for example, the electric explosion of conductors, Z- and X-pinches, and others [1-6]. It is 
often necessary to use additional high-voltage equipment to diagnose [1–3] or form [4-6] these objects in an 
experiment. Moreover, this equipment must be synchronized with the main generator with a jitter of less than 
±10 ns.  

High-voltage gas trigatrons are widely used as an intermediate stage for starting high-current pulse 
generators with an operating voltage of over 30 kV. They make it possible form voltage pulses with an 
amplitude of 15-20 kV and a rise time of less than 20 ns. Low-voltage multichannel trigger generators (TG) 
are often used as the primary trigger device, which form a pulse with an amplitude of up to 300 V. It is often 
impossible to provide an acceptable level of the triggering signal for a trigatrons spark gap directly from the 
TG. In this case, either a large trigatrons jitter is observed, or it does not start at all. In addition, in some 
cases it is necessary ̶to increase the length of the cable between the TG and a trigatrons spark gap that leads 
to the attenuation of the trigger pulse. This can also negative effects on the trigatrons operation. 

A five-channel trigger signal amplifier was developed to solve these problems. A voltage pulse with an 
amplitude of -1 kV is formed at the output of each channel. The amplifier was tested in operation with a 
high-voltage gas trigger, which formed a voltage pulse with an amplitude of -18 kV to start a pulse power 
generator. As a result of the tests, it was shown that the jitter at the output of the high-voltage gas trigger 
(‑18 kV) did not exceed ±3 ns, and the jitter of the high-current generator was no more than ±10 ns. 

 

  
Fig.1. External and internal view of the five-channel trigger signal amplifier.  
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Ten years ago, at the Institute of High Current Electronics SB RAS in Tomsk a new method for the 

formation of a reusable point source of soft X-rays was proposed as an alternative to the Х-pinch. This 
method was called PZ-pinch (Point Z-pinch) [1, 2]. In contrast to the Х-pinch, the plasma of the PZ-pinch is 
preliminarily produced and then injected into the high voltage gap of pulse power generator during the 
operation of a high-current arc discharge. 

The work is devoted to a new compact pulse generator designed as a source of power for a plasma gun. 
It was designed and created to replace the pulsed generator based on the IK-50-3 capacitor (3 μF), which we 
used earlier. The IK-50-3 capacitor provided a current pulse with an amplitude of 70 kA and a current rise 
time of 1 μs when operating on an arc. Its operating voltage was 20 kV [2]. However, this capacitor has 
impressive weight (120 kg) and size (31x31x67 cm3) parameters. In addition, the potential energy storage of 
the IK50-3 capacitor is excessive for plasma gun, which we use as part of a low-scale XPG-3 current 
generator to form PZ-pinch. 

The new generator is based on a 1 μF capacitor-switch assembly (Fig. 1a) of our own design [3, 4]. The 
dimensions of the pulse generator are Ø30x30 cm, which is significantly smaller than its predecessor. The 
operating voltage of the new generator is 25 kV. It provides an arc current amplitude of 120 kA with a rise 
time of 500 ns. The external view of the generator is shown in fig. 1b. Experiments have shown that the 
power of the new generator is sufficient to form a bright point source of soft X-ray radiation based on the 
PZ-pinch in a wide range of linear pinch masses. 

 

 
Fig.1. External view of the capacitor-switch assembly (a) and the compact pulse power generator (b). 
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In recent years, the concept of surface radiation sterilization (SRS) has been actively developing, the essence 

is the effect of an electron beam only on the surface layer of the object being irradiated. This approach is 

promising in many applications, such as the treatment of various food products: grains [1], eggs [2], lumped 

meat and feeds [3]. The main advantage of SRS is the ability to localize changes in the product in a narrow 

surface layer (tens to hundreds of microns), which is contaminated by various microorganisms. At the same 

time, the main part of the product is irradiated only by bremsstrahlung, the level of absorbed doses in which 

is tens of thousands less than on the surface. This allows to maintain not only the nutritional value of the 

main part of the product, but also the vital ability of seeds or eggs. 

At the same time, the requirements for maximum electron energy for such accelerators are significantly 

reduced to 0.5 MeV, and the presence of low-energy electrons in the spectrum becomes useful. These 

electrons intensify the irradiation of the surface layers and reduce the output of bremsstrahlung, the only 

limitation being their high absorption in the output foil, and increase the thermal load on it. 

The purpose of this work was to investigate the operation of the URT-1M [4] accelerator with a power 

system without SOS switch. The approaches used in the high-voltage pulse generation system of this 

accelerator allow generating a pulse with an amplitude of up to 500 kV, a duration of ~ 450 ns and a supply 

repetition rate up to 50 pps during discharge of the second circuit capacitor. 

It was found that in this mode, an accelerator with a metal dielectric cathode works stably at a charging 

voltage of up to 35kV (accelerating ~ 350 kV). Further increase of voltage is limited by breakdown of 

through vacuum insulator with shielding of dielectric surface [5]. 
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Were continued the studies of nanopowders (NP) of iron oxide produced by radiation-chemical method 
[1] at irradiation of iron sulfate solutions in water and iron nitrate in isopropyl alcohol on electron 
accelerator URT-0,5 [2]. 

With an increase in the concentration of iron sulfate in the solution, the specific surface area of   the NP 
decreases, and the yield increases. For iron nitrate, with an increase in its concentration in solution, both 
the yield of NP and the specific surface area grow under irradiation under the same conditions (absorbed 
dose of 2.3 MGp at an accelerator frequency of 10 Hz). 

Since the particles produced from the iron nitrate solutions are amorphous, they were annealed, followed 
by X-ray phase analysis. It has been found that these are hematite, Fe2O3 particles (unlike maghemite C, 
γ- Fe21.33O32 particles from iron sulfate). The specific surface area of the particles increases with the 
annealing temperature (from 2.4 nm at 400 ° C to > > 200 nm at 1200 ° C). 

The produced NPs can be used to create promising upconversion materials for medicine based on them. 

 

Fig.1. Specific surface of NP FeO at change of concentration in solution.  
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LINEAR PULSE TRANSFORMER WITH PULSE REPETITION UP TO 5 HZ 

V.M. ALEXEENKO1, A. A. ZHERLITSYN1, S. S. KONDRATIEV1 

1IHCE SB RAS, Tomsk, Russia 

 

A linear pulse transformer is successfully used for charging an intermediate storage (capacitance 

with water isolation or inductive) [1,2]. Compared with the more common Marx generators, the linear 

pulse transformers have some advantages: significantly less high-voltage isolation volume and simplified 

monitoring and maintenance of capacitors and switches of the storage. Article [3] showed the possibility 

of using a linear pulse transformer for applied tasks. However, in this case, it is necessary to implement 

the frequency mode of operation with acceptable stability. 

 

This work presents the design and results of the study of a linear pulse transformer (the transformer 

below) with air insulation at atmospheric pressure. Distinctive features of this transformer are the 

frequency mode of operation, the absence of a liquid dielectric in the insulation of the transformer, the 

placement of a capacitive storage inside the case (inductor) and its direct connection to the primary loop 

without the use of high-voltage transmission cables. The capacity of the transformer storage is 150 nF, 

the charging voltage is up to 80 kV, and the stored energy is up to 480 J. The transformer allows about 

60% of the stored energy to be transferred to a matched load (5‒7 Ohm) in a characteristic time of about 

1 μs. At a high-resistance load, the transformer generates a voltage pulse with a rise time of 100 ns and 

an amplitude close to twice the charging voltage. The increase in output voltage and power is realized by 

connecting several transformers in series. The experimental results are show possibility of the frequency 

mode of operation with a pulse repetition of 1‒5 Hz and with output pulse jitter at the level of 20 ns. 

 

The work was performed under State Assignment of the Ministry of Science and Higher Education of the 

Russian Federation (No. FWRM-2021-0001) and with the support of the Russian Foundation for Basic 

Research (No. 19-08-00115 a).  
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CONTROLLED PULSED INJECTION FOR HV GAS BLAST CIRCUIT BREAKERS

N.K. KURAKINA, E.N. TONKONOGOV, I.V. MURASHOV, R.I. ZHILIGOTOV, N.V. OBRAZTSOV

 Peter the Greet St.Petersburg Polytechnic University, High School of Electrical Engineering, Saint-Petersburg, Russia

According to modern trends, the interrupting performance and reliability of modern HV gas blast circuit
breakers  (CB)  should  be  increased.  It  becomes  increasingly  important  with  transition  to  SF6-free
technologies  [1].  The  basic  aim  of  the  investigation  is  to  improve  the  efficiency  of  arc  quenching  by
increasing of interruption ability in CB with the same rated pressure and without drive parameter changing.
Some disadvantages of the controlled switching [2] for modern CB are discussed.

A method of a short time gas pulse under high pressure - synchronous gas injection - is proposed in the
study. It is developed with benefits and drawbacks of the controlled switching in mind. The synchronous gas
injection should be introduced to the plasma region before current zero to reduce pre-zero arc conductivity,
change the initial gas-dynamics characteristics (density, pressure, velocity, and mass flow rate), deform the
arc thermal boundary layer, provide the turbulent mixing in the upstream region [3], and by doing so achieve
necessary cooling-heating balance for successful arc extinguishing.

Performance  of  the  suggested  approach  is  investigated  by  numerical  simulation  and  empirical
relationships with a model arc quenching device. Air is conditionally taken as a gas medium. The research
confirms the synchronous gas injection has a perspective to increase breaking capacity of circuit breakers in
high voltage levels considering the limited power of the drives. Gas injection parameters in the vicinity of
current zero are determined. Efficiency of the synchronous gas injection on the CB interruption ability is
presented.
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INVESTIGATION OF WIRES LAYOUT IN EXPLODING WIRE ARRAY 

S. ANISHCHENKO1,  A. GURINOVICH1, E. GURNEVICH1, D. LEONENKO2, A. ROUBA  1  

1Research Institute for Nuclear Problems, Minsk 220030, Belarus
2Electrophysical laboratory, Minsk 220088, Belarus

Exploding  wires  serving  as  opening  switch  for  pulsed  power  applications  are  widely  studied.
Geometry of exploding wire array (EWA) could significantly influence on the output  parameters of the
switch, namely: the amplitude and duration of the produced pulse [1,2]. 

Compact EWA design could imply use of non-strait wires, for example, zigzag or helical installation
[3]. High-voltage breakdown should be taken into account for a compact EWA, thus use of insulating gas
should be considered as an option. According to multiple studies SF6 looks to be the best choice for EWA.
Experiments demonstrate possibility to keep the amplitude of the EWA-produced high-voltage pulse with
twice as short array length with zigzag wires installation in pressurized SF6. Simultaneous increase of pulse
duration after switching to the load could reach 30% as compared to the pulse produced with straight wires
exploded in air.

Fig.1. Exploding wire array with zigzag wires installation. 

Wires damage is shown to be of high importance during installation. Any extra tension applied to wires
could cause reducing of amplitude of high-voltage pulse as much as 15%.  
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METHODOLOGY FOR CONDUCTING IN-PILE EXPERIMENTS TO STUDY SPECTRAL-

TEMPORAL CHARACTERISTIC OF GAS MEDIA UPON EXCITATION BY THE 6Li(n,α)3H 

NUCLEAR REACTION* 

K.K. SAMARKHANOV1, E.G. BATYRBEKOV2, M.U. KHASENOV1,3, YU.N. GORDIENKO1, A.N. KOTLYAR1, A.A. MILLER1, 
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The study of optical (laser and spontaneous) radiation from a nuclear-excited plasma, formed by the 

products of nuclear reactions is interesting for developing a method of energy output from a nuclear reactor 

by direct conversion of energy into light [1, 2]. The direct pumping of active media is carried out, as a rule, 

by the products of nuclear reactions with thermal neutrons of a nuclear reactor: 3He(n,p)3H, 10B(n,α)7Li, 
235U(n,f)F or others. The laser-working medium must contain 235U, 3He or 10B, or a compound with these 

isotopes is deposited on walls of the laser chamber. Less studied was 6Li(n,α)3H nuclear reaction. 

The National Nuclear Center of the Republic of Kazakhstan currently operates two research reactors: 

IVG.1M [3] and IGR [4]. The main results of a series of reactor experiments performed at the stationary 

reactor IVG.1M are given in [5-7]. Based on the experience of the in-pile experiments at the IVG.1M reactor 

and considering the specificity of experiments at the pulsed reactor IGR of a thermal neutron flux density up 

to 7∙1016 n/cm2s, the principal scheme of the experimental setup and the methodology of in-pile experiments 

were developed. Experimental facility functionally consists of gas-vacuum system, optical radiation 

registration system, irradiation device with a lithium layer, and systems of registration and temperature 

control of the device housing. The design of the irradiation device (ID) was developed to conduct in-pile 

experiments at the IGR reactor. Irradiation device, coated with a lithium layer will be loaded into the central 

channel of the IGR reactor and filled with the test gas mixture. The light radiation will be outputted from 

reactor core using a fiber, then split into individual beams. Luminescence spectra will be recorded using the 

optical spectrometer. Spectral-temporal characteristics will be recorded using a monochromator, tuned to the 

wavelength of the investigated atomic transition, a photodiode and PMT.  

Neutron-physical and thermal-physical calculations, using MCNP5 and Ansys Fluent software, 

respectively, were performed to justify the irradiation device design and safety conducting of in-pile 

experiments. The calculations were performed at a thermal power level of the IGR reactor equal to 1 GW 

and a pulse duration of 0.12 s. Based on the results of the performed neutron-physical calculations, the 

specific power of the energy release of the main elements of the ID design, as a result of neutron and gamma 

irradiation at the IGR reactor was determined. It was determined, with the IGR reactor power, equal to 1 

GW, the total ratio of lithium energy release to energy release in the reactor is 8.23∙103 W/g. Based on the 

results of the performed thermal-physical calculations, the temperature field of the experimental cell of the 

ID was determined. 
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The paper presents the results of resource tests of high-voltage pulse capacitors (VIK) with an operating 

voltage of 120 kV and a capacity of 0.04 uF. VIK is designed and manufactured on the basis of domestic 
technological and testing equipment as part of the implementation of the import substitution program. 
Aluminum foil of Russian production was used as capacitor plates. A combined paper-film insulation 
impregnated with vegetable oil was chosen as a dielectric. In the manufacture of capacitors, a scheme of 
"non-inductive" winding of sections was used, which made it possible to provide the required discharge 
characteristics for LTD-cavities of electrophysical installations. Thanks to the optimization of design 
parameters and winding technology, in particular the bending of the edge of the aluminum foil, it was 
possible to provide not only improved technical characteristics compared to foreign analogues of the VIK 
currently used, but also to increase the service life of the developed pulse capacitors. 

                                                             
* The work was funded in part by RFBR and Tomsk region, project number 19-48-700017. 
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The paper describes the self-triggering circuit of the ТДИ4-200к/25СН thyratron [1], which operates as 

part of a pulse voltage generator based on a pulse transformer. Thyratrons of this series have a number of 

advantages. They allow one to switch pulsed currents up to 200 kA with a frequency of up to 300 pulses per 

second, do not require maintenance, are produced with an incandescent cathode and instant readiness. Also, 

if there are no strict requirements for the turn-on jitter, these thyratrons are not too demanding on the 

parameters of the trigger pulse.  

The self-triggering circuit under consideration was initially developed for the EG350 pulse voltage 

generator [2], which used an eight-channel switch in a gas under pressure of the trigatron type as a main 

switch. We replaced the main switch with a thyratron and adapted the existing trigger circuit for it. The 

peculiarity of the proposed self-triggering circuit (Figure 1, (STC)) is its complete autonomy, automatic 

generation of a trigger pulse at the moment the maximum voltage value is reached on capacitor C2, as well 

as simplicity and reliability.    

 

Fig.1. Schematic diagram of the pulse voltage generator: (VS1) ТБИ 253-1000-36 thyristor; (VS2) ТДИ4-200к/25СН thyratron; 

(STC) self-triggering circuit; (Tr1) pulse step-up transformer; (Tr2) peak transformer; (Tr3) pulse step-up autotransformer; (VD1) 

avalanche diode; (R*) current limiting resistor; (С1) first stage capacitor; (С2) second stage capacitor. 
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The work is devoted to the development of an electric pulse method for cutting rocks and other solid 

dielectric and semiconducting materials. Previously, we have shown the possibility of electric pulse cutting 

with a two-electrode moving system with a low energy of the pulse generator, which will make it possible to 

create a competitive electric cutter in comparison with mechanical and plasma [1].  

Studies of cutting by electric pulsed discharges were carried out on a test laboratory facility, consisting 

of a source of high pulsed voltage, a two-rod electrode system placed in a tank with water (  300 S*cm), 

and an electromechanical reversible drive that moves the electrode system in the direction of the cut [2]. The 

removal of chipped rock from the treatment zone was carried out using a flushing system.  

The main disadvantage of the pulsed voltage sources previously used in electric pulse cutting machines 

was that the pulse repetition rate of the generators (made according to the Marx scheme) is low and the 

destruction productivity and cutting speed were limited as a result. 

In this work a generator based on a pulse transformer with a stored energy of up to 140 J, an output 

voltage of up to 160 kV, and a pulse repetition rate of up to 25 pulses/s was used for the first time as a source 

of high-voltage pulses. The generator circuit with slight differences is similar to that described in [3].  

 

  

Fig.1. Photograph of a cut slit in granite.  

On the experimental bench, slits were obtained in granite (Fig. 1) and sandstone with a total area of 

about 800 cm
2
. The distance between the electrodes in the experiments with sandstone was 9 mm, with 

granite, 8.5 mm. The average depth of destruction in one pass of the electrode system was 6 mm. A sieve 

analysis of the granite sludge obtained during cutting was carried out, which showed that the proportion of 

“fine” sludge (less than 2.5 mm) exceeds 85%. This with such an interelectrode gap indicates overgrinding, 

most likely due to insufficient flushing performance, which reduces the productivity of the cutting [4]. 

Experiments have shown the possibility of using pulse generators with low energy and a high pulse 

repetition rate in the electric pulse cutting method, while the mechanical system for moving the electrodes 

and flushing performance needs to be improved to increase productivity. 
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Tin oxide was obtained on an experimental setup operating on the principle of the spark discharge 

method [1,2]. The operating parameters of the method were selected in such a way as to achieve different 
dispersity of the powders. 

The main parameters affecting the dispersion of powders when using the spark discharge method are: 
the carrier gas flow rate, the energy introduced into the discharge, and the discharge repetition rate. Three 
electrodes made of tin with a purity of 99.9999% were used as the starting material. 

In the work, a study was carried out to determine the most optimal parameters of the method, which 
provide relatively high productivity, as well as the ability to control the dispersion of the resulting tin oxide 
powders. 

Several series of experiments were carried out to obtain the dependence of the dispersion of the 
obtained powders on the parameters of the installation. Changes were made to such parameters as: carrier gas 
flow rate, storage capacity, trigger pulse repetition rate. The range of variation of the carrier gas flow was 
from 20 to 60 l/min. The repetition rate of the trigger pulses varied based on the storage capacity. For a 
capacitance of 13.6 nF, the frequency change was from 100 to 400 Hz, at 100 nF from 20 to 60 Hz, 
respectively. The charging voltage of the capacitor and the size of the gap between the electrodes remained 
approximately at the same level in all series of experiments, 8-10 kV and 3-4 mm, respectively. 
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COMPARISON OF THE DOSE-DEPTH DISTRIBUTION OF ELECTRON BEAMS WITH 

MONOENERGETIC AND COMPOSITE SPECTRA OF ELECTRON KINETIC ENERGIES
*
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The development of high-voltage high-current pulsed circuitry stimulates the creation of pulsed particle 

accelerators with operational characteristics appropriate for practical use. At the same time, continuous 
sources of electron beams are the traditional basis for the radiation technologies development. The paper 
presents an analysis of the beam depth-energy distribution for a monoenergetic electron beam and for a beam 
with a composite electrons kinetic energy spectrum [1] in terms of their effective practical use. It was shown 
that for a number of applications that require beam exposure depth limiting while providing a minimum 
dose, the use of a beam with composite electrons kinetic energy spectrum is preferable. The research results 
can be used for electron beam processing modes selection in the radiation technologies development.  

REFERENCES 

[1] A. Poloskov, M. Serebrennikov, A. Isemberlinova, I. Egorov, Energy depth distribution of pulsed 
electron beam with wide electron kinetic energy spectrum for an aluminum target, Journal of Physics: 
Conference Series. 1393 (2019) 012115. doi:10.1088/1742-6596/1393/1/012115. 

 
 

                                                           
* The authors are grateful to National Research Tomsk Polytechnic University (TPU, Russia) for technical support in a case of TPU development 
program. The work was conducted within the framework of the state assignment in the field of scientific activity: No. FSWW-2020-0008. 

EFRE 2022: 22nd International Symposium on High Current Electronics 
Pulsed power technology and applications 

–––––––––––––––––––––––––––––––––––––––––––––––   S4-P-052101   –––––––––––––––––––––––––––––––––––––––––––––––

130



OPTIMIZATION OF MODES OF THE ELECTRIC DISCHARGE GRINDING OF QUARTZ RAW 

S.S. KONDRATIEV1, A.A. ZHERLITSYN1, V.M. ALEXEENKO1, A. I. NEPOMNYASHCHIKH2, A. P. ZHABOEDOV2, 
V.S. ROMANOV3 

1IHCE SB RAS, Tomsk, Russia 
2Vinogradov Institute of Geochemistry SB RAS, Irkutsk, Russia 

3ZAO «Kvartsevyye materialy», Irkutsk, Russia 
 
One of the tasks of the technology for obtaining quartz concentrates is the grinding of quartz raw to a 

fraction of 100–300 µm [1]. Traditionally, mechanical crushing, thermal crushing (thermal softening) and 

abrasion are used for these purposes. As an alternative, an electric discharge grinding method is considered 
[1], in which the working tool is a channel of a high-current discharge in water, initiated by a high-voltage 
pulse. With this method, there are reasonable prerequisites for minimizing contamination and obtaining a 
relatively narrow fractional distribution of quartz concentrate. 

In this work, various modes of operation of electric discharge grinding of quartz raw were studied in order 
to increase the yield of a fraction of 100–300 µm. The experiments were performed at a pulse repetition rate 

of 5 Hz on three submicrosecond repetitively pulsed generators with a high-voltage energy storage capacity of 
8, 15, and 50 nF and an output voltage of 90 to 280 kV. East Sayan quartzite with an initial size of ~25 mm 
was used as the initial raw material. Table 1 shows the fractional distribution of the crushing products for 
modes characterized by an approximately equal total energy input. The maximum fraction yield of 100–250 
µm was obtained at the level of 40% for the generator with a storage capacity of 8 nF and a charging voltage 
of 200 kV (mode 2 in Table 1). The yield of the overgrinding product is less than 21% in this mode. It is shown 
that the preliminary thermal crushing of the material is not required for effective electric discharge grinding of 
quartzites (mode 1 and 2 in Table 1). 

 
Table 1. Comparison of different mode of operation of electric discharge grinding of quartz in a series of 
1300 pulses. 

 
Сstorage,  
nF 

Ucharge,  
kV 

Estorage,  
J 

Imax, 
kA 

Tcurrent/4, 
ns 

Thermal 
crushing 

Fraction 100–250 µm, 
% 

Overgrinding, 
% 

1 8 160 160 4.2 260 yes 42 25 
2 8 200 160 4.2 260 no 40 21 
3 15.4 160 197 9.6 370 no 36 28 
4 49.9 90 202 26 450 no 7 6 

 
A comparative analysis of the chemical and structural composition of the quartz raw and quartz 

concentrate with a fraction of 100-300 μm obtained both by usual mechanical abrasion and electric discharge 
grinding (mode 2 from Table 1) was performed. Microscopic studies on an OLIMPUS BX-51 optical 
microscope in transmitted light showed that quartz aggregates obtained by mechanical abrasion contain a large 
amount of fluid inclusions, while no fluid inclusions were found in grains obtained by electric discharge 
grinding. 
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Electrophysical conversion [1] is a promising way to develop low-grade fossil solid fuels that are 

unprofitable for traditional mining methods. Wells are drilled directly at the deposit, electrodes are immersed 
in them. A high voltage is applied to the electrodes, which causes a conductive channel to form in the 
formation. A low voltage current is passed through this channel, which leads to local heating of the rock. As 
a result, the thermal conversion of the organic component of the fuel into gaseous and liquid products occurs. 
Tests of the described method in the field at the Bogatyr mine (Kazakhstan, Ekibastuz) showed its potential 
profitability and scalability. 

The installation necessary for the implementation of such a conversion method should provide a high 
voltage at the initial stage during the formation of the channel. High voltage of lesser value, but more current 
for the intermediate stage of increasing the conductivity of the channel. And relatively high low voltage 
current directly at the conversion stage. The maximum voltage provided by the pilot plant was 100 kV, the 
maximum current was 400 A. 

Two types of tests were carried out. The goal of the first was to carry out a long-term conversion with a 
stable debit. The interelectrode distance was 1 m. To form the channel, a voltage of up to 3 kV was required. 
The gas debit amounted to 3 n.cub.m./hour. In addition to this, about 10 liters of resin, similar to viscous oil, 
collected in the chipper. The purpose of the second type of test was to determine the potentially required 
voltage for a larger interelectrode distance. The distance between the wells was 6 m, and the voltage required 
to initiate the channel formation did not exceed 1.5 kV. 

Among other things, according to the test results, it was concluded that optimization is necessary to 
transfer the installation to a pilot industrial scale. Firstly, the reduction of the maximum voltage and, 
accordingly, the cost and weight and size parameters. Secondly, changing the structure of the intermediate 
and high-current links to increase the resource of the equipment, reduce the time from channel formation to 
direct conversion, and increase the converted volume per cycle. 
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EFFECT OF IONIZATION WAVE VELOCITY ON VOLTAGE*

THEORY, SIMULATION, EXPERIMENT.

V.A. SHKLYAEV, A.A. GRISHKOV, S.YA. BELOMYTTSEV, D.V. BELOPLOTOV, D.A. SOROKIN

Institute of High Current Electronics SB RAS, Tomsk, Russia

Investigations of pulsed breakdown of a gas-filled gap with a highly inhomogeneous electric field have
shown that a runaway electron beam (REB) is formed during the breakdown [1–3]. It was also shown that
REB is formed at  the initial  stages  of  breakdown (stage of  a sharp increase in  the  voltage pulse).  The
formation of REB leads to the multielectron breakdown initiation and the appearance of an ionization wave
(IW). The velocity of IW movement varies widely depending on various parameters (geometry, amplitude
and temporal  characteristics  of  the  voltage  pulse,  type  and pressure  of  the  gas)  and  can  reach  values  
comparable to the speed of light, which has been repeatedly shown in numerical simulations [4-7]. The so
fast ionization wave rapidly changes the gap geometry such that displacement current comparable with the
transmission line charging current arises [6] and the voltage across the gap and the line drops. The faster the
ionization wave, the higher the displacement current. The voltage Ud in the transmission line depends on IW
velocity v:

, (1)

where U0 is the voltage in the traveling wave, and c is the speed of light [6].

Fig.1. Transmission line voltage vs IW velocity according to theoretical (gray curve), simulation and experimental data (symbols). 

Figure 1 demonstrates the behavior of voltage according to expression (1), results of numerical simulation
[6] and experiments under different conditions.  
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The problem of creating a source of non-equilibrium low-temperature plasma, formed upon excitation 
of the ambient air 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 been 
implemented yet. However, such a source is extremely promising from a practical point of view and can be 
used in various fields [1]. 

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) [2]. 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). It should be noted that this type of discharge can be 
considered as a laboratory model of the phenomena occurring in the upper atmosphere of our planet and not 
only, i.e. Transient Luminous Events such as blue jets, starters and red sprites [2]. 

A source design is proposed in which several apokamps are localized and stabilized at the center due to 
the gas flowing. Measurements of electronic, vibrational, rotational, and gas temperatures, as well as the 
reduced electric field strength in plasma in various zones of the discharge formed in this design were carried 
out by optical emission spectroscopy techniques [3]. 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 source based on the apokampic discharge has been implemented (Fig. 1c). 
 

   

Fig.1. (a) Apokampic discharge. 1, 2 – electrodes; 3 – discharge channel; 4 – bright branch; 5 – plasma plume. (b) Electron 
temperature and reduced electric field strength at different distances from the main discharge channel (3 in Fig. 1a). (c) 

Multiapokampic atmospheric-pressure air plasma source. 
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Corona discharge is one of the most common self-discharge modes and is widely used in various fields. 

His research was carried out in many works and continues now [1-5]. This is due, in particular, to the 

presence of non-stationary regimes during the initiation of a corona discharge with both positive and 

negative polarity of the voltage on the electrode with a small radius of curvature [4]. 

This paper presents the results of studies of a corona discharge with a cathode or anode with a radius of 

curvature of 20 μm. The conditions for the initiation of the discharge and the transition from stationary to 

pulsed regimes are shown. On figure 1 shows photographs of a corona discharge in atmospheric air that 

illustrate different modes with negative and positive polarity of the needle. 

 

 

Fig.1. Photographs of the glow of a corona discharge, demonstrating different modes in a gap 40 mm long with negative (a) and 

positive polarity of the tip (b). 1 - needle, 2 - area of bright glow at the tip of the needle, 3 - plasma jets. 

The minimum size of the luminous region near the tip, which had a spherical shape, in these conditions was 

0.08 mm, and the length of the cylindrical jet from the positive tip with increasing voltage reached a flat 

electrode (d = 40 mm).  
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The study of runaway electron beams (RAEBs) generated during subnanosecond breakdown of air and 

other gases continues to attract great attention. In well-known works, the tasks were set to obtain the 

maximum amplitudes of the beam current, to determine the duration of REAB current pulses and electron 

energy, as well as to study the influence of the design of gas diodes, the shape and material of electrodes on 

the parameters of RAEBs. The parameters of RAEBs were measured in various gases in a wide  pressure 

range. Much attention was paid to modeling the physical processes of the RAEB generation. 

The purpose of this work is to systematize the experimental data on the parameters of RAEBs in air at 

atmospheric pressure obtained at the Institute of High Current Electronics SB RAS [1–5]. In particular, the 

effect of the anode design on the duration of RAEB current pulses was studied. Figure 1 shows the duration 

of RAEB current pulses recorded at various diameters of the hole in the anode (figure 1a) and at various 

cathodes (figure 1b).  

      

Fig.1. (a) FWHMs of RAEB current pulses recorded with anodes having different hole diameters: 1 (triangles) and 0.1 mm 

(squares). (b) Variation of FWHM of REAB current pulses from pulse to pulse (triangles - needle cathode, circles - cone cathode). 

GIN-55-1 generator (rise tine of 0.7ns, voltage pulse amplitude of ≈78 kV in the idle mode). Air pressure of 100 kPa.  

The shortest RAEB current pulse was observed for a conical cathode (90o) through a 0.1-mm hole in the 

anode. It was experimentally found that to increase the number of electrons with energies exceeding eUm, 

where e is the electron charge and Um is the maximum voltage across the gap, spherical cathodes should be 

used. The highest amplitudes of RAEB current pulses were observed in a gas diode with a conical insulator. 

In addition, the cathode must have an extended edge with a small radius of curvature and must be made of 

stainless steel. 
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Currently, much attention is paid to the study of transient luminous events (TLEs) [1–3]. Many 

photographs are given in articles and on the Internet, see for example [4-6]. A large number of works are 

devoted to research on the properties of red sprites, blue jets and analogs of blue jets (starters, giant jets) and 

elves. In particular, experimental studies of laboratory discharges are being carried out, which in their 

properties correspond to the most common TLEs [7-9].  

This work presents the results of studies of pulsed discharges in atmospheric air at pressures that 

correspond to those recorded at altitudes for the appearance of red sprites.  

The figure 1 shows photographs of the design of electrodes and of light from different discharge modes 

with different pressures of air. 

    

Fig.1. Photographs of the design of electrodes and light of the diffuse discharges in air with different pressures.  

It has been established that the pressure range at which the emission of red sprites is recorded is much 

wider than with a glow discharge in laboratory experiments. For example, red sprites are observed at 

altitudes from 40 to 100 km, which roughly corresponds to air pressures from 10 to 0.001 Torr. Whereas the 

color of a pulsed discharge in air with pulse durations of a few to tens of microseconds had a pronounced red 

color only at a pressure of about 1 Torr. 

The report will present data on the properties and color of various modes of pulsed discharges 

correspond to the most common TLEs. In particular, oscilloscope traces of voltage pulses and discharge 

currents, radiation spectra, and the dynamics of air breakdown development at pressures from 0.1 to 30 Torr 

will be presented. 
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From a practical point of view, the effect of cumulation (self-focusing) of an electron beam attracts, 

first of all, by the possibility of increasing the beam current density and, accordingly, increasing the power 
density in the cumulation zone. This can be used to generate highly ionized plasma and powerful X-rays, in 
the study of matter at elevated pressure and thermonuclear research [1], in the fields of radiation chemistry 
and solid state physics [2], to generate powerful radiation in the terahertz frequency range [3], luminescence 
excitation of artificial and synthetic crystals [4, 5] and in other applications. It was found that at currents of 
tens to hundreds of kA, the beam is focused by its own magnetic field [6]. At the same time, at currents not 
exceeding ∼ 2 kA, beam focusing is treated differently. Thus, in the case of a vacuum diode with an annular 
graphite cathode, according to the developed model and experimental data, the relativistic electron beam is 
compressed due to the electrostatic repulsion of electrons emitted from the inner surface of the cathode [3]. 
The formation of a conductive plasma jet in a vacuum-pulsed discharge, consisting of several filaments with 
a diameter of ∼ 50 μm and a current of ∼ 1 kA in each of them, was reported in [7].   

The purpose of this work was to study the effect of electron charge compensation on the self-focusing 
of an electron beam generated by a high-voltage nanosecond discharge in a nonuniform electric field in 
vacuum and gas diodes and to reveal the features of recording the discharge current under these conditions. 

The results of the study indicate that, in addition to the effect of beam self-focusing, which realizes in 
the gas and vacuum diodes from the beginning of the beam current pulse, an additional self-focusing 
mechanism is activated in the gas diode several nanoseconds after the beginning of the pulse. The most 
probable reason for the additional self-focusing of the electron beam in a gas diode is the effect of 
compensation of the electron charge by the charge of positive ions arising as a result of gas ionization by 
beam electrons. The experimental data obtained and the result of the estimation of the characteristic time 
required to activate the charge compensation effect at a pressure of 0.2 Torr are close to each other.  

It was found that the shape of the current pulse recorded by the current shunt under the conditions of 
electron beam generation during high-voltage nanosecond discharge in vacuum and gas diodes is determined 
by the influence of the reactive component of the voltage drop across the current shunt resistance. 
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The results of studies of the kinetic processes of development of nanosecond discharges with an 

extended slot cathode in inert gases (He, Ne, and Ar) are presented. The block representation of the 

experimental setups is given in [1-4]. It is shown that, depending on the values of the parameters of the 

reduced electric field E/N and electron density, there are three different forms of functioning of a nanosecond 

discharge (a stratified discharge, a homogeneous volume discharge with a beam of electrons, and a high-

current dense discharge with areas of cumulation of the electric field and charged particles). The main 

parameters of striations and boundaries of their formation in discharges with inert gases are determined. It is 

shown that in the presence of growing values of applied voltage in the gap, there appear high-energy 

electrons that destroy the spatial periodic structure of the discharge. The formation conditions, general 

regularities, and energy characteristics of high-energy electrons in transverse nanosecond discharges are 

established. It is shown that an unlimited discharge with a cathode with a rectangular cavity, where the beam 

current on the anode surface reaches up to 20% of the discharge current value, is optimal for generating 

electron beams. 

It has been found that at high values of the applied external field, an area of uncompensated positive 

charge is formed along the center of the cavity in the cathode and at the exit from the cathode cavity, which 

leads to a change in the spatial structure of the discharge and the dynamics of ionization processes. 

For the configuration of the discharge with an extended hollow cathode under consideration, the results 

of numerical simulation of the structure of ionization fronts during nanosecond gas breakdown are presented. 

The results of calculating the relaxation of the electron distribution function both inside the cathode cavity 

and between the electrodes are given. The possibility of using the two-term approximation in the calculation 

of the electron distribution function is analyzed.  

The possibilities of using this type of discharge to create plasma reactors for precision plasma 

technologies for atomic layer etching of micro- and nanoelectronics materials are considered. 
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CYLINDRICAL HOLLOW ELECTRODES * 

N.A. ASHURBEKOV1, K.O. IMINOV1, G.SH. SHAKHSINOV1, M.B. KURBANGADZHIEVA1,2, K.M. RABADANOV1 

1Dagestan State University, Makhachkala, Russian Federation 
2Institute of Physics, Dagestan Federal Research Center, Russian Academy of Sciences, Makhachkala, Russian Federation 

 

The paper presents the results of experimental research on the properties of plasma of a nanosecond 

discharge in neon in an extended shielded discharge tube with cylindrical hollow electrodes. 

The block representation of the experimental setup used in this work is given in [1, 2]. To generate a 

nanosecond gas discharge, a voltage pulse generator was used. It generated high-voltage pulses with 

adjustable amplitude up to 40 kV, with a voltage pulse rise time of 50–80 ns and a pulse repetition rate of up 

to 100 Hz [3]. 

The results of experimental studies of the dynamics of the formation of optical radiation from the 

discharge, the dynamics of the population of metastable states of neon atoms, the structures of ionization 

wave fronts, their propagation velocities, and the damping coefficients of ionization waves in the neon 

pressure range of 1-60 Torr are presented. Experimental studies of the structure of longitudinal and 

transverse plasma inhomogeneities in a discharge tube as a function of amplitudes of voltage pulses and gas 

pressure have been carried out. 

Numerical modeling of the kinetics of ionization processes for the type of discharge under 

consideration has been performed. The results of numerical simulations of the plasma of a nanosecond 

discharge in neon are presented, taking into account the electron distribution function from the solution of 

the Boltzmann kinetic equation in the two-term approximation. To analyze the influence of the form of the 

electron distribution function on the dynamics of the formation of the spatial distribution of plasma 

parameters in the discharge configuration under study, numerical simulation was performed taking into 

account the processes of direct and stepwise ionization from 2p6, 2p53s, and 2p53p electronic configurations 

of the neon atom. To solve this problem, a two-dimensional axisymmetric model whose geometry 

corresponded to the experimental setup was used. The kinetic and transport properties of the plasma were 

determined using the electron distribution function calculated from the solution of the Boltzmann kinetic 

equation in the classical two-term approximation. 

The results of the experimental research and numerical simulation are compared. 
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THE HISTORY AND STATE OF THE ART IN THE RESEARCH OF THE DC NEGATIVE 
CORONA 
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2NRNU MEPhI, 115409, Moscow, Kashirskoe shosse, 31, Russia 
 
The subject of our talk is the unipolar negative corona in the air at atmospheric pressure. DC corona 

happens between the high voltage (HV) cathode of small size and the grounded anode of large size (see Fig.1). 
 
 

              
     
  Fig.1. Sketch of corona structure.          Fig. 2. St. Elmo's fire.           Leonard Benedict Loeb (1891–1978) 
   

The corona irradiance around sharp or pointed objects was known long before serious scientific research 
of this phenomenon.  One of the well-known examples of the ancient observations of the corona is so-called 
St. Elmo's fire which appeared on ships at sea during thunderstorms (see Fig.2). A great contribution to 
systematic study and development of the physics of corona discharges was done by L. Loeb and his colleagues 
(see photo). They showed that the shape and size of corona glow depends on the cathode tip size (see Fig.3). 

 

    
 

Fig.3. Typical images of corona glow on the cathodes of different diameters. 
L. B. Loeb, Electrical Coronas, Univ. of California Press, Berkley, USA (1965) 

 
The goal of this talk is to give a short review of the achievements and open questions in modern physics 

of a negative corona. Among the questions under review are the corona volt-ampere characteristics, the cathode 
processes, the ionic wind, the Trichel pulses, the transition of corona regime with a negative space charge into 
the glow discharge regime with a quasi-neutral plasma in the air gap at atmospheric pressure. Some review of 
practical applications of a negative corona will be given as well. 
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MODE TRANSITION OF NANOSECOND PULSED DISCHARGES FROM DIFFUSE TO MULTI-

STREAMERS AND THE GUIDING EFFECT OF RUNAWAY ELECTRONS* 
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Chinese Academy of Sciences, Beijing, China 
2 University of Chinese Academy of Sciences, Beijing, China 

 

Runaway electrons (RAEs) have been widely observed in nanosecond pulsed discharges (NPDs) and it 

is believed that RAEs have a big impact on the breakdown and propagation of NPDs and the formation of 

diffuse discharge at atmospheric pressure [1, 2]. Nevertheless, it is still desirable to explore how RAEs 

function on the pattern and mode of NPDs. 

In this work, the role of RAEs on the mode transition of NPDs from diffuse to multi-streamers is 

investigated. NPD is driven by high-voltage (HV) pulses with a rise time of about 3 ns between blade-to-

plate electrodes with a gap of ~ 1 cm, where the blade is the cathode with a width of ~ 4 cm. A beam 

collector with a rise time of about 50 ps and covered by a titanium foil with a thickness of 1 μm as electron 

energy filter (higher than 10 keV) is used to detect RAEs. By increasing the HV amplitude, the distribution 

of RAEs’ amplitude also shifts to higher value, i.e., more RAE pulses with a larger amplitude are observed.  

With intensified charge coupled device (ICCD) camera, single-shot discharge images are observed. It is 

observed that with a large HV amplitude (~ 30 kV), the NPD is initially in a diffuse mode near the blade 

(cathode). Later on, it branches and transfers into multi-streamers, which propagate synchronously toward 

the plate (anode). However, with a small HV amplitude (~ 10 kV), the NPD forms a short diffuse channel 

near the blade and cannot penetrate the gap. 

Using particle-in-cell Monte-Carlo collision (PIC-MCC) simulation, a similar mode transition of diffuse 

to multi-streamers can be obtained with RAEs emitted from the cathode, as observed in discharge images. 

This mode transition cannot be reproduced without RAEs, i.e., the NPD rapidly turns into filamentary mode 

without RAEs in the PIC-MCC simulation. Furthermore, it is proved that the flux of RAEs controls the pre-

ionization degree before the discharge is initiated and dictates the branching and non-uniformity degree of 

discharge during its propagation. With the distance from the cathode increasing, RAEs are depleted and the 

non-uniformity of the NPD develops. Assisted with the PIC-MCC simulation, it is proposed that an enhanced 

RAE emission would produce a large volume diffuse discharge at atmospheric pressure.  
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COATINGS* 

F. KONG1, C. ZHANG1,2, C. REN1, T. SHAO1,2 
1 Beijing International S&T Cooperation Base for Plasma Science and Energy Conversion, Institute of Electrical Engineering, 
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Nowadays, with the increase of the voltage level and capacity of electrical equipment (e.g., in power 

transmission grids or pulsed power devices, etc.), the electrical insulation often fails when high electric fields 
are generated [1]. Functionally graded materials (FGMs) exhibit unique properties and have application 
potential at extreme conditions [2-3]. Here, in order to improve the electrical insulation of conventional 
materials, a simple fabrication method of FGM with two-phase-interfaced, graded-permittivity titania (TiO2) 
by an atmospheric pressure plasma deposition.  

As shown in Fig.1, FGM structure is composed of rutile (εr=110) and anatase (εr=48) layers of TiO2, as 
well as the original ceramic layer (εr=9). Meanwhile, the optimized deposition conditions of anatase and 
rutile layers of TiO2 are determined, respectively. Compared with the original samples, the maximum electric 
field along the surface of FGM decreased by 66%, and the surface flashover voltage of FGM in vacuum is 
increased by 36%. Also, the insulating performances of FGM have long-term stability. The increase of 
surface flashover voltage results from the electric field relaxation effect caused by the gradient distribution of 
permittivity in the designed FGM [4]. Next, with further optimizing the FGM structure, it is expected to 
further improve the surface-insulating performance of FGM at industry-relevant scales, thereby nearing the 
real-world industrial applications of the novel interface-engineered materials in diverse fields. To this end, a 
movable jet array and continuous processing will need to be developed further to scale up the plasma 
processing and improve the processing efficiency. 
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POWERFUL SOURCES OF VUV RADIATION BASED ON RUN-AWAY ELECTRON 
PREIONIZED DIFFUSE DISCHARGE* 
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 Institute of High Current Electronics SB RAS, Tomsk, Russia 
 
The paper deals with the development of powerful sources of VUV emission on the base of diffuse 

discharge formed in non-uniform electric field by run-away electrons. The VUV radiation spectra of diffuse 
discharges in various high-pressure gas mixtures have been studied and the VUV radiation power has been 
measured, as well. Parameters of diffuse discharges in mixtures of rare gases with F2 and in pure rare gases, 
CO, H2 were investigated.  

The discharge gap was consisted of two needles set at a distance of 4 mm or blade electrodes 30 cm 
length with a gap of 18 mm. To form the diffuse discharge, a GIN-55-01 generator was used, which forms a 
train of pulses with an amplitude in the incident wave up to 38 kV and a FWHM duration of τ0.5 ≈0.7 ns with 
a rise time of τ0.1–0.9 ≈ 0.7 ns or a RADAN-220 formed pulses wit an amplitude up to 250 kV with pulse 
duration of 2 ns (FWHM) at a matched load. Emission spectra in the range 120–540 nm were recorded with 
a VM-502 vacuum monochromator (Acton Researcher Corp.), while the radiation power was measured with 
a vacuum photodiode with copper cathode. The experimental equipment and measurement procedure is 
described in [1, 2].  

It is shown that upon excitation of pure rare gases by a series of successive voltage pulses with a 
duration of 0.7 ns, arriving at an interval of 30 ns, the intensity of the second continuum radiation decreases 
to the second and subsequent voltage pulses, and increases in the afterglow. It is confirmed that in a pulsed 
diffuse discharge, the second continuum of rare gas dimers makes the largest contribution to the radiation 
energy of the diffuse discharge between two needles. 

Sufficient homogeneity of diffuse discharges was found to makes it possible to use it as a source of 
excitation of lasers based on various gas mixtures at an elevated pressure. This is evidenced by the 
continuation of the VUV laser pulses during several current oscillations in the gap. 

It was found that quite uniform diffuse discharge can be formed between long blade electrodes using 
a RADAN-220 generator. As a result powerful stimulated emission in the VUV range was obtained on ArF* 
(193 nm), F*2 (157 nm) and H2 (≈160 nm) molecules. The total duration of the laser pulses at 157 and 193 
nm is as long as 30 ns, while that at 160 nm did not exceed 5 ns. The radiation energy on F*2 molecules 
increased linearly with He-F2 gas mixture pressure. The maximum radiation energy on F*2 molecules at He 
pressure of 8.5 atm is as high as 3 mJ. In this case, a further increase in the generation energy is possible. 
The electrical efficiency of the F*2 laser reached 0.15%, which corresponds to the parameters of F*2 lasers 
obtained upon excitation by a transverse discharge with UV preionization [3]. 

Stimolated emission was obtained in pure H2 and He-H2 mixture at pressures up to several atm. 
Maximal radiation energy on H2 molecules was about 0.15mJ, which is second only to the results obtained in 
[4]. 
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Runaway electrons (RE) are known to be usually generated in a discharge gap at the breakdown stage 

of a discharge and provide pre-ionization of a gas medium. The volume pre-ionization leads to a decrease in 

the commutation time of a high-pressure diode [1] and the formation of a discharge in a volume form before 

the development of a spark channel [2,3]. In particular, in [4], a formation of a subnanosecond volume 

discharge was registered experimentally in nitrogen at a pressure of 6 atm. Wherein, the experimental 

conditions [1] were believed to be not sufficient for the development of the volume discharge stage observed. 

A simulation performed in [4,5] by means of the Monte-Carlo numerical model proved the possibility of the 

RE generation in the vicinity of cathode microprotrusions and the volume discharge initiation under the 

conditions described in [4,5]. Nevertheless, the simulation also showed that most of electrons initially 

accelerated near the cathode microprotrusions up to the energies of ~2-5 keV may impact a series of 

“catastrophic” collisions with scattering angles more than π / 2. These “catastrophic” collisions not only lead 

to thermalization of REs, but also have to provide generation of X-ray bremsstrahlung quants which may 

contribute significantly to the volume pre-ionization, as REs do. Moreover, for gas discharges of an ultra-

high pressure (~10 atm and more), the X-ray pre-ionization might prevail over the electron impact ionization 

provided by REs because of a high collision frequency and a low runaway probability. Within the present 

paper, the Monte-Carlo approach was employed to calculate radiation energy losses of REs. Frequency of 

“catastrophic” collisions was determined. Limits of scattering angles and impact parameters within which the 

X-ray quant generation is possible were estimated. A bremsstrahlung quant spectrum was calculated.  

 

Fig.1. Two types electron motion through a discharge gap: a) – continuous accelerating, b) – deceleration and thermalization. Sharp 

changes in the electron motion direction along the z-axis correspond to “catastrophic” collisions. The discharge system considered is 

the same as in [4,5]: nitrogen at a pressure of 6 atm, the cathode-anode distance is 0.5 cm, average electric field strength is 

~200 kV/cm. 
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Effective excitation of nitrogen molecules in nitrogen lasers is carried out by direct electron impact at 

the breakdown stage [1,2]. For industrially produced nitrogen lasers with a discharge channel length of 350–

500 mm, the breakdown voltage reaches 100 kV. In this case, the duration of the leading edge of voltage 

pulses does not exceed 100–120 nanoseconds. 

At pulse repetition rates of units and tens of hertz, the formation of such pumping pulses is not very 

difficult. However, with an increase in the pulse repetition rate to 1 kHz or more, the formation of high–

voltage pulses with the above parameters becomes a difficult task. 

This work is devoted to the design of compact pulse generators for pumping low–pressure nitrogen lasers 

and their application for efficient energy input into the gas–discharge gap at the breakdown stage at pulse 

repetition rates up to 10 kHz. 

Low–inductance pulse transformers were chosen as pulse generators. Such choice was due to the 

simplicity of design, compactness and the possibility of using only one high–current switch. 

The following types of pulse transformers have been designed and tested: 

– "traditional", in which the turns of the primary winding fit between the turns of the secondary 

winding. High–voltage wires of the VZM–04 brand with insulation from fluoroplastic tapes and electrical 

strength up to 20 kV were used as conductors. After their impregnation with transformer oil, the electrical 

strength increases up to 50 kV; 

– "single-turn" [3]. In this version of the transformer, the primary and secondary windings were made 

of copper strips. The primary winding is one continuous turn, open in the upper part of the magnetic circuit; 

– "cable" [4, 5]. The primary windings were segments of the outer sheath of the cable, the secondary 

winding was the central wire. 

In all these pulse transformers, closed magnetic cores made of ferrite rings of the M1000NN brand 

(125x80x12 mm) were used. To determine the effect of overvoltage on the magnitude of the pumping 

discharge current and the energy introduced into the gas–discharge gap at the breakdown stage, multi–gap 

spark gap of the R–30M1 type operating at pulse repetition rates up to 5 kHz were connected in series with 

high–voltage outputs. 

The results of the work carried out showed the following: 

1. "Cable" pulse transformers provide the minimum duration of the leading edge of voltage pulses τ ≈40 

nanoseconds and the current value in the gas–discharge gap of 1 kA at duration of ≈ 20–22 nanoseconds. 

2. "Traditional" and "one–turn" pulse transformers make it possible to form high–voltage pulses with a 

leading edge duration of up to 50 nanoseconds and to pass currents up to 800 A through the discharge tube in 

20–25 nanoseconds. 

3. The use of multi–section spark gaps makes it possible to increase the breakdown voltage of the gas–

discharge tube by ≈10 kV and provide the discharge current at a level of 1.2–1.4 kA. The duration of the 

discharge current at half maximum is 18–20 nanoseconds. 
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CH4 is the raw material of carbon-based value-added chemicals and hydrogen carrier. Under the goal of 

carbon neutralization, it is an urgent need to develop environmental-friendly approaches of CH4 conversion 

to platform chemicals at mild condition with high energy and resources utilization efficiency [1-2]. Herein, 

several highly adjustable pulsed power sources are employed to directly convert the CH4 into H2, C2H2, 

syngas and other platform chemicals by CH4 non oxidation, reforming and partial oxidation processes. A 

generator characteristics-plasma properties-catalytic surface multiphase interface is proposed to regulate the 

target reaction pathway, furtherly revealing evolution of transient species and the responding mechanism 

between discharge and chemical reactions. In situ optical diagnosis, zero dimension kinetic modelling and 

in-line electrical measurements were used to obtain an integrated insights into the synergetic effect on 

electron-induced reaction and describe a panorama of plasma contributions. The gas products distribution is 

found to be highly correlated discharge mode and the pulsed parameters (rising/falling edge, pulse width). In 

the CH4 non oxidation process, the highest CH4 conversion of 91.2% and H2 yield of 38.4% are achieved 

with energy efficiency of 44.3% by pulsed spark discharge. In the CH4 reforming process, a shorter rising 

time is suggested to contribute both on conversion and energy efficiency. 

 

Fig.1. Pulsed plasma enabled CH4/CO2 reforming process. 
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Considering the increasing demand for fertilizers to support the global food supply, as well as the high-

energy consumption and environmental concerns caused by industrial nitrogen fixation (i.e., Haber–Bosch 
process), there is a critical need to develop and integrate more sustainable, green-chemistry-based processes 
of nitrogen fixation. Energy-efficient and environmentally benign alternatives for NH3 synthesis are urgently 
needed, especially the green-chemistry, light- or electricity-driven processes (i.e., photo-catalysis, electro-
catalysis, and non-thermal plasma (NTP)) using renewable energy (i.e., solar and wind), to near the ultimate 
goal of zero carbon emissions [1].  

As an electrically driven process, NTPs have been extensively investigated as an alternative for 
decentralized NOx or ammonia production powered by renewable clean energy sources [2]. Emerging NTP-
enabled nitrogen fixation processes are used to convert N2/H2 or N2/H2O directly to NH3. On the other hand, 
the indirect approach involving plasma nitrogen oxidation (N2 → NOx) and further catalytic reduction to 
ammonia (NOx → NH3) have been proposed with the obtained energy efficiency of 4.6 MJ mol−1 NH3, which 
is more than four times lower than the state-of-the-art plasma-enabled NH3 synthesis from N2 and H2 with 
reasonable yields (>1 %) [3]. However, the issue of decoupling the challenges of molecular activation and 
product selectivity remains.  

Recently, this work reveals the underlying reaction mechanisms for sustainable nitrogen fixation in 
nanosecond repetitive plasmas in spark discharges in the air by the combinatorial experiment, process 
diagnostics, and modeling investigations [4]. It is revealed that more than 50% of the generated NO originate 
from 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). Most NO2 molecules are formed by further oxidation of NO species (NO + O 
→ NO2). The presence of O and N spectral lines at the post-discharge stage further confirmed the important 
role of free-radical-chain reactions. These results provide new insights into sustainable and decentralized NOx 
production.  

It should be pointed out that the current energy cost of the plasma-based NOx synthesis process is however 
still too high to be competitive with the electrolysis-based Haber–Bosch process combined with the Ostwald 
process, which will limit its large-scale industrialization [5]. Alternatively, we are now working on directly 
synthesizing compound fertilizer (i.e., NOx

- and trace metal ions) by pulsed air discharge to avoid the NH3 
synthesis pathways and testing their effects on pea seed's germination speed [6]. 
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Interest in the study of discharges in a homogeneous electric field is due to their use, for example, in 

switches. At the same time, such discharges are interested from a scientific point of view. In particular, it 
concerns the generation of runaway electrons (REs). They provide conditions for the ignition of the 
discharge in diffuse form. Thanks to the decades of intensive studies in this field, the conditions for the 
transition of electrons into runaway mode are defined [1–3]. However, specific processes in the discharge 
still require a detailed study. The success of such studies depends on progress in the development of 
measuring equipment and the emergence of new methods. 

Experimental studies of the generation of REs during the formation of a nanosecond discharge in gaps 
with an electric field strength distribution close to homogeneous, filled with helium and nitrogen at different 
pressures, have been carried out. The experiments were carried out using high-speed recording methods 
(streak camera, four-channel ICCD camera), as well as using an original method based on measuring the 
displacement current caused by the appearance and formation of a streamer. This made it possible to study 
RE generation with reference to the dynamics of streamer development. It was possible for the first time in 
the experiment to accurately determine the instant of RE generation relative to the development of ionization 
waves in a flat gap filled with nitrogen at a pressure of 300 kPa. 

 
Fig.1. ICCD images of the discharge formation in helium at a pressure of 100 kPa and corresponding waveforms of voltage and 

runaway electron current. Rectangles show the exposure duration of the ICCD camera channels (C1–C4). 
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The breakdown phenomenon underlies the operation of the gas-discharge switching devices. In devices 

with a cold cathode in most cases the breakdown is due to the Townsend or streamer mechanisms, which are 

based on the development of electron avalanches from the initial/background electrons concentration. There 

is form of gas discharge in which such a geometry of the discharge gap is realized that processes outside the 

discharge gap behind the anode affect the mechanisms of emission and current development. In this so called 

"open" discharge in the discharge gap of ~ 0.1-10 mm the electrons are emitted under the influence of 

resonance radiation having the Doppler shift and generated by atoms which appears in the process of 

recharging of ions moving toward the cathode. A specific feature of such a discharge is insignificant 

multiplication of electrons in the discharge gap, so the discharge current is provided only by emission of 

electrons from the cathode and the external electric circuit. The breakdown characteristics in discharges of this 

type in form of dependences of current and delay of the discharge development on the voltage were 

investigated. The experiments were carried out in planar discharge cells consisting of circular SiC cathodes 

and two molybdenum grids used as anode and separated by 11 mm drift space. The length of the discharge gap 

was 7 mm. Such construction allowed studying the characteristics in two modes depending on the connection 

way: (i) - classical "open discharge" (OD), (ii) - "open discharge" with counter-propagating electron beams 

(ODCPEB). In the first case, the grid and cathode of one of the gaps were grounded through current shunts 

and acted as a collector. In the second case, the grids were grounded and the cathodes were supplied with the 

equal electric potential. Load resistance RL = 33 Ω and discharge capacitance C = 100 pF. The Fig. 1 shows 

the dependences of I(U) in He (pHe = 20-100 Torr), Ne (pNe=1.5-25 Torr), and Ar (pAr = 0.5-4 Torr) in the 

ODCPEB mode as increasing curves, with I(U) weakly depending on He pressure. 

 

Fig.1. Dependences I(U): (a) - He (pHe = 20–100 Torr), (b) - Ne (pNe=1.5–25 Torr), (c) - Ar (pAr=0.5–4 Torr)  

The dependences of the parameter p×τ on E/p for different gases (τ is the delay time of the discharge 

development) shows that the discharge development in both types of studied discharges is characterized by 

higher E/N values than in case of the avalanche breakdown [1]. As pressure increases for each gas, the 

dependences converge, and in the He-Ne-Ar series, the heavier gas is characterized by higher values of τ. 

ODCEB in comparison with OD is characterized by significantly lower τ, associated with intensive generation 

of VUV radiation during the oscillations of electrons in the discharge gaps in the former, and the absence of 

them in the later. At increased values of the gas pressure (рНе=60 Torr) in case of He, when the decelerating 

length of beam electrons is less than drift space length and, electron oscillations are absent, current 

development rates in ODCPEB and OD are equalized and reach in He (рНе=100 Torr and U=36 kV τ≈0.3 ns). 
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A high-voltage high-pressure discharge with runaway electrons has been intensively studied in recent 

years [1].  As a result, the level of understanding of the main processes in this phenomenon has increased 
significantly. If at first only the criterion of the generation of runaway electrons (exceeding the threshold 
field strength) was used, then the modern kinetic theory of this phenomenon does not need the concept of a 
threshold field. 

The kinetic approach to describing electrons can be effectively integrated into the hydrodynamic theory 
of streamer breakdown of gas-discharge gaps. Advanced multi-fluid breakdown theory can describe in detail 
not only one-dimensional, but also two-dimensional discharge gap configurations. If a gap configuration has 
a direction of spatial symmetry (plane or axis of symmetry), then the kinetic method of describing an 
ensemble of electrons can be implemented along this direction. The hybrid method makes it possible to bring 
simplified theoretical models as close as possible to experimental conditions. In this paper, the advantages of 
the method will be demonstrated with some examples. Figure 1 shows an example of a hybrid simulation. 

A complete kinetic approach, unfortunately, we can implement only within the framework of a 1D1V-
dimensional model. But even these limited possibilities make a great contribution to our understanding of the 
key factors that determine the current, the pulse duration, and the energy spectrum of the runaway electron 
beam. 

Distance (mm)
 

Fig.1. Instantaneous pattern of plasma number density distribution, n(x,z) (top) and space-momentum distribution function of the 
electron ensemble, f(z,p,t0) (bottom) at time point of t0=330 ps after applying a voltage pulse with amplitude of 140 kV to the 4 mm 

gap "200 μm diameter wire - plane anode" filled with nitrogen at 1 atm. 
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High-voltage glow discharges in helium and other noble gases are find a variety of applications in various 

fields of science and technology. It is possible to allocate two directions on which the most intensive researches are 
carried out: generation of electron beams keV – range of energies and commutation of high-voltage pulses with 
subnanosecond rise front ⁅1,2]. The transition to high voltages made it possible to obtain results previously unknown 
in the study of low-voltage discharges. One of the most unusual is the detection of S – shaped volt-ampere 
characteristics (V–I characteristics). For the first time they were registered as early as 1965 in the work ⁅3], but up 
to 2002 ⁅4] they were not obtained. In a series of subsequent papers ⁅5,6 et al] it was shown that the S – shaped V–
I characteristics are registered only in high frequency gases, both in the conventional glow discharge and in its 
special form of "open discharge". 

In the present work, the influence of impurities on the V–I characteristic was investigated under different 
conditions from the ⁅5,6] works. The discharge between a flat molybdenum cathode with an active area of 2cm2 
and a copper anode in the form of a Faraday cylinder was used. Simultaneously with the measurement of the V-I 
characteristic, the emission spectrum of the plasma in the interelectrode gap was recorded. Fig.1 shows the radiation 
spectrum from the helium discharge for 3 cases with the impurity content of 10-3, 10-4 and less than 10-5 Torr. Fig.2 
shows the corresponding V–I characteristics. It can be seen that the more polluted the helium, the higher the current, 
and the V–I characteristic becomes more rapid-growing. These changes are attributed to the transition of emission 
under the influence of energetic impurity ions formed by the recharge of helium ions on impurities and the 
acceleration of impurity ions in the region of which the potential drops to an energy comparable to the value of eU, 
where U is the applied voltage. 
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Experimental and computational studies of subnanosecond breakdown of atmospheric-pressure air in  

nonuniform electric fields revealed that the ionization waves have nearly spherical or conical shapes [1]. In 

this work, we discuss the results from the computational studies of nanosecond pulsed discharges in air and 

helium. The model, nonPDPSIM, used in this paper, is a two-dimensional code which is executed on 

unstructured numerical meshes. In the model, the kinetic Electron Monte Carlo Module integrates the 

trajectories of fast electrons. The energies of fast electrons are recorded to compute electron energy 

distributions (EEDs). From the EEDs, electron impact source functions and sources of secondary electrons are 

computed.  

We demonstrate that wide and diffuse discharges can be formed due to fast electrons. The discharge is 

initiated near the cathode having a small radius of curvature and propagates towards the flat anode as shown 

in Fig. 1. Fast electrons are periodically emitted from the surface of the cathode during ion bombardment. The 

pulse has 2 ns duration, 0.2 ns rise and 0.2 ns fall time with a peak voltage -110 kV, the gap is 8.5 mm. 

 

 
Fig.1. (a) Sources of fast electrons obtained from Monte Carlo simulations (plotted on 3 decades log scale); (b) to (d) Electron 

density at three successive time moments (plotted on 3 decades log scale).  Maximum values are shown in each frame. The upper row 

of frames shows the development of a streamer in air, the bottom row – in helium. 

The secondary electrons are emitted from the cathode surface as a beam of electrons with the typical 

energy of 4 eV for air and 16.6 eV for helium. These values correspond to the energy difference I − 2W. Here 

I = 12.1 eV is the ionization potential of oxygen molecules (O+
2 is the most abundant ion) and I = 24.6 eV is 

the ionization potential for helium. W = 4 eV is the work function for a metal (copper) electrode. The process 

of secondary electron emission by ions (Auger neutralization) is discussed in detail in [2]. With more energetic 

beam electrons emitted from the cathode in helium, horizontal (as well as vertical) tracks of these electrons are 

observed (Fig. 1a, bottom row). This results in a wider streamer formation as compared to that in air. Note that 

air streamers calculated with account for fast beam electrons are also wider than conventional streamers (driven 

only by photoionization).  
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The study is aimed at revealing the discharge breakdown processes that are able to emit broadband 

radio and x-ray emissions, as well as investigating the emission properties in detail. For a laboratory 

discharge initiated in a long air gap by a microsecond megavolt pulse, we for the first time simultaneously 

register wideband high-frequency (GHz) and low-frequency (MHz) microwave emissions together with hard 

x-rays (up to ~100 keV). When registering various electromagnetic emissions, we image the discharge 

morphology by employing a sCMOS gated intensified camera, with the camera gate being of ∼55–60 ns. We 

thoroughly analyze the temporal relationship of the emissions, depending on the discharge evolution, and 

provide comprehensive data on the spectral and temporal characteristics of the LF- and HF-radio emissions 

during the discharge formation. We show that the intense development of the anode-directed streamers is 

accompanied only by the LF-radio emission (10–150 MHz), whereas the HF-radio emission (1–4 GHz) and 

x-rays appear within the discharge stage when a complex net of countless plasma channels forms and spans 

the entire discharge gap, see Fig. 1. The channel formation is closely related with the intense development 

and multiplication of multiple streamers, as well as starts after very fast development of the cathode-directed 

streamers. We directly show that the power of the LF-radio emission sharply increases almost synchronously 

with that of the HF-radio emission, whereas the onset of hard x-rays coincides with the appearance of the 

HF-radio emission. The HF-radio emission has a complex spectral and temporal structure and appears as 

multiple short (<1 ns) bursts characterized by various frequency components, existing in subnanosecond time 

intervals. 

 

 

Fig.1. On the left: voltage waveform, x-ray signals (SD1: threshold energy 20 keV and SD2: threshold energy 100 keV), monopole 

(MHz) and Vivaldi-type (GHz) antenna signals obtained in a single discharge event. The detector signals are shown for the time 

period corresponding to the exposure of the frame presented on the right panel.  
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EXPERIMENTAL INVESTIGATION OF INFLUENCE OF IONIZATION WAVE VELOCITY ON
VOLTAGE DROP DURING PULSED GAS BREAKDOWN*
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Previously experiments [1] have shown that the formation of both positive and negative streamers in a
point-to-plane  gap  causes  a  voltage  drop.  The  report  presents  the  first  experimental  verification  of  our
theoretical data [2-3] on the relation between the ionization wave velocity and the voltage dynamics during
pulsed breakdowns in a highly inhomogeneous electric field.

The  experimental  setup  consisted  of  nanosecond  high-voltage  generators,  a  high-voltage  cable,  a
discharge chamber with a transmission line and a built-in capacitive voltage divider. The cathode was an Al
foil twisted into a tube. A 4.5 cm long tube made of a twisted fluoroplastic film was put on the cathode to
prevent the development of the ionization wave toward the side wall of the chamber. The grounded electrode
was plane. The interelectrode distance was varied from 1 to 4 cm. The chamber was pumped out with a fore
vacuum pump and then filled with air. The pressure was varied in the range of 4–100 Torr.

Fig. 1. Waveforms of voltage from capacitive voltage divider during discharge in air at a pressure of 10 Torr. Grey
curve – idle mode, black curve – breakdown mode. Interelectrode distance is (a, b) 2 cm and (c, d) 4 cm. 

Figure 1 shows typical waveforms of voltage from voltage divider recorded in the experiments. It is seen
from Fig. 1b, d that at t0 the voltage goes slightly below the voltage in idle mode. There is a short interval Δ t
of ionization wave propagation from cathode to anode. The voltage decreasing in the interval  t can be
explained by the displacement current comparable with the transmission line charging current arises. As the
wave reaches the anode (grounded electrode), the voltage decreases sharply and a breakdown occurs. To
estimate the ionization wave velocity, we can measure the time interval Δt. 
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THE DYNAMICS OF A STREAMER IN A SHARPLY INHOMOGENEOUS ELECTRIC FIELD 
AND ITS INFLUENCE ON THE AMPLITUDE-TIME CHARACTERISTICS OF VOLTAGE AND 

CURRENT* 

D.A. SOROKIN, D.V. BELOPLOTOV, V.F. TARASENKO 

Institute of High Current Electronics SB RAS, 2/3 Akademichesky Ave., Tomsk, 634055 Russia, SDmA-70@loi.hcei.tsc.ru 
 

Due to wide range of applications, nanosecond discharges in gases in sharply inhomogeneous electric 
fields have attracted the attention of researchers all over the world [1–2]. Therefore, it is extremely important 
to know what physical processes occur at the breakdown stage. The purpose was to find experimentally and 
study the relationship between the dynamics of the discharge formation and the amplitude-time 
characteristics of current and voltage. 

The formation of a nanosecond discharge with the use of a Hamamatsu streak-camera and with 
simultaneously wideband (10 GHz) measurement of voltage and displacement current caused by a streamer 
in one pulse was studied (Fig. 1). Nanosecond voltage pulses of various amplitudes (16–27 kV) were applied 
across a point-to-plane gap (8.5 mm) filled with air at various pressures (13–200 kPa). It was found that as 
soon as a streamer appears in the vicinity of the pointed electrode the voltage across the gap drops. At the 
same time, a pre-breakdown current begins to flow. The magnitude of the pre-breakdown current, as well as 
the voltage drop, is determined by the rate of formation of dense plasma and, accordingly, by the rate of 
redistribution of the electric field in the gap. The streamer velocity determines the rise time and amplitude of 
the current. The higher the streamer velocity, the shorter the rise time and the higher the amplitude of the 
pre-breakdown current. The propagation of a backward and third ionization waves was observed both with 
the streak camera and by measuring the displacement current. As they propagate, the discharge current 
increases to its amplitude value. 
 

 
Fig.1. (a–c) Streak-images and (d–f) corresponding waveforms of voltage, current, displacement current (CgapdU/dt + Dynamic 

Displacement Current) measured with the collector placed behind the grounded grid electrode, and the electric field strength near the 
surface of the grounded electrode at various voltages across the gap. 1st IW – first ionization wave (streamer), BIW – backward 

ionization wave. Air at a pressure of 200 kPa. 
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ELECTRIC EXPLOSION OF MICROWIRES BY HIGH FREQUENCY CURRENT.* 

E.V. ORESHKIN1 

1 Lebedev Physical Institute, RAS, Moscow 119991, Russian Federation 
 
In avalanches of runaway electrons, which are formed in high-altitude atmospheric discharges, the 

average electron energy is several megaelectronvolts. For such high-energy electrons, the loss of energy by 
bremsstrahlung is significant when they collide with gas atoms. 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[1]. 
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MODELING THE COLOR OF HIGH-ALTITUDE ATMOSPHERIC DISCHARGES USING                         

A REPETITIVELY PULSED DISCHARGE IN AIR, NITROGEN AND ARGON* 

N.P. VINOGRADOV, V.F. TARASENKO, E.KH. BAKSHT 

Institute of High Current Electronics SB RAS, Tomsk, 634055, Russia 

 

High-altitude electrical discharges in the Earth's atmosphere are studied by a large number of scientific 

groups [1, 2]. In scientific laboratories, these phenomena are modeled both experimentally and theoretically 

[1, 2, 3, 4]. However, the scientific community cannot find answers to some questions, such as the 

mechanism of the initiation of different TLEs and their influence on each other, as well as the nature of the 

color of the observed high-altitude electrical discharges. 

In this work, the influence of the electrode material (aluminum and stainless steel) during the formation 

of mini jets on the color of a repetitively pulsed diffuse discharge in air, nitrogen, and argon is studied. The 

discharge was formed under the conditions of generation of runaway electrons in a nonuniform electric field 

with a cone-shaped and wire cathode and a plane anode. 

As a result of the experiments, it was found that the similarity of the color of the mini jets, which are 

formed at the electrodes of aluminum and stainless steel, is closer to the emission of red sprites and blue jets, 

respectively, than the emission during a diffuse discharge without mini jets. At the same time, it was found 

that the color of the plasma changes due to the evaporation of the electrode material. There are photographs 

of discharges with aluminum and stainless steel electrodes in the figure 1. 

 

Fig.1. Photos of the discharge in air and argon. The gap length is d = 6 mm (a), 12 mm (b), 2 mm (c,d). Сathode – аluminum 

(a,b,c,d), anode – aluminum (a,b), anode – stainless steel (c,d). 

According to obtained data, it can be assumed that metal vapors in the Earth's atmosphere, for example, 

due to small meteorites [5], affect the color of the TLEs. 
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STUDY OF INTERMITTENT CORONA DISCHARG USING ICCD CAMERA* 

E.KH. BAKSHT, V.F. TARASENKO, N.P. VINOGRADOV 

Institute of High Current Electronics, 2/3 Akademichesky Ave., Tomsk 634055, Russia  

 

Corona discharge is widely used in electrostatic precipitators, plasma-chemical systems for ozone 

synthesis and surface treatment, aerosol charging systems, and many other applications. Corona discharge 

can also be a negative factor, for example, in high-voltage gas insulation systems. Therefore, the research of 

the one is still relevant. 

We have studied an intermittent corona discharge in atmospheric air at various voltages. Two electrode 

configurations were used to ignite the corona discharge: a single point and a point-plane. The discharge was 

photographed with an HSFC-PRO ICCD camera. Waveforms of the discharge current and voltage across the 

gap were recorded. We also studied the first current pulses that occur when a corona discharge was ignited 

when a gradual voltage increase at the potential electrode. 

 

    
1 2 3 4 

    
5 6 7 8 

 
Fig.1. Photographs of the light emission of the negative corona discharge around a single point (1 – 4) and in the point-

plane gap with d = 2 cm (5 – 8) in the atmospheric air, obtained by ICCD camera. The exposure time of one frame is 10 ms (1, 2, 3), 

50 µs (4), 500 µs (5, 6, 7) and 1 µs (6). The radius of curvature of the needlepoint is 24 µm. 
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SUBNANOSECOND THREE-SECTION ELECTRON ACCELERATOR* 

E.KH. BAKSHT, V.F. TARASENKO, S.B. ALEKSEEV 

Institute of High Current Electronics, 2/3 Akademichesky Ave., Tomsk 634055, Russia  

 

The design and test results of a subnanosecond accelerator are presented, in which three sections are 

used (a double forming line, a ferrite line and a line with variable wave resistance), as well as a gas-filled 

diode. The beam current amplitude of ~2.7 kA was recorded behind the anode foil at the pulse duration of 

~370 ps (FWHM). The accelerator allowed studing Cherenkov radiation, as well as pulsed 

cathodoluminescence, in the samples made of KU-1 quartz glass, polymethyl methacrylate, and KBr. 

 

                                                           
* The work was performed in the framework of the State task for HCEI SB RAS, project # FWRM-2021-0014. 

EFRE 2022: 22nd International Symposium on High Current Electronics 
Discharges with runaway electrons 

–––––––––––––––––––––––––––––––––––––––––––––––   S5-P-014202   –––––––––––––––––––––––––––––––––––––––––––––––

160



NUMERICAL STUDY ON THE EFFECT OF SECONDARY ELECTRON EMISSION PROCESS 
CONSIDERING THE SURFACE CHARGES ON THE ATMOSPHERIC PRESSURE DIELECTRIC 

BARRIER DISCHARGE* 

JIAN WANG, DONG DAI 

School of Electric Power, South China University of Technology, Guangzhou 510641, People’s Republic of China 

 

The ion-induced secondary electron emission (SEE) process is the fundamental physical process for low 

temperature plasmas[1, 2]. The surface charge on the dielectric plays an important role in the SEE process, 

thus influencing the dynamics of the plasma discharge[3]. In this work, compared to the previous model 

which simplifies the electronic structure and the parameter of surface charges, a more accurate method based 

on Auger neutralization and the density functional theory (DFT) model is applied to calculate the secondary 

electron emission coefficient (SEEC) of MgO with accumulated surface charge in the atmospheric pressure 

helium dielectric barrier discharge (DBD) with nitrogen impurities[4].Based on it, we explore the change of 

DBD spatiotemporal characteristics when the SEE is affected by the dielectric surface charges. The 

simulation results indicate that, the phase of discharge moment is advanced and the current amplitude 

illustrates the obvious reduction when the secondary electron emission process considering the dielectric 

surface charges. Furthermore, the result in the fluid model based on the accurate SEEC calculation method  

is compared with using the simplified SEEC calculation method[5]. It turns out that the model based on the 

simplified SEEC calculation method and the based on our accurate calculation of SEEC all illustrate the 

uniform discharge, our model shows the more uniform state and the lower electron density. Further analysis 

reveals that the surface charge influences the secondary electron emission rate on the dielectric surface, thus 

having an impact on the electron distribution and discharge uniformity. Enhancing the acknowledgment that 

the dielectric surface charge influences the dynamics of the plasma discharge, this study explores the 

relationship between the SEE on the surface charge and the evolution of the plasma characteristics with a 

more accurate theoretical method, and elucidate the impact of the SEE caused by the specific material on the 

plasma characteristics. It lays a theoretical foundation for further study about the physical process of DBD 

discharge in the future. 
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INFLUENCE OF DIFFERENT REPETITIVE UNIPOLAR NANOSECOND PULSE EXCITATIONS
ONMULTIPLE-CURRENT-PULSE BEHAVIORS AND SPATIAL MODES IN AN

ATMOSPHERIC HELIUM DIELECTRIC BARRIER DISCHARGE一

JIANGPING XIAO1, DONG DAI1

1School of Electric Power, South China University of Technology, Guangzhou, People’s Republic of China

Dielectric barrier discharges (DBDs) has demonstrated promising application potential in many fields,
including energy conversion , material processing, pollution control, and bio-medicine, etc [1,2]. By
controlling operating parameters, DBDs driven by a nanosecond pulse (PDBDs) can display different
spatiotemporal discharge characteristics, including multiple-current-pulse (MCP) behaviors and abundant
spatial modes [3,4]. Therefore, studying the influence of operating application parameters on MCP
phenomenon and putting forward the method to eliminate MCP phenomenon have always been an important
research to improve the discharge uniformity of DBDs [5]. In our work, we report a systematic numerical
study regarding the effect of different repetitive unipolar nanosecond pulse excitations on the MCP behaviors
and spatial modes in an atmospheric helium dielectric barrier discharge by using one-dimensional fluid
models. The results indicate that the MCP phenomenon exists in both rectangular pulse dielectric barrier
discharge (RPDBD) and Gaussian pulse dielectric barrier discharge (GPDBD), and the behavior of MCP
leads to axial electron density stratification. While with the same average input power, the MCPs discharge
behavior of RPDBD and GPDBD are different, and the current pulse number of the total current in GPDBD
is less than that in RPDBD. Further analysis reveals that the above-mentioned difference in MCP discharge
performance is caused by the different rise rates of the two pulse voltages. Therefore, the performance of the
MCP discharge behavior of the plasma can be affected by adjusting the pulse voltage rise rate, thereby
improving the electron density axial distribution in the narrow pulse dielectric barrier discharge. The result
of this work is expected to help realize discharge mode manipulation and discharge stabilization in industrial
application scenarios.
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CHARACTERISTICS OF STATIONARY NEGATIVE CORONA DISCHARGE* 

A.O. KOKOVIN, A.V. KOZYREV, V.YU. KOZHEVNIKOV, N.S. SEMENIUK 

Institute of High Current Electronics SB RAS, Tomsk, Russian Federation 

 

Corona discharge is a specific type of self-sustained discharge. 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]. Our previous work [2] has shown that the 

negative corona discharge in atmospheric-pressure air has four evolution stages including unstable mode, 

stationary glow and unstable-to-stationary transition. Characteristics of stationary mode is of interest for 

practical application. In this paper we investigate the characteristics of negative corona discharge’s stationary 

mode and unstable-to-stationary transition. 

Gas discharge model is 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 consider the 

electric field self-consistently. The gas discharge diode represents the pin-to-plate structure with small radius 

of curvature. To take into account the most important reactions in atmospheric air (production of single 

charged ions, 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. 

Numerical calculations have been shown that the stationary discharge structure consists of a positive 

space charge (mainly of N2
+ and O2

+ ions) layer with characteristic width of rcurv/10, where rcurv is curvature 

radius of the tip, and a plasma channel consisting mainly of O2
- and O4

+ ions. Electric field in plasma channel 

is almost uniform. 

 

 

Fig.1. Plasma components number density at symmetry axis (left) and electron number density (right) distributions.  
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UV AND VUV RADIATION OF RARE GASES AND NITROGEN IN DIFFUSE DISCHARGES, 
FORMED IN AN INHOMOGENEOUS ELECTRIC FIELD* 
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 1Institute of High Current Electronics SB RAS, Tomsk, Russia 
 2National Research Tomsk State University, Tomsk, Russia 

 
The development of high power VUV and UV spontaneous and stimulated radiation sources is an 

important task associated with the use of such sources in various scientific and industrial applications. In 
[1,2], studies of xenon radiation in diffuse discharges formed between two needles by voltage pulses of sub-
nanosecond duration were carried out and it was confirmed that xenon dimers produces the highest radiation 
energy in the region of 120–800 nm. 

The data obtained are consistent with the results of our previous work [3] and fundamentally differ from 
the spectral measurements described in [4, 5]. Besides, parameters of the spontaneous and stimulated 
emission on the nitrogen second positive system and the conditions in which the emission is observed in [5] 
is very different from the conditions under which this radiation has been usually produced [6, 7]. 

In this report we carry out additional studies of the VUV and UV emission of diffuse discharges formed 
by sub-nanosecond voltage pulses in rare gases and nitrogen. As a result, the optimal conditions for lasing on 
the second positive nitrogen system were determined and the data were obtained on of Ar2* and Xe2* 
emission both in diffuse and contracted discharges. 

The results obtained are shown in Fig.1. It is seen that in a pulsed diffuse discharge, the second 
continuum of rare gas dimers Ar2* and Xe*2 makes the largest contribution to the VUV radiation energy. In 
the case of N2 only week VUV lines are evident, while emission on C-B band of N2 and that of B-X band of 
CN are dominated in the UV and visible ranges. Powerful lasing at 337 nm was obtained only with 30 cm 
long blade electrodes. 

   

Fig.1. Spectra of diffuse discharges in Ar at 2 Atm (a), Xe at 3 Atm (b) and N2 at 1 Atm (c). The discharge is formed between two 
needles by a series of successive voltage pulses with a duration of 0.7 ns, arriving at an interval of 30 ns 
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At present, to solve many technological problems, pulses of laser radiation in the infrared range (9–10 

μm) with a radiation energy of several tens of millijoules per pulse, a duration of less than 20 nanoseconds, 

and a maximum pulse repetition rate of up to 20 kHz are required [1]. 

Such parameters can only be realized at superatmospheric pressure CO2 lasers. The excitation of 

volume discharges of superatmospheric pressure at pulse repetition rates of units and tens of hertz does not 

present any particular difficulties. In the repetitively pulsed mode (FRPM =102–104 Hz), the formation of 

volume pumping discharges becomes a big problem. 

The purpose of this work was to determine the conditions for the formation of volume pumping 

discharges in CO2 laser mixtures at a total pressure of up to 6 atmospheres at pulse repetition rates up to 2.5 

kHz in a gap with geometric dimensions V=7.5x0.8x0.8 cm3. 

To initiate a volume discharge in the gap between profiled graphite electrodes, hard VUV radiation was 

used from a series of corona electrodes installed along the main gap with an interval of 1 cm. 

The excitation of the auxiliary and volumetric discharges is carried out from two autonomous pulse 

generators based on pulse transformers with an adjustable delay between the start moments. If it was 

necessary to generate voltage pulses up to 160–180 kV, pulse generators were used based on a combination 

of a two–stage Marx generator and a pulse transformer with a low transformation ratio (k≤4) [2, 3]. In this 

case, it is possible to maintain the duration of the leading edge of the voltage pulse at the level of 70–100 

nanoseconds and to carry out the breakdown of the gas–discharge gap at the amplitude value of the voltage 

pulse. 

Pulsed hydrogen thyratrons of the TGI2–500/20 and TGI1–1000/25 types were used as switches. 

Negative effects from residual voltages in the gas–discharge gap after the pumping current with their 

negative (relative to the pumping pulse) polarity were eliminated using damping circuits based on high- 

voltage vacuum diodes and low–inductance resistors [3]. 

The main results of the work: 

1. For the formation of stable volume discharges in CO2–laser mixtures of superatmospheric pressure in the 

repetitively pulsed regime, it is expedient to make graphite electrodes and multiply the initial ionization 

level in the main gap. 

2. The most efficient and damage–resistant sources of hard VUV radiation for preionization purposes are 

electrode structures for the formation of pulsed corona discharges. 

3. The duration of the volume discharge current should not exceed 30 nanoseconds. 

4. In CO2–laser mixtures CO2:N2:He=1:1:8 at a total pressure of up to 6 atmospheres at a pulse repetition 

rate of 2–2.5 kHz, the specific energy density W=100–150 mJ∙cm-3∙Atm-1 introduced into the volume 

discharge plasma has been achieved. 
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PARAMETERS OF A PARAXIAL MAGNETIZED BUNCH OF RUNAWAY ELECTRONS* 

K.A. SHARYPOV1, E.A. OSIPENKO1, V.G. SHPAK1, S.A. SHUNAILOV1, M.I. YALANDIN1,2, N.M. ZUBAREV1,2 
1Institute of Electrophysics UB RAS, Ekaterinburg, Russia 

2Lebedev Physical Institute RAS, Moscow, Russia 

 

It has been recently demonstrated [1] that the flux of run-away electrons (RAEs) in a short (6 mm) air 
gap with a sharp conical cathode represents a thin divergent layer with a duration of paraxial fraction of no 
more than 10 ps. Behind the anode collimator with a hole diameter of 1 mm, the current and current density 
achieve ≈ 200 mA and ≈ 25 A/cm2, respectively. For excitation of optically active media, radiation effect 
onto materials, calibration measurements, etc., these parameters can be increased by applying a strong 
longitudinal magnetic field limiting the transverse dimension of the RAE flow. In this case, when using an 
extended gas gap, by increasing the distance and time of RAEs acceleration, selecting the instant of their 
emission and the rate of the voltage rise, electrons acquire an increased energy at the anode. This approach 
has been demonstrated to obtain magnetized tubular RAE flows [2, 3], and then a conical cathode 30 mm 
away from the anode was used [4]. This communication presents the methods for diagnosing of a dense 
paraxial magnetized RAE bunch, its spatiotemporal and energy characteristics. 

The instant of RAE emission is estimated from the dispersion minimum for the "delay" between a 
variable trigger point of the oscilloscope at the front of accelerating voltage and the front of electron current 
pulse [5]. A collector sensor behind a thin anode foil is used to determine the width of the RAE bunch.. In a 
longitudinal magnetic field of 1 – 4 T, the change in the bunch radial size requires the use of collector with a 
diameter of ≈10 mm. The time response of such a sensor and its prototype with a collector diameter of 5 mm 
was compared [1]. Data are given on the change in the bunch characteristics (amplitude - front - duration of 
the current pulse at half-height) depending on the recording bandwidth of the oscilloscopes which reached 60 
GHz. The data show that paraxial magnetized RAE bunch has the width on the order of 10 ps. After the drift 
of such a short bunch behind the anode foil, the electron energy distribution was constructed by time-of-
flight method. These data do not contradict the presence of a high-energy component of the bunch which was 
also confirmed by the method of filters that cut off slow particles. 

The RAE flow is visualized by the phosphor glow which is photographed with an open shutter. This 
gives approximate data on the transverse structure of the bunch, since the phosphor glow intensity from the 
current (charge) and electron energy is not calibrated. However, visualization is indispensable when 
alignment the electron bunch which is required to determine the charge distribution in the transversal cross 
section of the bunch using anode diaphragms with the holes of different diameters. Note we are talking about 
the charge, since the bunch width can be comparable to or less than the time the charge drains from the 
current probe collector. That is, for an open collector aperture and in the presence of a small diameter 
collimator, different current durations will be recorded. This circumstance was considered when obtaining 
the dependences of the bunch current density on radius for several values of a longitudinal magnetic field. 
For example, at an induction of ≈ 4 T, in a central part of the bunch (0.7 mm in diameter), the current density 
exceeded 0.6 kA/cm2. 
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QUASI-VOLUME IONIZATION AT THE FINAL STAGE OF STREAMER DEVELOPMENT IN A 

SHARPLY INHOMOGENEOUS ELECTRIC FIELD* 

D.V. BELOPLOTOV, V.F. TARASENKO, D.A. SOROKIN 

 Institute of High Current Electronics SB RAS, Tomsk, Russia 
 
Streamer discharges have been studied for a very long time [1, 2]. They are formed at high gas 

pressures, in particular at atmospheric pressure. Studies of the initial stage of nanosecond diffuse discharges 
in an inhomogeneous electric field by high-speed methods have shown that a large diameter streamer 
develops in the discharge gap. It was shown that the streamer velocity changes as it develops and is 
associated with a change in its diameter and a reduction in the distance to the opposite electrode [3]. It was 
found that in the final stage, the streamer velocity rises sharply. Uunder some conditions, the propagation 
velocity of the streamer front can reach practically the light speed [4]. In this work, we studied in the details 
this stage of the streamer development in air and nitrogen (to exclude the photoionization) at different 
pressures using a streak camera and an original technique based on measuring a displacement current caused 
by the streamer. Under these conditions, the initiation of the streamer occurred during the generation of 
runaway electron (RE) beam with a duration of tens of picoseconds. The waveforms of electrical parameters 
were accurately synchronized with the streak images. It is shown that REs are generated at the start of the 
ionization processes in the vicinity of the pointed electrode. The RE current is detected even if the streamer 
stops somewhere in the middle of the gap. It was found that a quasi-volume ionization (QVI) is observed at 
the final stage of streamer development. The size of the QVI region depends on the gas pressure. It is 
assumed that the reasons for the change in the nature of the breakdown are the development of a large-
diameter streamer (on the order of the gap length) and the preliminary ionization of the gas by REs. 

 
Fig.1. Streak-image of the discharge formation in nitrogen and corresponding waveforms of voltage and runaway electron current. 
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INVESTIGATION OF FEATURES OF AN ABNORMAL DISCHARGE, A HOLLOW 

CATHODE DISCHARGE, AND AN OPEN DISCHARGE FOR EXCITATION OF LASERS ON 

SELF-LIMITED TRANSITIONS  

E.V. BELSKAYA, P.A. BOKHAN, P.P. GUGIN, D.E. ZAKREVSKY, T.A. ZIRENKO 

Rzhanov Institute of Semiconductor Physics SB RAS, Novosibirsk, Russia 

 

Different types of discharges are used to create population inversion in gas lasers: an abnormal glow discharge 

(AD), hollow cathode discharge (HCD), an open discharge (OD). In order to compare and determine the most 

effective type of discharge for excitation of lasers at self-terminated transitions, the operating ranges, achievable 

parameters and features of populating the metastable state of the helium atom as a test laser at a self-terminated 

transition were investigated. 

The most efficient way to excite lasers at self-terminated transitions is to pump them with an electron beam 

due to the large value of the electron excitation cross section of the first resonant level, which is usually the upper 

laser level. The power of laser radiation is proportional to the pressure of the working gas, respectively, operation 

at high pressures is preferable. 

All discharges are realized in cuvettes of close geometry: the active area is an open cylinder with diameter 

D=33 mm and length L=60 mm. In AD the electrodes are two steel rings with inner diameter D, with the distance 

between them equaled to L. In OD the cathode is a cylinder of silicon carbide with diameter D. As an anode in the 

OD a metal grid with a diameter of 27 mm was installed coaxially with the cathode. The cathode in HCD is a silicon 

carbide cylinder with diameter D, the anode is metal rings located at a distance of 12 mm on both sides of the 

cylindrical cathode. 

Studies in the pulse mode of the current-voltage dependences at different helium pressures demonstrated the 

following features: 

1) the volumetric, uniform character of the luminescence was observed at a significantly larger pressure 

range in the OD (up to 50 Tor) compared to the HCD and to the AD (up to 7 Tor). 

2) the discharge current did not depend on the helium pressure in a wide pressure range 𝐼 ∝ 𝑈𝛼 in OD and 

HCD. The current was determined by both gas pressure and voltage 𝐼 ∝ 𝑈𝛼𝑝𝛽 in AD. The dependence 

of the current only on the voltage at different pressures suggests that the mechanisms of electron 

generation differ from those in the anomalous discharge. 

The relative magnitude of the metastable state (MS) occupancy of the helium atom as a test medium was 

investigated by recording the absorption in the discharge cuvettes of sample laser radiation at the self-terminated 

He transition (21P1
0 − 21S0) with λ=2.058 nm. Since the absorption of radiation occurs at the He (21S0 − 21P1

0) 

transition, the absorption coefficient, k, determined from the ratio of intensities of incoming and outgoing radiation: 
Iout

I0
= ekL, is proportional to the population difference of the metastable He (21S0) level (MS) and resonant one. It 

was obtained experimentally that the absorption coefficient and, consequently, the MS population observed in AD 

is much higher than in other types of discharge. It was obtained that the smallest MC population is observed in OD 

at the same excitation parameters of the cuvettes. 
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The study is focused on obtaining new data in the field of electromagnetic emissions produced by 

laboratory discharges and revealing the mechanisms of the intense x-ray and microwave emissions. We 

investigate the development of a laboratory discharge initiated in a ~50 cm air gap by applying a ∼1 MV 

pulse (negative polarity) with a ∼1 μs duration and a rise time of about several hundred nanoseconds. The 

discharge formation is accompanied by hard x-ray (~10 keV–1.5 MeV), low- (~10–100 MHz) and high- (~1–

6 GHz) frequency radio, near-ultraviolet (~300–400 nm), visible (within ~450–600 nm), and IR (>700 nm) 

emissions which we register in the experiments together with the short-exposure images of the discharge 

glow, employing a sCMOS gated intensified camera (with the gate of ∼55–60 ns). We discuss the temporal 

and spectral characteristics of the detected emissions, as well as investigate their correlation with the 

evolution of the discharge morphology. The energy spectra of x-ray flashes and their anisotropy are 

presented as well. 

We show that the appearance of an initial cathode corona and propagating streamers coincides with the 

instant the intense near-ultraviolet emission starts. It is established that the streamer propagation towards the 

anode is accompanied by LF-radio emissions only. The intense x-ray and high-frequency radio emissions can 

appear almost synchronously in the discharge but only when a complex net of countless plasma channels 

forms and spans the entire discharge gap. The channel formation is closely related with the intense 

development of multiple streamers triggered after very fast formation of the cathode-directed streamers. 

Within the x-ray and microwave generation, multiple streamers develop from the electrodes and, probably, 

inside the discharge bulk, but without any leader formation which starts later after the instant the x-ray and 

microwave emissions vanish. Intense visible and IR emissions are registered only after the gap breakdown. 

The discharge formation turned out to have a step-wise character that correlates with temporal grouping x-

ray and HF-radio bursts. We discover a complex spectral and temporal structure of the HF-radio emission. 

This type of the electromagnetic emission appears as multiple bursts, with their durations and the delay 

between neighboring bursts both being shorter than 1 ns. By employing the developed techniques for 

obtaining data on the spectral and temporal characteristics of HF-radio emissions, we find that a single burst 

of the HF-radio emission appears as a complex temporal process driven by the superposition of many 

subprocesses, characterized by different durations and frequencies. Indeed, the higher the frequency 

describing the microwave burst is, the shorter the time interval is related with this frequency. 

Our findings provide a comprehensive temporal map of the electromagnetic emissions produced by a 

high-voltage discharge. The study and data obtained can be helpful in developing consistent models 

describing the mechanisms of the high-energy and microwave emissions in both laboratory and atmospheric 

discharges. 
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ATMOSPHERIC PRESSURE GAS DISCHARGE EXCITED BY NANOSECOND PULSES AT 100 KHZ 1

P.A. BOKHAN1, N.A. GLUBOKOV  2, P.P. GUGIN1, M.A. LAVRUKHIN1, E.V. MILAKHINA1,2, D.E. ZAKREVSKY1,2

1 Rzhanov Institute of Semiconductor Physics SB RAS, Novosibirsk, Russia
2 Novosibirsk State Technical University, Novosibirsk, Russia

Studies of atmospheric pressure gas discharges were carried out in order to create gas-discharge high-
energy  devices  (reactors)  for  dissociation  of  complex  gaseous  chemical  compounds  and  neutralization  of
environmentally harmful volatile compounds. The idea was to use the physical and technical capabilities of new
developed switching devices  (eptrons)  to  generate  high-voltage (up to  50  kV) short  pulses  (10–30 ns)  with
nanosecond edge (1-2 ns), capable to function at high pulse repetition frequencies (up to f ~ 100 kHz) to study the
conditions of volume current flow in gases up to atmospheric pressure.

Two types of the cells were used in the experiments. In the first one a 5 mm discharge gap was formed by a
cathode made of BaTiO3 or SiC ceramics and a metal anode in the form of a ball  with diameter of 26 mm.
Another one had a planar design with two discharge gaps separated by a drift space, in which one-directional or
counter-propagating electron beams could be formed. A gas-discharge switch (eptron) with an additional pulsed
pre-ionizing discharge between cathodes and additional grid electrodes was used for rapid voltage rise. Power
supply provided pulses up to 40 kV with leading edge up to 1 ns on the active load. The experiments were carried
out in the burst operation mode with a burst repetition frequency of 5 Hz and a pulse repetition frequency in the
burst of 1-100 kHz.

 In the first cell pure helium at pHe = 1 atm was used as operating gas. At excitation parameters U= 20–25
kV and f = 1–20 kHz the discharge had an non-homogeneous form and represented a stable set of separate plasma
channels. Increasing the frequency f and the number of pulses in the burst up to 200 led to the fact that from  f >
50 kHz up to the maximum f = 100 kHz the discharge was spatially uniform. Decreasing of the discharge capacity
led to the uniform mode of the current flow in the whole investigated range of pulse repetition frequencies f ≈ 10-
100 kHz. Fig.1 shows photos of the discharge glow for the helium pressure  рНe in the range of 20-1000 mbar.
Typical oscillograms of U and I pulses are shown in Fig. 2. It can be seen that for U = 20 kV the voltage pulse
edge is ~ 2 ns, current I ~ 250 A (rise rate 25A/ns), and I increases with increasing gas pressure.

 

Fig.1 Photographs of discharge glow at different pressures of helium (a), 
nitrogen (b).

Fig.2 Oscillograms of current (a) and voltage (b)  at
different nitrogen pressures

Similar experiments with nitrogen as operating gas demonstrated the homogeneous form of the discharge
up to 100 mbar with the following stochastic nature of the gas discharge, with  I weakly depending on the gas
pressure. The oscillograms of U and I during electrode short-circuiting and in the case of discharge show that the
short-circuiting current is more than 2 times higher than the discharge current, which indicates the absence of the
discharge spark phase. 

The experiments in the second cell demonstrated that spatially homogeneous discharge in air is stable up to
p ≈ 0.5 atm for the case when one acceleration gap is used (one-directional electron beam). In case of applying 2
acceleration gaps (counter-propagating electron beams), the discharge is stable up to p = 1 atm. At f  = 90 kHz,
stable discharge burning was achieved with average power during the burst of 3.5 kW, which corresponds to input
power per unit volume ~18 kW/cm3.

1 The work was supported by the Russian Science Foundation (project No. 19-19-00069).
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THE FEATURES AND INSTABILITIES OF PLASMA MICROSTRUCTURES
OCCURING AT AN EARLY STAGE OF AIR DISCHARGE FORMATION

NEAR THE SURFACE OF THE POINT ELECTRODE.

A.I.KHIRIANOVA1, T.F. KHIRIANOV1, E.V.PARKEVICH1

1The Lebedev Physical Institute of the Russian Academy of Sciences,
Moscow, Russian Federation

When registering an object by interferometry, the phase raid of the probing radiation is restored both
in the frame with the object under study, in our case an air discharge, and in a similar frame without an
object,  in  our  case  the  electrode  interval  before  the  discharge  occurs.  The  difference  between the  two-
dimensional phase raid maps with and without the object forms a phase raid map on the object under study.
For the most significant one-dimensional slices of the obtained map, using the inverse Abel equation, the
density of the object is restored, assuming the symmetry of the one-dimensional slice. In order to improve
the accuracy of determining the phase raid in the frame, regardless of the distance from the lines of intensity
extremes, the processing of the original frame was carried out in accordance with the algorithm until the
unambiguous  correspondence  of  the  brightness  of  each  point  of  the  frame to  the  phase  raid  in  it  was
established [1].

In the electrode gap, 1-3 ns after the beginning of the development of the discharge in the near-
cathode  region,  a  phase object  of  spherical  geometry is  registered,  with a  center  on the surface of  the
electrode (the center  of  the  sphere coincides  with the  border  of the  shadow of  the  cathode tip with an
accuracy of 3 μm) and a radius of 35-60 μm. The surface of the sphere is formed by a constant phase line.
Perpendicular to the spherical surface, as a rule, 1-3 filaments with a diameter of 15-30 μm develop, further
propagating in the direction of the anode. The application of the inverse Abel transformation to the phase
raid slices on the sphere and filaments shows that these objects coincide in density in the adjoining zones
with an accuracy of 25% and are 1-3e19 cm-3. These data lead us to the assumption that at the initial stage of
the development of the discharge, cathode emission occurs, forming a spherical expanding plasma object,
from the surface of which, due to instabilities, dense plasma filaments develop.

The study was supported by the grant of the Russian Foundation for Basic Research (no. 20-08-
01156).

REFERENCES

[1] Gurov I., Volkov M. ”Evaluation of complicated fringe patterns by the nonlinear data-dependent fringe processing method”. IEEE Cat. No. 
04CH37510, Vol. 2, p. 1333–1337 , 2004. 

EFRE 2022: 22nd International Symposium on High Current Electronics 
Discharges with runaway electrons 

–––––––––––––––––––––––––––––––––––––––––––––––   S5-P-049301   –––––––––––––––––––––––––––––––––––––––––––––––

171



ULTRA-WIDEBAND RADIO INTERFEROMETRY FOR MAPPING THE SOURCES OF THE 

MICROWAVE FLASHES IN THE GHZ FREQUENCY RANGE 

I.S. BAIDIN, A.V. OGINOV, E.V. PARKEVICH, K.V. SHPAKOV 

 P.N.Lebedev Physical Institute RAS, Moscow, Russian Federation 
 
The paper presents the results of ultra-wideband radio interferometry performed for the first time using 

3 Vivaldi coplanar type antennas operating in the 1-6 GHz band. The system has been tested on an 
atmospheric high-current laboratory spark discharge channel in the long gap (∼ 60 cm). The high voltage 
generator can generate electrical pulses with voltage magnitude up to 1.2 MV and current up to 12 kA. The 
antennas are located at a distance of 3-4 m from the discharge gap and register microwave radiation in 
various projections. The microwave radiation observed in the initial stage of discharge (before the main 
current flows) has the character of multiple short bursts. For the first time, localization of these flashes was 
carried out not only in time, but also in space using correlation analysis of signals from antennas. The 
features of the geometry used and the characteristics of the recording equipment make it possible to localize 
the sources of microwave flashes with an accuracy of 6 cm. A map of the observed microwave radiation is 
constructed. It can be noted that the most intense and well-correlated flashes of microwave radiation come 
from the near-cathode and near-anode discharge zones at a distance of about 10 cm from the electrodes. The 
observed effects are in good agreement with the theoretical assumptions and serve as a reliable basis for 
further research in this area. 

The work was partially supported by the RFBR grant 20-08-01156 А 
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STUDY OF DIFFUSION HIGH MAGNETIC FIELDS INTO PLANE AND CYLINDRICAL 

CONDUCTORS
*
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Diffusion of high magnetic field has been studying since the last century. It has a number of 

applications: electromagnetic acceleration of solids, electromagnetic energy transport through vacuum 
transmission lines, and compressing metal shells with single-turn solenoids (inductors). The main problem of 
latter is low durability as they are used in highly strain conditions. High pulsed magnetic fields with an 
amplitude of 50 T and a half-wave duration of 5-20 microseconds cause strong heating of the surface, 
thermomechanical stresses, deformations and finally breakdown. A possible solution was suggested in [1], 
where the author without considering thermal effects showed that in the material with resistivity decaying 
exponentially by depth Joule heating diminishes remarkably. Detailed analysis of how gradient resistivity of 
the material influences on possible durability is the aim of the current work. 

Simulation was carried out in both plane and cylindrical one-dimensional geometries. Corresponding 
magnetic diffusion equations coupled with heat flux equations were solved. Mechanics processes were 
described with Hooke's law and yield criterion von Mises. Temperature dependence of resistance and tensile 
strength were approximated by linear function. Spatial resistivity was assumed as three parameters function. 
The first parameter is the ratio of the surface and bulk resistance ρ*/ρbulk, the second is depth of modified 
layer xc and the third Nγ is sharpness of the profile. Sharpness determines whether profile is close to 
exponential or to step form. Other parameters of the material were assumed constant. The magnetic field at 
the inner boundary of the specimen was set as a decreasing sine. The amplitude of the magnetic field at the 
inner boundary Bth that does not result in plastic deformation at the cooling stage was used as a criterion for 
estimating durability. 

The simulation shows that under the same impact material in the radial geometry, especially with small 
inner radius, has lower Bth, since current and Joule heating concentrate at the inner surface. Therefore, the 
smaller radius of the specimen the resistive material at the surface must be to shift destructive impact into the 
depth and distribute it. The influence of the main parameters of the material on Bth was studied as well. The 
temperature at which plastic deformation occurs was obtained analytically for cylindrical and plane 
geometries. 
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The prospect of using magnetoplasma compressor (MPC) in compact radiation sources and pulsed 

plasma jets to reduce their mass and size characteristics, the formulation of ways to improve their physical 
and technical characteristics and control the integral output of broadband radiation is justified by a large 
number of publications [1-5]. High velocity jets formed by magneto plasma compressor can 
be used for fusion devices, aeronautics, mechanical and power engineering systems [7-12]. Thermal 
modeling of radiation-magneto plasma dynamic processes of powerful electric discharge sources is 
presented. 

The paper contains a mathematical model of MPC discharges in gases for a wide range of changes in 
the main parameters and the surrounding gas environment. This model is based on a nonstationary 
axisymmetric two dimensional system of equations for viscous one-temperature radiation plasma dynamics. 
The numerical solution of the nonstationary two dimensional radiation gas dynamic model developed in the 
work is based on the method of splitting into physical processes and spatial directions. The developed 
computational code uses a multi-block multigrid technology for calculations on nonorthogonal structured 
grids. On the basis of the performed computational studies, quantitative data were obtained on the modes, 
structures, and plasma dynamics of the end type MPC for the transient power - power mode of the MPC 
discharge in gas [13-19]. 
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ON THE INFLUENCE OF ELASTIC SCATTERING COLLISIONS ON THE FORMATION OF 

THE INITIAL STAGE OF VACUUM BREAKDOWN* 

V.Y. KOZHEVNIKOV1, A.V. KOZYREV1, A.O. KOKOVIN1, N.S. SEMENIUK1 

1Institute of High Current Electronics, Tomsk, Russia 

 

The discovery of explosive electron emission posed a number of actual problems for theoretical and 

experimental plasma physics [1]. One of the fundamental problems is directly related to the study of fast 

processes at the initial stage of vacuum gap breakdown. An extensive explosive electron emission experimental 

base allows to unequivocally state that the cathode plasma expansion from the cathode to the anode occurs 

with high velocities of about ~2106 cm/s, which significantly exceeds typical thermal velocities of initial 

explosion plasma components [2]. If we consider the cathode plasma as a whole, then the question arises: what 

exactly leads to the positive metal ions accelerations from the cathode towards anode? This phenomenon is 

known also as an “anomalous” ions transport [3]. 

In a number of researches, it was shown that "anomalous" ions acceleration is caused by the 

electrodynamic forces. This explanation is called an electric potential "hump" hypothesis  [4]. However, some 

other reasons can potentially contribute to "anomalous" ions acceleration that are not related to 

electrodynamics [4]. In particular, it is believed that electron-ion and ion-ion elastic scattering collisions 

provide the directed velocity to ions in order to move towards anode. 

In the paper [5], it was shown for the first time based on a self-consistent kinetic model of a 

multicomponent plasma that the "anomalous" ion dynamics is accomplished by the appearance of a 

nonstationary electric potential “hump”, which leads to a continuous acceleration of ions towards anode. In 

addition, it was shown that this process is essentially collisionless. In further papers (e.g. [6]) the same 

mechanism was also observed with respect to a multi-component cathode plasma. Thus, it is argued that non-

electrodynamic processes play a secondary role or simply insignificant during the cathode plasma expansion 

into the gap. In the present work, the contribution of ion-ion collisions to the "anomalous" character of ion 

acceleration and the overall current transfer at the initial stage of vacuum breakdown formation is elucidated. 

In this paper, we include elastic collisions between ions in previous collisionless kinetic model in the 

form of collision integral in BGK approximation. This model’s improvement allows to elucidate the collisional 

effects between ions on the overall picture of the initial stage of vacuum breakdown development. 
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A QUASINEUTRAL EXPANSION OF PLASMA BUNCH INTO VACUUM: BEYOND THE 
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1Institute of High Current Electronics, Tomsk, Russia 

 

“The plasma approximation” is known to be applicable to low-frequency and steady-state phenomenon, 

popular among plasma scientists in various fields [1]. Sometimes more appropriable term is used here “the 

plasma condition” [2], i.e. the number of electrons in a Debye sphere is large enough to effect charge shielding. 

But the utilizing it leads to inconsistencies in the equation of motion and prevents a proper, field-theoretic 

treatment of a condensed matter in the plasma state. This circumstance takes place due to the fact that if the 

plasma reaches a quasi-neutral state ne  ni, its space charge is approximately equal to zero   0. According 

to Poisson equation this leads to E = 0. But the “plasma approximation” states that E  0 and the electric field 

can be found elsewise [1]. Such a separation of the initially consistent solution of plasma and field equations 

in the most cases leads to ambiguous multivalued interpretation of the electric field definition. That is the main 

methodological drawback of the "plasma approximation". 

One of the fundamental problems where the "plasma approximation" seems to be the most appropriate 

choice is the problem of a spatially inhomogeneous quasi-neutral bunch expansion of dense plasma into a 

vacuum gap. The process in this case is essentially nonstationary. It is accompanied by considerable cooling 

of electrons and therefore the study of this process requires special approaches. The analytical investigations 

of this problem have been carried out both in terms of phenomenological hydrodynamic [4] and kinetic models 

[5]. 

This paper is aimed to clarify the details of a two-component plasma bunch expansion into free space by 

numerically solving the system of Poisson-Vlasov equations. Its main purpose is to show the features of this 

process without using the "plasma approximation". For simplicity, but without loss of generality, we solve the 

problem of plasma expansion in a one-dimensional Cartesian spatial configuration. The calculation results are 

compared with the exact solutions of the Vlasov equations with the "plasma approximation" taken from paper 

[5].  
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NUMERICAL SIMULATION OF INDIVIDUAL CELL  
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1Budker Institute of Nuclear Physics SB RAS, Novosibirsk, Russia 

2Joint Institute for High Temperatures, Moscow, Russia 
 

Investigations on the formation of an electron beam in a source with a plasma cathode [1] were recently 
carried out at the INP SB RAS. A source with a multiaperture diode EOS was used to generate the beam. 

Previous experimental and theoretical studies of plasma emitters of electrons [2] made it possible to 
obtain a qualitative and semi-quantitative physical picture of the processes for different emission regimes. 
The use of numerical simulation for the quantitative calculation of plasma emission sources of electron 
beams was difficult due to the lack of codes adequate to the problem. In most cases, simulations are 
performed using programs for calculating ion beams in the positron simulation mode [3, 4, etc.]. These, as 
well as existing codes for modeling electron sources, for example [5, 6] assume that electron emission occurs 
from an open plasma boundary. But, as a rule, in beam sources used for applications, plasma emitters operate 
in the regime of layer emission stabilization [2, p.46]. This mode was generally not considered in numerical 
simulation codes. Therefore, it seems necessary to check the applicability of any of the available universal 
codes for modeling these modes. 

For this purpose, the KARAT code developed on the basis of the "particles in cells" (PIC) method [7] is 
considered. The steady state problem is solved for the formation of electron and ion flows in the plasma 
emitter of an electron beam source [1]. The main problem in formulating the problem was the lack of data on 
the parameters of the real emission plasma. Therefore, the parameters used in the model are typical for such 
emitters. At the first stage, the analysis of the obtained physical picture was carried out – the structure of the 
potential and fluxes of the plasma components during the formation of the electron beam. Two regimes of 
emitter operation are demonstrated: the regime of layer emission limitation and the regime of a partially open 
plasma boundary. Quantitative dependences of the beam characteristics on the source parameters are 
obtained. Conclusions are drawn about the scope of this code. 
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*INVESTIGATION OF NEAR CATHODE GLOW DISCHARGE PLASMA IN HELIUM AND ITS 

APPLICATION IN GAS ANALYSIS* 
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The paper is devoted to investigations of the non-local negative glow (NG) plasma of a glow discharge 
in helium at low and high pressures.  

The first part of the report presents the results of measurements of the electron energy distribution 
function (EEDF) using a Langmuir probe at low pressures. It is shown that the temperature of the main group 
of electrons in the NG plasma is low and amounts to fractions of an eV. The formation of narrow peaks in 
the fast part of the EEDF from fast electrons produced in the reactions of Penning ionization of impurities of 
air molecules by metastable helium atoms is demonstrated.  

In the second part of the report, the possibility of using a wall probe to measure the fast part of the 
EEDF in a non-local near-cathode plasma at medium and high pressures is substantiated and a formula is 
obtained that relates the electron current density per probe to the spectrum of fast electrons [1]. The results of 
registration of air impurities in helium in a discharge structure with flat electrodes at medium pressures and 
in a discharge with microhollow electrodes at atmospheric pressure are presented. It is shown that in 
microdischarges with a hollow cathode, by limiting the outer part of the cathode, it is possible to achieve that 
the wall electrode is located directly in the negative glow region with a low electron temperature in a larger 
range of discharge currents, while simultaneously increasing the sensitivity in determining the spectra of fast 
electrons from the Penning ionization of impurities by metastable atoms of helium [2].  

The third part of the report demonstrates the possibility of detecting impurities of complex molecules: 
hydrocarbons, alcohols, ammonia in the near-cathode plasma of a glow discharge in helium at low pressures 
[3].  

In the fourth part of the report, a self-consistent hybrid model of a near cathode negative glow plasma is 
formulated, including the Boltzmann kinetic equation, written in the f0-f1 approximation in the variables 
«spatial coordinate - kinetic energy», and systems of one-dimensional drift- diffusion equations for a positive 
ion, excited atoms, as well as the Poisson equation to determine the self-consistent electric field in plasma. 
Numerical experiments were carried out for helium and argon at low pressures. Numerical experiments have 
shown satisfactory agreement with the experimental results on the temperature of the main group of electrons 
and the concentration of charged particles. At the same time, it was shown that the results of numerical 
calculations in modeling the near-cathode negative glow plasma differ significantly from the results of 
numerical calculations carried out in the framework of the extended fluid description with the Maxwellian 
EEDF and with the EEDF obtained in the framework of the iterative solution of the local kinetic equation 
with a system of fluid equations. Additionally, numerical calculations were carried out on the formation of 
narrow peaks on the EEDF and on the differential flux from fast electrons produced as a result of Penning 
ionization reactions of metastable helium atoms of methane impurities and radicals. The minimum impurity 
concentrations that can be detected by plasma electron spectroscopy have been determined.  
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* NUMERICAL STUDY OF DIRECT CURRENT ATMOSPHERIC PRESSURE DISCHARGE: 

FROM GLOW TO ARC DISCHARGE IN ATOMIC AND MOLECULAR GASES * 
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. In the presented work, a self-consistent physical and mathematical model of direct current gas 
discharges is formulated, which in a unified way describes the processes occurring in the discharge gap and 
electrodes [1-3]. The model is based on equations for an extended fluid description of processes in a gas-
discharge plasma, taking into account secondary and thermionic or thermofield emission from the cathode, 
heat balance equations for electrodes that describe the distribution of temperature fields in them, continuity 
equations for the current density in the electrodes, and an equation for an external electric circuit. Within the 
framework of the formulated model, numerical studies were carried out in 1D and 2D approximations on the 
formation of parameters of direct current discharges in atomic and molecular gases of atmospheric pressure 
in a wide range of currents. 

As a result of numerical experiments, for one-dimensional geometry, the dependence of the voltage 
drop across the discharge on the current density was obtained, and for the two-dimensional geometry, the 
current-voltage characteristic (CVC) of the discharge, which reproduces the formation of glow, transition 
from glow to arc, and arc modes of direct current discharges in argon and nitrogen. The distributions of the 
main mechanisms of electrode heating are presented, as well as the values of their temperatures at the 
boundary with the discharge, depending on the current density. It is shown that in a discharge with refractory 
(tungsten and graphite) electrodes, an arc discharge is formed with a diffuse current spot completely 
covering the cathode surface. In a discharge with copper (non-refractory) electrodes, supported by 
thermionic field emission, an arc discharge is formed with a contracted current spot on the cathode. For 
various DC discharge modes, the distributions of plasma parameters are presented: the concentrations of 
charged and excited particles, the intensity and potential, the temperature of electrons and neutral particles, 
and also the vibrational temperature. 

In addition, a study was made of the effect of electrode material evaporation on the distributions of the 
main plasma parameters in arc discharges of atmospheric pressure in argon with graphite (refractory) 
electrodes and copper (non-refractory) electrodes. In addition to plasma-chemical processes in argon [1], for 
a discharge with graphite electrodes, a fairly detailed set of plasma-chemical reactions was compiled, taking 
into account the formation of neutral carbon particles C, C2, C3, their ions C+, C2

+, C3
+ and excited states C*, 

C2*, C3* . For a discharge with copper electrodes, a set of elementary processes with the participation of 
copper atoms was taken into account, taken from [4], in which processes with the formation of atomic copper 
ions were taken into account. As a result of numerical experiments, it is shown that when the critical value of 
the current density is reached, an abrupt change in the plasma parameters is observed: on the current-voltage 
characteristic of the discharge and on the dependences of the charged particle concentrations averaged over 
the gas-discharge gap on the current density. A transition is observed from an arc discharge in an argon 
atmosphere to an arc in carbon vapor or copper vapor. 

REFERENCES 
[1] Saifutdinov, A.I., Fairushin, I.I. & Kashapov, N.F. Analysis of various scenarios of the behavior of voltage–current characteristics of direct-

current microdischarges at atmospheric pressure. Jetp Lett. 104, 180–185 (2016) 
[2] Saifutdinov A.I. Unified simulation of different modes in atmospheric pressure DC discharges in nitrogen // (2021) Journal of Applied Physics, 

129 (9), no. 093302.A. I. Saifutdinov J. Appl. Phys. 129, 093302 (2021). 
[3] Saifutdinov A.I., Timerkaev B.A., Saifutdinova A.A. Features of Transient Processes in DC Microdischarges in Molecular Gases: From a Glow 

Discharge to an Arc Discharge with a Unfree or Free Cathode Regime // (2020) JETP Letters, 112 (7), pp. 405-412. 
[4] M. Baeva et all. J. Phys. D: Appl. Phys. 54 025203 (2021). 

                                                      
* Theoretical research was supported by a grant from the Foundation for the Development of Theoretical Physics and Mathematics "BASIS", 

project No. 21-1-3-53-1.  

 

EFRE 2022: 22nd International Symposium on High Current Electronics 
Numerical simulation in high current electronics 

–––––––––––––––––––––––––––––––––––––––––––––––   S6-O-012202   –––––––––––––––––––––––––––––––––––––––––––––––

179
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FIELDS 
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The interest in studying the influence of alternating electric fields on atomic emission spectra results 

from the necessity of solving many theoretical and practical problems of atomic spectroscopy, gas discharge 

physics and plasma diagnostics. 
Theoretical methods based on non-stationary perturbation theory were developed for calculating atomic 

emission spectra in laser fields at the end of previous century. By the present time, a lot of other excitation 

sources (in particular, electrodeless high-frequency discharge lamps, light-emitting diodes, superpower 
lasers, and so on) have appeared. These sources generate electric fields with parameters essentially different 

from those of optical lasers. Perturbation theory, by virtue of its limitations, is not always suitable for 

calculating atomic spectra excited by electric fields of the above-mentioned sources. 

In the present work, a theoretical approach is suggested for calculating the emission spectra of atoms in 
an alternating electric field. This approach, based on the numerical solution of the non-stationary 

Schrцdinger equation, is free from limitations of perturbation theory and suitable for calculations of atomic 

emission spectra in alternating electric fields with the parameters changing in wide ranges. The algorithm of 
the suggested method is implemented in a special software package written in FORTRAN and Maple [1]. 

The results of computer simulations obtained in the framework of the suggested approach have allowed 

us: (1) to study the dependences of the AC Stark effect on the electric field strength and frequency; (2) to 
reveal regularities in the behavior of the transition probabilities in the electric field; (3) to analyze the reasons 

for an increase in the intensity of spectral lines and their quenching in the electric field; (4) to investigate the 

mechanisms of the formation of the spectral line profiles in the electric field. 

The theoretical regularities established in this work have been obtained for the first time. They are of 
interest both from a theoretical point of view and in solving practical problems of plasma diagnostics, 

magnetic reconnection, and other branches of physics where spectroscopic methods are used to study the 

influence of alternating electric fields on the properties of the object under study. In addition, the established 
regularities can be used to develop new excitation sources with required characteristics and to search for the 

optimal operating mode of existing sources. 
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COMPUTATION OF OUTPUT PARAMETERS OF A SUBMICROSECOND ELECTRON 

ACCELERATOR
*
 

I.S. EGOROV1, M.A. SEREBRENNIKOV1, A.V. POLOSKOV1,  

1Tomsk Polytechnic University, Tomsk, Russia 
 
The development of complex systems computational models makes possible the evaluation of their 

various operation mods with minimal time and resources investment. Including the determination of the 
system operating parameters ranges, in which their characteristics correspond to the desired ones. This paper 
presents a submicrosecond electron accelerator computation made in the Multisim electrical process 
simulation program. The accelerator [1] is based on a high-voltage pulse generator according to the scheme 
of a high-voltage energy storage device, a pulse transformer, and a vacuum electron diode with an explosive 
emission cathode. The paper describes the applied methods and approaches of simulation development, the 
limitations and simplifications used, as well as the simulation error estimation. Based on the created 
computation, the output electrical parameters of the accelerator were analyzed depending on the amount of 
stored energy and the parameters of the diode system. The diode system model was verified in the previous 
studies [2]. The obtained research results can be used in the development of new exemplars of high-voltage 
pulse technology and for tuning existing accelerators.  
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MODEL OF THE PLASMA EXTENSION IN THE TRIGGER UNIT OF THE COLD-CATHODE 
THYRATRON BASED ON FLASHOVER* 

N.V. LANDL, N.S. SEMENIUK, Y.D. KOROLEV, O.B. FRANTS, A.V. KOZYREV, G.A. ARGUNOV 

 Institute of High Current Electronics SB RAS, Tomsk, Russia 
 
Currently, high-current switching devices based on low-pressure hollow-cathode pulsed discharge (so-

called pseudospark switches) are widely used [1-4]. The design and principle of operation of these switches 
are close to those of a classical hot-cathode hydrogen thyratrons. As in the case of classical thyratrons, a 
range of operating pressures of the switch corresponds to the left branch of Paschen's curve. For both self-
breakdown of the main gap of the thyratron and for external discharge triggering a considerable pre-
breakdown electron current is required [1, 3, 5]. For the case of external triggering, this current is provided 
due to a special trigger unit that is placed in the main cathode cavity. One type of trigger units is based a 
discharge over a dielectric or semiconductor surface or, in other words, based on a flashover [3, 4]. 

Any trigger unit is intended for plasma generation of trigger discharge inside the thyratron cathode 
cavity at a curtain instant of time. When a trigger unit based on discharge formation over the dielectric 
surface is used, trigger discharge plasma is generated due to the interception of surface discharge current to 
the main cathode cavity. The delay time of current interception depends on a plasma extension velocity from 
the cathode spot to the hollow-cathode surface.  

In this report we used origin theoretical model to describe the plasma extension and compare obtained 
results with the experiment. We used one-dimensional kinetic simulation of electron and ion transport and 
multiplication (based on the Boltzmann kinetic equations) in a self-consistent electric field after electron 
injection from the cathode surface. The 1D1V Boltzmann equations take into account the electron impact 
ionization, elastic electron scattering, and resonant ion recharging [6].  
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Non-linear transmission lines (NLTL) filled with saturated ferrite are promising solid-state sources of 

high-power microwave radiation. At present such gyromagnetic NLTLs can provide microwave generation in 

GHz range with typical pulsed RF power on the order of 100 MW [1]. The main principle of generation of 

these high-power microwave oscillations is the precession of the magnetization vector M around the lines of 

the effective magnetic field (the sum of driver pulse H-field and external bias H-field). This precession induces 

voltage across NLTL conductors and thus leads to pulse transformation and to the generation of oscillations. 

In recent years NLTLs also have been utilized to increase the peak power of unipolar pulses in the multi-

gigawatt power range [2-4]. This NLTL type is called Magnetic Compression Line (MCL). To date, the highest 

reported pulse power achieved with the MCL approach is 77 GW at 48-Ohm load, with the pulse amplitude of 

1.93 MV and pulse duration of 105 ps (FWHM) [4]. The device uses a semiconductor opening switch (SOS) 

generator as the input pulse driver, and four consecutive MCL stages as power amplifiers, thus making the 

generator an extension of all solid-state pulsed power approach. 

In this study, a numerical model of MCL operation was created and tested. The electrodynamic part of 

the model is described by Maxwell’s equations reduced to one A-potential-dependent equation, i.e., the “full-

wave” formulation. The precession of magnetization vector M is described by Landau-Lifshitz-Gilbert 

equation. The resulting coupled system is solved using COMSOL Multiphysics numerical modeling 

software [5]. System geometry can be specified in 2D-axisymmetric or full 3D definition. The model also 

accounts for the nonlinearity of ferrite magnetization by adding non-linear relative permeability μ𝑟.  

The model shows good agreement with existing experimental data [3] in amplitude, overall shape, and 

delay of the main peaks of the output pulse (figure 1). Optimal ferrite filling length can be determined, and 

field distribution in the line cross-section can be analyzed. The created model allows to design and analyze 

MCL power amplification systems, as well as microwave NLTL systems.  

 

Fig.1. Comparison of experimental output pulse waveform [3] and simulated output pulse waveform for third MCL stage   
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Numerical particle-in-cell and Monte Carla simulations were carried out to study the effect of an 

external axial magnetic field on a plasma jet flowing from a cathode spot of a vacuum arc. A plasma jet 

carrying a current of 1 A from a cathode spot with a radius of 5 μm was studied. The calculated domain had 

a size of 22X60 µm. The range of variation of the external axial magnetic field was 1–2.5 T. An increase in 

the magnetic field predictably leads to compression of the plasma jet (Fig.1). The difference from previous 

calculations using various quasi-neutral approximations (for example, [1]) is that, in kinetic simulation, a 

positive space charge is accumulated in the outer layers of the plasma jet. 

 

Fig.1. Electron density. External axial magnetic field – 2 T.  

Fig. 2 shows the distributions of the electron and ion current densities from the plasma to the cathode. It 

can be seen that the electron current dominates near the cathode spot, while the ion current dominates in the 

outer regions. With an increase in the external magnetic field, the area dominated by the electron current 

shrinks, and the ion current density increases. In the region where the ion current predominates, the 

mechanism of charging and subsequent breakdown of dielectric films, leading to the ignition of a new 

cathode spot [2], is possible. If this mechanism works, then it is obvious that the probability of the 

appearance of a new cathode spot should increase with increasing magnetic field. 

 

Fig.2. Distributions of electron and ion current to cathode at different magnetic field. 
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Recently, in experiments on the implosion of plasma Z-pinches, a plasma source with an annular anode 

similar to the source shown in Fig.1 [1, 2] was used to create a plasma liner. The current passed through such 

a source can reach hundreds of kiloamperes. Radiographic measurements of the mass of the plasma liner 

(Fig. 2) show that the mass flow from the source corresponds to a specific erosion in the source on the order 

of milligrams per Coulomb. This is about a hundred times greater than the cathodic erosion typical of a 

conventional vacuum arc. Obviously, the discharge burning in the considered source cannot be a classical 

vacuum arc. 

To investigate possible erosion mechanisms, a simplified 2D CFD source model with aluminum 

electrodes and a sinusoidal current pulse with an amplitude of 325 kA was created. It was found that after 0.2 

µs intense evaporation followed by ionization occurs from the entire cathode and anode surfaces into the 

gap. Moreover, the anode makes the main contribution to the erosion. Plasma radiation makes a significant 

contribution to the heating of electrodes. Comparison of the calculated mass of the liner with the experiment 

is shown in Fig. 2. It can be seen that the calculation qualitatively coincides with the experimental results. 

 

 

 

 
 

Fig.1. Plasma density distribution at 0.6 ms. Fig.2. Arc current and plasma mass. Points – experimental 

results, dushed curve – approximation of experimental results, 

red solid curve – calculation results. 
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DEPENDENCE OF THE OSCILLATIONS FREQUENCY IN A NONLINEAR TRANSMISSION 

LINE WITH SATURATED FERRITE ON MAGNETIC FIELDS AND LINE DIMENSIONS 

O.O. MUTYLIN1, P.V. PRIPUTNEV1, I.V. ROMANCHENKO1, V.P. TARAKANOV1,2,3 
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The study and development of nonlinear transmission lines (NLTLs) has been going on for several 

decades. Initially, NLTLs were used for high-voltage pulse sharpening. The best results have been achieved 
in ferrite-filled lines [1]. The use of lines with saturated ferrite filling made it possible to increase the voltage 
rise rate and obtain rise times of tens of picoseconds [2]. The results of further studies have shown that in 
NLTL with saturated ferrite, it is possible to efficiently excite high-frequency oscillations with central 
frequency of a few GHz at power level of hundreds of MW [3]. 

In the course of experiments on the excitation of high-frequency oscillations in the NLTL with saturated 
ferrite, it was shown that the frequency of the excited oscillations in the line depends on the strength of the 
magnetic fields in which the process of pulsed magnetization reversal of the ferrite filling occurs. It was 
found that an increase in the frequency of the excited oscillations corresponds to an increase in the azimuthal 
component of the magnetic field strength, while the frequency decreases with an increase in the strength of 
the longitudinal magnetic field saturating ferrite. However, to date, it is not possible to determine all the 
factors that affect the frequencies of excited oscillations in an NLTL, since today there is no analytical model 
for describing this process that considers non-TEM modes, and experimental study is too expensive. 

The solution to this problem can be the use of numerical simulation to conduct a numerical experiment 
on the process of excitation of oscillations in the NLTL [4,5]. This work is devoted to the determination of 
the main factors affecting the frequency of excited oscillations in the NLTL with saturated ferrite. The 
influence of the magnetic field strengths, the coefficient of ferrite transverse filling, and the transverse 
dimensions of the line on the frequency and efficiency of the excited oscillations was studied. 
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The 1D-3V PIC-MCC (1 dimension – 3 velocities Particle-in-Cell with Monte-Carlo collisions) self-

consistent spherical-symmetric model was developed to investigate numerically dynamics of electrons 

emitted from an expanding explosive plasma front. The model describes a process of the virtual cathode 

formation within the nearest vicinity of the plasma front for fixed values of a plasma density and a voltage U 

between the front and an outer boundary of a calculation grid. This boundary was considered as an anode of 

the model; respectively, the plasma was assumed to be a cathode. U was varied from 0 V up to 1000 V. A 

radius r of the plasma front was in the range of 10 µm – 1 cm. An initial plasma density Npl0 was 1021 cm-3 

[1,2]. The plasma density Npl near the emitting front was assumed to decrease as r-2. An emission current 

density Jem was determined as em pl t ,J eN V=   where e is an elementary charge, < Vt > is an average 

thermal velocity of electrons in plasma. For plasma emitted electrons, the Maxwellian energy distribution 

function was assumed to be valid [1,2]. The near-front plasma temperature Tpl was in the range of 1 eV – 

3 eV. As a result of simulations, the dependencies of the current density Jan of plasma emission electrons 

near the anode on U, Tpl, and Npl were obtained. In addition, the virtual cathode height Uvc was calculated for 

various simulation conditions. The effect of the electron beam self-closing was demonstrated. The limitations 

of the model caused by the electric field penetration in plasma were determined. 

 

Fig.1. a) – anode current density Jan for various plasma density and voltage applied, b) – virtual cathode height Uvc for various 

plasma density and voltage applied. For a) and b), plasma temperature is 1 eV. 
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A THEORETICAL STUDY OF THE INFLUENCE OF ALTERNATING ELECTRIC 

FIELDS ON THE FORMATION OF LINE PROFILES IN ARGON EMISSION SPECTRA 

E.V. KORYUKINA 

 National Research Tomsk State University, Tomsk, Russia 

 

Atomic spectroscopy methods are widely used for diagnostics of processes taking place in plasma. The 

plasma parameters such as the electron density and temperature of atoms can be estimated from profiles of 
the spectral lines emitted by plasma. The electric field is one of the most important factors that form the line 

profiles in atomic emission spectra. Calculating the Stark profiles and their convolutions with the Doppler 

ones for atomic spectral lines in alternating electric fields is very complicated problem in modern physics. 

To solve this problem, we propose the unified theoretical approach based on the numerical solution of 
the non-stationary Schrцdinger equation. This approach is free from limitations of perturbation theory and is 
valid in wide ranges of the electric field strength and frequency. The algorithm of the suggested method is 

implemented in a special software package written in FORTRAN and Maple. 
Within the framework of this approach, we succeeded in analyzing the influence of changes in the 

electric field strength and frequency on the spectral line profiles and on the shift direction of the spectral 

lines of the Ar atom in the electric field. In addition, a computer simulation within the framework of the 
suggested approach made it possible to estimate the contribution of the electric field to the processes of 

quenching of spectral lines and increasing their intensity.  

As an illustration of potentialities of the proposed approach, Fig. 1 shows the shift of the 6d[1/2]1-

4p[1/2]1 spectral line of the Ar atom with an increase in the electric field strength  and splitting of this line 
into the Stark components in the electric field (the electric field frequency is 10

5
 MHz). 
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Fig.1. Evolution of the 6d[1/2]1–4p[1/2]1 spectral line in the electric field: 

1 – F=20 kV/cm, 
2 – F=80 kV/cm, 

3 – F=120 kV/cm. 

 
These theoretical results are interesting from a theoretical viewpoint, and they have practical 

applications in plasma spectroscopy, laser physics, and in studying magnetic reconnection. Finally, the 

results obtained are useful for searching optimal operation modes of existing excitation sources and for 
constructing new devices. 
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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 107 A/cm2 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 explosion of the cathode microprotrusions due to heating by emission current is considered to be 
the basic mechanism of the vacuum DC [1,2] and RF [3-6] breakdown. However, in these approaches, the 
consideration of prebreakdown processes did not take into account the dynamics of the microprotrusion 
shape after melting. In this work the development of hydrodynamic and thermal instabilities after melting has 
been self-consistent simulated in a copper cathode microprotrusion exposed to RF electromagnetic field 
within the two-dimensional axisymmetric model. The model includes a self-consistent calculation of the 
electric field strength and emission characteristics on the “emission” half-wave of the RF field within the PIC 
method, calculation of current density and temperature distributions in the microprotrusion. From the 
moment the melt appears in the top part of the microprotrusion, the model describes the movement of the 
liquid phase under the action of forces from the electric field (Maxvell stress) and surface tension forces. 
Within the framework of this model, modeling of the development of hydrodynamic and thermal instabilities 
for a microprotrusion with an initial electric field enhancement factor   86 in a microwave wave with a 
strength amplitude of 250 MV/m and a frequency of 10 GHz was carried out. The dynamics of 
microprotrusion heating and the change in the microprotrusion shape after melting are shown in Fig. 1 and 
Fig. 2, respectively. 
 

  
Fig. 1. Dynamics of the heating of microprotrusion with   86 
to the critical temperature in an RF field of amplitude 250 
MV/m and frequency 10 GHz. 

Fig. 2. Dynamics of the microprotrusion shape after 
melting. 

Based on the results obtained (see Fig. 1), it is shown that the time for the development of thermal 
instability (explosion delay time) during stretching and sharpening of a microprotrusion in the molten state is 
significantly lower than in the case of an unchanged microprotrusion shape. This is due to the fact that after 
melting, the top of the microprotrusion in the electric field begins to stretch and become sharp. This leads to 
an increase in the electric field strength and electron emission current density. 
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MODELING OF LUCE DIODE* 

A.O. URAZBAYEV1, I. PYATKOV1, M V ZHURAVLEV, 

1Tomsk Polytechnic University, Tomsk, Russia 

 

The goal of this work is to simulate process in Luce diode by means of PIC code WARP. We used 

geometry of real experiments. The anode was a needle 4 mm in diameter with a rounded end. A conducting 

toroid with an inner aperture 6 mm in diameter was modeled as a cathode and the end of the needle was 

leveled with the outer surface of the anode. A potential of 250 KEV was applied to the end of the needle 

During the modeling, electrons and hydrogen ions were placed at the end of the needle. The number of 

injected electrons was choose to obtain a current of 15kA, approximately the current we had in the 

experiments. 

The simulation showed that the current is modulated in amplitude, which was already observed in the 

simulation of vircators [2]. This modulation was observed at area about several centimeters from the end of 

the needle. 

The needle almost immediately absorbed most of the ions, but some of them accelerated away from the 

needle, reaching a speed of 5e6 meters per second and energy of 200 KEV. Spuriously, they continued to 

accelerate even at a distance of several centimeters from the end of the needle (Figure 1) 

 

Figure 1. Movement of ions along the x-axis from the speed of the ion. Y axis is speed of ions. X =12 cm is the end of the needle of 

the Luce diode..  

Note that the acceleration occurs in the absence of any accelerating potentials, moreover, it goes in the 

opposite direction from the potential. We assume that the driving force of ion acceleration in this case is the 

ponderomotive force. Acceleration occurs in the direction of a weak field, electron clouds lead to the 

appearance of an oscillating field, which are key factors for the appearance of ponderomotive forces. 

Ponderomotive force is not related to potentials directly. Therefore, it can be reason why energy of ions can 

be greater than accelerating potential. 
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CLEANING SYSTEM FOR DIELECTRIC SUBSTRATES 

S. A. TRIFONOV1 

 1 JCS "D.V.Efremov Institute of Electrophysical Apparatus", Saint-Petersburg, Russia 

 
The main disadvantage of ionic surface cleaning methods before the metallization process in 

microelectronics production is that, in order to obtain an effective result, the substrates are exposed to high-
energy ion flows. During long-term treatment, a potential arises on the surface that is comparable to the energy 
of ions, which contributes to the breakdown of thin dielectric substrates, as well as the formation of defects 
associated with the action of charges. A decrease in the ion current inevitably leads to a deterioration in the 
quality of product preparation and a decrease in the adhesion strength of the coating. For this tasks of finish 
cleaning of the substrate dielectrical material and surface activation before the coating process an ion-plasma 
source basis of a controlled gas-discharge was developed (Fig. 1).To organize the movement of charged 
particles generated in the gas discharge in the direction of the cathode (neutralizer) an external magnetic field 
generated by a solenoid is used. 

 

Fig. 1. Design of a controlled gas-discharge source. 

 Electrical scheme of the developed source consists of a cathode (neutralizer) 6, anode 3 and a 
supplementary electrode 9. The anode is grounded and on the supplementary electrode a floating potential is 
set. Supply system of a working gas (argon) consists of a prior warm-up device 1 and a gas distributor 5. The 
latter provides the alignment distribution of the gas atoms in the discharge existence zone, which occupies the 
inner volume of the source 10. 
 The major part of the fast atoms stream that bombards the surface of the processed dielectric is formed as 
a result of the recharge of the high-energy ions due to the reflection from the walls of the output channels in 
the cathode 6. To organize the movement of charged particles which are generated in the gas discharge in the 
direction of the cathode (neutralizer) 6 an external magnetic field generated by a solenoid 2 is used. 
 In the presence in the source volume of a working gas and under condition that a negative potential is set 
on the main cathode a gas discharge which occupies the inner volume of the source 10 is ignited. In this 
discharge positively charged ions are generated that are later accelerated by a cathode voltage drop. 
Neutralization of ions occurs generally due to their reflection from the main cathode 6, but a minor part of 
charged particles is neutralized due to a resonant charge exchange. A fast directed stream of working gas atoms 
is formed as a result of both types of neutralization. 
 Received results showed that the minimum (optimal) operating pressure for the developed source p1 min = 
1…2 Pa. For higher pressures the ignition voltage is less than 800 V and with increasing pressure it slowly 
falls. The source allows modification of the dielectric surfaces by their bombardment with a flux of neutral 
particles with energies from tens of electronvolts to a few kiloelectronvolts.  
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ELECTRICAL CHARACTERISTICS OF A HOT-TARGET HIPIMS DISCHARGE IN REACTIVE 
O2/AR AND N2/AR ENVIRONMENTS* 

A.S. ISAKOVA1, D.V. KOLODKO1,2, V.YU. LISENKOV1, A.V. KAZIEV1, G.I. RYKUNOV1, A.V. TUMARKIN1 
1National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), Moscow, Russia 

2Fryazino Branch of Kotel'nikov Institute of Radio Engineering and Electronics RAS, Fryazino, Russia 
 
A high-current pulsed magnetron discharge in a reactive (oxygen- or nitrogen-containing) medium with 

a thermally insulated target is a promising and currently little-studied type of gas discharge, which can be 
used to obtain high-quality oxide and nitride coatings at rates significantly higher than those in classical 
magnetron sputtering systems. To adequately describe the entire variety of processes occurring on a target in 
this regime, the numerical model of the thermal state of the target [1] and the nonstationary model of reactive 
film deposition in pulsed sputtering systems with a high discharge current density (more than 10 A/cm2) can 
be considered [2]. For the development of these models, it is necessary to experimentally study a high-
current pulsed reactive magnetron discharge with target evaporation and to determine the dependences of its 
parameters on the flow of the reactive gas into the vacuum chamber. 

In this work, we study the effects introduced by adding a reaction gas (O2 and N2) to a magnetron 
discharge with a thermally insulated target from the point of view of its electrical parameters. The 
dependences of the current-voltage characteristics and the shapes of the current and voltage pulses of a high-
current pulsed magnetron discharge on the reaction gas flow are studied.  

To form the discharge, an APEL-M-5HPP-1200 power supply with a maximum average power of 5 kW 
was used. We analyzed the voltage and current waveforms recorded at various pulse duration of 50–500 μs, 
frequency of 1 kHz and for reactive gas flow rates 0–1.80 l/h. The voltage and current waveforms exhibit a 
transition into unstable mode with increasing the reactive gas flow and pulse duration. In this mode, in 
power-regulation regime of the power supply, the pulses follow certain recurring patterns characterized by 
the current oscillations in a wide range from several to tens of amps. 
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PLASMA PARAMETERS OF A PULSED HIGH-CURRENT LOW-VOLTAGE 
NON-SPUTTERING MAGNETRON DISCHARGE IN LIGHT GASES* 

A.V. KAZIEV1,2, D.V. KOLODKO2, N.P. ORLOV1 
1National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), Moscow, Russia 

2Fryazino Branch of Kotel'nikov Institute of Radio Engineering and Electronics RAS, Fryazino, Russia 
 
Nowadays, a lot of practical applications—such as material etching; electric propulsion (plasma 

thrusters); material testing under high thermal and plasma loads—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 (hydrogen or 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 hydrogen or 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 non-sputtering discharge in hydrogen and helium has 
been examined. The pulse duration was around 1 ms, and the maximum pulse power was around 80 kW. The 
plasma parameters were monitored with an electric probe. The optical emission spectra from plasma were 
recorded synchronously with each pulse by AvaSpec ULS2048 spectrometer. Typical waveforms of 
discharge voltage and current together with probe current are presented in Fig. 1. 

 
Fig.1. Discharge current and voltage traces together with probe current waveform (H2, 2 Torr). 

The use of the pulsed non-sputtering modes in hydrogen and helium enables achieving non-constricted 
plasmas with high density and no traces of optical emission lines corresponding to the species of cathode or 
anode materials. 
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CHARACTERISTIC OF PLASMA JETS FORMED AT THE BASIS OF GLOW DISCHARGE IN 

THE FLOWS OF ARGON AND AIR * 

V.O. NEKHOROSHEV, N.V. LANDL, Y.D. KOROLEV 

Institute of High Current Electronics SB RAS, Tomsk, Russia 

 

Currently, plasma jets formed at the basis of the atmospheric-pressure discharges are attracting 

increasable attention [1, 2, 4]. Typical examples of gas discharge systems used for obtaining discharge in a 

gas flow and plasma jet are so-called plasmatron and “Gliding arc” [1–3]. The electrodes of plasmatron are 

configured to allowing the carrier gas to flow through the discharge region [2, 3]. Thus, the flow of heated 

and weakly ionized gas, so-called “plasma jet”, forms in the plasmatron outlet [1–5]. 

The paper deals with the investigation of atmospheric-pressure gliding glow discharges and 

characterizing the properties of plasma jets, formed at the basis of that discharges. One of the features in 

proposed experimental setup is using an additional electrode for plasma jet electrical diagnostics (fig. 1). 

 

Fig.1. Simplified circuit of experimental plasma jet setup, based on non-steady state plasmatron. 1 – cathode, 2 – anode, 3 – gas 

discharge channel, 4 – additional electrode for plasma jet diagnostics, V(t) – discharge burning voltage, V0 – power supply voltage, 

Rb – ballast resistor, RS, RS2 – shunt resistors for current measurement. 

The discharges in argon flow and in airflow for coaxial plasmatron and gliding arc-type electrodes have 

been investigated using oscillography methods and CCD camera photography. Waveforms of discharge 

current and current through the plasma jet at the coaxial plasmatron outlet using the system of diagnostic 

electrodes are obtained. The gas temperature in the plasma jets are measured using thermocouple. The 

analysis compares the results on the discharge behavior and their effect on the jet parameters in argon and in 

the airflow. 

The obtained data allow to concluding that the electrical current flowing through the jet volume forms 

due to electrons that can drifted from the discharge plasma region. Based on experimental data, the estimated 

value of the electron density in the jet is (107–109) cm–3 for air and up to 1012 cm–3 for argon. At such value 

of electron density, the electric field in plasma jet volume is weakly distort by the space charge of electrons 

and this can lead to the current self-limitation effect. It shown that the jet current magnitude determined by 

the flow rate and type of carrier gas, the discharge channel position and strongly depends from the 

parameters of the gas discharge in the plasmatron.  
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INCREASING THE ELECTRICAL STRENGTH OF THE ACCELERATING SYSTEM  

OF A SMALL-SIZED ION ACCELERATOR 

I.А. КАNSHIN 

Dukhov Automatics Research Institute (VNIIA), 22 Suschevskaya Ul., Moscow 127055, Russia, ilia.kanshin2011@yandex.ru,  

phone.: 89267930525 

 

When developing small-sized linear accelerators, the design of which includes the Penning ion source 

and the accelerating system [1, 2], special attention is paid to the device electrical strength. Its decrease is 

mainly due to the fact that “secondary” processes occur in the accelerator's accelerating system when a 

negative voltage is applied to the accelerating electrode. One of them is the deposition of the accelerating 

system insulator inner surface by the products of the ion beam interaction with accelerating system 

electrodes [3]. In this case, a conductive layer is formed on insulator inner surface. It contributes to the 

insulator surface breakdown [3]. Another process is the electron emission from the accelerating system areas 

with an increased local electric field strength: “triple” junctions [4], the negative electrode edges, having a 

small radius of curvature. The avalanche-like movement of electrons emitted from the “triple” junctions also 

leads to a decrease in the electrical strength of the accelerator's accelerating system. 

This work is devoted to the study of the effect of insulator inner surface deposition on the accelerating 

system electrical strength, as well as “triple” junctions and negative electrodes edges having a small radius of 

curvature. To do this, first, a trajectory analysis was carried out in the accelerating system to identify the 

causes of deposition formation [5]. After that, calculations of electric fields in the accelerating system were 

performed, which made it possible to identify areas with a local increase in the electric field strength (Fig. 1). 

 
Fig. 1. The potential and the electric field strength modulus dependences near the insulator inner surface 

in the absence and presence of deposition 

REFERENCES 

[1] N.V. Mamedov, D.E. Prokhorovich, D.I. Yurkov, I.A. Kanshin, A.A. Solodovnikov, D.V. Kolodko, and I.A. Sorokin, “Measurements of the 
Ion-Beam Current Distribution over a Target Surface under a High Bias Potential”, Instruments and Experimental Techniques., vol. 61, no. 4, 
pp. 530–537, 2018, DOI: 10.1134/S0020441218030223. 

[2] N.V. Mamedov, N.N. Shchitov, and I.A. Kan’shin, “An Experimental Apparatus for Penning Ion Source Research”, Instruments and 
Experimental Techniques, vol. 59, no. 6, pp. 870–878, 2016, DOI: 10.1134/S002044121606004X. 

[3] I.A. Kanshin and A.A. Solodovnikov, “Measuring the Emittance of a Charged-Particle Beam in a Small Linear Accelerator”, Instruments and 
Experimental Techniques, vol. 63, no. 3, pp. 319–328, 2020, DOI: 10.1134/S0020441220030112. 

[4] Karthik Reddy Venna. “A Simulation Analysis to Improve the Dielectric Strength Inside High Voltage Vacuum Interrupters”, p. 114, 2015. 

[5] I.A. Kanshin “Trajectory Analysis of the Corpuscular Flow Extracted from a Small-Sized Linear Accelerator Plasma Source”, Published in: 
2020 7th International Congress on Energy Fluxes and Radiation Effects (EFRE). 978-1-7281-2685-2/20/$31.00 ©2020. IEEE. DOI: 
10.1109/EFRE47760.2020.9241976. pp. 474-478 

 

EFRE 2022: 16th International Conference on Modification of Materials with Particle Beams and Plasma Flows
Beam and plasma sources 

–––––––––––––––––––––––––––––––––––––––––––––––   C1-O-004101   –––––––––––––––––––––––––––––––––––––––––––––––

198

mailto:ilia.kanshin2011@yandex.ru


APPLICATION OF AN ELECTRON BEAM GENERATED BY A FORE-VACUUM PLASMA 

SOURCE TO INITIATE A NON-SELF-SUSTAINED GLOW DISCHARGE IN LONG NARROW 

METAL TUBES* 

I.YU. BAKEEV  

Tomsk state university of control systems and radioelectronics, Tomsk, Russia 

 

Ion-plasma processing methods have found wide application for the tasks of surface cleaning, coating 

deposition and modification of the near-surface layer of dielectric and metallic materials for various purposes 

[1]. 

Ion-plasma treatment of the internal surfaces of narrow extended cavities with a transverse size of 

several millimeters requires a joint solution of the problems of plasma penetration into the cavity and 

ensuring its uniformity along the entire length of the cavity. Many works [2-4] have been devoted to solving 

the problem of ion-plasma treatment of the inner surface of tubular products. 

One way to facilitate the generation of plasma in narrow extended cavities is the injection of electrons 

into the cavity to initiate non-self-sustained glow discharge [4]. However, the use of a focused electron beam 

generated at elevated pressures of the working gas [5] as an ionization source inside the cavity will provide 

great opportunities for controlling the processes of initiation and burning of a non-self-sustained discharge in 

a narrow extended cavity. 

The paper presents the results of a study of the propagation processes and geometric dimensions of a 

focused electron beam generated at elevated pressures in the fore vacuum range. The processes of 

propagation of a focused electron beam during its passage through a narrow extended metal tube were 

studied. The conditions for the initiation of a non-self-sustained glow discharge in a narrow extended metal 

tube, initiated by injection of a focused electron beam into the tube, are studied. The results of studying the 

influence of the parameters of a focused electron beam and working gas on the filling of a narrow extended 

tube with non-self-sustained discharge plasma are presented. Presented in fig. 1 photographs show the 

dynamics of ignition and the distribution of the discharge in the tube. 

 

Fig.1. Photographs of the glow of the electron beam and the discharge in the tube for various beam currents Ib: I - 7 mA; II - 18 mA; 

III - 24 mA. Length of the tube - 15 cm, internal diameter – 12 mm. 

REFERENCES 

[1] R.J, Shul and S.J. Pearton, Handbook of advanced plasma processing techniques, Springer Science & Business Media, 2011. 

[2] S.C. Kwon, S.C. Kwon, M.J. Park, W.S. Baek and G.H. Lee, "Geometric effect of ion nitriding on the nitride growth behavior in hollow tube," 
Journal of Materials Engineering and Performance, Vo.l. 1, No. 3, P. 353-358, 1992. 

[3] Y.V. Borisyuk, D.V. Mozgrin, N.M. Oreshnikova, M.M. Berdnikova. and A.A. Pisarev. "Nitriding of internal cylindrical surfaces in abnormal 
glow discharge." Journal of Surface Investigation: X-ray, Synchrotron and Neutron Techniques, Vol. 12, No. 3, P. 603-606, 2018. 

[4] D.Y. Ignatov, I.V. Lopatin, V.V. Denisov, N.N. Koval and Y.H. Ahmadeev, "Generation of Plasma in Non-Self-Sustained Glow Discharge 
With Hollow Cathode for Nitriding Inner Surfaces of Elongated and Complex Shaped Cavities." IEEE Transactions on Plasma Science, Vol. 48, 
No. 6, P. 2050-2059, 2020. 

[5] I.Y. Bakeev, A.S. Klimov, E.M. Oks and A.A. Zenin, "Generation of high-power-density electron beams by a forevacuum-pressure plasma-
cathode electron source." Plasma Sources Science and Technology, Vol. 27, No. 7, Article Number 075002, 2018. 

                                                      
* The work was supported by the Russian Science Foundation in the framework of Project No. 21-79-10217, https://rscf.ru/project/21-79-10217/. 

EFRE 2022: 16th International Conference on Modification of Materials with Particle Beams and Plasma Flows
Beam and plasma sources 

–––––––––––––––––––––––––––––––––––––––––––––––   C1-O-008401   –––––––––––––––––––––––––––––––––––––––––––––––

199



SIMULATION OF THE ION BEAM MOVEMENT & ELECTRODES SPUTTERING IN 
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Miniature linear accelerators (MLA) are widely applied in various fields of science and 

technology [1,2]. Traditional MLA consists of a Penning ion source (PIS), an ion-optical system 

(IOS) and a neutron-generating target. One of the main reasons for failure of MLA is the decrease 

in the electric strength of the high-voltage insulator. During prolonged operation deposition metal 

layer on high-voltage insulator inner surface is formed due to IOS electrodes sputtering. When a 

certain critical thickness of the conductive metal layer is formed on the insulator between the 

accelerating electrode and the focusing electrodes, a high-voltage breakdown is provoked [3]. 

In this paper, the main sources of deposited particles are identified using three steps of 

numerical simulations: 

1. ion beam trajectory analysis in Comsol Multiphysics [4],  

2. simulations of surface sputtering by BCA codes SRIM [5], SDTrimSP [6],and SCATTER 

[7,8] 

3. sputtered particles trajectory analysis in Comsol Multiphysics. 

 To determine the electrode sputtering areas, additional processes of ion beam interaction with 

the residual gas during its transportation to the IOS was considered.  Simulation results were 

compared with experimental dates. Experimental data were obtained by digitizing MLA photos 

which were taken during operation by usage of the ImageJ software [9]. 
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PLASMA GENERATION IN THE GAS CAVITIES DURING DISCHARGE IN SALINE 

SOLUTION* 

Y.D. KOROLEV, V.S. KASYANOV, I.A. SHEMYAKIN, A.V. BOLOTOV, N.V. LANDL, V.O. NEKHOROSHEV 

 Institute of High Current Electronics SB RAS, Tomsk, Russia 

 

The paper deals with the investigation of the pulsed discharge in saline solution (30 g of NaCl per litre) 

between the point electrode 3, whose diameter is 1.4 mm and length is 7.5 mm, and the return electrode 4. 

The capacitance C0 = 40 F is discharged via the interelectrode gap by means of switch S. The gap resistance 

in the initial condition is R0 = 12 . When the voltage pulse is applied to the gap, the gas cavities in the form 

of microbubbles appear in a vicinity of the point electrode due to the process of boiling. These microbubbles 

merge with each other thus forming a macrobubble similar to that shown in Fig. 1. 

According to the generally accepted approach, the gas discharge can appear if only the surface of the 

active electrode is completely covered by the vapor cavity [1–3]. Then the electrode becomes shielded from 

the bulk of solution so that the whole voltage is applied to the gas cavity. If this voltage is sufficient to 

provide breakdown in the narrowest place, the gas-discharge plasma arises. Such a case is realized in our 

experimental conditions when the initial voltage at the gap reaches a critical value V0 = Vcr = 1000 V. 

           

Fig.1. Experimental arrangement, the waveforms of voltage, current and PMT signal jointly with the photograph of macrobubble. 

This paper demonstrates that the discharge is able to be initiated even if the active electrode is not 

covered by the vapor cavity completely. This situation is characteristic of the conditions when the initial 

voltage V0 exceeds the critical value. The statement is illustrated by the waveforms in Fig. 1. It is seen that at 

the instant tsh = 275 s the current decreases abruptly i.e. the macrobubble prevents the current passage in the 

gap. The PMT signal shows the availability of a low-current glow-type discharge inside the macrobubble. 

Nevertheless, we can also observe the PMT signal starting from the instant t1 = 50 s when there is no the 

complete electrode shielding. The discharge arises in the thin gas layer at the tip of the active electrode. After 

a time interval of 150 s to the instant t2 = 200 s, the discharge disappears since the voltage decreases to 

V(t2) = 850 V, and this voltage is not sufficient for discharge sustaining. 

One more effect, which is observed in the experiment, is the sharp destroying of the macrobubble and 

cleaning of the electrode surface from the gas cavities. The process of destroying begins at the instant t4 = 

2075 s. The solution enters in the direct contact with the electrode surface, which leads to a fast increase in 

the gap current. To the instant t5 = 2150 s the gap resistance acquires the initial value R0 = 12 . 
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Currently, the field of medicine investigating the plasma formations influence on biological targets is 

actively developing. In most biomedical investigations conducted to study the effects caused by the plasma 

influence on biological targets, a cold plasma jets sources of atmospheric pressure are used [1]. The plasma jet is 

a sequence of streamers that are initiated by applying, for example, a sinusoidal voltage to the electrodes and 

propagating along the gas flow. Increasing the plasma jet power makes it possible to improve the efficiency of the 

plasma jet interaction with biological targets, since an increase in the energy contribution leads to an acceleration 

of plasma-chemical reactions [2]. In this case, heating of living tissues occurs, which can cause local burns and, 

subsequently, the destruction of protein compounds in cells. The investigation of the heating temperature of the 

target under the action of a cold plasma jet was made. A ceramic Al2O3 plate placed on a grounded electrode was 

used as a target, and the temperature in the interaction area with the jet was measured. It is shown that in certain 

operation modes the target temperature can exceed 50 °С, which is unacceptable for affecting biological objects 

(for example, Т = 60 °С at υ = 9 L/min, f = 13 kHz, U = 6 kV). 

Comparative studies of target heating under various conditions under the action of a plasma jet were carried 

out: generation of a plasma jet in helium He with preliminary gas cooling (Fig. 1a, f = 13 kHz); generation of a 

plasma jet in a gas mixture of helium He and oxygen O (Fig. 1b helium flow rate He υ = 9 L/min, f = 13 kHz); 

generation of a plasma jet with limited current pulse duration (f = 25 kHz, υ = 4.5 L/min). 

 

Fig.1. Reduction of target heating in the interaction zone. 

Lowering the target temperature with the use of preliminary cooling of the gas pumped through the gas-

discharge cell makes it possible to lower the temperature in the interaction zone to ~43%. An increase in the 

concentration of oxygen-containing radicals leads to a significant decrease in target heating. The effect was also 

observed with an increase in the rate of oxygen О2 pumping through the gas-discharge cell. The oxygen О2 supply 

into the body of the gas-discharge cell at a rate of 1.5-9 mL/min with helium He υ = 3-12 L/min makes it possible 

to reduce surface heating by ~25–50% under other comparable exposure conditions. The current pulse duration is 

one of the main factors affecting the temperature in the area where the plasma jet affects the target. By limiting 

the pulse duration, the target temperature decreased by ~20%. 

Thus, the application of the developed techniques for reducing target heating makes it possible to use high-

energy operation modes in biomedical research. 
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EXPERIMENTS ON THE INTERACTION OF A HIGH-ENERGY PLASMA FLOW WITH 

A GAS JET AND A SOLID-STATE TARGET
*
 

D.A. TOPORKOV1,3, V.V. GAVRILOV1, A.M. ZHITLUKHIN1, D.A. BURMISTROV1,5, S.D. LIDZHIGORIAEV1,3,  

V.A.KOSTYUSHIN1, I.M. POZNYAK1,3, A.V. PUSHINA1,4, S.A. PIKUZ2,4, S.N. RYAZANTSEV2,4, I.YU. SKOBELEV2,4 

1SRC RF Troitsk Institute for Innovation and Fusion Research, Moscow, Russia 
2Joint Institute for High Temperature RAS, Moscow, Russia 

3NIU Moscow Institute of Physics and Technology, Moscow, Russia 
4NIU Moscow Engineering Physics Institute, Moscow, Russia 
5NIU Moscow Power Engineering Institute, Moscow, Russia 

 

The interaction of a powerful plasma flow with a pulsed gas jet and a tungsten target was 

investigated. Study is carried out within the framework of a project to develop high-power line X-ray sources 

based on pulsed plasma accelerators. The results obtained may also be of interest for solving some applied 

problems, such as the development of a dissipative ITER divertor and technologies for purposeful 

modification of surface layers of solid-state materials. 

The plasma flows with a velocity of (4÷6) × 10
7
 cm/s and energy content of ≈ 50 kJ was produced by 

the pulsed electrodynamics plasma gun at MK-200 (TRINITI) facility. Hydrogen, nitrogen and neon were 

used as the supply gas for the plasma gun. The plasma flow moved in a vacuum chamber with a magnetic 

field of ≤ 2 T induction. The supersonic gas jet of nitrogen/ neon was guided by a flat Laval nozzle along the 

surface of the tungsten target. The density in the gas stream reached 10
17

cm
-3

 with a jet thickness of ≈ 5 cm 

and a width of ≈ 15 cm. The 120 mm × 140 mm tungsten target was located at 10/20/200 mm from the 

central plane of the gas jet, depending on the conditions of the experiment. 

The EUV&SXR images of the plasma flow interaction with the jet and target were taken using a 

multi-framing MCP camera. The transmission grating spectrometer was used for recording emission spectra 

in the wavelength range 1-70 nm with a spatial and temporal resolution. Photodiodes measured absolute 

power of target plasma radiation. Set of thermocouples made it possible to record the energy absorbed by the 

tungsten target. 

The result of the experiments is a large amount of data obtained with spectral, temporal and spatial 

resolution, the subsequent processing of which made it possible to draw important conclusions. It was found 

that jet-forming gases nitrogen and neon were ionized up to the He-like state and the Li-like state 

correspondingly. In particular, numerical modeling of the recorded spectra in the case of the hydrogen 

plasma flow and the nitrogen gas jet gives the value of plasma electron temperatures in the range of 

40÷50 eV, and in the case of a neon gas jet, it can reach 70÷100 eV. Information was also obtained on the 

power of the radiation, its spectral and spatial distribution for targets various combinations (the tungsten 

target with no gas jet, and the tungsten target with nitrogen or neon jets) and plasma flow composition 

(hydrogen, nitrogen, neon). 

An important feature of the hydrogen/nitrogen/neon plasma flow impact on the tungsten target with 

no gas jet is that the target plasma radiation contains mainly spectral lines of tungsten. In the case of the 

hydrogen plasma exposure, the tungsten vapor propagates to a distance of more 6 cm from the surface 

towards the plasma flow along the longitudinal magnetic field, as for non-hydrogen plasma, fewer 2 cm. 

The results of the non-hydrogen (nitrogen/neon) plasma impact on the gas jet and the tungsten target 

are presented as well. In these experiments tungsten vapor also did not travel more than 2 cm from the 

tungsten target surface and the emission contained spectral lines of the gas jet, rather than the plasma flow. 
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This paper presents the results of the development and study of the system of plasma-assisted RF 

application of dielectric coatings from powder materials. The system (Fig. 1) consists of a target with a 
diameter of 200 mm with a powder material from which covers and a gas plasma generator "Pink" are 
applied. The system reduces the coating pressure to significantly increase the coating rate and allows you to 
control the properties of the coatings of the plasma assistation during the deposition process. Studies were 
carried out at the installation of electron-ion-plasma engineering of the complex surface "Complex" 
developed in the laboratory of plasma emission electronics IHCE SB RAS. 

The operating modes of the system were investigated and the dependence of the ion current density was 
removed on the samples from the power of the RF discharge in the Ar and Ar + N2 atmosphere. All data 
were removed for 7 values of the current of the discharge of the plasma generator Ip = 5, 10, 15, 20, 30, 40, 
50 A. for these values, the dependences of the current density from the RF power and the discharge voltage 
from the RF power were constructed. 

Trial processes of deposition of the coating AlMgB14 (BAM) were carried out. Substrates - Samples 
(VK8 alloy and steel R6M5) were pre-cleaned in an ultrasonic bath, were fixed on the substrate and placed in 
the chamber. The second phase of purification was purified in the gas discharge of the plasma generator for 
15 minutes at a current of discharge 30 A, the displacement supplied to the samples was -990 V, with a duty 
of 75%. After cleaning, the samples unfolded to the target attached to the RF-current, AlMgB composition. 
The inclusion of the RF of the generator and the matching device was filled with 300 W power to warm up 
the target and its expansion. When pressure is set, the power rises to 700 W, so that the discharge burning 
voltage was about 1 kV. The displacement for samples was established about 100 V with a duty capacity of 
50%. The process adjustment was carried out by changing the reflected RF power and flow current of the 
plasma generator. 

 
Fig.1. Scheme of experiment.  

BAM coatings with a thickness of up to 3 µm were obtained with a precipitation rate of ~ 1.3 µm / hour.  
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THE APPLICATION OF THE PD-BA COATING IN THE PENNING ION SOURCE

A.G. SADILKIN, N.N. SCHITOV

Dukhov Research Institute of Automatics, Russian Federation, Moscow

The method to improve service characteristics of the gas-filled electrovacuum devices, based on the Pd-
Ba coating of the Penning ion source, is described. This improvement is achieved due to the rise of the
atomic ion fraction in the extracted beam as well as to the fall of the discharge potential. The first effect may
be explained by the Pd catalytic properties, whereas the second – by the adding of the emission active doping
(Ba). The improved service characteristics data are exemplified. 
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NUMERICAL STUDY OF THE EXTINGUISHING PHENOMENA IN THE PULSED 
MODULATED INDUCTION THERMAL PLASMA TORCH 

LONG MIAO, MINGQING NIE, YURI M GRISHIN, RUOYU HAN, ZIHAO HE, ZHENGXI ZHU, NINGFEI WANG  

School of Aerospace Engineering, Beijing Institute of Technology, Beijing, China 
 
In this work, a two-dimensional unsteady laminar model is developed to simulate the transient process 

of the pulse-modulated induction thermal plasma. A standard PL-50 type induction thermal plasma torch is 
considered in the model, and the generator frequency is 3MHz, the coil current is set in the range of 100-
200A. The critical current is studied to determine the waveform to ensure that a smaller current can be used 
to sustain a stable discharge. Special attention is paid to investigate two different vortex pattern: Benard and 
toroidal vortex in induction thermal plasma torch under different inject tube diameter, central gas flow rate, 
shimmer current level and duty factor. 
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In the 21st century, the role of alternative energy and, especially, hydrogen energy is growing 

significantly. The main methods for producing hydrogen are steam catalytic reforming of natural gas [1] and 

electrolysis of water [2]. Steam reforming is a large-scale production, however, it has significant 

disadvantages: a high carbon footprint, incomplete methane conversion, and heating of steam to high 

temperatures [3]. At the same time, electrolysis has low productivity and high energy consumption [4]. 

At present, a number of methods for obtaining hydrogen from hydrocarbons by plasma pyrolysis are 

proposed [5, 6]. However, these methods are severely limited by the productivity of the facilities and the 

period of their continuous operation. Features of power sources and the design of plasma devices 

significantly affect the efficiency of the overall process. At the same time, plasma methods ensure the 

creation of small local production facilities. Such plants can meet the demand for hydrogen for the 

production of small-scale chemical products. 

The report discusses a plasma-chemical facility for the pyrolysis of natural gas and light hydrocarbons. 

It consists of a high-voltage AC plasma torch, a plasma-chemical reactor, a plasma torch power supply 

system, a system for supplying reagents and analyzing reaction products. 

The plasma torch consists of three water-cooled arc channels with end copper electrodes [7]. The 

plasma torch has two zones for the supply of plasma-forming media. A shielding gas (argon) is supplied to 

the near-electrode zone, and hydrocarbons are supplied to the electric arc burning zone. Thus, the electrode 

insulators are protected from the ingress of electrically conductive graphitized soot into them. The power of 

the plasma torch depends on the flow rates of plasma-forming media and the value of the electric current 

regulated by the power source. 

The plasma-chemical reactor is a hollow lined cylinder equipped with pressure sensors, high-

temperature thermocouples, and sampling probes [8]. The content of solid particles in the produced products 

was determined gravimetrically using a thimble quartz filter. The composition of the gas phase was 

determined with a calibrated quadrupole mass spectrometer. 

Four experiments were carried out with natural gas and propane-butane fraction. The conversion of 

hydrocarbons primarily depended on the temperature in the plasma-chemical reactor. When the reactor was 

preheated, the conversion of methane increased from 65% to 75%, and the conversion of the propane-butane 

fraction increased from 75% to 85%. The analysis showed that the produced carbon black consists of two 

fractions with different properties: graphite (70%) and polyaromatic hydrocarbons (30%). Also traces of iron 

(up to 0.07% wt.) and other metals were found in the carbon black. This indicates the erosion of the metal 

walls of the plasma torch during its operation. 

Thus, it can be concluded that the plasma pyrolysis of hydrocarbons can be used to produce hydrogen 

and carbon black. To accomplish this task, it is necessary to combine efforts in the development of high-

power high-voltage plasma torches and their integration into the renewable energy system. 
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We propose a numerical model for ion beam mass-separation in plasma. The model parameters are 

based on an experimental setup Laplace 1 for spent nuclear fuel mass separation [1]. We use Particle-in-cell 

method with Monte-Carlo collisions to simulate background plasma [2]. Gyrokinetic model for electron 

component is used to boost calculations [3]. Ion component motion is simulated with a classical Boris 

scheme [4]. The ion flux propagation in a background plasma is simulated in a single-particle approximation. 

We investigate oscillations of background plasma obtained via numerical model. They are in a good 

agreement with experimental results. We obtain the results on the ion separation in a background plasma and 

study the impact of plasma oscillations on a quality of ion separation.  

This study was supported by the Russian Science Foundation № 21-19-00716, https://rscf.ru/en/project/21-

19-00716/. 
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M.V. SHANDRIKOV1, A.A.CHERKASOV1, V.P.FROLOVA1,2, A.V.VIZIR1, E.M. OKS1,2 

1 Institute of High Current Electronics SB RAS, 2/3 Akademichesky ave., Tomsk, Russia, 634055 

2 Tomsk State University of Control Systems and Radioelectronics, 40 Lenin ave., Tomsk, 634050, Russia. 

 

 

A discharge system based on a planar magnetron with a central electron injection from a vacuum-arc 

discharge plasma is studied in detail. The experiments were carried out on a copper target. The operating 

pressure varied in the range of 0.5-3 mTorr. The pulse current of the magnetron discharge was 10-30 A 

(50÷250 µs).The change in the ratio of gas and metal ions in the magnetron plasma is shown depending 

of supplying the working gas and the type of discharge used as an electron emitter. The effect of the 

electron injection and a reflector electrode on the radial uniformity of the magnetron plasma is 

investigated. The excitation conditions of rotational inhomogeneity in the magnetron's racetrack region 

and its linear velocity are determined. The electron temperature was measured depending on the operation 

mode of magnetron discharge. 
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MULTIARC GRID PLASMA EMITTER BASED ON AN ARC DISCHARGE FOR GENERATING 
A RADIALLY CONVERGING ELECTRON BEAM 

M.S. TORBA, M.S. VOROBYOV, N.N. KOVAL, V.V. EZHOV, S.YU. DOROSHKEVICH, S.A. SULAKSHIN 

Institute of High Current Electronics, Tomsk, Russian Federation 
 

The promise of using electron sources with a plasma cathode based on a low-pressure arc discharge 
with grid/layer stabilization of the emission plasma boundary, and a plasma anode with an open plasma 
boundary, has been repeatedly demonstrated for surface modification of various materials and products, 
leading to a multiple improvement in the functional properties of their surface, modifications of the surface 
of materials that are unattainable by other means, which clearly confirms the need for further development 
and implementation of equipment of this class. However, the complexity of the shape of most processed 
products hinders the introduction of such equipment in a specific technological process. That is why in this 
work we study a grid plasma emitter for generating a radially converging electron beam, suitable for 
modifying the surface of products not only cylindrical, but also of a more complex shape (for example, 
processing stents) [1,2]. 

Thus, this paper describes the design of a grid plasma emitter based on a low-pressure (~10-2 Pa) multi-
arc discharge for generating a radially converging submillisecond electron beam [3,4]. The developed and 
created power supply system based on inductive energy storage devices makes it possible to generate arc 
discharge current pulses of submillisecond duration with an amplitude of up to 200 A. The conducted studies 
of the generation of emission plasma allow us to assert that this method of generating an electron beam is 
promising for scientific and industrial purposes when processing products of complex shape, or generating 
microwave radiation. 
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PIGIS’ PULSE FIELDS MODULATION  

N.N. SCHITOV 
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nschitov@mail.ru, phone.: 89160820555 

 

The investigations’ onset of pulsed fields influence on Penning ion sources (PIGIS) in pulse or 

frequency regimes was described in [1, 2]. This modulation was carried out by pulse fields generated by the 

storage capacitance discharge through flat spiral antennas being cathodes of a Penning cell in H2. In [1] 

experiments were carried out with Al wire coils. In [2] all PIGIS electrodes including anode were fabricated 

from metalized ceramics with lathe cut grooves. The number of possible fields’ combinations (mutual 

direction etc) rose up to 9 in [2]. However, this technology – diamond lathe cutting – is far from perfect or 

actual. For instance, it is impossible to make the twin or double antennas [1] this way. Laser grooves cutting 

or chemical etching through mask are much more attractive. The next step discharge construction with laser 

cut grooves is actually in progress.   

To complete the research the funnel-shaped coils made of Al wire as in [1] are investigated. In [3] is 

shown that the magnetic field distribution may improve the current pulse time characteristics, decrease 

discharge current and increase the extraction coefficient. In the case of funnel-shaped coils the magnetic 

field’s axial component maximum is drift to the center of the Penning cell so that changing the funnel cone 

half-angle one may superpose it with the ionization coefficient maximum. The gas discharge becomes 

“combined” – the hollow cathode and the Penning ones. Besides, the existence of cell axe’s length 

dependence in such antennas leads to the appearance of curl axial electric fields absent in the case of the flat 

one. Finally, the radial components of the funnel-shaped coils are significantly higher near cathodes than that 

of the flat ones. It means that the asymmetry relative to polarity is higher for the formers. It may be useful 

from the ion’s extraction point of view. 

The last discussed aspect of pulsed fields’ modulation concerns the discharge key’s (vacuum lightning 

arresters) location [1, 2]. In experiments described earlier it was mounted just between the storage 

capacitance connected with grounded cathodes and the power supply so that the stationary PIGIS’ electric 

field distribution took place during the whole discharge period. But when cathodes are isolated by the key 

from a ground all electrodes are equipotential at the initial moment that is no fields exist. During the 

capacitance discharge the gas discharge’s form turns out from the TCP (transformer coupled plasma) one 

into the Penning one due to the cathode’s potential drop through discharge. In this case the pulsed magnetic 

field is in phase synchronism with the storage capacitance discharge whereas the azimuthally curl electric 

field changes its sign twice during the period. 

Total pulse fields generated in the gas discharge chamber during the store capacitor discharge are 

calculated. Using these calculations electrons trajectories and correspondingly ionization probabilities are 

estimated for various fields’ directions’ combinations. These estimates are compared with the experimental 

results carried out in the experimental unit described in detail in [1], still slightly changed.   
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Recently the low temperature atmospheric pressure plasma jets (CAPS) are widely used for the 

inhibition of the solid tumor growth, and in particularly with a combination with nanoparticles [1]. In this 

work, to maximize the effect of the CAPJ treatment on the different cancer cell lines, the optimization of the 

plasma jet device was done for the sinusoidal and positive pulsed voltage discharge initiation. The different 

modes of discharge operation were analyzed in the experiment and fluid model numerical simulations. The 

efficacy of chosen regimes was confirmed in our bio experiments with  cancer cell lines (A549,  MX7, A431 

etc). The viability of the cancer cells was analyzed with MTT assay 24 hours after the CAPJ exposure. It was 

shown that the viability of cancer cell depends on the choice of the mode of the discharge operation. In 

physical experiment and simulations, the optimization of CAPS regimes was done with an analysis of the 

self-organization of voltage – streamer propagation frequencies, which sets the total effect of the bio target 

treatment [2,3]. In fact, an increase of the voltage amplitude and frequency causes a nonmonotonic increase 

of the plasma-target interaction. The temperature of the zone of CAPJ contact with the target can rapidly 

increase and burn the bio tissue. So the safety conditions should be monitored. We also study the dynamics 

of the NPs penetration on the cancer cells in vitro and the effect of nanoparticle presence inside the cells on 

their viability after CAPS treatment. In Figure 1, the plasma device, simulation domain and mouse treatment 

with CAPJ are shown. 

  

 
Fig.1. Experimental device and fluid model calculation domain with the ion density distribution when the streamer touches the 

dielectric target,  GR+ and GR− correspond to the cases with the grounded electrode beneath the target and the grounded electrode 

50 cm apart from the target. Sleeping mouse with tumor during CAPJ treatment. 
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V.G. CHEREPKOV, A.V. LAVRUKHIN.  

Budker Institute of Nuclear Physics, Novosibirsk, Russia 

 

Budker Institute of Nuclear Physics produces high power electron beam accelerators for industrial 

application. These accelerators have the name “ELV”. Flexible (because of the possibility of completing 

with different under beam systems) and reliable ELV accelerators found wide applications in industries. The 

family of the ELV accelerators covers the energy range from 0.3 to 3 MeV, and beam current up to 130 mA 

of beam current, with power up to 100 kW. Special versions of ELV accelerators allows to obtain 400 kW of 

power with a maximum beam current of 0.4A. Over 200 accelerators were delivered and installed by now. 

Even for the last three years, under the significant influence of COVID-19, we had delivered 17 accelerators 

to our customers. For 2022, the same amount is in the queue. 

New accelerators of the ELV type are also being developed. Last version is “ELV-15” accelerator1. The 

energy range is up to 3.0 MeV and the beam power is up to 100 kW. It is shown on Fig.1. It has all features 

of ELV accelerators: 

• High electron beam power in wide energy range; 

• High efficiency of electron beam (70-80%), which important for long term operation; 

• High stability of electron beam parameters; 

• Extra-long lifetime and high reliability: 24/7 mode of operation. 

 

At present time accelerator was assembled, tested and delivered to China. Increasing the energy up to 3 

MeV expands the possibilities of industrial application. It allows to increase the thickness of treated material 

and cable insulation. There are many requests for the new accelerator. 

Additionally, it can operate as X-ray generator. The smaller conversion coefficient for 3 MeV can be 

compensated the higher beam power and efficiency from electricity to beam. So, it produce same amount of 

X-rays in comparison with 7.5 MeV accelerator and same consumption power. 

During designing of new accelerator we had taken into mind the experience of previous models, 

changing of electrical and electronic components simultaneously with possibilities to exchange of elements 

and systems new and old machines. 

 

 

Fig.1. Accelerating tube inside of primary windings of ELV-15 accelerator.  

[1] N.K. Kuksanov, D.S. Vorobev, R.A. Salimov, S.N. Fadeev. “The High Voltage Source for the ELV-15 Accelerator”. Siberian Journal of 
Physics, 2022, vol. 17, no. 1, pp. 23–33. 
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PROCESSING OF MATERIALS WITH ARC PLASMA TORCHES WITH THERMOCHEMICAL 

CATHODES * 

A.S. ANSHAKOV, P.V. DOMAROV, V.А. FALEEV 

 Kutateladze Institute of Thermophysics SB RAS, Novosibirsk, Russia 

 

Despite the variety of design schemes of electric arc plasma torches, there is always a need for low-

power plasma devices (10–50 kW) for heating air and other oxygen-containing media, for example, in the 

technologies of plasma cutting of metals, plasma spraying, for modifying surfaces and synthesizing various 

materials. In this case, thermochemical composite cathodes are widely used (Fig. 1). The electron emitter in 

such cathodes is zirconium or hafnium inserts soldered or pressed into a water-cooled copper body. 

The thermochemical cathode is essentially a thermionic cathode, and got its name due to the fact that in 

air the high-temperature surface of the zirconium (hafnium) insert chemically interacts with nitrogen and 

oxygen, forming an oxonitride film with good emission properties, electrical conductivity and thermal 

stability. The resulting film reliably protects the zirconium (hafnium) insert from further oxidation, which 

ensures the operation of the cathode in air. 

On fig. Figure 1 shows the location of a single Hf or Zr insert (Fig. 1a) with a diameter dk and depth Δ l 

= 3 mm and a recess δ of the insert and modified with four Hf inserts to increase the electrode life (Fig. 1b). 

The latter differs from the cathode with a single thermal insert in that, in addition to the central insert, three 

more radial rods are pressed into the copper body at intervals of 120°. The diameter of the central insert is dk 

= 2.45 mm, the side inserts are 1.6 mm. 

 
 

Fig.1. Schemes of thermochemical cathodes Fig.2. Nozzle chamber of the PVR-402 plasma torch. 

 

On fig. Figure 2 shows the axisymmetric placement of the cathode assembly in the plasma torch for air-

plasma cutting of metals (dc = 3.6 mm). 

The studies carried out by other authors made it possible to establish the general regularities of the 

parameters of thermochemical cathodes in terms of current density, heat fluxes, specific erosion, 

optimization of the insert diameter dk with respect to current, incl. depending on the method of embedding 

the Hf insert into the copper holder. Despite the significant scatter of experimental data, the specific erosion 

of thermochemical cathodes has an almost linear dependence on the arc current and amounts to 10 – 11 – 10 

– 10 kg/C. At low discharge currents (I ≤ 200 - 300 A), their continuous operation resource reaches several 

tens of hours. 

It is shown that the deepening δ grows with time at a constant current value. The rate of destruction of 

the cathode in time is uneven. The depth of development of the thermochemical cathode, as well as the 

tungsten cathode, has an optimum in terms of the diameter of the insert. 

On the basis of thermochemical cathodes, highly efficient electric arc plasma torches for cutting metals 

(Fig. 2), spraying powder materials EDP-167, and heating gas EDP-104 with a power of 10–50 kW have 

been created. More details about them will be discussed in the article (report). 
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DIFFUSE VACUUM ARC DISCHARGE WITH HEATED CATHODE MADE OF MIXTURE OF 

CERAMIC AND METAL POWDERS* 

R.A. USMANOV, A.D. MELNIKOV, V.P. POLISTCHOOK  

Joint Institute for High Temperatures RAS, Moscow, Russia 

 

We present results of an experimental study of a plasma flow parameters generated by a vacuum arc 

discharge with heated cathode made of mixture of ceramic and metal powders. The discharge existed in a 

diffuse mode of cathode current attachment [1]. The diffuse mode was characterized by relatively low values 

of cathode current density (10-100 A/cm2), absence of significant voltage oscillations and stable glow of 

plasma formation (Fig. 1). 

The experiments were carried out in vacuum chamber with residual gas pressure less than 10 mPa. The 

cathode was presented by a mixture of powders of cerium dioxide (CeO2) and chromium (Cr). The cathode 

mixture was placed in a molybdenum crucible, under which an electron beam heater (EBH) was situated. The 

mixture was tentatively sintered in vacuum at a temperature of the crucible of 1500 C for an hour. At a 

temperature of 1900 C the breakdown of the discharge gap was initiated. The molybdenum plate with centered 

hole of 14 mm in diameter for plasma outflow was used as an anode of the arc. The length of the discharge 

gap was about 30 mm. EBH allowed us to vary the crucible temperature at fixed arc current that caused 

significant changes of the discharge parameters, in particular, a voltage drop of the discharge gap. 

 

Fig.1. Photo of the diffuse vacuum arc discharge on mixture cathode of CeO2 and Cr powders. 

The dependencies of heat fluxes coming from plasma into the cathode on arc current and power of EBH 

were studied. The data on mean charge of the arc plasma flow, ion energies and ion composition obtained by 

time-of-flight mass spectroscopy method [2] were obtained. It was shown that chromium is a main source of 

the plasma forming medium when cerium dioxide is a main source of electrons of thermionic emission. The 

comparison of the arc discharge parameters on mixture cathode with arcs on monocomponent cathodes of Cr 

[3] and CeO2 [4] was performed. 

Obtained results can be useful in designing of stabile plasma sources of multicomponent condensed 

substances for wide range of applications from deposition of composite coatings to plasma mass separation 

[5]. 
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1 Joint Institute for High Temperatures of the Russian Academy of Sciences, Moscow, Russian Federation  

2 Moscow Institute of Physics and Technology, Dolgoprudny, Russian Federation 
 
The concept of plasma mass separation of substances in a configuration with a potential well [1] implies 

the development of specialized plasma sources [2]. The conversion of condensed matter into a low-
temperature plasma flow and its further injection into the separation chamber is a crucial stage that largely 
determines the efficiency of the technological process. It is especially important if the aim of the concept is 
the separation of spent nuclear fuel (SNF). 

Figure 1 shows a scheme of the created device. The mixture of working substances is placed in a 
molybdenum crucible. At this stage, silver and lead are used as model substances, which simulate the “light” 
and “heavy” components of SNF, respectively. The crucible is heated up to 1000-1450°С by the induction 
method. The substance in the form of vapor enters the discharge gap and is ionized. The generated plasma 
penetrates into the separation chamber along the magnetic field lines (magnetic induction 1400 G) through 
the cavity in the anode.  

As part of the study, the following plasma parameters were measured: plasma density, source 
productivity or ion saturation current, optical emission spectra, energy spectrum of ions of working 
substances depending on the value of the magnetic field induction (0-1400 G). The characteristic FWHM of 
the energy distribution is 7-15 V. The average energy varies from 14 eV to 22 eV. 

 
Fig.1. Scheme of the plasma source of model substances.  

A productivity rate of the source of 20 g/h was reached, which corresponds to an ion current of 2.6 A at 
the discharge current of 120 A. With these parameters, the current-voltage characteristic is growing. The 
plasma concentration at the outlet of the source is about 1012 cm-3.  

The possibility of switching from one working substance to another with diverse saturated vapor 
pressure while maintaining the working potential difference between the cathode and the anode has been 
experimentally demonstrated. 
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COLLECTIVE ACCELERATION OF LIGHT IONS IN A PLASMA FILLED DIODE WITH A 

POINTED CATHODE 
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Tomsk Polytechnic University, Tomsk, Russia 

 

The results of the collective acceleration of light ions, protons and deuterons, in the Plutto / Luce diode 

system are presented [1-2]. The diode system is a pointed cathode and an anode plate with a central hole in 

the region of which a plasma cloud is formed due to the ionization by a pulsed electron beam of gas 

preliminarily injected into the anode region after the gas valve has been actuated. The minimum valve 

response time has been achieved as low as 20 μs. The gas concentration was controlled by the delay time of 

the accelerator operation with respect to the valve opening time. We also used a 2-pulse generator operation 

mode, in which it was the first high-voltage nanosecond voltage pulse that provided gas ionization. The 

diode current was 20 kA at the pulse duration of 60 ns at an accelerating voltage of up to 400 kV. The 

dependences of the efficiency of acceleration of light ions on the gas density and, accordingly, the plasma 

density in the region of the diode system, the size of the diode gap are obtained. The parameters of the ion 

beam were determined using electrophysical and nuclear-physical methods of analysis [3]. 
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In modern technologies, the function of a plasma torch is not limited to increasing the enthalpy of the 

working gas for its subsequent use in a plasma-chemical reactor. When using multi-species gaseous mixture, 

chemical reactions occur in electric discharge chambers and in the jet. The processes occurring in electric arc 

systems are non-stationary even when DC is used [1]. In AC devices [2] this is further enhanced by a 

periodically changing release of energy. The design features of plasma generators significantly complicate 

the diagnosis of physical parameters. Comprehensive research involves the use of computer simulation and 

validation based on available experimental data. 

Significant differences in the shapes of arc column in the channels and outside for high voltage plasma 

torch with rod electrodes were noted in [3]. To study processes in powerful plasma torch with hollow 

electrodes [4] shown in Fig.1, it is also important to consider the processes in the vicinity of electrodes. 

  

Fig.1. Photo of a powerful high-voltage plasma torch by IEE RAS (left) and arc columns at the outlet of the channels (right). 

The arc shooting area in the photo of the plasma torch is marked in yellow. 

Computation of time-dependent flow for simplified linear axial configuration of the arc without 

considering near-electrode processes using a supercomputer takes several days. To reduce the complexity 

and resource for the more complicated case, an approach is proposed that involves the hybrid computational 

model. In it, the movement of the electric arc spot is described by a differential equation, restored by the 

generative design method [5] from experimental data. Data on the movement of an electric arc for various 

conditions were obtained in the laboratories of the IEE RAS. The arc spot motion equation complements the 

non-stationary 3-D model of the gas flow in the channels and in the jet of the plasma torch. The results of 

applying the hybrid modelling approach to solving a non-stationary problem describing the operation of a 

high-voltage plasma torch are presented in the report.  
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In this report, the design and performance of pulsed electron sources (electron guns) are described. The 

discharge mechanism of the source is based on non-self-sustaining high-voltage glow discharge. The 
electron guns can be divided into two main types: secondary electron emission type (Fig. 1a) with flat 
cathode and plasma electron generation (hollow cathode plasma source) type (Fig. 1b). In the last electron 
gun type, the plasma that generates inside the hollow cathode acts as an electron beam source. Electrons 
emitted by the cathodes (being bombarded by ions) are accelerated by a voltage drop (Uacc) of several tens 
of thousands volts. 

 

 
                                                                       a                                                              b 

Fig.1. Schematic diagrams of the electron sources 

The anode plasma acts as an ions ranging in beam current up to 1.5 A in pulse mode accelerated 
towards the cathode. The plasma is created by a toroidal plasma generator built according to the scheme of a 
plasma thruster with closed electron drift and a short acceleration zone (an anode layer). The working gas 
pressure has a strong effect on the anode plasma generator operation - determining the generator discharge 
current (and hence the ion beam current) and the duration of the discharge current pulse. Argon, nitrogen, 
and air were used as a operational gas. The pulse mode of the electron gun operation is implemented due to 
the pulse mode of the plasma anode generator. 

It was shown in experimental studies the electron beam current increases by more than one and a half 
times for the hollow cathode type of electron gun compared to the current for the flat cathode. Under certain 
experimental conditions, the formation of a pre-modulated electron beam with a frequency of up to 20 MHz 
was observed in the hollow cathode type gun. The maximum electron beam current for the hollow cathode 
type was 10 A with a pulse duration about 250 μs and the high-voltage drop up to 35 kV. 
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In this work, we studied a low-current discharge (up to 1 A) at atmospheric pressure in the pulsed 

power supply mode with a frequency of 20 to 100 kHz in an argon flow with a flow rate of up to 3 L/s. An 
increase in the pulse repetition rate leads to a decrease in the discharge initiation voltage and has little effect 
on the burning voltage (Fig. 1). This experimental fact is based on the assumption of an increase in the 
concentration of the residual plasma and excited argon and nitrogen molecules in the intervals between 
pulses. This assumption, in turn, is confirmed by the results of studying the optical emission of the discharge 
plasma. 

 

 
Fig.1. Waveforms of peak voltage and current at the moment of ignition of the discharge pulse. 
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The paper presents the results of studying the features of the operation of an atmospheric pressure glow 

discharge at currents below the threshold for switching to the arc mode, but providing efficient 

generation of plasma flows with a high content of the metal component. The limitation of the discharge 
current is due to the desire to improve the quality of the erosion products of the electrodes of the 

discharge system by reducing the geometric dimensions of their particles in order to achieve ultrafine 

properties of powder materials obtained under atmospheric pressure conditions. 
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GENERATION OF NITROGEN OXIDES MOLECULES IN THE PLASMA OF ATMOSPHERIC 
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The paper deals with the investigations of nitrogen oxide production in a column area of low-current 

glow-type discharge in airflow at atmospheric pressure. When the gas flows through the discharge plasma 

area, a luminous region, which is often referred to as a plasma jet, forms at the outlet of electrode system [1–

4]. The jet contains the charged and chemically activated particles, so a great variety of the jets applications 

can be provided [1–6]. The special attention is payed to the biomedical applications [2, 5, 6], since the 

nitrogen oxides and the other active particles are available in the jet. For example, nitric monoxide is used in 

inhalation therapy as far as it has a relaxing effect on the blood vessels and for disinfection of wounds and 

skin wound healing [5, 6].  

The electrode configuration of proposed gas discharge system (fig 1.) correspond to the non-steady-

state coaxial plasmatron described in [1, 4]. 

 

Fig. 1. Simplified circuit of experimental setup for NOx production based on non-steady state plasmatron. 1 – position of the first 

breakdown, 2, 3 – schematic positions of positive column of glow discharge, A1, A2 – anodes of plasmatron, V(t) – discharge burning 

voltage, V0 – power supply voltage, Rb – ballast resistor, Rsh – shunt resistor for current measurement. 

The glow-like discharge in plasmatron have been investigated using oscillography and CCD camera 

photography. The waveforms of the discharge burning voltage and the discharge current are obtained. The 

concentration of NOx molecules in the produced gas flow are measured using gas analysis system.  

It is shown, that the positive column of discharge in a gas flow is sustained in a constricted mode with a 

typical current density from 50 to 120 A/cm2 and with the electron density up to 21014 cm-3. The gas 

temperature in the plasma column of glow discharge is estimated as (3000–3600) K. In spite of a rather high 

gas temperature, the plasma is still nonequilibrium. The main channel of the nitric oxide production is 

associated with the interaction of vibrational excited nitrogen with atomic oxygen. The described conditions 

provide a total production rate of NO and NO2 molecules from the plasma column up to NNO = 31019 1/s 

with the average energetic cost per one molecule of about 50 eV and less.  
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In a vacuum arc operating at an arc current pulse amplitude of hundreds of amperes, a pulse duration of 

more than tens of microseconds, and at a residual gas pressure of 10–4 Pa, without special measures to 

increase the charge states of the ions, the average charge of the plasma ions of the cathode material and, 

accordingly, the formed based on the ion beam, ranges from 1+ for carbon to 3+ for heavy metals. A further 

increase in the charge states of the vacuum arc plasma ions makes it possible to increase the ion energy in the 

extracted beam without a corresponding increase in the accelerating voltage. This expands the technological 

capabilities of ion sources in solving problems of ion-beam modification of surface properties. 

The charge states of the ions can be significantly increased in the case of a vacuum arc with a short 

pulse duration. Previously [1], we showed that the use of such a discharge with a pulse duration of a few 

microseconds and a kiloampere current range makes it possible to obtain the 19+ charge state for bismuth 

ions at an average charge state of 17+ ions. This report presents a study of the processes of generation of 

multiply charged heavy metal ions on the example of a tantalum cathode. The duration of the arc current 

pulse was further reduced to a submicrosecond level with a corresponding increase in the current and 

discharge power. As a result, record charge states for tantalum were obtained up to 13+ at a record average 

charge of tantalum ions 11+.  
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Interest in obtaining boron-based coatings is determined by the prospects of their use for goals of 

modifying the surface properties of a wide range of parts and equipment. Boron-based coatings potentially 

have high resistant to mechanical wear, corrosion, significant thermal stability, and a low friction coefficient. 

In this work, we consider the equipment for the implementation of plasma method for the deposition of thin 

boron-based films on the surface. This is a magnetron sputtering with a crystalline boron target heated in the 

discharge. The design, the principle of operation, and the characteristics of a planar magnetron sputter with 

pure boron target are presented. A feature of this device is the use of a thermally insulated target (cathode) 

made from pure crystalline boron, which was heated to provide electrical conductivity sufficient for the 

stable functioning of the magnetron discharge, by an auxiliary low-current discharge. This makes it possible 

to realize in the magnetron a DC mode as well as a pulsed self-sputtering mode, in which boron ions in the 

discharge plasma dominate over the ions of the working gas. The properties of the resulting boron-based 

coatings have been measured and discussed. 
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The decay processes of vacuum arc discharge plasma with cathodes based on copper Cu and chromium 
Cr have been studied. As the main experimental approaches, the method of breaking the discharge current 

and measuring the emission current of charged particles from the plasma to the collector under a floating 

potential was used. Thus, it was shown that during arcing, the collector current is determined predominantly 
by more mobile electrons. The interruption of the arc current led to the appearance of an ion current in the 

collector circuit. The presence of an axial magnetic field in the discharge gap led to the appearance of a 

nonmonotonic decay of the ion current pulse, which consisted in the appearance of a second current peak. 
The time interval between the peaks also depended on the magnetic field induction. Based on these results, 

the mechanism of the influence of a magnetic field on plasma confinement in the interelectrode space of a 

vacuum-arc discharge system is considered. 
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Sialons appertain to the class of ceramic materials with excellent high-temperature properties and high 

mechanical properties. These properties contribute to their wide application in many areas of industry: 

automobile engines, gas turbine blades, high-performance bearings, etc.  

About 10 types of four-component sialons with crystal structures are known. The main and widely used 

are -, - and О'-SiAlON [1]. Non-stoichiometric composition −SiAlON described by the formula 

Si6−Al1+O1+N8−. Here  and  characterize deviations from stoichiometry within the limits of 13.2 and 

14.2. With a lack of nitrogen in the compound, anions N3− have two possibilities: 1) create vacancies on 

the nitrogen sublattice; 2) anions O2− infiltrate the nodes on the nitrogen sublattice. A similar situation exists 

metal nodes on cationic sublattices Al and Si. As a result, -SiAlON have a wide area of homogeneity and 

this compound is isostructural to a two-component compound -Si3N4. -SiAlON is a compound, which 

already contains four formula units -Si3N4, and is described by the formula МеSi12−(+)AlON16− (Ме 

metal ion). It is known that the phase transition between the two types of SiAlON satisfies the conditions [2]: 

- SiAlON+О2→-SiAlON and -SiAlON+N2→-SiAlON. The physical and mechanical properties of 

these two types of sialon differ significantly.  

In [3] data on the study of mullite synthesis by means of thermal influence of plasma beam are given. 

Application of plasma energy is also possible for the synthesis of other high-temperature ceramics. 

The aim of this work was to study the structural-phase composition of the synthesis products obtained 

by plasma-chemical synthesis of SiAlON. 

For the experiment, mixtures were prepared from which briquettes were formed followed by heat 

treatment in an oven at 400 Co for 30 minutes. Two reaction mixtures are used for the synthesis of SiAlON 

by the plasma chemical method: SiAlON-I: -Si3N4+AlN+H4N2CO+Na2SiO3; SiAlON-II: -

Si3N4+AlN+H4N2CO+Na2SiO3+Re (Fe, Со) (where Re=Nd, Pr, La). 

High-temperature exposure to the sample was carried out in a plasma jet obtained in a plasma generator 

of the VPR-410 NPP type. Plasma generator power P =30 kW with specific heat flow q=2,3×106 W/m2. The 

plasma gas was nitrogen. 

During the interaction of a low-temperature plasma jet with a mass-average temperature T = 6100÷7300 

K with sample material compounds with different crystal structures are formed in the heat-affected zone 

within tens of seconds. A feature of SiAlON formation is the strong dependence of solid-phase reactions on 

the movement of point defects in the high-temperature fields created by the plasma jet. Because the reactivity 

of solids depends significantly on non-stoichiometry. As a result, this property was well manifested in the 

reactions solid-solid, solid-gas in our experiment.  

X-ray diffraction analysis showed that the main phase is the compound - SiAlON (Si5AlON7 space 

group P63). Also found traces of the original compounds -Si3N4 and AlN compounds. In addition to the 

crystal phases, a halo belonging to the X-ray amorphous phase is fixed on diffractogram.  Introduction of 

metallic powder into the charge REM-Fe(Со) led to the formation of additional lines on the diffractograms, 

which are -SiAlON.  
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To generate low-temperature plasma in a vacuum chamber or inside a hollow cathode at low pressures, a 

hollow cylindrical cathode is widely used. In contrast to discharges with flat cathodes, a discharge with a 

hollow cathode makes it possible to obtain plasma with a higher concentration. 

A two-discharge system for plasma generation inside a long hollow cathode is proposed. In such a system, 

the main non-self-sustained glow discharge generates a dense plasma inside the hollow cathode, and the 

auxiliary discharge with a combined incandescent and hollow cathode is a source of additional electrons that 

are injected through a grid installed at the end face of the main discharge hollow cathode. The main discharge 

burns at pressure up to 1 Pa, voltage from 100 V to 500 V and current up to 10 A. 

The plasma parameters were measured using double cylindrical probes mounted along the hollow 

cathode. The scheme of experiments to study the parameters of the plasma of a non-self-sustained glow 

discharge with a straight hollow cathode is described in detail in [1]. This work is a continuation of the study 

of plasma parameters inside a long hollow cathode and shows the influence of the shape of the hollow on the 

parameters of the generated plasma. 
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This work is a continuation of the research described in [1].  

The dependence of the energy characteristics of partial discharge radiation in the UV range on the 

discharge conditions was studied.  

The plasmatron, in which the discharge was carried out, was powered from a pulsed RC generator, the 

scheme of which is also given in [1]. A plug spark without a top electrode was used as a plasmatron, 

diameter of the central electrode 2 mm, value of the discharge gap δ = 3 mm. The space 10 mm deep 

between the central electrode and the outer electrode was filled with 1.5% NaCl solution. During the 

experiments, the polarity of the central electrode (CE) was changed. To register UV radiation, we used a 

combined instrument  "TKA-PKM" series designed to measure the energy illuminance (E, mW/m
2
) in three 

spectral regions: 200...280 nm (UV-C zone), 280...315 nm (UV-B zone) and 315...400 nm (UV-A zone). The 

instrument also displays the calculated parameters: the maximum (peak) value of energy illuminance Emax 

and energy exposure in the corresponding spectral regions. Switching from one part of the spectrum to 

another is done by changing the receiving optical heads. Since the duration of discharge is 10
-3

 s, and the 

time constant of the device is equal to 1 s, to get the real values of illumination, we recalculated the readings 

of the device by the formula, E(calc)=(t2⁄t1)E(meas), where t2 is the double time constant (the reaction time to 

flash appearance and to its extinction was considered), t1 is the time of the discharge existence [1]. Since the 

measuring heads have a limited angle of view (10°), they were located at such a distance (0.09 m), that the 

radiating region completely falls into this angle.  

Measurements of the energy illuminance were performed for discharges occurring at different values of 

the voltage U, applied to the discharge gap. The polarity of the applied voltage was also changed. As the 

value of the applied voltage increased, the type of discharge changed. An incomplete partial discharge turned 

into a completed discharge, which was accompanied by a bright flash. In the course of the experiments, no 

UV radiation was detected in the course of an incomplete partial discharge, most likely due to its low 

intensity. Also UV radiation in the region of 200-280 nm was not registered due to its absorption by the 

atmosphere. 

The data obtained during the experiments are shown in Table 1 

 

Table 1 - Peak values of energy illumination in the UV range during a completed partial discharge 
Polarity of the CE Spectral region, nm U, V Emax(meas) , mW/m

2 
Emax(calc), mW/m

2
 

minus 315-400 675 5,56 11120 

minus 280-315 675 9,18 18360 

plus 315-400 630 8,36 16720 

plus 315-400 900 6,06 12120 

plus 280-315 600 29,5 59000 

plus 280-315 900 23,3 46600 

 

As you can see the UV radiation is mainly concentrated in the 280-315 nm range 
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The development of methods to modify materials based on the synergistic high-intensity implantation 

and simultaneous energy impact on the ion-doped layer involves using the pulsed and repetitively-pulsed 

beams of metal and gas ion beams with micro-submillisecond duration with high pulsed power density. The 

paper presents the results of experimental studies on the formation of pulsed and repetitively-pulsed high-

intensity beams of titanium ions with a pulse duration from 150 to 500 μs. The plasma flow was generated by 

a vacuum arc discharge. To obtain ion beams with a power density in the range from several tens to several 

hundreds of kilowatts per square centimeter, ballistic focusing of ions was used using an extracting grid 

electrode in the form of a part of a sphere. Implementing the “solar eclipse” effect excluded the possibility of 

direct passage of macroparticles, explosive emission products in the cathode spot from the cathode’s working 

surface into the focused beam region into the geometric focus of the ballistic focusing system. The features 

of the forming the high-power repetitively-pulsed beams of titanium ions were studied using both the ion 

source “Rainbow 5” and the plasma immersion approach, when the focusing system was immersed in a 

titanium plasma flow and a negative bias potential was applied to it. Data are presented on the influence of 

the ion beam space charge neutralization processes at current densities from fractions to several amperes per 

square centimeter on the efficiency of the ion beam’s transport and focusing at accelerating voltages 

from 10 to 40 kV. 
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Currently, plasma technologies based on the use of ion beams are being investigated due to the broad 

prospects of practical application [1-3]. For example, ion beams are used for ion etching, surface properties 

modification, ion implantation, etc. The development of a method based on the synergy of repetitively-

pulsed high-intensity ion implantation and energy impact on the surface [4] requires the development of 

methods for measuring the dynamic characteristics of the ion beam and thermal fields of the irradiated target. 

In the case of plasma-immersion formation of submillisecond ion beams of high pulsed power, the problem 

of non-contact measurement of parameters is especially topical. 

The paper deals with the results of experimental determination of ion beam energy spatial distribution 

using a calorimetric method with a non-contact temperature measurement. The simplified circuit of proposed 

experimental setup for diagnostic of ion beam showed on the figure 1. 

 
 

Fig. 1. Simplified circuit of experimental setup for of ion beam energy spatial distribution measurement. 1 – vacuum-arc ion 

source, 2 – vacuum chamber, 3 – collector, 4 – infrared window, 5 – IR-camera, 6 – synchronization device, Rsh – shunt resistor for 

beam current flows to the collector measurement. 

 

The ion source 1 based on vacuum-arc discharge is described in detail in [4,5]. The ballistically focused 

beam of titanium ions with an energy up to 30 keV and pulse duration about 300 µs was directed at the 

collector 4 made from thin titanium foil. The temporal evolution of collector surface temperature 

(thermogram) measured by the infrared camera 5. As a result of the interpretation of the data obtained during 

the IR camera image processing the temperature rise of the collector surface was measured. Then knowing 

an collector thermal properties is able to estimate ion beam energy spatial distribution by using the 

calorimetric method. The shunt resistor and oscilloscope are used for beam current flows to the collector 

measurement. In the experiments, the thermogram of the ion beam trace on the collector surface has been 

obtained. It is shown that at an accelerating voltage of 30 kV a diameter of beam thermal trace on the 

collector is 5...7 mm and an energy density reaches 2.7 J/cm
2
. 
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CONICAL STRUCTURES ON THE SURFACE OF A LIQUID WITH SURFACE IONIC 

CONDUCTIVITY: THE SPACE CHARGE EFFECT* 
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The free surface of liquids is unstable in a sufficiently strong external electric field. As a result, quasi-

stationary conical structures (cone-shaped cusps) can be formed on the surface. Such structures are a source 

of charged particles (ions or drops), which determines the practical interest in their study. For the case of a 

perfectly conducting liquid, these structures were described in the classical work of Taylor [1]. It was 

established that the cone apex half-angle is equal to 49.3
0
 and the electric field strength near the apex follows 

the scaling law E ~ R
–1/2

, where R is the distance from the singular point. This result was generalized to the 

case of an ideal dielectric liquid in [2]. The influence of the space charge of the droplets emanating from the 

apex of the conducting liquid cone was considered in [3]. It is remarkable that the electric field in the spray 

region also obeys Taylor’s R
–1/2

 law. Recently, it was shown that this scaling also remains valid if the surface 

ion current is taken into account [4-6].  

 

Fig.1. Relations between half-angles  and   for  = 25 and different m = 0.2, 0.31, 0.5, 1.0. 

In the present work, combining approaches developed in [1-6], we consider the conical formation on the 

surface of a liquid with surface ionic conductivity in an external electric field. Ions move over the cone 

surface towards the apex, and charged droplets (or ions also) emanating from the cone apex drift through the 

surrounding gas medium. The exact solution for the electric field distribution near the cone apex is found 

taking into account the influence of both the space charge of droplets and the surface charge of ions. The 

obtained solution allows us to determine the relation between the cone and spray half-angles ( and ) and 

such parameters as the dielectric constant of the liquid () and the carrier mobility ratio (m). This relation 

turned out to be quite sophisticated; it contains many different branches: see examples in Fig. 1. Also, the 

current-angle dependencies for the system were found. 
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The development of methods for modifying materials based on the synergistic of high-intensity 

implantation and simultaneous energy exposure is intended at creating deep ion-doped layers. For this 

purpose, it is proposed to use pulsed and repetitively-pulsed beams of metal and gas ions of micro-

submillisecond duration with a high-pulsed power density.  The paper presents the results of numerical 

simulation of forming the pulsed and repetitively-pulsed high-intensity ion beams. Simulations were 

performed using the Karat code [1]. The ballistic focusing of heavy ions was studied at injection current 

densities from 0.1 to 3 A. The influence of the ion current density, accelerating voltage, ion charge 

composition, and conditions for neutralizing the beam space charge on the transport and focusing of a high-

power ion beam has been studied. The conditions for the appearance of a virtual anode have been determined 

and studied. It has been found that for long durations of ion beam formation at low pressures of the residual 

atmosphere, multiple appearance and disappearance of a virtual anode are possible. The possibility of 

ballistic ion beam formation with a pulse density of hundreds of kilowatts per square centimetre has been 

shown.  
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THE GRIDLESS GENERATION SYSTEM OF A LOW-ENERGY ION BEAM BASED ON A 

GLOW DISCHARGE WITH A HOLLOW CATHODE AND EXTERNAL ELECTRON INJECTION 

 * 

I.V. LOPATIN, YU.H. AKHMADEEV, A.E. PETROV 
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An ion beam generation system based on a glow discharge with a hollow cathode and external electron 

injection has been developed (Fig. 1). The system is supposed for ion beam deposition of coatings based on 

aluminum, including its oxide. The system makes it possible to generate an ion flux with controlled energy 

up to 150 eV. A feature of the system is the absence of a structural element that acts as a stopper for the 

plasma boundary. The plasma boundary is limited by the formation of a double electrostatic layer between 

the plasma of the main and auxiliary discharges. The PINK device was used as an auxiliary discharge plasma 

generator [1]. The double electrostatic layer was localized near the emission window, through which the 

counter-reciprocal emission of electrons and ions was carried out. The main characteristics of the main and 

auxiliary discharges are studied depending on the conditions of their combustion. It is shown that the 

operating pressure range of the system is from 0.1 to 1 Pa, the main discharge current is a few Amperes. The 

possibility of controlling the potential difference on the electrostatic double layer by changing the burning 

voltage of the main glow discharge with a hollow cathode and external electron injection is also shown. 

 

Fig.1. Schematic diagram of a gridless ion beam generation system. 
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A NON-EQUAL GAP DISTANCE DIELECTRIC BARRIER DISCHARGE: BETWEEN SPIRAL-

SHAPE AND CYLINDER-SHAPE ELECTRODES* 
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 A non-equal gap distance DBD between a spiral-shape electrode and a cylinder-shape electrode is 

reported. A spiral-shape air plasma is generated when a nanosecond pulse voltage is applied to the two 

electrodes. The smaller the pitch of the spiral-shape electrode is, the more diffuse of the air plasma appears. 

The discharge current has a pulse width of more than 400 ns, which is much longer than that of ordinary DBDs 

in air. According to the high speed photographs of the plasma captured by an ICCD camera, the discharge first 

ignites at the position where the gap distance is smallest, then it propagates continuously along the spiral 

electrode with the increase of gap distance at a speed of about 106 m/s, which is at least one order faster than 

the propagation speed of plasma bullet in noble gas. Both optical emission spectrum method and electric field 

induced second harmonic (E-FISH) method are employed for measurement of the electric field at different 

locations. The obtained electric field from both methods have good agreement and are in the range of 60-105 

kV/cm depending on the gap distance of the locations, which is much higher than the breakdown voltage of 

air under direct current (DC) voltage.  
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An atmospheric pressure glow discharge in air stabilized by a magnetic field is reported. The plasma is 

fixed at a position when the direction of the Lorentz force and the direction of the air flow is opposite. The 

effects of the applied voltage, the magnetic field and the air flow rate on the plasma characteristics, including 

the electrical characteristics, the dynamics of the discharge, the electron density, the reduced electric field, and 

the rotational and vibrational temperature of the plasma, are studied. For applied voltage of 6.5kV, air flow 

rate of 2L·min-1, and magnetic field of 0.11T, the discharge is under direct current (DC) discharge mode with 

discharge voltage (Vdis) and discharge current (Idis) of 1.2kV and 49.7mA, respectively. The rotational and 

vibrational temperature is about 3420K and 4550K respectively. The electron density is on the order of 1014cm-

3 and the reduced electric field of plasma is about 36.9 Td, which is favorable for vibrational excitation of N2 

to promote the production of NOx. Because the plasma is fixed at a position, all the gas has to pass the plasma 

region and treated by the plasma when they are flowing, which is not the case for traditional gliding arc 

discharge where only a little percentage of gas is actually treated by the plasma. The energy cost of NOx 

production for the plasma stabilized by magnetic field of 0.19T is about 2.65MJ·mol-1, which is 41% lower 

than the traditional gliding arc (GA) discharge. Besides, if the direction of the magnetic field is reversed, 

although the plasma appears in much larger region, the energy cost of NOx production is much higher than the 

case of traditional GA discharge. 
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A novel three-level coupled rotating electrodes air plasma with nano-sized TiO2 photocatalysts is 

developed for evaluation of nitrogen fixation. Factors influencing NOx concentration and energy cost, 

including gas flow rates, N2 fractions, relative humidity levels, blade numbers at each rotating electrode and 

rotating speed, are examined. Gas flow rates prove to have no effect on the rotational temperature of N2 

337.1 nm and the emission intensities of N2
+ and N2, but specific energy input (SEI) and species’ residence 

time can be shorter with higher air flow rates, resulting in lower NOx concentration and energy cost. The 

addition of H2O also has a positive effect on both NOx concentration and energy cost. Optical emission 

spectrum (OES) shows that air + H2O plasma has stronger 336 nm (NH) and 309 nm (OH) emission lines 

than air plasma, indicating that NH and OH are the key species in NOx enhancement. Final results show that 

the exceptional synergistic effect between TiO2 and three-level coupled rotating electrodes air plasma 

significantly increases the NOx concentration by 68.32% (from 4952 to 8335 ppm) and reduces the energy 

cost by 40.55% (from 2.91 to 1.73 MJ mol−1) at gas flow rate of 12 l min−1 and relative humidity level of 

12%, which beats the ideal thermodynamic energy limit ∼2.5 MJ mol−1 for the thermal gas-phase process. A 

possible mechanism for enhanced NOx production with TiO2 is discussed: Highly energetic electrons in 

plasma contribute to the formations of the electron–hole pairs and oxygen vacancy (Vo) on the TiO2 catalyst 

surface, which may facilitate the dissociative adsorption of O2 molecules to form superoxide radical groups 

(like O2
−) and H2O molecules to form surface hydroxyl groups (like OH·), and thus, improving energy 

efficiency.  

EFRE 2022: 16th International Conference on Modification of Materials with Particle Beams and Plasma Flows
Beam and plasma sources 

–––––––––––––––––––––––––––––––––––––––––––––––   C1-P-024401   –––––––––––––––––––––––––––––––––––––––––––––––

236



PRECISION PROCESSING OF MICROTOOLS WITH BEAMS OF FAST ATOMS OBTAINED IN 

PLASMA BY ACCELERATING ITS IONS AND THEIR CHARGE EXCHANGE COLLISIONS
*
 

E.S. MUSTOFAEV, A.S. METEL, Y.A. MELNIK 

Moscow State University of Technology, 1 Vadkovsky lane, Moscow 127055, Russian Federation 

 

The wear-resistant coatings can appreciably improve efficiency of cutting tools. However, the cutting 

edge radii of micro cutters can grow by 2–2.5 times after the coating deposition, and it does not allow a 

stable cutting process. Micro cutters are small and have a lower ability to resist bending. Therefore, it is 

impossible to increase the thickness of the cut chips, because bending can result in destruction of the tool.  

To solve the problem a layer should be removed from the tool surface its thickness exceeding the 

thickness of the wear-resistant coating deposited afterwards. The surface layer removal was carried out using 

a grid immersed in the glow discharge plasma filling a vacuum chamber (Fig. 1). The grid is fastened to a 

feedthrough and can be negatively biased to 5 kV. There is inside the chamber a rotating holder for micro 

end mills by Cerin (IT) with the working part diameter amounting to 3 mm and length of 12 mm. 

At an argon pressure in the chamber p ∼ 0.3 Pa, an increase in the voltage between the anode and the 

chamber to several hundred volts results in a glow discharge with a current in the anode circuit Ia up to 4 A 

and a discharge voltage of Ud = 400–500 V [1]. The transparency of 20-cm-diameter concave grid with a 

surface curvature radius of 20 cm amounts to ∼ 80%. Under negative voltage of 5 kV, it is surrounded by a 

space charge sheath. The ions accelerated from the plasma pass through the grid holes. Due to collisions in 

the sheath with gas molecules, they turns into fast neutral atoms sputtering the rotating end mill.  

 

Fig.1. Scheme of a concentrated beam generation by a grid immersed in plasma 

Measurements of the cutting edge radius R using an optical measuring system MikroCAD premium+ 

manufactured by GFMesstechnik GmbH showed that during a three-hour-long processing it diminished from 

the initial R ∼ 11 µm to R ∼ 4 µm. After the end mill processing, a 3-µm-thick wear-resistant coating was 

deposited on its surface using a Platit π 311 system manufactured by Platit (Switzerland). The deposited 

diamond-like coating (DLC) was a two-layer composition: an adhesive sublayer based on a complex nitride 

(CrAlSi)N and a wear-resistant DLC layer. The cutting edge radius of coated end mill amounted to 7 µm. 

Hence, the sharpening of micro tools with a fast atom beam makes it possible to avoid blunting of their 

cutting edges caused by an increase in their radii after the coating deposition. 
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Deposition of wear-resistant coatings on hard alloy tools ensures high operational stability and increase 

wear resistance by three times, even when machining hard-to-machine titanium and nickel alloys. Ceramic 

cutting inserts can be operated at high cutting speed unattainable for tools made of hard alloy. However, it is 

impossible to fully realize the potential of wear-resistant coatings on ceramic inserts. Because they undergo 

diamond sharpening and after that the insert surface is replete with shallow scratches, deep grooves profiled 

with single diamond grains and caverns with a depth up to 5 m. The coatings effectiveness can be ensured 

only after removal from the insert surface of the defective layer with a thickness exceeding 5 m. 

To deposit wear-resistant TiAlN coatings on round cutting inserts with a diameter of 19.05 mm and a 

height of 7.9 mm made of dielectric AS500 ceramic an experimental system was used, which comprises a 

source of fast neutral atoms [1-3], two planar magnetrons and a rotation system for eight inserts. The inserts 

are fastened thereon in a vertical line. Each insert is placed on its individual holder fastened to one of the 

eight parallel axes. The angle of the axes relative to trajectories of fast atoms is 45 degrees (Fig. 1). 

The beam of fast atoms is produced using a grid composed of twenty parallel 150-mm-long, 300-mm-

wide and 0.5-mm-thick titanium plates. The power supply allows regulation of the negative bias voltage on 

the grid from zero to 5 kV. Ions accelerated from the plasma emitter enter the gaps between the grid plates. 

They touch the plates and turn into fast atoms. As sections of the grid plates facing towards the plasma 

emitter are shaped as segments of a 50-cm-radius circle, trajectories of the fast atoms are directed to the 

center of this circle. Therefore, the width of the fast atom beam is decreasing from 30 cm near the plasma 

emitter to 2.5 cm near the rotating cutting inserts. The flux density of fast argon atoms and the rate of cutting 

plates etching increase in this case by a factor of 30/2.5 = 12. 

 

Fig.1. Schematic of etching a ceramic cutting plate with fast argon atoms.  

At the equal angles of incidence to the front and back surfaces of the cutting wedge amounting to 45 

degrees, two-hour-long etching of cutting inserts provides removal of a 10-m-thick surface layer of the 

hard-to-sputter ceramic. As a result the cutting edge radius of the insert diminished from R  20 m to R  

10 m. Wear-resistant TiAlN coatings deposited after the etching increase wear resistance of the cutting 

inserts by not less than 1.7 times and significantly increase the processing stability. 
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MULLITE FILIFORM CRYSTALS PRODUCED BY THE PLASMA MELTING METHOD* 

V.V. SHEKHOVTSOV, R.E. GAFAROV, N.K. SKRIPNIKOVA, O.G. VOLOKITIN 

Tomsk State University of Architecture and Building, TSUAB, Tomsk, Russia 

 

Mullite has excellent heat-resistant and strength properties, which allows it to be widely used in the 

production of various refractory materials. Mullite is rare in nature, and the main difficulty associated with the 

synthesis of mullite is the need to use high temperatures to start the process of mullite formation [1–3]. This 

problem can be solved by arc-discharge plasma, in the flow of which the temperature varies from 1700 K to 

18000 K. 

In this work, a mixture of aluminum oxide and kaolin from the Zhuravliny Log deposit was used to obtain 

mullite ceramics. Plasma melting was carried out on an electroplasma stand [4]. The schematic diagram 

consists of a plasma torch with a remote arc discharge (nozzle diameter 4 mm) installed at a distance of 60 mm 

from the base of the graphite crucible. Graphite crucible parameters: height 55 mm, diameter 15 mm, wall 

thickness 3 mm. The melting of the 7 g material took place within 30 seconds at: current strength 100 A, 

voltage 110 V, plasma gas flow rate 14 nl/min (air). On fig. 1 shows an electron image (a) of the surface of 

the resulting melt product and an EDX spectrum (b). 

  
a b 

Fig.1. Morphology of the surface of the melting product: a – TEM images at a magnification of 6000 times; b – EDX spectrum. 

As can be seen (fig.1, a) the surface morphology is represented by branched system of filiform crystals. 

The filaments are ~1–2 µm in diameter, and their length does not exceed ~40 µm. The formation of weakly 

anisotropic filaments is carried out according to the vapor-liquid-solid phase mechanism as a result of moderate 

heat removal. Analysis of the EDX spectrum (Fig. 1, b) showed that the condition 3:2 – Al2O3:SiO2 is satisfied, 

which is typical for the 3Al2O32SiO2 mullite phase. Thus, the work shows the possibility of obtaining filiform 

mullite ceramics by plasma melting of natural materials. 
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INVESTIGATION OF THE CHARGE STATE VARIATION OF SN IONS IN THE PLASMA OF 

LOW-CURRENT VACUUM ARC ON A TIN CATHODE* 

YU. A. ZEMSKOV, I.V. UIMANOV 

 Institute of Electrophysics UB RAS, Yekaterinburg, Russia 

 

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. 

A decrease in the average charge of the ions of the cathode material with a decrease in the vacuum arc 

current was noted by several researchers. We studied this effect in detail for copper cathodes in the course of 

several experiments at various parameters. Also, this effect was confirmed for composite cathodes made of 

CuCr material and for refractory cathodes using molybdenum as an example. In the course of this study, a tin 

cathode was chosen as the object. This material differs significantly from the materials mentioned above, 

both in terms of thermophysical properties and the charge composition of ions in vacuum arc plasma at 

currents above 100 A. According to classical data, the average charge of tin ions in the vacuum arcs is 1.53, 

while for copper and chromium this parameter exceeds 2, and for molybdenum it exceeds 3. The charge 

composition was studied using a Thomson spectrometer with automatic signal recording and digital data 

processing. The arc discharge was feed by a generator based on an LC line with a quasi-rectangular pulse 

shape. The arc current was varied in the range from 2 to 125 A. The behavior of the charge composition of 

the ions of the cathode material in the case of a tin cathode differed significantly from the previously studied 

materials. The general observation was, that instead of a decrease in the average charge of ions with the arc 

current, an increase in this parameter was found. In the arc plasma at low currents, the fraction of Sn3+ ions 

increased. In the low-current range Sn4+ ions also appeared, and the fraction of the ions increased with 

current decrease too, while at discharge currents above 40 A the signal of the Sn4+ ions was not noticeable 

against the noise background at all. 
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PLASMA REACTOR FOR MATERIAL SYNTHESIS AND WASTE RECYCLING* 
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In the modern world, a huge amount of waste of various origins is accumulated: municipal solid 

waste, industrial waste and organic waste [1]. Separate types of waste can be processed in various ways, 

such as thermochemical method (combustion, gasification, pyrolysis) and biochemical (anaerobic 

digestion) [2]. There is a group of plasma methods for waste disposal, the advantages of which can be 

considered: the possibility of achieving high temperatures and heating rates [3]. The main disadvantage 

is the relative complexity of the design of plasma reactors, their cost and the high energy intensity of the 

waste recycling process [4]. In this regard, the issue of simplifying the design of plasma reactors and 

increasing their energy and resource efficiency is topical. One of the approaches for improving such 

reactors is the use of air as the initial working gaseous atmosphere [5]. This approach makes it possible 

to reduce the weight and dimensions of arc reactors; allows to abandon the vacuum circuit as part of the 

installation, which further reduces the energy intensity of the waste processing process. 

In the course of the research, an atmospheric arc plasma reactor was created [6], its automation 

system was developed, and software was written for it [7]. The reactor contains a power source with a 

working direct current up to 200 A, electrodes - an anode and a cathode in the form of rods; a working 

non-sealed graphite chamber in the form of a glass, in the walls of which holes are made, into which the 

electrodes of the discharge circuit are inserted. The system for recording electrical parameters includes 

a two-channel digital oscilloscope, a Hall sensor and a potentiometer-type voltage divider. 

The created arc reactor was tested in the processes of recycling various wastes: plastics, rubber 

tires, broken glass, ash and slag waste. 

The peculiarity of the created reactor is the use of atmospheric air as a working gaseous 

atmosphere. At the same time, the synthesis products are gaseous products (namely, methane, 

hydrogen, CO and CO2 gases), which shield the reaction zone from atmospheric oxygen, preventing 

oxidative processes; this also enables to synthesis of various materials, in particular, carbon 

nanostructures in the process of waste disposal. Preliminary calculation and experimental data show the 

possibility of reducing the energy intensity of the waste processing process by eliminating the vacuum 

circuit and the vacuum pump by about 10 times compared to direct analogues. At present, the created 

reactor and the methodology for working on it are implemented on a laboratory level. Further research 

will focus on recycling other types of waste and scaling up. 

REFERENCES 

 
[1] T.F.McGowan, Waste to Energy Conversion Technology Woodhead Publishing Series in Energy, USA: TMTS Associates, Inc., 2013. 

[2] F. Zhang,Y. Zhao, D. Wang, M. Yan, J. Zhang, P. Zhang “Current technologies for plastic waste treatment: A review,” J. of Clean. Produc., vol. 

282, no. 124523, February 2021.  
[3] E. Gomez, D.A. Rani, C.R. Cheeseman, D. Deegan, M. Wise, A.R. Boccaccini, “Thermal plasma technology for the treatment of wastes: a 

critical review,” J. Hazard. Mater., vol. 161, pp. 614–626, January 2009.  
[4] J. Zhao, Y. Su, Z. Yang, L. Wei, Y. Wang, Y. Zhang, “Arc synthesis of double-walled carbon nanotubes in low pressure air and their superior 

field emission properties,” Carbon N. Y., vol. 58, pp. 92– 98, July 2013.  
[5] N. Arora, N.N. Sharma, Arc discharge synthesis of carbon nanotubes: Comprehensive review, Diam. Relat. Mater., 50, pp. 135-150, November 

2014. 
[6] R.S. Martynov, A.Ya. Pak, G. Ya. Mamontov, Ustrojstvo dlya polucheniya poroshka na osnove karbida bora [Device for obtaining powder 

based on boron carbide].  Patent RF, no. 2700596, 2019. 
[7] P.V. Povalyaev, A.Ya. Pak, Upravlenie sistemoj pozicionirovaniya elektrodov i registraciya parametrov rabochego rezhima dugovogo reaktora 

postoyannogo toka [Controlling the electrode positioning system and recording the parameters of the operating mode of the DC arc reactor]. 

Certificate of state registration of computer programs RF, no. 2022611637, 2022.   
 

 

 

 

                                                           
* The work was supported financially in accordance with an additional agreement on the provision of subsidies from the federal budget for financial 

support for the implementation of the state task for the provision of public services (internal number 075-ГZ/Х4141/687/3).  

EFRE 2022: 16th International Conference on Modification of Materials with Particle Beams and Plasma Flows
Beam and plasma sources 

–––––––––––––––––––––––––––––––––––––––––––––––   C1-P-027701   –––––––––––––––––––––––––––––––––––––––––––––––

241



THE PRODUCTION OF CALCIUM NITRATE BY THE AIR HIGH-VOLTAGE AC PLASMA 
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At present, the main methods for obtaining nitrogen fertilizers are synthesis from nitric acid and 

ammonia [1]. Both of these substances are produced using hydrogen in a catalytic chemical process. Due to 

the instability of hydrocarbon prices, the cost of producing nitrogen fertilizers can vary significantly over 

time. At the same time, political tension significantly complicates the functioning of the nitrogen fertilizer 

market. 

In most cases, the production of nitrogen fertilizers is highly localized due to high capital costs and high 

productivity of existing chemical facilities [2]. Obviously, it is necessary to create local industries, taking 

into account regional factors: the need for fertilizers, the availability of chemical and electrical resources, 

seasonality in the use of fertilizers, etc. 

At the beginning of the 20th century, facilities were created for the production of nitrogen oxides from 

the air by the electric arc method. The Haber method replaced the previous method due to its high 

performance and relatively low cost. At present, with the development of alternative energy, it is possible to 

create installations for electric arc synthesis, taking into account the functioning of alternative energy power 

plants, which makes it possible to use it in the local production of nitrogen fertilizers [3]. 

The proposed solution is based on a high-voltage AC plasma torch operating in air and a mixture of 

nitrogen and oxygen (1:1 mol.). This plasma torch has a high thermal efficiency of up to 95% and an 

operating life of the electrode unit up to 2000 h [4]. 

It has been experimentally established that a plasma-chemical installation with a high-voltage plasma 

torch makes it possible to obtain product gas with a nitrogen oxide concentration of up to 3.5 wt%. 

(predominantly nitrogen monoxide). The application of this method for the synthesis of nitrogen oxides for 

the production of calcium nitrate (Ca(NO3)3) was evaluated. The sequence of stages is as follows: 

1. synthesis of nitrogen monoxide from air; 2. production of nitrogen dioxide by catalytic oxidation; 

3. absorption of nitrogen dioxide by calcium hydroxide and further oxidation to nitrates. The enthalpy of the 

air plasma generated by the plasma torch is 6.12 MJ/kg. 

 

Table - Energy consumption for obtaining synthesis products 

Substance Yield, kg/kg of 

air 

Energy costs 

MJ/kg  kW∙h/kg 

Nitrogen monoxide (NO) 0,035 174,86 48,57 

Nitrogen dioxide (NO2) 0,051 114,04 31,68 

Nitric acid (HNO3) 0,074 83,24 23,12 

Calcium nitrate (Ca(NO3)3) 0,191 31,98 8,88 

 

The table shows that the energy costs for obtaining calcium nitrate are quite large and approach the cost 

of its production by traditional methods. Thus, the further use of electric arc synthesis of nitrogen oxides for 

the production of nitrogen fertilizers is advisable for local use in relatively large farms with complex 

fertilizer logistics. 
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A modern trend in the development of plasma medicine is the impact of plasma formations, in particular 

atmospheric pressure plasma jets, on biological targets of various nature. In the area of plasma structure distribution 

and the interaction area with the target, charged particles cause chemical reactions. As a result, there is an increase 

in the radical concentration containing oxygen and nitrogen, which affects the current processes inside the cells [1]. 

The course of chemical reactions in the interaction area with biological targets depends on the contact 

frequency of the surface with a plasma jet. Earlier, in [2], it was shown that each positive half-cycle of the applied 

sinusoidal voltage initiates a streamer inside the dielectric channel, but outside the discharge zone, the streamer 

propagation is prevented by the bulk plasma formation accumulated from previous cycles. Such phenomena depend 

on the conditions in the nozzle–target gap and is determined by the ratio of the plasma density formed in the streamer 

head and the residual plasma density above the target surface. Thus, the current frequency reaching the target fI 

does not coincide with the frequency of the applied voltage fU. 

In the present work, the plasma jet generation upon excitation by unipolar positive pulses at frequency fU = 1-

40 kHz, applied amplitude voltage 2-6 kV was studied. The operation modes of a plasma jet excited by unipolar 

positive pulses were studied and determined modes, which provided the coincidence of the current contact 

frequency fI and the frequency of the applied voltage fU. The fundamental difference between the excitation nature 

of the discharge by pulsed or sinusoidal voltages was the time of the voltage rise τ. With pulsed excitation, the rise 

time was τ = 3 μs; with sinusoidal excitation was τ = 5 μs. The investigation of plasma jet generation upon excitation 

by unipolar positive pulses with different leading edge durations τ = 3 μs (Fig. 1a) and τ = 10 μs (Fig. 1b) 

demonstrated that excitation by pulses with a leading edge τ = 3 μs (fU ≈ 22 kHz, U = 5 kV) provides the condition 

for the frequency ratio fI = fU, and at τ = 10 μs (fU ≈ 22 kHz, U = 5 kV) the frequency ratio is fI = fU/2. 

   

Fig.1. Oscillogram of current and voltage with different duration of the leading edge 
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EXPERIMENTAL STUDY OF THE PROPERTIES OF A MICROWAVE DISCHARGE WITH 

DIELECTRIC BARRIER CONFIGURATION
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Broad prospects for the use of non-thermal atmospheric pressure plasma (NTAP) are associated with its 

huge potential for unique technological capabilities in the creation of new products and technologies [1-3]. 

This article presents the results of an experimental study of the parameters of the microwave NTAP source, 

which combines the characteristics of a dielectric barrier discharge and a non-thermal plasma jet [4, 5]. 

Studies of the formation processes, as well as the structure and dynamics of a microwave dielectric 

barrier discharge of atmospheric pressure excited in an argon flow have been carried out by the high-speed 

video filming. Thermocouple and thermal imaging measurements of the temperature profiles of the plasma 

jet formed in argon flow behind the discharge tube outlet have been made. Measurements and analysis of 

emission spectra of the discharge in the region of the argon plasma jet have been carried out. In the emission 

spectra of the plasma, molecular bands of N2, OH, and atomic lines of Ar are observed (see Figure 1 on the 

left). Figure 1 on the right shows a thermogram of a heat spot on aluminum foil placed across the plasma 

flow at a distance of 30 mm from the discharge tube nozzle. 

    

Fig.1. Emission spectrum of the microwave DBD argon plasma jet in the wavelength range 350-650 nm (left). Thermogram of a heat 

spot on aluminum foil placed across the plasma jet (right).  

To measure the temperature by the contact method, we used an open fast-response chromel-copel 

thermocouple of the L type. The thermocouple was fixed with a special holder on a positioning table with a 

micrometer feed along the axis of the discharge tube. A quartz tube with an outer diameter of 8 mm and a 

wall thickness of 1 mm was used as the discharge chamber. The tube was located in such a way that the cut 

of its exit hole coincided with the plane of the outer surface of the narrow wall of the waveguide. The 

measurements were carried out at a microwave generator power of 600 W for two flow rates of the working 

gas (argon), 15 and 30 L/min. Under these conditions, at a distance of 12 mm from the nozzle, the measured 

jet temperature was 350 and 260 degrees Celsius, respectively. At an argon flow rate of 10 L/min, the length 

of the visible (luminous) part of the plasma jet was about 26 mm. Modification of heat-sensitive surfaces by 

treating with such DBD-discharge plasma jets opens new possibilities for development of novel materials. 
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Development of remote control methods for diagnosing the content of hydrogen and its isotopes in the 

fusion-relevant materials is an important direction of plasma-surface interaction studies. There has recently 
been a renewed interest in laser techniques combined with optical spectroscopy for the local measurement 
and removal of hydrogen particles from materials, including laser-induced breakdown spectroscopy (LIBS), 
laser-induced ablation spectroscopy (LIAS) and laser-induced desorption spectroscopy (LIDS) [1]. Such 
methods can be realized and studied in a setup that meets the following requirements: 1) it should be a 
compact device; 2) it should incorporate laser source for surface diagnostics; 3) it should be suitable for 
implementation of spectroscopic measurements of species ejected from surface under laser exposure. The 
latter can be more effectively done in presence of a background diffuse plasma. 

We have recently developed and built a wide-application compact device with radiofrequency (RF) 
inductively coupled plasma (ICP), and here we report equipping it with the millisecond-pulse laser and 
studying its characteristics. The high peak power that can be achieved on a sample surface with short laser 
pulse together with ICP plasma environment enable exciting the laser-desorbed material species for further 
spectroscopic analysis. It is important to use a laser with intensity less than that required for ablation, in 
order to analyze the material without damaging the surface. The scheme of the diagnostic setup is shown in 
Fig. 1. 

 
Fig.1. Diagnostic setup scheme. 
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PLASMA GENERATION IN AN ARC DISCHARGE WITH A CATHODE SPOT AND A NON-
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The paper presents the results of a study of plasma generation during the simultaneous operation of an 

arc metal evaporator and a PINK plasma generator with a hot evaporated anode made of boron powder. This 
discharge system makes it possible to obtain coatings from borides of various metals. 

The plasma concentration, electron temperature, and ion current density, and their dependence on the 
operating modes of the discharge system, as well as their influence on the properties, structure, and 
composition of the modified substrate layer, were studied by the probe method. 
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ROLE OF ELECTRONS OF PLASMA AND ELECTRON BEAM IN GENERATION OF BEAM-
PRODUCED PLASMA IN MEDIUM VACUUM* 

A.V. TYUNKOV, YU.G. YUSHKOV, D.B. ZOLOTUKHIN,  

Tomsk State University of Control Systems and Radioelectronics, Tomsk, Russia 
 

We discuss here the results of experimental studies aimed at revealing the role of low-energy 
electrons of plasma and high-energy electrons of energetic electron beam in the generation of beam-
produced plasma in the fore-vacuum pressure range. Our main research instrument was RGA-300, the 
residual atmosphere quadrupole mass analyzer which ionizer was replaced by an ion-optical system 
described in details in [1]. 

The idea of the experiment was to inject different inert gases – argon and helium – in equal 
concentrations as a working mixture. During the process of generation of beam plasma, the mass 
spectrum of ions in such plasma was monitored, and the ratio of densities of argon to helium ions was 
recorded. This experimental ratio was compared with theoretical estimates of the ratio of the ionization 
probabilities PAr/PHe for the mentioned gases. The plasma electrons temperature was assumed to be 
1.5 eV with the Maxwellian distribution function [2, 3]. For the beam electrons, it was assumed that 
their energy is completely dissipated during sequential acts of working and residual gas ionization. 

According to theoretical estimations, the ratio PAr/PHe equals to 2058 in case of ionization by 
plasma electrons only, while for the ionization by energetic electron beam this ratio becomes equal to 
5.54. Experimental ratio of densities of argon to helium ions was 5.8. 

Therefore, we can conclude that the main contribution to plasma generation in medium vacuum 
make high-energy beam electrons not plasma electrons. However, the small contribution of plasma 
electrons can be significant during the ionization of alkali metal vapors with a low potential and a 
maximum ionization cross section. 
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Electric arc generators of thermal plasma are promising tools for creating plasma technologies that are 

in demand for solving global issues. Among the current technologies: pyrolysis of hydrocarbons to produce 

hydrogen [1], reforming to produce synthesis gas [2], gasification of municipal waste to produce energy, 

production of clean materials [3]. Powerful AC plasma torches [4, 5] are well suited for industrial applica-

tions. High requirements for the reliability of plasma torches determine the need for their improvement. 

Therefore, it is necessary to have knowledge about the processes occurring in the electric discharge chamber 

and at the outlet of plasma torch. This determines the relevance of complex research. Experimental data are 

of interest not only for understanding a particular process under study but are also necessary for validation of 

computational models. 
High-temperature gas flow with high gradients of parameters is formed in the limited space of the elec-

tric discharge chamber of a high-voltage plasma torch. At the same time, the processes are non-stationary in 

nature, assuming periodic changes in parameters. This is due to the time-varying release of energy from AC 

power source. 
Previously, time-averaged temperature distribution profiles were obtained at the outlet of the channel of 

a high-voltage air plasma torch [6]. This report presents new data on the change in the temperature profile 

with a change in the phase of the arc discharge current of a high-voltage plasma torch (Fig.1). 

 

Fig.1. The arc column at the outlet of the channels of the high-voltage plasma torch.  

Temperature profiles were obtained by the copper emission spectra. Spatial scanning was provided au-

tomatically synchronously with the shooting, the minimum allowable step was 5 microns. The exposure was 

about 1 ms when synchronized at the set values of the current amplitude. The power of the plasma torch was 

6.5 kW at RMS voltage of 1.2 kV with an air flowrate of 1.0 g/s. On the axis of the plasma torch channel, the 

temperature during the period of current change varies in the range from 5000 to 5500 K. 
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SIMULATION OF THE EXTRACTION SYSTEM OF A LABORATORY ECR ION SOURCE* 

K.E. PRYANISHNIKOV, D.N. SELESNEV, A.B. ZARUBIN, N.N. VINOGRADSKY, S.V. BARABIN, P.A. FEDIN, T.V. KULEVOY 

NRC “Kurchatov Institute”, Moscow, Russia 
 
At the NRC "Kurchatov Institute" work is underway to study the radiation resistance on heavy ion 

beams. Simulation experiments on heavy ion beams makes enables a preliminary radiation resistance express 
analysis for specimens of structural materials for nuclear and thermonuclear reactors during few hours rather 
than years in the research reactor. A two-beam facility is under development for these irradiation 
experiments. HIPr is used to accelerate heavy ions Fe+2 and forming defects in the material similar to neutron 
ones. An electrostatic accelerator implants hydrogen and helium ions into material specimens, thereby 
simulating the products of nuclear reactions.  

The ECR ion source [1] is designed for an electrostatic ion accelerator. The scheme of the ECR ion 
source is shown in Figure 1. The source includes a 2.46 GHz magnetron, a rectangular waveguide 
72 * 34 mm passing into a discharge chamber with a length of 580 mm. Accelerating voltage 25 kV. 
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Fig.1. Scheme of a laboratory ECR ion source: 1-section with a magnetron; 2-diode detector; 3-measuring section; 4-high-frequency 

vacuum window; 5-magnetic coil No.1; 6-magnetic coil No.2; 7-discharge chamber; 8-gas input; 9-high-voltage insulator; 
10-vacuum chamber with ion extraction system.  

 
New beam formation system for the ECR ion source is being developed using the Kobra3-INP program 

to improve the beam parameters [2]. To adjust KOBRA3-INP initial parameters, the beam parameters from 
the current design of the ECR ion source were measured. The total beam current of the laboratory ECR ion 
source was measured using a Faraday cup. The emittance was measured by the “pepper-pot” method [3]. The 
model of existing extraction optics geometry was developed in Kobra3-INP. The parameters of the 
transverse temperature and longitudinal energy of gas ions were determined during the development of the 
model. The model will be used to develop the extraction system for the final version of the ECR source. 

The report presents the results of developing a model of existing extraction system ECR ion source and 
preliminary results for a new extraction system. 
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VIBROACOUSTIC MONITORING FEATURES OF RADIATION-BEAM TECHNOLOGIES BY 

THE CASE STUDY OF LASER, ELECTRICAL DISCHARGE, AND ELECTRON-BEAM 
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1 

M.P. KOZOCHKIN, A.A. OKUNKOVA, S.V. FEDOROV1, 
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Modern trends in the development of technologies suggest the presence of automatic monitoring 

systems to control the flow of manufacturing processes and provide information about deviations of the 

current conditions from the optimal modes, warn about developing defects and emergencies. Simultaneously, 

there is a multiplicity of approaches to the algorithms for diagnosing and selecting diagnostic parameters. 

But there is not enough information about monitoring methods implemented in processes related to 

radiation-beam technologies (RBT), based on the impact on the product’s surface by concentrated heat flows 

of energy with a high-power density. For example, such technologies include exposure to plasma jets, laser 

radiation, electron or ion beams. A feature of this technologies is similar processes: the transfer of thermal 

energy, heating of the volume, the development of melting, evaporation, ionization and vapor expansion 

during evaporation, cooling after the end of the energy impact. These processes accompanied by phase 

transformations and chemical reactions that cause changes in the volume of matter and, as a result, by the 

release of vibroacoustic energy that propagates through the flexible system of technological equipment in the 

frequency range up to 50 kHz. This range is characterized by a lower attenuation rate when transmitting over 

long distances. The use of relatively low-frequency ranges is essential for monitoring processes in places 

where the installation of vibration measuring equipment near the high-intensity treatment zone is impossible. 

It experimentally shown that the amplitudes of the vibroacoustic (VA) signal accompanying the RBT 

processes increase with the increasing power density and process performance. It shown that this relationship 

is inherent in a wide range of frequencies of the VA signal, but the rate of change of these parameters with a 

change in the intensity of the thermal effect is different for different frequency ranges. From a comparison of 

experimental data and data from literature sources, it assumed that the accelerated growth of the high-

frequency components of the VA signal with an increase in the intensity of the energy flow is associated with 

the activation of the processes of volumetric boiling and evaporation the processed material. 
The Kf parameter introduced as the ratio of the effective amplitudes of the low-frequency and high-

frequency ranges of the VA signal to monitor the results of the impact on the material by high-energy energy 

flows in the direction of vaporization. It shown that the tendency to decrease the Kf parameter shows an 

increase in the proportion of the substance evaporated and in the boiling stage during laser treatment. 
Experimental studies have allowed us to establish that with an increase in the concentration of erosion 

products during electric discharge machining (EDM), the intensity of the energy flow generated by the 

discharge current decreases. Part of the energy spent on the destruction of the particles of the products of 

erosion. This phenomenon increases the size of the energy impact area and, accordingly, reduces the power 

density. As a result, the proportion of vaporization and release of the material into the working fluid 

decreases and reflected in the increase in the Kf parameter. Control of the Kf parameter allows to indicate the 

short-circuit moment at EDM with a free electrode to increase the productivity and reliability of the 

technological process. This fact fits into the general scheme of the relationship of the Kf parameter with the 

intensity of the high-energy impact on materials during RBT. 
Monitoring of electron-beam alloying processes can allow evaluating the performance of the operation 

in real-time by monitoring the parameters of the VA signals, introducing the necessary correction of 

processing modes, and even optimizing them. Monitoring of the Kf parameter makes it possible to estimate 

the proportion of the substance in the state of volumetric boiling and evaporation, to select rational treatment 

modes, not allowing excessive evaporation of the applied coating, but providing the necessary intensity of 

the impact power to trigger the necessary chemical reactions. 
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Combination of the swift heavy ion (SHI) irradiation and wet chemical etching is widely applied 

technology for manufacturing of nano- microstructures: nanopores, nanowires, polymer filters, nano- and 

micro-diaphragms [1]. The technique is also used for registration of tracks of heaviest galactic cosmic rays 

nuclei [2] in meteorites and satellite detectors. 

 Despite of widespread interest to the etching treatment of SHI tracks, etching models face crucial 

difficulties with description of temporal evolution of pores, especially in anisotropic crystals.  For example, 

etching of tracks of ions with the same dE/dx, but with different velocities may result in a different etched 

pore shapes [3], which can not be predicted before irradiation & etching experiments in current state of art. 

This motivated us to develop an atomistic model of wet chemical etching. In this scheme Monte-Carlo 

code TREKIS [4] describing electronic excitation in SHI track is combined with MD simulations of 

subsequent relaxation of the lattice [5]. Application of these models provide initial conditions for transition 

state theory based algorithm of sequential removal of atoms from etching surface. 

We applied this approach to SHI track etching in crystalline olivine (Mg2SiO4). We demonstrate 

dependence of etched pore shape on various crystallographic orientations. The model describes a transition 

of a rounded pore resulting from cylindrical symmetry of structural damage in SHI track into the polygonal 

shape. 
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This study suggests the plasmodynamic structures parameters diagnostic and quantitative description 

technique. These structures arise due to the exposure on various samples (metals and polymers) by the 

broadband (from visible to VUV range) high-power (with a radiation flux up to of ≈ 106 W·cm–2) radiation 

from the high-current plasma accelerator – magnetic plasma compressor (MPC) of erosion type. Peculiarity 

of the method is that information about the processes was obtained as a result of limited series of 

experiments (practically, a single one). As a result, it is possible to determine both the parameters of the 

generated gas flows (pressure, density in the shock-compressed layer, etc.) and the thermodynamic 

parameters inside the plasma (pressure, temperature, and concentrations). 

The processes occurring on the surface and in the near-surface vapor-plasma layer when exposed to 

VUV radiation on different materials understanding is relevant for the creation and optimization of different 

plasma energy devices (аblative pulsed plasma accelerators, plasmodynamic sources of ultraviolet and soft 

X-rays, radiation surface strengthening, photochemical installations, etc.) where information is needed on the 

distribution of heat fields and energy flows arising from the operation of such devices. This explains the 

interest in these studies. 

High-current plasma discharge – the plasma dynamic discharge of magnetic plasma compressor (MPC) 

of erosion type was used as radiation source. In MPC plasmodynamic heating of electric discharge plasma is 

carried out as a result of shock-wave thermalization of directed kinetic energy of high-speed flow of dense 

radiating plasma at its braking in gas medium. The buffer gas simultaneously acts as a filter for the harsh 

component of the radiating plasma emission spectrum [1, 2]. As a consequence, since the rise times of the 

light pulses are determined only by the time profile of the hydrodynamic energy flow of the plasma jet in the 

braking zone, it is possible to significantly differ from the characteristic discharge times in the electrical 

circuit, which allows to form powerful pulses of VUV radiation with steep leading edge. 

Samples in the form of bars with dimensions of 30 mm by 50 mm and thickness of 10 mm were 

installed with a long side along the discharge at near discharge zone. Thus, the near-to-discharge end of the 

target received 2-2.5 times more energy than the far one. This made it possible to register significantly 

different dynamics of vapor-plasma flow disperse when moving from one edge of the target to the other [3]. 

For visualization of shock waves (SW) and other expansion zones of vapor-plasma flow in external gas 

with large concentration gradients, two-exposure laser holographic interferometry with visualization of large 

optical fields and the Toepler method in the light field mode were used [4]. 

The processing of interferograms, together with the analysis of other data of the experiment, allows to 

find the distribution of parameters in the plasma layer above the target surface. It has been found that the 

maximum energy absorption is inside the plasma layer. Spatial distribution of the parameters (temperature, 

pressure and concentrations of electrons and ions) is defined with the assumption of local thermodynamic 

equilibrium. The obtained results are discussed. 
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The modification of the surface properties of polymers, transformation of their surface layers into 

nanostructured carbon under the action of a high-power ion beam (HPIB) of nanosecond duration are of 
great interest, both from a scientific and practical point of view. The high temperatures resulting from such 
exposure lead to melting, intensive evaporation and decomposition of polymer materials. For most polymers, 
under such influence, intense pore formation is observed in the surface layer. 

The features of the action of HPIB on a widely used polymer - polyethylene terephthalate (PET) have 
been investigated. The samples were irradiated at the Temp accelerator with a proton-carbon beam (30% H+ 
+70% C+, E ~ 200 keV, j ≤ 150 A/cm2, τ=60 ns) with varying ion current density and the number of 
irradiation pulses. 

It has been established that HPIB irradiation leads to the formation of various surface formations on the 
PET surface having an internal periodic structure with a characteristic size of ~ 20 µm. At the same time, the 
formation of surface pores (primarily closed or semi-open) is minimal compared to other previously 
irradiated polymer materials. Multiple (>10 pulses) HPIB irradiation leads to the formation on the PET 
surface of a complex system of periodic protrusions of a solidified polymer melt with a period of ~ 150 µm. 
The height of the protrusions is up to 80 µm and the average diameter is ~ 35 µm. 

Possible mechanisms of the formation of PET morphology under the action of HPIB are considered 
taking into account the peculiarities of the thermo-physical characteristics of PET. 

 

EFRE 2022: 16th International Conference on Modification of Materials with Particle Beams and Plasma Flows
Fundamentals of modification processes 

–––––––––––––––––––––––––––––––––––––––––––––––   C2-O-034301   –––––––––––––––––––––––––––––––––––––––––––––––

253



MODELING OF REACTIVE SPUTTERING AND EVAPORATION IN A HOT-TARGET 
MAGNETRON DISCHARGE* 

S.M. SOROKIN1, D.V. KOLODKO1,2, A.V. KAZIEV1, V.YU. LISENKOV1, A.V. TUMARKIN1 

1National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), Moscow, Russia 
2 Fryazino Branch of Kotelnikov Institute of Radio Engineering and Electronics, RAS, Fryazino, Russia 

 
The processes of obtaining oxide and nitride coatings in magnetron sputtering systems are associated 

with known effects of a complex nonlinear and often unstable behavior of the deposition rate and film 
stoichiometry depending on the reactive gas flow. Controllability and productivity of such processes can be 
largely improved through modification of existing technologies and the development of new approaches. In 
particular, one can find evidences of a positive effect that a high temperature of a magnetron target has on 
the stability of the characteristics of the reactive sputtering process [1]. On the other hand, a number of 
scientific groups have been actively studying reactive deposition of oxides and nitrides in the high-power 
pulsed magnetron discharges (see e. g. [2] and references therein), and have found favorable effects of high-
power pulses on the controllability of the process. 

In the present work, we theoretically consider the joint influence of hot-target effects and the pulsed 
nature of the discharge on the state of the target surface. We enhance the previously modified time-
dependent Berg model [3] by taking into account the evaporation of target material as well as the influence 
of target temperature on the rate of chemical reactions on its surface. The system of equations describes the 
state of the target in terms of poisoned area fractions θ1 and θ2, where index 1 corresponds to the 
monoatomic surface layer, and index 2 — to the layer beneath the surface (sub-surface layer). The processes 
of chemisorption on target surface, sputtering of reactive gas atoms from target, implantation of reactive gas 
ions to the sub-surface layer, material evaporation, and transfer between the layers are considered. A separate 
equation connects the atomic fluxes of reactive gas associated with target and substrate surfaces with the 
volumetric characteristics, such as gas injection rate and pumping speed. The equations are solved 
numerically for the conditions relevant to the experimental hot-target magnetron setup. The results are then 
discussed in connection with the experimental observations of magnetron discharge with hot Cu, Cr, and Si 
targets in O2/Ar and N2/Ar environments. 

REFERENCES 
[1] V.V. Karzin, A.E. Komlev, K.I. Karapets, N.K. Lebedev, “Simulation of heating of the target during high-power impulse magnetron 

sputtering,” Surf. Coat. Technol., Vol. 334, P. 269–273, 2018. 
[2] K. Strijckmans, F. Moens, D. Depla, “Perspective: Is there a hysteresis during reactive High Power Impulse Magnetron Sputtering (R-

HiPIMS)?” J. Appl. Phys., Vol. 121, Article Number 080901, 2017. 
[3] A.V. Kaziev, D.V. Kolodko, N.S. Sergeev, “Properties of millisecond-scale modulated pulsed power magnetron discharge applied for reactive 

sputtering of zirconia,” Plasma Sources Sci. Technol., Vol. 30, Article Number 055002, 2021. 
[4] A.A. Barybin and V.I. Shapovalov, “Nonisothermal chemical model of reactive sputtering,” J. Appl. Phys., Vol. 101, Article Number 054905, 

2007. 

                                                      
* The work was supported by the Russian Science Foundation under grant No. 18-79-10242. 

EFRE 2022: 16th International Conference on Modification of Materials with Particle Beams and Plasma Flows
Fundamentals of modification processes 

–––––––––––––––––––––––––––––––––––––––––––––––   C2-O-047203   –––––––––––––––––––––––––––––––––––––––––––––––

254



NON-METALLIC ULTRA-DISPERSED POWDER OBTAINED IN THERMAL PLASMA* 

V.V. SHEKHOVTSOV 

Tomsk State University of Architecture and Building, TSUAB, Tomsk, Russia 

 

The synthesis and study of nanosized refractory oxide powders today is an urgent problem in predicting 

the characteristics of materials obtained on their basis. To date, the most capacious market for the production 

of nanosized powder is the production of silicon dioxide SiO2. This nanosized powder has found its application 

in the production of structural materials [1] and coatings [2]. A wide material base for the production of nano-

sized SiO2 can be natural raw materials enriched with silicon dioxide over 75 wt. %, for example quartz sands 

and concentrates based on it.  

To obtain oxide nanopowder SiO2, quartz sand (QS) was used - Tugan deposit, Tomsk, Russia. Silicon 

dioxide content ~ 97 wt. %. The synthesis of nanopowder was carried out in a plasma-chemical reactor [3, 4], 

including: an electric-arc plasmatron (cathode) with an outlet nozzle section of 8 mm; water-cooled cylindrical 

chamber (h = 150 mm, r = 75 mm), at the base of which a graphite anode is installed; system for supplying a 

plasma-forming gas (compressed air) and cooling liquid to heat-stressed elements; power supply with 

adjustable amperage from 5 to 160 A. The operating parameters during the experiments corresponded to: 

current strength 150 A, voltage 110 V, plasma-forming gas flow rate 20 l/min, thermal efficiency 78%. The 

calculated mass-average temperature of the generated plasma reaches 5400 K. 

According to TEM data (electron microscope Philips CM 30), it was found that the obtained SiO2 

nanopowder in the initial state mainly consists of spherical particles of polydisperse composition (Fig. 2). 

 

  
a b 

Fig.1. Morphology of ultrafine SiO2 particles: a - TEM images; b – physical model 

The particle diameter is in the range from 10 to 150 nm, while there are single particles with a diameter 

of 500 nm. Of the morphological features, we note the presence of rounded-oval, ellipsoidal and welded 

particles, while there are no pronounced contact zones (see Fig. 2). These features are typical for particles less 

than 80 nm. Particles ~ 500 nm in diameter are crystallized and correspond to high-temperature α-quartz. 
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SIMULATION OF TEMPERATURE FIELDS IN TARGETS AT COMBINATION OF 

REPETITIVELY-PULSED HIGH-INTENSITY ION IMPLANTATION AND ENERGY 

IMPACT ON A SURFACE* 

A.I. IVANOVA, D.O. SIVIN, G.A. BLEYKHER, O.S. KORNEVA 

National Research Tomsk Polytechnic University, Lenin Avenue 30, Tomsk, 634050, Russia 

 

Methods to modify surface and near-surface layers of materials and coatings by ion beams are 

used in many fields of science and technology. 

The method of high-intensity implantation by high-power density ion beams with 

submillisecond duration involves significant pulsed heating of the irradiated target’s near-surface 

layer, followed by its rapid cooling due to heat transfer into the material due to thermal conductivity 

and the implementation of repetitively-pulsed radiation-enhanced diffusion of atoms to depths 

exceeding the projective ion range. Using the numerical simulation, this work studies the dynamics 

of changes in temperature fields in targets under single-pulse and repetitively-pulsed exposure to 

submillisecond titanium and aluminum ion beams with a pulsed power density up to 50 kW/cm2. 

When simulating, two target materials (aluminum and titanium) are used, differing significantly in 

their characteristics. The conditions are determined under which the temperature in the ion-doped 

layer will correspond to the conditions of radiation-stimulated diffusion of the implanted element, 

and the temperature in the matrix material will not deteriorate its microstructure and properties. 
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VARIATION OF THE ION CHARGE STATE IN THE PLASMA FLOW DURING THE 

REPEATING MICROSECOND VACUUM ARC DISCHARGE WITH THE W-FUZZ CATHODE* 

YU. A. ZEMSKOV, YU.I. MAMONTOV, I.V. UIMANOV 

 Institute of Electrophysics UB RAS, Yekaterinburg, Russia 

 

The "W fuzz" nanostructure, which is a harmful effect in the operation of thermonuclear installations, has 

been widely studied over the past decade. One of the aspects of the study is the electrophysical properties of 

this nanostructure, in particular, the fundamental properties of its behavior in vacuum discharges. Thus, it was 

shown [1] that the average charge of tungsten ions in the plasma of a vacuum arc on a “fuzz”-nanostructured 

cathode surface differs significantly from the average charge of tungsten ions in the absence of nanostructured 

formations. The average charge in the case of the presence of "fuzz" layer was noticeably lower than without 

it. In addition, it was shown that the average charge of tungsten ions increases as the sample surface is eroded 

by repeated discharges. In this work, an attempt was made to confirm and clarify the data of [1]. For this aim, 

a short arc discharges up to 10 μs were chosen with purpose to provide greater detail in measurements of the 

evolution of the charge composition of the arc plasma as the nanostructured layer was destroyed. The Thomson 

spectrometer with automatic signal recording and digital data analysis was used as an analytical instrument. 

The arc on the "W-fuzz" sample was initiated more than 350 times. The results demonstrate an increase in the 

average charge of tungsten ions with the erosion of the sample surface. However, in this experiment, contrary 

to the results of [1] it was not possible to achieve the ion flow parameters equal to parameters for tungsten 

samples without fuzz-nanostructure. In addition, the detailing of erosion using short arcs made it possible to 

record a very noticeable spread in plasma parameters from discharge to discharge (± 0.5 units for the value of 

the average charge of tungsten ions). These features can be explained by the incomplete destruction of the 

nanostructured layer in the region accessible to arc plasma. This effect is apparently possible in case of the 

short arcing on the large sample. 
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EXPERIMENTAL RESEARCH AND COMPARATIVE ANALYSIS OF PERSPECTIVE MPPT 

PROPELLANTS EVAPORATION BY UV-VUV RADIATION* 

E.O. CHEBYKIN1, D.K.FEDOROVA1, A.V. PAVLOV1, YU.YU. PROTASOV1, T.S. SHCHEPANUK1, V.D. TELEKH1 

1 Bauman Moscow State Technical University, Moscow, Russia 

 

A serious increase in the number of CubeSat satellites launches is noticed over the last five years 

[1]. This type of spacecrafts are simple to manufacture and cheap to launch. This advantages provide 

solutions to various problems. Many publications on micro propulsion systems proves that this topic 

became highly relevant. Electric propulsion (EP) is suitable for CubeSat. Ablative pulsed plasma 

thruster (APPT) is highlighted because for its low manufacturing price and simple design [2]. 

APPT are performed with polymer propellant. The pulsed discharge vaporizes part of the polymer. 

Radiation energy (UV and visible range) from the plasma formation heats and vaporizes the propellant. 

Ionized and accelerated by Lorentz force vapor of propellant creates thrust. 

Investigation of the broadband high-brightness radiation interaction on the polymers is necessary 

to optimize the characteristics and the processes in operation of the microAPPT. There is no complete 

and acknowledged model of the ablation process despite the fact that polymers light erosion research 

has been going on for more than fifty years [3]. In this regard, the experimental study of polymers 

evaporation under the action of broadband radiation becomes even more topical. 

We performed experiments of light erosion (including the vacuum UV range) of different 

polymers, that can be used as propellants of APPT. This work presents determination of plasma 

parameters of microAPPT’s promising propellants: PTFE, polyamide-6, acrylic glass, etc. 

The source of radiation was an erosive type discharge of the magnetoplasma compressor (MPC), 

which is similar to the APPT discharge [4]. Usage of different gases with MPC discharge makes it 

possible to control the spectral composition of the radiation. So does the distance from the sample to the 

emitter for the radiation energy coming to the sample. The discharge radiation heats, evaporates and 

ionizes the sample vapor. It expands and realizes the "plasma piston" model, compressing the layer of 

background gas above the sample surface. 

Diagnostics of evaporation processes was performed by schlieren photography and the method of 

double-exposure laser holographic interferometry [5]. Interferograms and schlieren photographs 

processing made it possible to determine the studied materials dynamics of evaporation and ionization. 

It is a necessary step for choosing the optimal propellant for microAPPT. 

The obtained results are discussed. 
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ULTRAFAST NONTHERMAL PHASE TRANSITIONS IN COMPOUND INSULATORS 
BY EXTREME ELECTRONIC EXCITATIONS 

R.A. VORONKOV 1, N. MEDVEDEV2,3, A.E. VOLKOV1

1P. N. Lebedev Physical Institute RAS, Moscow, Russia
2Institute of Physics, Czech Academy of Sciences, Czech Republic

3Institute of Plasma Physics, Czech Academy of Sciences, Czech Republic
roman.a.voronkov@gmail.com

Irradiation of solids with swift heavy ions (SHI) or free-electron laser beams (FEL) highly excites the
electronic system of a target. Subsequent energy transfer to the target lattice may lead to structural changes
in the irradiated solid. However, electron density modifications induce changes in the interatomic potential
even at subpicosecond timescales, before the cooling of the electronic system. With a sufficient level of
excitation, various kinds of responses can occur in the crystal structure of the material, including the so-
called nonthermal  melting of  its  lattice  (ultrafast  disordering without  a  significant  increase of  the  ionic
temperature [1]) as well as changes in the band structure.

We apply the density functional theory-based molecular dynamics (DFT-MD) to study an effect of the
modified interatomic potential  caused by extreme excitation of the electronic system (Te ~ 1-10 eV) on
nonthermal instability in various insulators and semiconductors. We demonstrate a creation of a superionic
state in Al2O3 – an exotic state with a coexistence of nonthermaly melted oxygen sublattice and a crystalline
aluminum one [2].

In Y2O3 and NaCl nonthermal amorphization occurs, whereas in TiO2 a transition into a new crystalline
phase is predicted.

We also show that instability of the band gap depends on a level of the bond ionicity of a material [3].
In  covalent  and  mixed-bonded  materials,  the  band  gap  significantly  shrinks  or  even  collapses  within
characteristic times of the electronic system cooling after an SHI irradiation. Although nonthermal melting is
highly improbable to occur in a single SHI track [4], even slight atomic displacements contribute to overall
lattice damage and cause significant electronic structure changes (e.g.,  the band gap shrinkage) affecting
electron-lattice coupling in SHI track. Considering that described effects are even more important at high
intensity beams expected at GSI-FAIR facilities, we conclude that nonthermal changes should be taken into
account in theoretical models of SHI tracks formation.
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THE INFLUENCE OF PULSED ELECTRON BEAM IRRADIATION ON THE STATE OF ZRN 
COATING/SILUMIN SUBSTRATE SYSTEMS* 

P.V. MOSKVIN1, N.N. KOVAL1, T.V. KOVAL2, O.V. KRYSINA1, YU.F. IVANOV1, A.D. TERESOV1, MY KIM AN TRAN3, N.A. 
PROKOPENKO1, E.A. PETRIKOVA1 

1Institute of High Current Electronics SB RAS, Tomsk, Russia 
2Tomsk Polytechnic University, Tomsk, Russia 

3Ton Duc Thang University, Ho Chi Minh City, Vietnam 
 
A eutectic silumin was subjected to a combined treatment, including the deposition of a ZrN coating on 

a silumin substrate and the treatment of the coating/substrate system with a pulsed electron beam of 
submillisecond duration. Examination of thin transverse sections of the ZrN-coated silumin performed after 
electron beam treatment revealed an extended melt zone, the thickness of which was 30–55 µm for all 
samples. In the melt zone of the samples with coatings of thickness 0.5–2 µm irradiated with five electron 
beam pulses, a partial immersion of the coating into the bulk substrate to a depth of 45 µm was observed. 
Local measurements of the temperature in the electron beam treatment zone, numerical modeling of the fast 
heating (within 150 µs) and solidification of the melt under the action of an intense heat source were carried 
out for the action of experimental electron beam pulses (1.8 × 109 W/cm2) on the bare and the ZrN-coated 
silumin. It was found that when the coating thickness was increased from 0.5 to 2 µm, the rise rate of the 
surface temperature increased from 6 × 107 to 9 × 107 K/s and the maximum temperature during the pulse 
rise increased from 760 to 1070°C (fig. 1). The melt depth was no more than 57 µm. The speed of the melt 
front during the pulse was 3 × 105 µm/s. The numerical simulation has shown that the eutectic temperature 
was not achieved at depths over 55 µm. Comparing numerical calculations and measurements of the surface 
temperature of materials subjected to electron beam treatment, it is possible to elucidate the dynamics of the 
temperature field and melt depth in order to attain predetermined properties of materials upon electron beam 
treatment. It should be emphasized that the pulsed electron beam with unique parameters we used made it 
possible not only to trace in detail the dynamics of changes in the temperature of the molten surface layer of 
a ZrN-coated silumin sample, but also to produce a rather extended (tens of micrometers) modified structure. 
According to preliminary estimates, such a modified structure of the surface layer of a product made of 
silumin should significantly improve its operational properties. The results obtained are important for the 
development of technology for pulsed electron beam modification of the structure and surface properties of 
silumin products used in modern industry. 

 
Fig.1. Time variations of the local surface temperature during electron beam treatment for the bare and ZrN-coated silumin sample 

(experiment).  
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STUDY OF THE INFLUENCE OF PLASTIC DEFORMATION OF THE HSS M2 SURFACE ON 

ION-PLASMA NITRIDING IN THE GLOW DISCHARGE* 

R.K. VAFIN, A.V. ASYLBAEV1, D.V. MAMONTOV1, I.D. SKLIZKOV1 

Ufa State Aviation Technical University, Ufa, Russian Federation 
1 alexander.aslb@gmail.com 

 

This paper examines the influence of plastic deformation of the HSS M2 surface on the characteristics 

of the hardened layer after ion-plasma nitriding in the glow discharge. 

It is known that diffusion of atoms in metals is greatly influenced by various structural defects - 

deviations of the lattice structure from the ideal one [1]. As the structural defects increase, the diffusion rate 

in the metal increases. However, along with structural defects, diffusion is also affected by the size of the 

metal grain: the finer the grain, the higher the diffusion rate [2, 3]. Therefore, to increase the diffusion rate in 

metals, methods of plastic deformation have recently become increasingly widespread. One of these methods 

is the method of intense plastic deformation by torsion, which consists in deformation of metal by two 

simultaneously acting forces: compression and torsion (Fig. 1a). 

In the study it was found that the plastic deformation of the steel surface increases the rate of nitrogen 

diffusion deep into the material, due to an increase in dislocation density and the formation of microdefects, 

due to a highly refined grain-like ultrafine grain structure. It was also found that the plastic deformation of 

the steel surface before ion-plasma nitriding leads to a 2-fold increase in the thickness of the hardened layer 

HSS M2, due to an increase in surface free energy, which contributes to increased adsorption of the 

saturation element and the formation of nitrides in the near-surface layer of nitrided material. 

  

a b 

Fig.1. Process schemes: a - severe plastic deformation by torsion, b - ion-plasma nitriding in a glow discharge. 
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COMPLEX MODIFICATION OF STAINLESS HIGH-ALLOY STEEL - STRUCTURE AND 

PROPERTIES * 

YU.F. IVANOV, E.A. PETRIKOVA, A.D. TERESOV, O.S. TOLKACHOV, I.V. LOPATIN 

Institute of High Current Electronics SB RAS, Tomsk, Russia 

 

Modification of the steel 310 (Fe-0.2C-23Cr-18Ni) surface layer was carried out by the pulsed 

electron-beam treatment ("SOLO" setup) methods [1, 2]. It is shown that with an increase in the energy 

density of the electron beam, an increase in microhardness (from 1.7 GPa in the initial state to 2.4 GPa after 

irradiation at 30 J/cm2) and wear parameter (from 1.9*10-4 mm3/N*m at 10 J/cm2 up to 5.2*10-4 mm3/N*m at 

30 J/cm2) of the specimen’s surface layer. The steel wear parameter before irradiation is 4.9*10-4 mm3/N*m.  

Nitriding was carried out ("QUINTA" setup) of steel 310 specimens previously irradiated with a 

pulsed electron beam in a low-pressure gas discharge plasma by two methods: by heating the samples with 

plasma ions (hereinafter, method 1) [3] and by heating the samples with plasma electrons (hereinafter, 

method 2) [4]. 

It is shown that during nitriding according to method 1, the maximum microhardness, 19 GPa 

(exceeds the hardness of steel before modification by 11.2 times and the hardness of steel after irradiation 

with an electron beam by 8 times), and the minimum wear parameter, k = 0.7 * 10-6 mm3/N*m (more than 

700 times less than the steel wear parameter before modification and more than 750 times less than the steel 

wear parameter after electron beam irradiation) are observed on specimens irradiated at an electron beam 

energy density of 30 J/cm2, 200 μs , 3 imp. and subsequent nitriding at a temperature of 5200C for 3 hours. 
The thickness of the hardened layer is 40 µm. It has been established that the specimens that 

demonstrated the highest values of hardness and wear resistance have the maximum (90.6%) content of 

nitride phases (chromium and iron nitrides) in the surface layer. 

The elion method of nitriding (method 2) leads to close (nitriding at 4500C, 3 hours) or lower (nitriding 

at 5200C, 3 hours and 6000C, 5 hours) values of the steel surface layer microhardness, in relation to nitriding 

by the method one. During tribological tests, it was found that after nitriding at a temperature of 4500C, 3 

hours and 6000C, 5 hours, the wear resistance of steel specimens modified according to method 1 is higher 

than the wear resistance of steel after nitriding according to method 2. Nitriding at a temperature of 5200C, 3 

hours leads to better results when using method 2, namely, the wear resistance of steel samples modified 

according to method 1 is lower than the wear resistance of steel after nitriding according to method 2 by 2.9 

(ES = 10 J/cm2) and 1.2 times (ES = 30 J/cm2). It has been established that nitriding (method 2) at 4500C and 

5200C temperatures for 3 hours of specimens previously irradiated with an electron beam (10 J/cm2, 200 μs, 

3 pulses) is accompanied by the formation of a ceramic layer containing only iron and chromium nitrides. 

For the first time, during electron-ion-plasma nitriding (method 2), the phenomenon of blistering was 

discovered - the formation of bubbles on the surface of the material. It has been established, in the study of 

specimen’s fracture surface previously irradiated with an electron beam and subjected to nitriding by two 

methods, that the destruction of steel surface layer nitriding according to method 1 proceeds mainly through 

a viscous mechanism; the destruction of the steel surface layer nitriding according to method 2 proceeds 

mainly by the quasi-brittle mechanism. 
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NICKEL-BASED SUPERALLOY, RELATION BETWEEN NON-LINEAR ULTRASOUND AND 

MICROSTRACTURE CHANGES DUE TO CREEP DAMAGES 
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Keiji KUBUSIRO4 
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4 IHI Coporation, Yokohama, Japan 

 

Nickel-based superalloy, Inconel® 718, has high temperature strength effected by ″(Ni3Nb) phase at 

approximately 973 [K]. Inconel 718 was determined that the ″ phase disappearance lead to the creep 

destruction. In the study, we applied the nonlinear ultrasonic method for evaluation the creep damages and the 

microstructural degradation in ″ phase for Inconel 718 test pieces at the evaluated temperature 973 [k].  The 

nonlinear ultrasonic shows the possibility to becoming the primary means of characterizing creep in the metals 

[1, 2], because it is to probe the change of dislocation structure during the creep. Its sensitivity to 

microstructural evolutions during the creep is often higher than that of linear properties. We analyzed the 

relation between the microstructural change and the propagation of nonlinear acoustic characterizations three-

wave interacting [3], with the electromagnetic acoustic resonance (EMAR) [4] throughout the creep life, and 

nonlinearly relations change in dislocation density. This was supported with X-ray diffraction, EBSD [5] and 

SEM images. 

Fig.1.  Propagation of attenuation coefficient , and, the nonlinearity with      Fig.2. Miss-orientation average analysis by EBSD 

 three-wave interaction at the creep life. (1,253[k], 200[MPa]) 

Fig.1 shows the propagation of the nonlinearity in three-wave-interaction, ultrasonic attenuation, ; 

nonlinearlity rise dramaticaly and rapidly from 60[%] of the creep life ratio. After the peak, the nonlinearlity 

decrease near the rupture. Propagations of  shows the gradually increase of the 60 [%] of creep life.  

increases sharply until the rupture. Fig.2 shows EBSD measurement of local miss-orientation average (ML).ML 

show the increases rapidly from 60[%] of the creep life. 

This phenomenon shows nonlinearity, and , ML as creep progress related to the microstructure changes, 

especially, to the dislocation mobility during the creep life.  

SEM images shows  phase appearance at 60[%] of the creep life. This phenomenon is Coarsening of ″ 

phase during the creep damages. 

Assessment of the advanced creep damage and microstructural changes of the metals may potentially 

facilitate by the nonlinear acoustics measurement with EMAR. In future, we may have any prospect due to 

Energy Reflection.  
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SURFACE NANOSTRUCTURING OF KTP CRYSTAL BY CLUSTER ION BOMBARDMENT* 

I.V. NIKOLAEV, N.G. KOROBEISHCHIKOV  

 Department of Applied Physics, Novosibirsk State University, Novosibirsk, Russian Federation 

 

The periodic nanostructures on the surface of various materials can lead to unique anisotropy of 

properties: optical activity, conductivity, adhesion, wetting, etc. [1, 2]. Previously, it was shown that the ion 

beam bombardment of the surface at oblique angles of incidence can be used as one of the methods of self-

organizing nanostructuring [3, 4]. In the comparison with the monomer ion beam, the nonsize-selected beam 

of cluster ions has high intensity and cluster impact on a target leads to minimum subsurface damage [5–7].  

Earlier, we have experimentally studied the influence of angles of cluster incidence on nanostructure 

formation on the surface of potassium titanyl phosphate (KTP) single crystals [8]. In this work, the features 

of surface nanostructuring of KTP surface by argon cluster ions with the different energy per cluster atom, 

ion fluence have been studied. To study the characteristics of the periodic nanostructures, we used the atomic 

force microscope (AFM) Ntegra Prima HD. Figure 1 shows the AFM images of KTP surface before and 

after cluster ion bombardment with the kinetic cluster energy E = 6.5 keV and mean cluster size Nmean = 600 

atoms at the scan sizes of 2×2 μm
2
 with a resolution of 1024×1024 pixels.  

 

b)  

Fig.1. 3D AFM images of the KTP surface: a) as-prepared, b) after the cluster ion bombardment. 

 

The characteristics of self-organizing nanostructures, the etching rates and sputtering yields for KTP 

single crystals in a wide range of energy per atom in the argon cluster (E/Nmean = 10–110 eV/atom) have been 

determined. A comparison has been made of the nanostructures formed at the same mass fluxes, but at 

different parameters of cluster ions. The dynamics of changes in the parameters of nanostructures depending 

on the ion fluence are demonstrated. 
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Alloys based on Al-Si (silumins) are widely used in Russian and foreign industries. A significant 

disadvantage of silumins is increased fragility. One of the methods for improving the mechanical properties 

is the modification of the alloy surface by concentrated energy flows. This paper presents the results of 

studies of the mechanical properties of AK5M2 silumin samples, the surface layer of which is modified by 

irradiating the “film (Ti)/(AK5M2) substrate” system with a pulsed electron beam. 

Under conditions of uniaxial tension of flat proportional samples in the initial state and samples with a 

modified surface, deformation curves were obtained in the stress-strain coordinates (Fig. 1). The deformation 

was carried out on an INSTRON 3386 testing machine. The evolution of deformation fields during testing 

was recorded using a VIC-3D optical measuring system. The deposition of a Ti film 0.7 μm thick on silumin 

samples was carried out on a KVINTA setup. The samples were irradiated with a pulsed electron beam using 

a SOLO setup (30 J/cm2, 200 μs, 3 pulses). 

 

Rice. Fig. 1. Diagrams of deformation of samples of AK5M2 silumin under uniaxial tension: a - initial 

state; b - composite material "film (Ti)/(silumin AK5M2) substrate", irradiated with a pulsed electron 

beam. The insets show fragments of the distributions of deformation fields on the surface of the samples.  

On the deformation curves, four stages of deformation can be distinguished: I - the stage of elastic 

deformation; II and III - hardening stages with a parabolic functional dependence of the form with different 

values of the coefficients  and n: 

 = 0 + 
n        

(1) 

where 0 – yield point; ()=d/d–strain hardening factor; n<1 – strain hardening index. Stage IV - 

the stage of sample pre-fracture. The numerical values of the parameters from equation (1) for the original 

and modified samples are given in the table. From the given data it can be seen that the modification of the 

surface layer of samples of silumin brand AK5M2 led to an increase in the strength and plastic properties of 

the material 

Table. Parameters characterizing the strength properties of AK5M2 silumin 

Sample  0,  МРа t,  МРа nII  на стадии II nIII на стадии III 

Initial  243 9015 0.490.02 0.310.02 

Modified  453 14015 0.490.02 0.310.02 
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One type of diamond-like carbon materials is a-C:H:SiOx coatings, also called diamond-like 

nanocomposites (DLN), SiOx-doped DLC. Such coatings have low internal stresses (less than 1 GPa), hardness 

in the range of 10÷20 GPa, low friction coefficient and low wear rate [1-3]. Due to the presence of silicon and 

its compounds (SiOx) in the structure, the biocompatibility of a-C:H:SiOx coatings with the human biological 

environment is improved [4]. 

The plasma-assisted chemical vapor deposition in a mixture of argon and polyphenylmethylsiloxyloxane 

vapors was used for coating deposition. The method is described in detail in our previous works [5, 6]. 

Titanium alloy (Ti-6Al-4V) and stainless steel AISI 316L samples were used as substrates. 

It has been shown that deposition of a-C:H:SiOx coatings leads to improvement of mechanical and 

tribological properties of materials surface. In particular, after deposition of a-C:H:SiOx coatings on titanium, 

titanium alloys and stainless steel its surface hardness increases more than 2-4 times, friction coefficient 

decreases more than 6 times, and wear rate decreases by two orders of magnitude [7, 8]. 

It has been established that a-C:H:SiOx films had low thrombogenicity and are not cytotoxicity for 

mononuclear leukocytes of human blood (hBMNCs). In addition, a-C:H:SiOx film leads to decreased 

concentrations of the proinflammatory cytokines IL-17 and TNF-a as well as the chemokines IL-8, RANTES, 

MCP-1 (MCAF) in 24-h in vitro culture of hBMNCs. This suggests a potential anti-inflammatory effect of the 

studied coating and the possibility of its medical application in the field of cardiovascular surgery. The 

dependence of the concentration of proinflammatory cytokines and chemokines on the a-C:H:SiOx film 

thickness correlating with the surface wettability and electrostatic surface potential was established. It was 

shown that a-C:H:SiOx film deposition contributed to increasing the corrosion resistance of Ti-6Al-4V samples 

in 0.5M NaCl and PBS solutions (corrosion rate decreased up to 10-6 mm/year). The results of 5-week 

biodegradation in 0.9% sodium chloride solution demonstrated minimal salt deposition on the surface of 

samples coated a-C:H:SiOx film. 

 

*This research was supported by the grant of the Russian Science Foundation, project No. 19-19-00186. 
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Mixing of a “coating/substrate” system by ion, electron, plasma and laser beams allows alloying the 

substrate material with the coating elements. This process is of special interest in producing nonequilibrium, 

immiscible and metastable compounds. The use of such a technique for materials treatment leads to 

formation of surface layers with improved properties. At the same time metastable structure of the modified 

layer may be not effective for materials working at the high temperature. Thus, investigation of the effect of 

thermal treatment on the structure, phase composition and properties of Al-12%Si alloy surface layer alloyed 

with Zr atoms under compression plasma flows impact on Zr/Al-12%Si system was the main aim of this 

work. 

Al-12%Si alloy was the research object. Before compression plasma flows (CPF) treatment Zr coating 

with the thickness of 2 µm was deposited on the alloy surface using the vacuum arc vapor deposition 

technique. CPF were obtained in nitrogen atmosphere using a gas-discharge magneto-plasma compressor of 

compact geometry. Structure, element and phase composition of the surface layer were characterized by the 

X-ray diffraction analysis, scanning electron microscopy and energy-dispersive X-ray microanalysis. Vickers 

microhardness measurement was also carried out. Annealing in air in the temperature range of 450-550
o
C 

and period of 0.5-10 hours was carried out to investigate modified layers structure and properties stability. 

The findings showed that CPF treatment of the Zr/Al-12%Si system led to the formation of surface Al-

Si layer with the thickness up to 65 µm containing metastable (Al,Si)3Zr compound with a tetragonal D022 

crystal lattice (so called τ1 phase in Al-Si-Zr system). The minimal size of τ1 phase precipitates was 200 nm. 

The lattice parameters of τ1 phase were decreasing with the growth of the energy absorbed (Q) by the surface 

layer during plasma impact: from a=0,3890 nm and c=0,8806 nm at Q=15 J/cm
2
 to a=0,3873nm and 

c=0,8791 nm at Q= 35 J/cm
2
 (a=0,3903 nm and c=0,9008 nm - in Al2SiZr standard). Besides that formation 

of supersaturated Al(Si, Zr) solid solution was observed.  

Annealing of alloyed sample at 450
o
C resulted in partial disintegration of supersaturated Al(Si,Zr) solid 

solution and formation of Al3Zr (after 0.5 annealing hour) and ZrSi2 (after 2 annealing hours) phases. 

Increase of annealing time at this temperature also led to Si atoms release from τ1 phase precipitates and 

increase of τ1 lattice parameters up to a=0,3890nm and c=0,8931 nm ( after 10 annealing hours). 

Further increase of annealing temperature up to 500
o
C led to the change of τ1 precipitates shape from 

dendritic-like to equiaxial. 

Increase of annealing temperature up to 550
o
C provided more substantial phase transformations in the 

alloyed layer just after 0.5 hour. In particular, dissolution of most of τ1 phase precipitates and formation of 

plate-like ZrSi2 precipitates was observed.  

Increase of annealing temperature and time was accompanied by microhardness decrease. 

The mechanisms and the reasons of the observed effects are discussed. 
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This work presents the results of a research of the properties, structure, and formation mechanisms of 

metallic magnesium and silver nanoparticles obtained by ion implantation in LiF, NaCl, KCl, and KBr 

crystals. The crystals were irradiated with a pulsed beam of accelerated Mg ions with an average energy of    

~ 80 keV and an average current density of 4 μA/cm
2
. Dose range was from 2.2×10

16
 to 7.5×10

16
 ion/cm

2
. 

Nanoparticles were formed in a thin crystalline layer (~60–100 nm) along with color centers. The 

relevance of this topic is confirmed by the fact that metal nanoparticles produce optical effects, such as, for 

example, giant Raman scattering of molecules and plasmon-enhanced luminescence [1], which are promising 

for the development of various nanotechnologies. 

It was noted that the luminescence intensity of color centers with λmax=640 nm in implanted layers was 

more than 10
3
 times higher than that in heavily γ-irradiated LiF:Mg crystals [1, 2]. 

The absorption spectra of NaCl, KCl, and KBr alkali halide crystals implanted with magnesium ions are 

shown in Fig.1. The nature of the centers responsible for the band ~ 320 nm in the spectrum of NaCl, KCl, 

and KBr crystals can be finally established by experiments on thermal annealing and optical bleaching. 

 

 Fig.1. Absorbance spectra of alkali-halide crystals after magnesium ions implantation.   

A comparison of the optical properties of crystals implanted with magnesium and silver ions shows a 

significant superiority of the optical characteristics in the case of implantation with magnesium ions.             
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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, nanostructures are formed, 

called "fuzz" [1,2].  

This work is devoted to the study of the vacuum arc for a tungsten cathode with a nanostructured 

surface. Tungsten cathodes were thin metal plates with sides of 16 x 13 mm. Several cathodes were used 

with different exposure times to helium plasma (1-8 hours). The trigger method for ignition of a vacuum arc 

was used. For this purpose, a trigger electrode was placed between the anode and cathode. High voltage 

pulse (500 ns; 15 - 25 kV; ~ 3.5 A) was applied to trigger electrode to start vacuum arc. The anode was a 

tungsten wire placed parallel to the cathode surface. In this experiment, the vacuum arc was powered by 

anode RC circuit charged to 200 V.  The arcing current was measured by a low inductive shunt.  

As a result, the distribution of the threshold currents was obtained. The threshold current value is much 

lower than for ordinary tungsten.  

   

 

Fig.1. Typical waveform of arc current.  
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Complex investigations of vacuum discharge with FUZZ coated tungsten cathode were done. The 

waveforms of vacuum arc current, interelectrode voltage drop and plasma luminescence were stored and 

analysed. The cathode spot erosion traces were obtained for small current short discharges. 

It was found that the vacuum arc on the FUZZ cathode significantly more unstable. The discharge 

current and interelectrode voltage drop can arbitrarily change the burning modes. Sometimes the discharge 

become high voltage small current discharge with the discharge parameters close to glow discharge ones. 

This low current mode can be suddenly changed to the high current low voltage mode. The vacuum arc on 

the FUZZ cathode does not have the threshold current which is essential property of the vacuum arc 

discharge on the clean tungsten cathode. 

 

Fig.1. The erosion traces leaved by five low current short-term discharges (10mks,4A) 

The erosion traces on the cathode surface show the fractal nature of the cathode spots on the FUZZ 

coating. There are no traces of the second type of cathode spot well-defined craters. The erosion traces look 

like a chaotically melted surface. The more discharges were burn on the place the larger erosion traces area. 

It was established that the short-term discharges could not clean the area around a ignition point. The cathode 

spot usually burns on the FUZZ coating at the end of discharge. 
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Recently, processing methods associated with the use of charged particle beams are often used to 

improve the performance of metals and alloys and create protective coatings. In the process of electron and 

ion beam exposure accumulation of defects, formation of metastable phases and nanocrystalline structure are 

observed in the subsurface layer of metal polycrystals [1–2]. In this case, the presence of hydrogen in the 

material can significantly affect the structure formed in the subsurface layer. The surface structure, which has 

a high defect density and contains metastable phases, can have a considerable effect on the properties of 

materials. 

In this work, the effect of irradiation with a pulsed beam of carbon ions on the structural and phase state 

and mechanical properties of hydride-forming alloys of the Zr-Nb-H system was studied. 

Zirconium Zr-2.5Nb alloy with a hydrogen content of 0.002 and 0.19 wt.% (hereinafter, Zr-2.5Nb and 

Zr-2.5Nb-0.19Н alloys) was used as a material for the study. To assess the effect of irradiation on the 

structure and properties, the samples were irradiated with a pulsed beam of carbon ions with the TEMP 

accelerator [3]. The peak energy of carbon ions was 200 keV, the ion current density was 100 A/cm2, and the 

duration of the ion current pulse was 200 ns. The ratio of H+/Cn+ ions in the beam was 20%/80%. 

In the initial state in the Zr-2.5Nb alloy, particles of the Nbβ phase are observed in the bulk and at the 

grain boundaries. The volume fraction of particles determined by the standard grid method in optical images 

of the alloy structure is 3–4%. At the same time, according to the data of X-ray diffraction analysis, in the 

initial state, the alloy contains only the Zr phase, which is due to the low volume fraction of the secondary 

phase and the presence of a crystallographic texture in the Zr phase. 

Hydrogenation of the alloy to a hydrogen concentration of 0.19 wt.% does not lead to any noticeable 

structural changes. However, according to the data of X-ray diffraction analysis, the phase composition of 

the alloy changes as a result of hydrogenation. In addition to the main Zr phase, the Nbβ phase appears in 

the Zr-2.5Nb-0.19Н alloy and precipitations of ZrН and ZrН2 hydrides are also observed. In this case, the 

texture in the Zr phase is preserved. 

As a result of irradiation with a pulsed beam of carbon ions, an insignificant number of shallow craters 

are observed on the surface of Zr-2.5Nb and Zr-2.5Nb-0.19H alloys. In this case, the phase composition of 

the alloy also changes: in addition to the Zr phase with the texture preserved as a result of irradiation, 

precipitates of the Zr phase appear in the alloy. At the same time, in a hydrogenated alloy, irradiation leads 

to more significant changes in the phase composition. In addition to the main Zr phase with an unchanged 

crystallographic texture, the Zr phase also appears in the alloy, the volume fraction of the Nbβ phase 

decreases, and the ZrH2 hydride precipitates are completely dissolved. 

Microhardness measurements for the samples in various states have shown that hydrogenation, as well 

as irradiation with a pulsed beam of carbon ions, results in the considerable changes in microhardness. Thus, 

in the initial state, the microhardness of the Zr-2.5Nb alloy samples is (130±7) HV, and after hydrogenation 

this value rises by 1.3 times, up to (166±7) HV. After irradiation, the values of microhardness for the Zr-

2.5Nb and Zr-2.5Nb-0.19H samples are (145±7) HV and (202±7) HV, respectively. 
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Drug-loaded electrospun fibers have been an object of interest for several decades now. Possibility of a 

steady, controlled drug release combined with extracellular matrix features have made them widely 

investigated topic of research.  

Synthetic biodegradable polymers are the most used sources for drug-loaded fiber production. Their 

advantages are: accessibility, high mechanical strength, predictable chemical interactions with body fluids and 

low immunogenecy. High molecular weight polymers are easier to process via electrospinning. However, high 

molecular weigh of the polymer could affect drug release rate.  

Several material modification methods are shown to modulate drug release dynamics [1]. We have 

previously demonstrated how electron-beam irradiation of electrospun drug-loaded scaffolds can increase drug 

release rate [2,3]. In this work we present results of the study of the drug release kinetic parameters and overall 

material properties dependance on the absorbed irradiation dose.  

Poly(ε - caprolactone) scaffolds with an incorporated chloramphenicol were the object of the research. 

Pulsed e-beam irradiation with doses 0, 25, 50 and 75 kGy were applied. Irradiation leads to changes in the 

molecular wight of the polymer and its crystallinity. Drug release profiles also change after modification. It 

has been demonstrated that the observed effects are dose and drug concentration dependent.  
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The radiation of the GOR-100M ruby laser (  = 0.694 mm) operating in the free oscillation 

regime (pulse duration ∼1.2 mc) passed through the focusing system and was directed onto the 

surface of metal (Ti, Cd, Cu, In) sample. Both mono-lens and two-lens systems were used for 

focusing of laser radiation. This avoided to form an image of a diaphragm on the surface of 

irradiated sample as a spot with the sharp borders. During the experiments a spot diameter was 

varied from 1 to 3 mm. This avoided to vary the flux density of laser radiation q from 104 to 106 W 

cm–2. The energy of the laser pulses varied from 5 to 50 J. The samples were treated from one and 

from both sides. 

For determination of structure changes in metal samples (continuous polycrystalline) having 

in equilibrium state the cubic side-centered crystalline grid before and after action of laser radiation 

we used X-ray difractometer DRON-2.0. Radiation Kα-line from the tube with copper anticathode 

filtered by standard nickel filter on wavelength 154,050 pm was used in the difractometer. 

Calculation of temperature changes after action on the target of each pick of free oscillation 
pulse was also fulfilled. 

During interaction of laser radiation with matter a number of changes in the treated sample 

can take place: changes of chemical composition of matter, phase transitions, defects of new types 

appearance, increase of already existing defects concentration, changes of inter-crystalline planes 

properties. 

For the titanium samples treated by laser radiation with the flux density of radiation q ~ 

5∙104 W cm–2 splitting of correlation function maxima was not observed. However the width of X-

ray difractograms was essentially changed. This effect testifies the considerable growth of 

crystalline grid defects concentration in the irradiated zone. Micro-hardness of titanium samples in 

the irradiated zones also considerably increased. The calculations show that after treating of 

titanium sample by laser radiation with the flux density q ~ 5∙105 W cm–2 number of crystalline 

elementary cells were subjected to the transformation from the cubic side-centered to the distorted 

(having a form of parallelepiped, different from the cub) can reach 50 %. 

For copper samples irradiated by laser beam with the flux density of radiation q ~ 5∙105 W 

cm–2 not only erosion but even splitting of the first maximum of correlation function was observed. 

It testifies to the transformation of the matter crystalline structure after its laser treating. In the 

irradiated zone the form of the crystalline elementary cell was changed from the cubic side-centered 

to the distorted (having a form of parallelepiped, different from the cub). Micro-hardness of metal 

samples in the irradiated zones considerably (30 % and even more) increased. It is also to be 

mentioned that after treating of copper sample by laser radiation with the flux density enough for 

the melting of metal in the irradiated zone (q > 106 W cm–2) any changes of X-ray difractograms 

were not observed and micro-hardness of metal samples in the irradiated zones slightly decreased. 

Estimation of the height of the first maxima of correlation functions before and after laser 

treating of copper samples permitted us to discover that 83 % of crystalline elementary cells were 

subjected to the transformation from the cubic side-centered to the distorted (having a form of 

parallelepiped, different from the cub). These data are in good consent with the results of 

calculations (~ 80 % of total number of the crystalline elementary cells). 
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Modification of different metals and its alloys with plasma flows and charged particles beams is widely 

used for improvement the physical properties and exploiting parameters. The pulse mode of interaction 

between the plasma flow or particle beam with the metal target is used. Taking into account both the short 

time of the pulse (not more than several hundred microseconds) and quite high energy density (several tens 

J/cm
2
), just the surface layer of the material is subjected to the modification of structure and phase 

composition. Many published works demonstrate the increase in hardness, wear resistance after the 

treatment. Other interesting and practically important problem connecting to investigation of oxidation 

resistance of the modified structures. Indeed, a lot materials work at elevated temperature that are much 

higher than room one and oxygen diffusion occurs very fast. Due to diffusion of oxygen atoms an oxide layer 

grows on the surface and the physical properties of the material degrade. So, the main aim of the present 

work is to find the main peculiarities of oxidation process in refractory metals subjected to compression 

plasma flows impact. 

The samples of commercial pure titanium, zirconium and tungsten were subjected to compression 

plasma flows (CPF) which were generated in magnetoplasma compressor of compact geometry. The plasma 

impact was made in pulsed mode with a pulse duration of 100 s. The samples were treated with plasma 

flows in the nitrogen residual atmosphere. The energy parameters of the plasma flows provided the absorbed 

energy density enough for melting of the surface layer. After this, the samples were placed in the furnace for 

annealing in open air atmosphere at temperatures 500 – 800 °C. 

The plasma impact melts the surface layer with a thickness of several micrometers and more. Due to 

high cooling rate of the melt the grain structure of the solidified layers is characterized with a small size of 

the grains. The oxidation process of the untreated samples shows the formation a set of oxide phases – TiO2 

(rutile) for titanium, ZrO2 (monoclinic type) for zirconium and volatile oxide WO3 for tungsten. According 

to the well-known diffusion law the amount of the oxide phases increases with the annealing time. The 

appearance of the oxide phase was found by means of X-ay diffraction method. The treated samples 

demonstrate the decrease in the diffraction signals from oxide phases after the oxidation at the same 

condition. Moreover, the time of beginning of oxide growth also increases, i.e. it requires more time for 

oxide film growth. The measurement of mass gain of the samples after the oxidation shows very weak 

difference between the treated and untreated samples. It means, the absolute amount of oxygen atoms 

penetrated inside the surface layer doesn’t depend of the plasma impact. Nevertheless, the small grain size 

increases the density of the grain boundaries which can work as ways for enhancement diffusion. The rate of 

the diffusion rises and prevent the surface layer from the oxygen accumulation and distortion of the lattice 

for phase transformation. 

Additional alloying of the samples with other elements during the plasma flows impact producing the 

solid solutions with distorted crystal lattice. In this case the oxidation process goes more slowly as the 

internal stress decelerated the diffusion of oxygen, 

The main results of the works show the promising approach of compression plasma flows influence on 

materials preventing them from oxidation at elevated temperatures. 
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The paper presents the evolution patterns of the tribological and mechanical properties of nitrided layers 

and nitride coatings on the surface of Cr12MoV die steel, created by the methods of ion-plasma nitriding, 

plasma-assisted electric arc depositing, and a combination of these methods, and also determines the optimal 

and efficient modes of ion-plasma treatment of die steel, which increase its wear resistance and hardness. 

As a material for the study we used Cr12MoV die steel (1.45–1.65 wt.% C; 11–12.5 wt.% Cr; 0.4–0.6 

wt.% Mo; 0.15–0.3 wt.% V). The samples were subjected to three types of ion-plasma treatment: 1 – 

nitriding; 2 – deposition of coatings, 3 – combined treatment, including nitriding and subsequent deposition 

of coatings. Die steel was nitrided in glow discharge plasma with a hollow cathode. High purity nitrogen and 

a mixture of Ar+N2 gases were used as the working gas. Determination of the effect of nitrogen content in 

the nitrogen-argon gas mixture on the properties of the nitrided layer was carried out at the same pressure of 

1 Pa for the following values of the nitrogen content in the working mixture: 100, 50, 25 and 10 %. The 

temperature of the samples during nitriding was 520 °C, the nitriding time was 3 h. The coatings were 

deposited using a plasma-assisted electric arc method on a modernized NNV 6.6-I1 device. To generate a 

metal plasma flow, two arc evaporators with cylindrical cathodes 80 mm in diameter made of Ti grade VT1-

0 and Cr (99.8 %) were used. The source of gas plasma with a hot and hollow cathode "PINK" was used for 

heating steel samples and their preliminary cleaning, as well as for additional gas ionization and assistance in 

the deposition of coatings. All coatings were deposited at a substrate bias voltage (–) of 150 V, a substrate 

temperature of 390–400 °C in a nitrogen-argon gas mixture (90 % (N2) and 10 % (Ar)) at a pressure of 

0.6 Pa. Single-layer coatings of the (Ti, Cr)N system were deposited, in which the Cr content was varied by 

changing the current of the chromium electric arc evaporator (40, 60, 80, 100 A). Multi-layer CrN/TiN 

coatings, in which the thickness of each layer and the number of layers (500 nm for 8 layers, 250 nm for 16 

layers, and 125 nm for 32 layers) were varied, were deposited at electric arc evaporator currents of 80 A (Ti) 

and 90 A (Cr). During combined treatment, nitriding was carried out in two modes: 1 – N2 gas at a pressure 

of 1 Pa (samples had a "white" nitride layer) and 2 – a mixture of gases 50 % N2 and 50 % Ar at a total 

pressure of 0.25 Pa (samples without nitride layer). The constant parameters in the nitriding processes were: 

substrate bias voltage (–) 600 V, substrate temperature 520 °C, and nitriding time 3 h. Before coating 

deposition, the nitrided samples were polished. The deposition of coatings on polished, nitrided samples was 

carried out by a plasma-assisted electric arc method using the best deposition modes in terms of tribological 

properties, namely, deposition of a CrN coating, a single-layer TiCrN (80/80) coating, and 32-layer CrN/TiN 

coating. Tribotechnical tests were carried out on a Tribotechnic tribometer under dry friction conditions with 

reciprocating movement of the sample relative to a counterbody in the form of an Al2O3 ball 6 mm in 

diameter. Nitriding of Cr12MoV steel in glow discharge plasma makes it possible to increase the wear 

resistance of the material by two orders of magnitude. The lowest wear coefficient was observed for the 

composition of the gas mixture N2 (10 %) + Ar (90 %), in which there is no "white" nitride layer. The nitride 

layer, the main phase of which is ε-Fe2-3N, is very brittle and during wear it breaks down and begins to act as 

an abrasive. It has been established that single-layer TiCrN coatings have a rather low coefficient of friction, 

on the order of 0.13-0.14. The most wear-resistant TiCrN coating is formed at electric arc evaporator 

currents of 80 A (Ti) and 80 A (Cr) and has a wear coefficient of 3.8×10
-7

 mm
3
/N*m, because in this coating, 

the main phase is (Ti, Cr)N, a phase with a face-centered cubic lattice of the NaCl type. It is shown that 

changing the architecture of multilayer coatings by reducing the thickness of the layers makes it possible to 

smoothly reduce the wear coefficient and friction coefficient to the values of 6.8×10
-7

 mm
3
/N*m and 0.28, 

respectively, characteristic of 32-layer CrN/TiN coating. With combined treatment, coatings deposited on 

steel in the initial state and after nitriding (with and without a nitride layer) have similar values of the wear 

coefficient. However, the results of the scratch test unequivocally show that the coatings on the nitrided layer 

have a significantly higher resistance to destruction, and combined processing is most appropriate in cases 

where high loads are applied to the surface of the stamping tool. 

                                                           
*
 The work was carried out within the framework of the state task of the Ministry of Science and Higher Education of the Russian Federation on topic 

No. FWRM-2022-0001. 
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UNIFORM ION DOPING OF NUCLEAR MATERIALS FOR SUBSEQUENT TEM STUDIES 
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During an operation of nuclear reactors there is doping of fuel materials and construction materials in 

the active core by nuclear reaction products. These products are mainly atoms of noble gases (e. g. Kr, Xe, 

He). The atoms are insoluble in most materials. They strive for segregation on structure defects. Such 

behavior leads to irreversible degradation of mechanical properties of the materials. The degradation is 

observed in the form of high-temperature embrittlement, creep, fatigue changes, swelling [1-4]. The radiation 

swelling is the main factor limiting time of exploitation for construction nodes and active core details in 

nuclear reactors [1]. Structure researches of materials doped by noble gases atoms are carried out with usage 

of transmission electron microscopy (TEM). Such studies are widely used for estimation of materials 

radiation resistance. 

As an alternative of difficult and expensive experiments using research nuclear reactors, it is possible to 

apply ion implantation [5]. However, the main problem of ion implantation is a complexity of getting 

required concentration of the doping impurity in a sample volume. Nowadays in Flerov Laboratory of 

Nuclear Reactions of Joint Institute for Nuclear Research a principle of uniform ion doping is developed. 

The principle is applied to material samples before further structure researches by TEM. As the base of the 

method is an idea of uniform scanning of ion zone stopping across the depth in target substance. For 

realization of the method, a construction of the target node was developed and made. In this construction a 

rotating target is irradiated. The rotation velocity changes across giving functional dependence versus 

rotation angle. Based on the theoretical calculation a software for control of target rotation and measure 

devices was created.  

Nowadays the uniform ion doping experiments are carried out at EG-5 accelerator (Frank Laboratory of 

Neutron Physics, JINR) using helium beams (He+) with the energy of 2.5 – 4 MeV for irradiation of metal 

samples. 
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Titanium carbide-based tungsten-free hard alloys (TFHA) are an inexpensive alternative to traditional 

hard alloys. One of the promising methods for modifying the structure and properties of hard alloy materials 

is their irradiation with pulsed energy flows: ions and electrons of micro- and nanosecond duration. There are 

works [1,2] in which a significant positive effect of these types of impact on the performance properties of 

tools made of traditional hard alloys based on WC. However, the study of the influence of various modes of 

ion modification on the change in the composition and properties of TFHA has not been studied enough, but 

is of great scientific and practical interest. In this paper, we study the influence of the impact of a pulsed ion 

beam (PiB) of nanosecond duration on the change in the morphology, structure and chemical state of TFHA 

of the "TiC-TiNi" system. The samples were irradiated at the «Temp» accelerator with a proton-carbon beam 

(30% H+ and 70% C+). The particle energy E was ≈250 keV. The duration of the irradiation pulse is τ ≈ 60 ns., 

beam current density ≈ 150 A/cm2.  

On fig. 1 shows the Ti_2p XPS spectra of the TFHA composition of 50% TiC-50% TiNi in the initial 

state (a) and after irradiation to one PIB pulse (b). 

 

  
(a) (b) 

Fig.1. XPS Ti_2p spectra TFHA 50% TiC – 50% TiNi: (a) – initial, (b) – irradiated sample  

In the initial state, the spectrum of titanium Ti_2p consists of three component, maximum which are 

located on the binding energies: 458.2 eV, 455.2 eV and 454.1 eV. They correspond to defective 

nonstoichiometric oxide TiO2-X, titanium carbide TiC, and titanium in the metallic state Ti0, respectively [3]. 

In the spectrum of the irradiated sample, the intensity of the components corresponding to metallic titanium in 

the composition of the TiNi binder and titanium carbide TiC increases significantly. Formation of Ti-C bonds 

can proceed with the participation of the reaction of adsorbed free carbon on the surface of the sample and 

metallic titanium, as part of the TiNi binder, as a result of high-temperature beam exposure. 

The impact of PIB leads to a significant melting of the surface of the TFHA "TiC-TiNi". On the basis of 

experimental studies, it has been established that this type of irradiation leads to an increase in the 

microhardness of the studied TFHA by ~ 20% and the resistance of samples to gas corrosion at high 

temperatures. The results obtained in the work can be used in the development of technological processes for 

the surface modification of titanium-based hard alloys. 
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The aim of the work is to develop methods and approaches to significantly improve the strength 

(microhardness) and tribological (wear rate and friction coefficient) characteristics of hypereutectic silumin 

(Al-22-24% Si) by creating hardened surface layers as a result of irradiation with a pulsed electron beam 

of the “film ( ZrTiCu) / (hypereutectic silumin) substrate".  

The thermal stability of the structural-phase state of a modified specimens layer of a hypereutectic silumin 

by a pulsed electron beam was studied under annealing conditions (2000С and 4000С for 2 and 4 hours) in 

an argon atmosphere at a residual pressure of 0.1 Pa.  

It has been established that exposure of hypereutectic specimens, treated by a pulsed electron beam (25 

J/cm2, 200 μs, 3 pulses), at a temperature of 2000C for 2 and 4 hours, does not lead to the destruction of the 

high-speed cellular crystallization structure and intensive decomposition of the solid solution based on 

aluminum with the formation of silicon and intermetallic compounds nanosized particles. 

Exposure of silumin specimens irradiated with a pulsed electron beam (25 J/cm2, 200 μs, 3 pulses) at a 

temperature of 4000C for 4 hours led to partial destruction of the structure of cellular crystallization and 

growth of cells, as well as an increase in the size of particles of the second phase located at the boundaries 

of the cells. 
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Nanoscale dynamic effects and processes in metals and alloys are considered for cascade-forming types 

of irradiations by heavy ions, neutrons, and fission fragments. The role of these processes is beyond the 

scope of classical radiation physics of condensed matter. 

The sources of shock-wave effects studied and used in practice are the regions of passage of dense 

cascades of atomic displacements, r ~ 5 nm, thermalized over times of the order of one trillionth of a second 

(thermal spikes) with gigantic temperatures and thermal pressures in these regions (T = 3000-6000 K, P = 5-

40 GPa), which are sources of powerful elastic and shock post-cascade waves. Shock-wave effects must be 

taken into account for cascade-forming types of irradiation, along with purely migration processes involving 

radiation defects, which are considered by classical radiation physics. 

A theory of self-propagating (theoretically over unlimited distances) structural-phase transformations in 

metastable media initiated by ion bombardment has been developed. 

In practice, this ensures: 1) an increase in the zone of action of penetrating radiation on materials by at 

least 3-5 orders of magnitude, in particular, the depth of action of accelerated ions (with energies of tens and 

hundreds of keV) up to several mm or more with projective ranges Rp of such ions in substance within only 

0.01-1 μm; 2) lowering the temperature of initiated transformations by tens and hundreds of degrees 

compared to similar thermally activated processes; 3) an increase in the rate of migration of atoms by several 

orders of magnitude in comparison with thermally and radiation-stimulated processes. 

The report considers examples of radiation-induced processes (structural-phase and intraphase 

transformations) in metals and alloys with changes in electrical, magnetic, mechanical, resource, and other 

characteristics. 

Practical applications concern the modification of the properties of functional materials. Namely, the 

modes of ion-beam processing are proposed, providing: zero value of the TCR of high-resistance alloys for 

precision resistors of the Fe-Pd-Au system (in the range of T=300-700 K). As a result of joint work with 

scientific and technical organizations and industrial enterprises, a decrease in watt losses for magnetization 

reversal was achieved (from 5 to 35%) for strips of transformer steels and nanocrystalline tapes made of 

magnetically soft materials (a patent was received). 

A technology has been developed for multiply accelerated cold radiation annealing of sheets and 

profiles of industrial aluminum alloys (together with Kamensk Uralsky Metallurgical Works (KUMZ)) by 

beams of accelerated Ar+ ions (E = 20-40 keV) for 5-30 s at 150-200 K temperatures, providing a 2-3-fold 

reduction in labor intensity and energy intensity of the process, instead of a long 2-6 hours of standard 

intermediate furnace annealing. There is a patent for the method of ion-beam processing and an act of 

approbation at JSC KUMZ with a recommendation to use the process as a breakthrough industrial 

technology. 

It has been established that the irradiation of hot-pressed and aged profiles from alloys D16 (Al-Cu-Mg) 

and B95 (Al-Zn-Mg-Cu) for several seconds with small (1015-1016 cm-2) fluences of Ar+ ions (E = 20 keV) 

increases their plasticity. At the same time, the resource during standard tests at loads of the order of 0.3σu 

(measured by the number of cycles before failure) increases for these alloys, respectively, by 2.4 and 5 times 

(from several hundred thousand to a million cycles and more). 

Rapid (within a few seconds) processes of formation in alloys of phases depleted and multiply enriched 

in chemical elements during ion bombardment at temperatures much lower than the activation threshold for 

thermal diffusion have been discovered, which are of fundamental interest. The emerging near-equilibrium 

states cannot be obtained by any other means. This makes it possible to detect theoretically predicted as well 

as unknown low-temperature phases (which are "things in themselves") with unknown properties. 

Based on the analysis of the emission spectra of targets made of Al, Fe, W, Zr, and other metals, for the 

first time, measured the temperatures of the above-mentioned thermal peaks and estimated the thermal 

pressures. The substantiation of a unified fractal structure of cascades of atomic displacements in a given 

target is given, regardless of the nature and energy of cascade-forming radiation, which is the basis for the 

legitimacy of simulation studies of the radiation resistance of reactor materials.  
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Plasmonic nanostructures attract high attention due to their promising ability to enhance the 

physicochemical effects of various devices and sensors [1]. At the micro level LSPR effect can be controlled 

by setting the required form to plasmonic nanoparticles. Promising plasmonic nanostructures for photonic and 

optoelectronic devices are copper core-shell nanoparticles. In a solid possible controllable growth of plasmonic 

nanoparticles in spinel matrix was induced by the method of ion implantation of glasses and radiation-resistant 

monocrystals of MgAl2O4 [2]. The aim of this work is to study the optical characteristics of plasmonic 

nanoparticles formed during spinel ion implantation. 

We chose transparent nanocrystalline MgAl2O4 ceramics as a radiation-resistant material for ion-

implantation. Plasmonic copper nanoparticles synthesized by pulsed ion implantation with the synthesis 

parameters: ion type is Cu2+; working atmosphere is Ar; implantation dose is 1 ×1017 cm-2; accelerating voltage 

of ions is 30 kV; pulse time is 0.4 ms; discharge current is 60 A. The bombardment was perpendicular to the 

sample surface. 

We analyzed the dependence of the polarization plane of transmitted radiation on the sample rotation 

angle. Irradiation of plasmon particles with polarized light resolves the SPR band to two maxima (fig. 1a). 

Two-mode structure of SPR band and its dependence on sample rotation angle and the polarizer position show 

that the particles have an ellipsoidal shape, and these modes are characteristic for the major and minor axes of 

the ellipsoid [1]. The two-mode structure of the LSPR band in the polarized optical absorption spectra indicates 

that the particles in the sample are oriented not chaotically, but co-directionally. Figure 1b shows the 

approximate orientation of the particles. Additionally, we calculated optical characteristics of plasmonic 

nanoparticles with the finite element method the, as well as the calculation of the electric field strength near 

an ensemble of codirectional plasmonic nanoparticles 

 

Fig.1. Optical absorption spectra in polarized light (a), approximate orientation of particles formed during implantation (b) 

The sensitivity of plasmons to polarized light causes the appearance of microstresses as a result of the 

coincidence of the polarization planes with the direction of the major and minor axes of the ellipsoid. A 

conceptual model has been developed for the formation of nonspherical nanostructures as a result of highly 

nonequilibrium impacts. 
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One of the methods for increasing the electrical strength of vacuum insulation is the preliminary 

polishing of the electrodes with a low-energy high-current electron beam (LEHCEB) [1]. A specially 
selected mode allows us to evaporate or dissolve a significant part of the foreign inclusions in the near-
surface volume of the electrode, and make the surface itself smooth. Such treatment allows to increase the 
pulsed electrical strength of millimeter vacuum gaps to values exceeding 1 MV/cm. However, these values 
remain more than an order of magnitude less than the theoretically achievable limit which due to the onset of 
intense field emission from a smooth and chemically pure homogeneous metal surface. A probable reason 
for this limitation is residual dielectric or semiconductor inclusions fixed in the matrix of the substance, 
creating triple points on which the electric field is concentrated. 

Earlier, we pointed out the possibility of selective removal of the initial surface inclusions by separate 
short-pulse conditioning of stainless steel electrodes under plasma [2]. After finishing treatment the 
conditioned electrodes by the LEHCEB, the results were contradictory. Despite the fact that the average 
value of the pulsed electrical strength of the vacuum gaps practically did not change, the spread of this value 
increased so much that individual vacuum gaps showed record high values close to 2 MV/cm. This indicated 
the possibility of further work to improve the quality of vacuum insulation. Based on the short-pulse plasma 
conditioning method developed in [2], in this paper, additional actions were taken to stabilize the pulsed 
electrical strength of vacuum gaps at relatively high levels close to 2 MV/cm. 
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The initiation of electric breakdown of vacuum gaps is usually associated with geometrical and/or 

chemical nonuniformities of the electrode surface having high emissive activity: microprotrusions, pores, 
micro- and nano-particles, dielectrical or semi-conductive films, secondary phase inclusions [1]. In the 
conditions of using modern methods of materials surface cleaning [2], the factor of electrical strength 
limitation of vacuum gaps should be sought not only on the surface, but also inside surface layer of electrode 
material. Recent theories indicate that the initiators of the vacuum breakdown may be defects of crystal 
structure of electrode material, most likely the dislocations [3]. 

In this work a possibility of the electrical insulation improvement in vacuum by formation of 
amorphous alloys on the metallic electrodes surfaces has been studied. It is assumed that the polishing of the 
electrodes with a low-energy high-current electron beam in a specially selected mode will allow us to 
evaporate or dissolve a significant part of the foreign inclusions in the near-surface volume of the electrode 
and make the surface itself smooth. The use of amorphous alloys will avoid the factors of electrical strength 
limitation connected with defects of the crystal structure of the electrode material. 
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This paper presents the results of an experimental evaluation of the use of thermal plasma energy for the 

synthesis of ceramic samples based on spinels. Electric arc plasma torch was used as source of thermal energy, 

which made it possible to realize the complete synthesis of homogeneous melting products in terms of chemical 

composition. Аnalysis of the microstructure and phase composition was carried out to identify the key factors 

influencing the processes formation the microstructure of ceramics by the plasma melting method. 

The following materials were chosen as the starting material for the synthesis of spinel-based ceramic 

samples: boehmite γ-AlO(OH), quartz sand β-SiO2, magnesite MgCO3. The component composition of the 

prepared charge corresponded to 30/10/60 wt. %. The prepared mixture was granulated to a fraction of 

agglomerates of 3–5 mm. An aqueous solution of sodium silicate Na2O(SiO2)n with a concentration of 8% 

was used as a binder. The melting of the prepared samples was carried out on an experimental stand, 

including: electric arc plasma torch with remote discharge, nozzle diameter 5 mm; graphite crucible h=55, 

d=35, δ=3 mm; source of power CUT 160. The operating parameters of the plasma torch during the 

experiments corresponded to: current strength 100 A; voltage 120 V, thermal efficiency 87%, plasma gas 

flow rate 15 nl/min, exposure time 30 s. 

Fig. 1, a shows diagram of the experimental stand. Fig. 1, b electronic images of the surface obtained 

melt product.  

  
а b 

Fig. 1. a – scheme of the process synthesis of ceramic samples based on spinels;  

b – electronic image of the sample surface х500 

As can be observed (fig. 1, b) the surface morphology of the synthesized spinel-based ceramic sample 

is represented by clear separation of grains by connected fibers. The shape of the grains is close to oval, and 

the structure has dendritic structure. According to the XRD results, the products are characterized by 

crystalline phase MgAl2O4. The main intensity of the diffraction peaks is at 2θ = 36.8, 44.8, 65.2°; no other 

impurities were found. Obviously, the grains are the centers of MgAl2O4 nucleation. Thus, in the work of 

showing the possibility of using electric arc plasma in the synthesis of ceramic samples based on spinels 

based on natural materials. 
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HIGH-VOLTAGE NANOSECOND PULSES AND DIELECTRIC BARRIER DISCHARGE IN AIR 
CONSEQUENCES ON PHYSICOCHEMICAL PROPERTIES OF NATURAL ILMENITE* 
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 Institute of Comprehensive Exploitation of Mineral Resources of the Russian Academy of Science, IPKON RAN, Moscow, Russia 
 
Ilmenite (FeOTiO2 or FeTiO3) and rutile (TiO2) are the main mineral resources to beneficiation in 

titanium (TiO2) content for subsequent hydrometallurgy. Gravity and magnetic separation, flotation are often 
combined to the separation of ilmenite and rutile from gangues. For ilmenite, there are many pretreatment 
methods to improve its flotability, such as the surface dissolution, roasting, oxidation, introducing ions, 
attrition-scrubbing raw ores, and microwave irradiation. In this paper we present the results of experimental 
studies on the impact of two types of nonequilibrium electrical discharges (high-power electromagnetic pulse 
(HPEMP) and dielectric barrier discharges (DBD) in air at atmospheric pressure) have on the surface 
morphology, microhardness, and physicochemical properties of natural ilmenite (Juina deposit of Brazil). 

With the HPEMP effect, the duration of high-voltage nanosecond pulses was 4–10 ns. Pulse amplitude 
U~25–30 kV; strength of the electric field in the 5 mm interelectrode gap, E~107 Vm−1; rate of pulse 
repetition f=100 Hz. Electrode voltage in the cell of the barrier discharge generator, 20 kV; pulse duration, 8 
μs; duration of a pulse leading edge, ~300 ns; rate of pulse repetition, 16 kHz; length of interelectrode gap, 
~5 mm. The duration of sample treatment varied in the range ttreat=10–150 s. Infrared spectra (FTIR) of 
ilmenite were recorded throughout the region of 4000–400 cm−1 (spectral resolution, 4–6 cm−1) using a 
Nicolet-380 spectrometer equipped with a special Smart Diffuse Reflectance accessory. Morphology, 
defects, and elementary composition of new micro- and nanoformations on mineral surface of ilmenite 
particles have been investigated using methods of Scanning Electronic Microscopy, X-ray Spectral 
Microanalysis (SEM–EDX) and Confocal Laser Scanning Microscopy (CLSM). The mineral’s 
microhardness was determined according to Vickers (HV, MPa) using the standard he procedure and a PMT-
3М microhardness tester. The load on the indenter was 100 g, and the period of loading was 10–15 s. 

Extended fragmented traces of streamer discharges with a complex discrete internal structure formed on 
the surfaces of ilmenite particles as a result of brief (ttreat=10–30 s) nonthermal HPEMP treatments (Fig. 1а). 
When the duration of electrical pulse treatment was extended, ilmenite microhardness fell monotonically 
from ~670 MPa in the initial state to ~520 MPa (ttreat=150 s). The relative drop in microhardness ΔHVmax was 
~22.4%. The morphological changes in the mineral surface due to the DBD effect were related to the 
formation of erosive microcraters and paths (Fig. 1b) that resembled microstructural features of the imprints 
(autographs) of current channels of high-voltage microsecond spark discharge. The ilmenite’s microhardness 
fell monotonically (from 670 MPa in the initial state to 590 MPa at ttreat=150 s, ΔHVmax was ~12%). 
Advantages are shown of using brief energy (HPEMP and DBD) treatments (ttreat=10–30 s) to modify the 
chemical structure of surfaces of ilmenite and its physicochemical properties (contact angle, and 
electrokinetic potential) in order to improve the efficiency of processing complex titanium ores. 
 

(a)   (b) 

Fig.1. SEM-images of ilmenite surface as a result of (a) HPEMP and (b) DBD treatment (ttreat=50 s). SEM; scales 60 μm.  
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Ceramic composites based on aluminum oxide and zirconium dioxide are used in conditions of high 

thermal and mechanical loads. The Al2O3-based material is highly corrosion resistant, resistant to most 

organic and inorganic acids and salts. The main disadvantage of this material is low crack resistance in a 

number of structural ceramics. To eliminate this disadvantage, an additive of zirconium dioxide (ZrO2) is 

used, which has high hardness, corrosion resistance, and high crack resistance among ceramic materials. By 

combining the two components ZrO2 and Al2O3, solid and durable Al2O3-ZrO2 ceramics are obtained. Due to 

the contribution of highly solid Al2O3, the phases of zirconium oxide are stabilized. 

Currently, there are many ways of sintering Al2O3-ZrO2 composite. One of the most novel methods that 

allows sintering in a short time is electron beam sintering in the forevacuum pressure region. When 

irradiating nonconducting ceramic materials at working gas pressures of several tens of pascals, the charging 

of the surface is reduced due to the plasma generated by the electron beam. In addition, as it was shown 

earlier, when the ceramic is heated, its electrical conductivity increases, which also helps to reduce the 

charge on its surface [1]. There have been no detailed studies of this phenomenon to date, which served as 

the subject of this study. Figure 1 shows the dependence of the current flowing through Al2O3-ZrO2 ceramics 

when it is irradiated with an electron beam. A composite consisting of 75% (wt.) Al2O3 and 25% (wt.) ZrO2 

was used as a target. 

0 200 400 600 800 1000
1000

1100

1200

1300

1400

1500

1600

1700

t, s

T
, 

o
C

10

100

1000

10000

 I
, 


A

 

Fig.1. The dependence of temperature and current flowing through Al2O3-ZrO2 ceramics during its sintering.  

 

It can be seen that during electron-beam irradiation of the composite, the current through the sample 

increases with increasing temperature. The increase in current is due to an increase in the electrical 

conductivity of ceramics and can lead to additional heating of ceramic grains due to the flowing current. 

Such heating helps to reduce the sintering time of ceramics. The simulation of the current flow showed that 

the current value also depends on the composition of the ceramics. 
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The structure of the crater formed on the surface of tantalum after the impact of high power pulsed ion 

beam (HPPIB) (carbon ions Cn+, accelerating voltage 250 kV, pulse energy density 2.6-3 J/cm2 , current density 

130-150 A/cm2) was studied by scanning electron microscopy. 

After exposure to three pulses, cracks form on the surface along the direction of deformation of tantalum. 

Also round-shaped microcraters with a diameter of 2-5 microns form on the surface. The relief of the modified 

surface is smoothed out. After exposure to 10 pulses, the size of craters increases to a diameter of 20-30 

microns.   

 

 a b c 

Fig.1. Top-view topography of the surface of samples of tantalum before (a) and after 3 (b) and 10 (c) pulses of HPPIB processing at 

F=2.6 - 3 J/cm2. 
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Elaboration of new methods of polycrystalline silicon films formation on low-melting substrates is of 

great interest today [1]. Using of such substrates (glass or plastic) has two main advantages: decrease of the 

end product cost and extension of the possible application toward wearable devices. An original approach to 

amorphous silicon film crystallization on glass [2] and polyimide [3] substrates was developed by our group. 

This approach using common fiber 1064 nm laser and thin metal layer for laser power absorption on the top 

of the a-Si film to be crystallized. Applying Al or Ni as a metal for absorption layer the temperature of c-Si 

formation can be lowered due to metal-induced crystallization mechanism [4]. This work is devoted to 

developing of simple estimation approach of heat energy transferring to amorphous silicon layer and 

underlying substrate during laser-assisted metal induced crystallization. 

We considered a simple static case of heat distribution between metal absorption layer and amorphous 

silicon film. Estimation was done for 1000 nm thick a-Si film with 300 nm Al absorption layer. Laser 

processing parameters were the following: beam diameter 20 m, pulse power 0.2, 0.4 and 0.6 W and the 

laser scanning rate was varied from 25 to 250 mm/s. To take into account speed variation the laser fluence 

was calculated according with the work [5]. Taking into account material constants for Si and Al and the 

laser processing parameters it is possible to evaluate a maximum laser scanning rate for Al layer completely 

evaporized that is near 200 mm/s. Decreasing the scanning rate leads to increase of excessive heat energy 

transferred to a-Si film. Dependence of excessive energy vs. scanning speed for three levels of pulse power is 

shown oh Figure 1. 

 

Figure 1. Excessive heat transferred to a-Si film for varied scanning rate and pulse power 

It can be concluded that optimal crystallization conditions are 0.2 W pulse power and 150-200 mm/s 

scanning rate. The a-Si film start to melt but its evaporation is not occurred yet. 
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It is known that to increase the duration of the surfaces of machine parts and mechanisms, hardening 

chemical-thermal treatment is used. Recently, laser surface treatment of metals and alloys has been 

expanding. With this treatment, the temperature effect and its duration are important factors that determine 
the result of the treatment. This paper presents a computer model that makes it possible to determine and 

predict temperature fields on the surface of a sample during laser pulsed processing. The paper considered a 

two-dimensional problem of modeling thermal fields and thermal cycle. The calculations were carried out 
using the COMSOL Multiphysics®. 

On Fig. 1. shows the direction of heat fluxes arising on a sample with dimensions of 4 × 4 × 1.5 mm. 

Where Q1 is the heat flux from the pulsed laser source and directed to surface 2, Q2 are heat losses from 

convective heat exchange between the environment and the body, directed from surfaces 1, 2 and 3, Q3 are 
heat losses from radiation directed from surfaces 1, 2 and 3. Surface 4 is assumed to be isolated. 

 

Fig.1. Two-dimensional calculation scheme of the thermal model.  

This article presents a two-dimensional computer model of thermal processes when a material is heated 

by a stationary laser beam in a pulsed mode, which makes it possible to predict and study thermal cycles for 

various technological processing parameters. In addition, the developed model makes it possible to calculate 
thermal cycles and fields at different sample depths. 

The obtained results of the calculation make it possible to determine the optimal technological modes 

that are relevant for chemical-thermal and heat treatment without melting the surface of metals and alloy. 
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Trends in the development of modern technologies require the development of new and improvement 

of existing composite materials, both organic and inorganic. One of the promising materials from the point of 

view of technology are various composites based on a matrix of alumina ceramics [1]. The physical and 

mechanical properties of finished products depend both on the initial composition of the compacted mixture 

and on the technology of its further sintering. Plasma electron-beam technologies developed at the TUSUR 

Department of Physics make it possible to treat conductive and non-conductive materials [2]. One of the 

areas of work of this research team is the electron-beam sintering of ceramics [3]. This work is devoted to 

the study of current flow through a sample of alumina ceramics with the addition of 10% titanium. 
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Fig. 1. Dynamics of changes in the flowing current through the sample during electron-beam sintering 

of aluminum oxide ceramics with titanium depending on temperature 

 

Several characteristic areas can be clearly distinguished from the graph presented in Fig. 1. So, at 

temperatures of the surface of the sintered sample from 1200 to 1350 ℃, a monotonous increase in the 

current flowing through the sample is observed, while the current reaches about 1000 μA. With a further 

increase in the sample temperature in the range of 1400-1630 ℃, the current growth stops. However, when a 

certain critical temperature value of 1630-1640 ℃ is exceeded, a sharp decrease in current is observed down 

to a change in polarity, and upon subsequent heating, the current again increases to the previous values and 

even higher. Such dynamics of the current flow, namely, the observed current drop through the sample, can 

be explained by the thermionic emission of titanium on the surface of the compact. With the subsequent 

evaporation of titanium, the current returns to its original values. 

 
The work on electron beam formation was partly supported by the grant from the Ministry of Science and 

Higher Education of the Russian Federation within the framework of the 2021 competition "Creation of new 

laboratories, including under the guidance of young promising researchers" of the national project "Science and 

Universities" FEWM-2021-0013, whereas investigation of the current passing through the samples was supported by 

Council on Grants of the President of the Russian Federation under the project  MD-754.2021.4. 
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EVOLUTION OF THE STRUCTURE AND PROPERTIES OF AISI 1020 STEEL SUBJECTED TO 

"ELION" NITRIDING IN A LOW-PRESSURE GAS DISCHARGE PLASMA* 

YU.H. AKHMADEEV, I.V. LOPATIN, YU.F. IVANOV, E.A. PETRIKOVA, M.E. RYGINA 

Institute of High Current Electronics SB RAS, Tomsk, Russia 

 

The nitriding technique for steel AISI 1020 with electron plasma component sample heating 

has been developed. A nitriding regime for 500 µm thick hardened layer formation has been 

revealed (Fig. 1). The steel surface layer microhardness increasing with an increasing in the 

nitriding temperature is shown that correlates with the relative content of the nitride phase. The 

maximum microhardness value in nitriding temperature range from 450 to 600°C was fixed at a 

temperature of 520°C in the near-surface layer at a depth of ≈10 µm. The steel wear resistance was 

established as depending on the nitrogen atoms concentration in the crystal lattice of α-Fe. The 

micropores in the steel surface layer nitrided at 520°C is shown to contributes the material wear 

increasing under dry friction conditions. 

 

Fig.1. Microhardness profiles of AISI 1020 steel samples subjected to nitriding at temperatures of 600°C (curve 1), 520°C (curve 2), 

and 450°C (curve 3); curve 4 - AISI 1020 steel in the initial state 

Nitriding of AISI 1020 steel samples was carried out in the “elion” mode, which provides 

efficient heating of the processed samples by the electronic component of the plasma. 

It has been established (using X-ray microanalysis) that the nitrogen concentration in the 

surface layer of steel varies nonmonotonically, reaching a minimum value of 13.5 at. % at a 

nitriding temperature of 520 °C. It is shown that after steel nitriding at temperatures of 520°C and 

600°C, the main phase (85 and 93 wt. %) of the surface layer of the samples is iron nitride of 

composition Fe4N; at a lower temperature, the main phase (97 wt. %) is a solid solution based on α-

iron. 

It has been found that the microhardness of the surface layer of steel increases with an increase 

in the nitriding temperature and depends in a correlated manner on the relative content of the nitride 

phase. It is shown that the maximum value of microhardness at nitriding temperatures of 450 °C 

and 600 °C is fixed on the nitriding surface; at a temperature of 520 °C - in the subsurface layer at a 

depth of ≈10 µm. The greatest thickness of the hardened layer (up to 500 µm) is achieved after 

nitriding at 520°C. It has been established that steel samples nitrided at 520°C are characterized by 

relatively high wear values, which is primarily due to the presence of micropores that contribute to 

material embrittlement. 
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IMPROVEMENT PROPERTIES OF PROTECTIVE COATINGS ON ZIRCONIUM ALLOYS AND 

AUSTENITIC STAINLESS STEELS BY PRE-TREATMENT WITH HIGH-INTENSE PULSED ION 

BEAMS
*
 

 V.A. TARBOKOV1, M.S. SLOBODYAN2, S.K. PAVLOV1, E.A. SMOLYANSKIY1, D.G. KROTKEVICH1, V.A. RYZHKOV1,   

V.V. UGLOV3, G.E. REMNEV1  

1Tomsk Polytehcnic University, Tomsk, Russia 
2 Tomsk Scientific Center of the Siberian Branch of the Russian Academy of Sciences, Tomsk, Russia 

3Belarusian State University, Minsk, Belarus 

 

 

We have investigated the effect of pre-treatment of metal substrates with a high-intense 

pulsed ion beam (HIPIB) on functional properties of subsequently deposited protective coatings. 

Austenitic stainless steel and the Zr-1%Nb alloy have been studied, which are widely used in the 

nuclear industry as a structural material for fuel assemblies. The following irradiation parameters 

have been applied: the accelerating voltage of 200kV, pulse duration of 90ns, and the energy 

density per pulse of 1.5J/cm
2
. After irradiation, coatings of both Fe-Cr-Al and Al-Si-N systems 

have been deposited by magnetron sputtering. Then, both normal and loss-of-coolant accident 

(LOCA) conditions for water-cooled nuclear reactors are simulated. In the first way, radiation 

damage was modeled using protons accelerated to 400keV at a current density of 0.667μA/cm
2
 and 

a fluence of 2.25∙10
16

 proton/cm
2
. The second modeling method was the hydrogenation of samples 

in hydrogen (purity 99.999%) at a temperature of 360°C and a pressure of 2 atm. for 80 minutes. 

After irradiating the coatings with protons or saturating them with hydrogen, high-temperature 

oxidation of the samples was carried out in air and steam at a temperature of 1000ºC for 180 

seconds. Finally, the oxidized samples have been studied by scratch tests and subsequent 

investigations using scanning electron microscopy in order to understand the effect of the pre-

treatment procedure. 

The results of testing samples for resistance to high-temperature oxidation have showed that 

the HIPIB treatment of the surfaces of both stainless steel and zirconium alloy has reduced their 

weight gain. In addition, the HIPIB pre-treatment of the stainless-steel surface has enhanced 

adhesion of both Fe-Cr-Al and Al-Si-N coatings under the simulated normal and LOCA conditions. 

 

                                                           
* The work was supported by RFBR and ROSATOM, project number 20-21-00025.  
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SYNTHESIS OF TI-6AL-4V SURFACE LAYER ALLOYED WITH Ag BY COMBINED ION-

PLASMA TREATMENT 

A.V. BASALAI1, N.N.CHERENDA2, A.YU. ISOBELLO1,  

A.P. LASKOVNEV1, V.V. UGLOV2, V.M. ASTASHYNSKI3, A.M. KUZMITSKI3 

1 State Scientific Institution “The Physical Technical Institute” of the National Academy of sciences of Belarus, Minsk, Belarus  
2Belarusian State University, Minsk, Belarus,  

3A.V.Lyikov Heat and Mass Transfer Institute of the National Academy of sciences of Belarus, Minsk, Belarus 

 

Titanium alloys (in particularly Ti-6Al-4V) are widely used in the manufacture of medical implants. It 

is widely accepted that post-operative implant-related infections are associated with biofilm, dense 

extracellular polymeric substances produced by adherent microbial aggregates [1]. One of the widely 

adopted strategies is to incorporate antimicrobial agents into the implants. Common methods for improving 

the antibacterial properties of the implants surface include plasma spray, magnetron sputtering, microarc 

oxidization [2], etc. It is known that Ag atoms are effective as a broad-spectrum bactericide even against 

drug-resistant strains [1, 3]. Thus improvement of antibacterial properties can be achieved by additional 

surface alloying of the Ti-6Al-4V alloy with argentum atoms.  

The formation of a titanium-based surface alloy containing argentum was carried out by preliminary 

deposition of a argentum coating with a thickness of ~ 2 μm on samples of the Ti-6Al-4V alloy by the 

method of vacuum cathode-arc deposition and subsequent exposure to compression plasma flows (CPF). The 

samples were processed by three pulses of CPF generated in the nitrogen atmosphere. Energy density 

absorbed by the surface was varied from 26 to 43 J/cm
2
 per pulse. The surface morphology of the samples 

was studied using scanning electron microscopy. The elemental composition of the samples was determined 

by X-ray spectral microanalysis (X-ray microanalysis) using Oxford X-ray detector coupled to a scanning 

electron microscope. The phase composition was investigated by X-ray diffraction analysis.  

It has been established that the impact of the CPF on the Ag/Ti-6Al-4V system led to the formation a 

surface titanium layer alloyed by aluminum, vanadium, and silver with a uniform distribution of elements. 

The findings showed that plasma treatment resulted in the formation of α-Ti solid solution containing 

alloying elements in the surface layer  and δ-TiN on the surface. The surface nitride film had a dendritic 

structure in all processing modes, which is associated with crystallization under conditions of a high cooling 

rate. The phase and elemental composition of the formed surface alloy depended on the energy absorbed by 

the surface layer. Growth of the energy absorbed by the surface led to decrease of silver concentration (from 

20 to 7 wt.%).  

The mechanisms and the reasons of the observed effects were discussed. 
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EFFECT OF TREATMENT WITH FAST ARGON ATOM BEAMS ON THE FRACTURE 

RESISTANCE OF THE SURFACE LAYER OF OXIDE AND NITRIDE TOOL CERAMICS* 

M.A. VOLOSOVA1, A.E. SELEZNEV1 

1Moscow State Technological University "STANKIN", Moscow, Russia 

 

The purpose of this study is to investigate the effect of fast argon atom beam treatment at gas pressure 

0.1 Pa, discharge current 2 A and accelerating voltage 4 keV on the fracture resistance of the surface layer of 

tool ceramics – Al2O3/TiC and SiAlON. The particles beam treatment technology was developed to remove 

the defect layer that is always formed when diamond grinding ceramic cutting inserts. Grinding is necessary 

for sharpening cutting edges and is the finishing stage of the manufacturing process. The formation of a 

distinctive defect layer often leads to an intensification of the cutting edge fracture process of ceramic inserts 

during the machining. It may be assumed that effective removal of the defect layer significantly increases the 

fracture resistance of the surface layer of ceramic specimens near the cutting edge. Commercially available 

round ceramic inserts with a diameter of 19.05 mm and a height of 7.9 mm were used for the experiments. 

The particles beam treatment was carried out for 2 hours. At the selected treatment conditions the thickness 

of the removed defective layer differed for the investigated tool ceramics and amounted to: for SiAlON - 10 

μm; for Al2O3/TiC - 12 μm. The SEM-images of the surface layer of the tool ceramics - initial (1) and after 

particles beam treatment (2) presented in Fig. 1 illustrate the changes involved.  
Fracture resistance of tool ceramics (original and after particles beam treatment) was measured 

according to an original technique. Using a QNESS Q30 automatic micro-hardness tester, a diamond 

indenter was forcefully pushed onto the surface layer of round ceramic inserts near the cutting edge (Fig. 2). 

 

Fig.1. SEM-images of the surface of Al2O3 (a) and SiAlON (b) ceramics.  

 

Fig.2. Technique for measuring the fracture resistance of tool ceramics.  

The results of experimental investigations showed that the proposed technology of fast argon atom 

beam treatment significantly increases the critical load at which the area at the cutting edge is fractured. In 

the case of identical loads on ceramic specimens, the size of the spalling area is significantly reduced.    

                                                            
* This work was supported financially by the Ministry of Science and Higher Education of the Russian Federation (project No 0707-2020-0025). 
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COMPOSITION OF CATALYTIC LAYERS PREPARED BY ION BEAM ASSISTED 

DEPOSITION OF DYSPROSIUM AND PLATINUM FROM A PULSED ARC DISCHARGE 

PLASMA ONTO CARBON CATALYSTS CARRIERS 
1
 

V.V. POPLAVSKY, A.V. DOROZHKO, V.G. MATYS 

Belarusian State Technological University, Minsk, Belarus, e-mail: vasily.poplav@tut.by 

 

The aim of this work is to study the composition of the catalytic layers prepared on special carbon 

carriers of catalysts in the process of ion beam assisted deposition from plasma generated in metal vapors of 

a vacuum arc discharge, platinum as the main catalytic metal and dysprosium as an activating additive. 

As substrates for the preparation of the studied layers we used special carbon materials: Toray Carbon 

Fiber Paper TGP-H-060 T and AVCarb
®
 Carbon Fiber Paper, which are used as material of diffusion layers 

of the membrane electrode assemblies for low temperature fuel cells with a polymer membrane electrolyte. 

The plasma produced in metal vapors of a low-voltage vacuum arc discharge between two metal electrodes at 

their periodic contact was used to preparation surface catalytic layers by ion beam assisted deposition (IBAD) 

of dysprosium and platinum onto carbon fiber catalysts carriers. Formation of layers in IBAD mode, by means 

of the deposition of metal and mixing of precipitating layer with the substrate by accelerated (U = 5 kV) ions of 

the same metal, was carried out. Investigation of the composition of prepared layers was carried out by EDX, 

SEM, RBS and WD-XRF methods.  

According to EDX (Fig. 1), RBS (Fig. 2) and XRF data, the atoms of deposited metals (Pt, Dy), carrier 

components (C, and F in the case of Toray Carbon Fiber Paper TGP-H-060 T hydrophobized with Teflon), 

and oxygen as an impurity is included in the composition of the layers. At the same time, the surfaces 

contain deposited metals inclusions with sizes of the order of a micrometer (Fig. 1), which arise from the 

precipitation of metal droplets from the arc discharge of the ion source. The distribution of oxygen over the 

surface correlates with the distribution of dysprosium (Fig. 1), which may indicate the formation of rare earth 

metal oxide. 
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Fig. 1. Distribution of atoms of elements across the scanning line 

over the surface of Toray Carbon Fiber Paper TGP-H-060 Т 

carrier with layer formed by the IBAD of dysprosium and 

platinum according EDX analysis. 
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Fig. 2. RBS spectra of 4He ions scattered by atomic nuclei of 

elements that make up layers obtained by IBAD of metals on 

Toray Carbon Fiber Paper TGP-H-060 Т and AVCarb® Carbon 

Fiber Paper Р500 Т carriers, and dense carbon material – glassy 

carbon (GC). 

 

The thickness of the prepared layers is ~50 nm; content of each of deposited metal atoms in the layers – 

~(1–2) × 10
16

 cm
–2

. In the maximum distribution located near the surface, the concentration of each of the 

deposited metals is about several atomic percent.  

In the process of IBAD of metals in the proposed mode, ionic mixing of all components of the layer 

being formed takes place. Electrocatalysts with the prepared layers are active in the oxidation of methanol and 

ethanol reactions, which are the basis of the principle of operation of low-temperature fuel cells. 

                                                      
1
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COMPOSITION AND PROPERTIES OF PROTECTIVE LAYERS  

FORMED BY ION-PLASMA TREATMENT OF TITANIUM ALLOY
1
 

V.V. POPLAVSKY1, A.V. DOROZHKO1, V.G. MATYS1, I.L. POBOL2, I.P. SMIAGLIKOV2  

1Belarusian State Technological University, Minsk, Belarus, e-mail: vasily.poplav@tut.by 
2Physical-Technical Institute of the National Academy of Sciences of Belarus, Minsk, Belarus 

 

In this paper we investigated the possibility of obtaining chromium-containing layers on the surface of a 

ВT1-0 titanium alloy using ion-plasma deposition, which contribute to increasing the resistance of the 

material to electrochemical corrosion. Titanium alloys can be used as a material for the manufacture of 

current collectors of fuel cells. In fuel cells of direct methanol and ethanol oxidation (DMFC and DEFC) the 

ion exchange membrane Nafion is used as an electrolyte, which is a fluorocarbon polymer containing 

sulfogroups. Under the operating conditions of the fuel cell, the surfaces of current collectors in contact with 

the membrane electrode assembly are subjected to electrochemical corrosion due to the high aggressiveness 

of the medium containing SO4
–
 и F

–
 anions.  

Chromium-containing layers on samples of titanium ВT1-0 and current collectors made of it were 

obtained by two methods: ion-plasma deposition and ion beam assisted deposition. Ion-plasma formation of 

coatings was carried out by deposition from cathode arc erosion plasma generated by an arc source with a 

chromium cathode in a nitrogen medium – to obtain coatings from chromium nitride and carbon dioxide – to 

obtain coatings from chromium oxycarbide. The formation of surface layers using ion beam assisted 

deposition (IBAD) technology was carried out by deposition of chromium, as well as chromium and tin from 

a vacuum electric arc discharge plasma in a mode in which accelerated (U = 10 kV) ions of the deposited 

metal are used as assisting the deposition process. 

The microstructure and composition of the obtained layers were studied using SEM, EDX and RBS 

(Fig. 1) methods. The corrosion resistance of titanium alloys with a surface modified in ion-plasma 

treatment processes to electrochemical corrosion in a solution of 1 M H2SO4 + 2×10
–6

 M HF at a 

temperature of 70–80°C, modeling the operating conditions of current collectors of fuel cells with a polymer 

membrane electrolyte Nafion is investigated (Fig. 2). 
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Fig. 1. RBS spectra of 4He ions scattered by atomic nuclei of 

elements that make up titanium surfaces with layers formed by: 

chromium IBAD (Ti/Cr(IBAD)); ion-plasma deposition of 

chromium oxycarbide (Ti/CrCO) and chromium nitride (Ti/CrN). 

Fig. 2. Polarization curves of the investigated titanium 

samples in 1 M H2SO4 + 2×10–6 M HF solution. 

 

IBAD of metals from vacuum arc discharge plasma ensures the formation of nanosice multicomponent 

layers and is characterized by one-stage operation, it does not lead to a significant increase in corrosion 

resistance, which may be due to the low chromium content and the small (~30 nm) thickness of the layers. A 

significant (by more than two orders of magnitude) decrease in the corrosion current density occurs for 

titanium with a coating formed by ion-plasma deposition of chromium oxycarbide (Ti\CrCO).  
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HIGH-INTENSITY IMPLANTATION OF LOW-ENERGY ALUMINUM IONS UNDER 

CONDITIONS OF TITANIUM ION SPUTTERING COMPENSATION
*
 

A.I. RYABCHIKOV, D.O. SIVIN, A.I. IVANOVA O.S. KORNEVA, D.O. VAKHRUSHEV 

National Research Tomsk Polytechnic University, Tomsk, Russia 

 

Developing the method of low-energy high-intensity implantation of gas and metal ions into various 

materials has shown that, in addition to the forming the ion-doped layers with thicknesses of tens and 

hundreds of micrometers, the new possibilities to modify the surfaces of parts have appeared. These 

possibilities were previously not available for traditional beam ion implantation.  

This work studies the possibility to modify the inner surface of holes with focused low-energy high-

intensity metal ions beams. An axially symmetric system of plasma immersion extraction and ballistic 

focusing ensured the ion beam formation. The impact of the ion beam on the inner surface was carried out in 

the beam defocusing area. 

The study considered the impact of an aluminum ion beam with an average energy of 3 keV on the 

inner surface of a GRADE-2 titanium pipe with a diameter of 25 mm. The beams were formed from the 

continuous vacuum-arc discharge plasma with a repetition rate of 40 kHz and a pulse duration of 10 μs. 

It has been established that the mutual sputtered material deposition on opposite sides of the hole leads 

to self-compensation of ion sputtering in axially symmetric holes. The ion sputtering suppression leads to an 

increase in the ion-doped layer thickness. As a result of ion beam impact on the inner surface of a titanium 

tube, there were obtained the layers containing titanium aluminide crystallites with a thickness of more than 

7.5 μm with a maximum aluminum concentration of more than 25 at.%. 

The impact of a high-intensity ion beam in the zone of its defocusing leads to an uneven distribution of 

the dopant along the length of the lateral surface of the hole. There is also a gradual decrease in the diffusion 

depth of implanted atoms with distance from the beam focus. The work shows the possibility of a significant 

improvement in the uniformity of aluminum distribution along the hole inner surface due to the reciprocating 

movement of the specimen relative to the focal plane of the beam.  

The work considers some features of the treating the inner surface of a through and closed hole on one 

side of the so-called glass. 

                                                      
*
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STUDY OF THE INFLUENCE OF A POWERFUL PULSED ION BEAM ON TITANIUM 

DEEPLY-DOPED WITH ALUMINUM*
 

A.I. RYABCHIKOV1, O.S. KORNEVA1, D.O.SIVIN1, A.I.IVANOVA1, A.A. CHERNYSHEV2, V.A. TARBOKOV1 

1National Research Tomsk Polytechnic University, Lenin Avenue 30, Tomsk, 634050, Russia 
2National Research Tomsk State University, Lenin Avenue 36, Tomsk, 634050, Russia 

 

The work studies the impact of high-intensity implantation of aluminum ions and the subsequent impact 

of a powerful pulsed ion beam on the microstructure and properties of titanium. The high-intensity aluminum 

ion beam formation was carried out using a method based on plasma-immersion extraction of ions from the 

free boundary of a vacuum-arc plasma, their acceleration in a high-voltage sheath layer, followed by ballistic 

focusing. Specimens of titanium were implanted for one hour at a temperature of 900°C with an irradiation 

fluence of 10
21

 ions/cm
2
. Layers with a thickness of about 150 μm were obtained. The energy impact was 

carried out by a powerful ion beam with an ion current density on the target of 100 A/cm
2
. The paper 

presents data on changes in the elemental composition, surface morphology, and microstructure of ion-doped 

and energy-modified layers. It has been established that the additional energy impact on the ion-implanted 

layer of a powerful pulsed beam improves wear resistance by 10 times. The synergistic of high-intensity ion 

implantation of aluminum and the energy impact of a pulsed ion beam improves the wear resistance of 

titanium by eighteen folds. 

                                                           
*
 The work was supported by the Russian Science Foundation (grant No. 22-19-00051) 
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REPETITIVELY-PULSED NITROGEN IMPLANTATION IN TITANIUM BY A HIGH-

POWER DENSITY ION BEAM*
 

A.I. RYABCHIKOV, O.S.KORNEVA, D.O.SIVIN 

National Research Tomsk Polytechnic University, Lenin Avenue 30, Tomsk, 634050, Russia 

 

The paper presents the results of studies of the features and regularities of high-intensity nitrogen ion 

implantation in titanium using high-power density repetitively-pulsed beams. It has been shown that the 

method of low-energy high-intensity nitrogen ion implantation at current densities of 180, 140, 60, and  

10 mA/cm
2
 makes it possible to obtain wide ion-doped layers in titanium. The regularities of changes in both 

thickness and elemental composition of ion-doped layers depending on the ion current density have been 

established. It has been established that at ion current densities from 60 to 180 mA/cm
2
, a wide diffusion 

layer is observed. With an increase in the ion current density, an increase in the nitrogen concentration in the 

diffusion layer is observed. Using X-ray diffraction analysis, it was found that the modified near-surface 

layer of titanium contains two phases – -TiNx and TiN0.3. A change in the crystal lattice period and the 

volume fraction of -phase depending on the ion current density has been noted. Transmission electron 

microscopy data are presented showing that the modified layers at a depth of 10 μm consist of -Ti, in the 

volume of which the nanosized particles of -TiN crystallize. The average size these particles is 15.4 nm. 

The regularities of changes in the ion-doped layer microhardness depending on the ion implantation modes 

are discussed. 
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ELION NITRIDING OF AISI 1020 AND AISI 5140 STRUCTURAL STEELS* 

I V. LOPATIN, YU H. AKHMADEEV, E.A. PETRIKOVA, M.E. RYGINA, YU.F. IVANOV 

Institute of High Current Electronics, Siberian Branch, Russian Academy of Sciences (IHCE SB RAS), Tomsk, Russia 

 

Nitriding of steels AISI 1020 and AISI 5140 was carried out under conditions of exposure of samples to 

both the ion and electron components of the gas discharge plasma, realizing the “elion” process [1]. This 

made it possible to control the temperature of the nitriding process without changing the current density of 

the incident ions and their energy. A nitriding regime has been revealed that makes it possible to form a 

hardened layer up to 500 and 240 µm thick, respectively. It is shown that the microhardness of the surface 

layer of steel increases with an increase in the nitriding temperature. It was found that in the nitriding 

temperature range from 450 to 600°C, the maximum value of microhardness for both steels is fixed at a 

temperature of 520°C in the near-surface layer at a depth of ≈10 µm. It has been established that the wear 

resistance of steel is determined by the concentration of nitrogen atoms in the α-Fe crystal lattice. It is shown 

that the studied steels are subject to different morphological transformations during nitriding under the same 

conditions. 
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SYNTHESIS OF THE TIN-CU COMPOSITE LAYERS ON ALLOY T15K6 BY METHOD OF 

VACUUM-ARC EVAPORATION AND MAGNETRON SPUTTERING* 

D.B-D. TSYRENOV1, A.P. SEMENOV1, I.A. SEMENOVA1, M.A. MOKEEV1 

1Institute of Physical Materials Science SB RAS, Ulan-Ude, Russia 

 

The processes of TiN synthesis in Cu vapors appear promising for the synthesis of composite 

nanostructured TiN–Cu coatings [1]. In this paper, we consider the structure, phase and elemental 

composition, microhardness 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 

[2]. 

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, 18x18 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. By means a JSM-

6510LV JEOL electron microscope with a system of microanalysis INCA Energy 350 Oxford Instruments 

by scanning electron microscopy and X-ray spectral microanalysis were carried out the study of the surface 

and determination of the elemental composition. 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 very low intensity. According to the data of X-ray 

spectral microanalysis, the content of Ti, N and Cu in various concentrations was detected. The 

concentration of these elements varies and depends on the deposition conditions. In addition to the main 

elements, in the coating was found a negligible content of aluminum, tungsten and oxygen. 

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. Figure 1 shows a microimage of T15K6 alloy sample with the deposited 

TiN-Cu layer.  

 

Fig.1. The surface of TiN-Cu layer deposited on the T15K6 alloy.  
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FORMATION OF A BORON-BASED PROTECTIVE COATING ON THE SURFACE OF D2 DIE 

STEEL BY ELECTRON BEAM PROCESSING
*
 

A.S. MILONOV, D.E. DASHEEV 

Institute of Physical Materials Science SB RAS, Ulan-Ude, Russia 
 

To improve the performance properties of steels of various grades, various methods of surface treatment 
of the material are used. Boriding technology occupies not the last place among the common methods. The 
essence of the technology is to saturate the surface layer of the metal with boron and iron compounds FeB 

and Fe2B. When boriding by the traditional method, hard boride layers are obtained, but along with high 
hardness, borides are quite brittle and prone to chipping. In this work to reduce the brittleness of the layers, 
we studied the saturation of the D2 steel surface with boron under the action of continuous electron beams in 
vacuum. We have considered the effect of alloying elements on FeB and Fe2B boride layers. 

 

Fig. 1. Boride layer on D2 steel 

We investigated the microstructure (Fig. 1) and microhardness (Fig. 2) of the obtained layers.  The 
hardness of D2 steel is 256 HV. The hardness of the boride layer reaches up to 900 HV, and the hardness of 
the base up to 400 HV. From this we can conclude that the steel itself is hardened by an electron beam. 

 

Fig. 2. Microhardness of the boride layer on D2 steel 
The results obtained give us the opportunity to consider the use of electron beam boriding of die tool 

steels in production. 
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CHEMICAL INTERACTION OF THE PARTICLES BEAM WITH THE TARGET MATERIAL
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E.S. PARFENOVA1, A.G. KNYAZEVA1,2 

1Institute of Strength Physics and Materials Science of Siberian Branch of  Russian Academy of Sciences, Tomsk, Russia 
2Tomsk Polytechnic University, Tomsk, Russia 

 

The different methods of surface treatment of metals with charged particle beams are widely used in 

order to improve hardness, wear resistance and resistance to chemical attack. Various physical and chemical 

processes arise after the interaction of particles beam with the target. And these phenomena interact with 

each other and influence the final result. For example, heating, stress field formation, composition changes, 

defect generation and migration, formation of new compounds and phases and etc. Only theoretical research 

allows us to study each such process separately from the others. It is impossible to do it experimentally. 

The purpose of this work consists in numerical investigation the co-propagation of elastic mechanical 

waves and implanted particles, taking into account their chemical interaction with the treated material. The 

mathematical model takes into account the finite relaxation times of the heat and mass fluxes. Also the 

thermal conductivity equation and balance equation for the introduced component take into account the heat 

source/loss due to the chemical reaction and the impurity loss due to the formation of the chemical 

compound, respectively. 

The process of interaction of the charged particle beam with the target surface can be described within 

the framework of the thermoelastic diffusion theory, taking into account the nonlinear effects associated with 

the dependence of the diffusion coefficient and the chemical reaction rate on the composition and 

temperature. In addition, the model is modified for the different number of reactions occurring in the surface 

layer during processing. We assume that the deformations, velocities and accelerations are small. We 

consider the particle beam to be uniformly distributed along the treated surface, so we can limit the study by 

a one-dimensional problem. The case of uniaxial loading under the experimental conditions is realized. The 

detailed derivation of the equations can be found in [1, 2]. 

The example of the problem solution for different time moments is shown in Figure 1. The target 

material is Ni, the introduced material is Al. Time of action of a single sinusoidal pulse is 0.05. Figure 1 

shows the distributions for times comparable to the pulse action time. 
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Fig.1. The results of solving a coupled problem: distribution of introduced material concentration (Al), mass content of the first 

reaction product (Ni3Al), mass content of the second reaction product (NiAl) and temperature. Time moments are: 1 – 0.04; 2 – 

0.045; 3 – 0.05; 4 – 0.055; 5 – 0.06; 6 – 0.65. 

It can be seen that diffusion waves propagate much slower than heat wave. The rate of the chemical 

reaction increases obviously due to an increase in temperature and concentration of the introduced material. 

Chemical reactions also occur at times longer than the pulse time. As the temperature and implanted material 

concentration allow its. Because reactions with heat release are considered, then after the pulse stops, the 

temperature at the left boundary does not decrease and increases for a time. 
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ANORTHITE CERAMICS PRODUCED WITH PLASMA TECHNOLOGY 

V.V. SHEKHOVTSOV, M.A. SEMENOVYKH, N.K. SKRIPNIKOVA 

Tomsk State University of Architecture and Building, TSUAB, Tomsk, Russia 

 

Today, obtaining anorthite ceramics using plasma technologies is an urgent task, as there is an increase 

in construction volumes and new conditions for building materials and high-quality products. With the help 

of plasma technologies, today it is possible to obtain a high-quality material with the necessary properties, 

both physical-mechanical and physicochemical [1, 2]. 

The following materials were used in this work: lime (CaO), quartz sand (SiO2) and alumina (Al2O3). 

These oxides are the main ones in the production of ceramic products. They determine the properties and 

nature of the resulting material. 

To obtain anorthite ceramics, the component compositions were selected based on the state diagram [3]. 

These powder compositions are suitable for the formation of anorthite, as they fall into the field of its 

crystallization. The component composition is represented by a composition consisting of CaO - 20 wt. %, 

Al2O3 – 37 wt. %, SiO2 – 43 wt. %. 

The scheme of the plasma installation consists of a plasma torch with a remote arc discharge (nozzle 

diameter 4 mm) installed at a distance of 60 mm from the base of the graphite crucible. Graphite crucible 

parameters: height 55 mm, diameter 15 mm, wall thickness 3 mm. Melting of 7 g of the material occurred 

within 30 seconds at: current strength 100 A, voltage 110 V, plasma gas flow rate 14 nl/min (air). 

According to this technology, the composition of the component charge was thermally processed. After 

that, the resulting melt was processed into powder and its phase composition was studied. The obtained data 

were compared with the data of the original component charge. The resulting radiographs are shown in 

Fig. 1. 

  

Fig.1. X-ray diffraction patterns of samples: a – component charge; b - melting product 

As can be seen from the figure, the obtained X-ray patterns indicate that the phase composition of the 

component charge (Fig. 1, a) is represented by the phases SiO2 (d = 0.433; 0.336; 0.263; 0.256;), Al2O3 (d = 

0.349; 0.154 nm), CaCO3 (d = 0.304; 0.256 nm), as well as some aluminosilicate compounds. The melting 

product is represented by SiO2 (d = 0285; 0.229 nm), CaO∙Al2O3∙2SiO2 (d = 0.170; 0.141; 0.139; 0.121; 

0.113 nm). 

Thus, the conducted studies have shown the possibility of forming anorthite ceramics using the plasma 

firing technology.  

The work was carried out with the support of the state task of the Ministry of Science and Higher 

Education of the Russian Federation FEMN-2020-0004 and grant President of the Russian Federation MK-

66.2022.4. 
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STRUCTURAL FEATURES OF NATURAL MAGNESITE PROCESSED BY LOW-

TEMPERATURE PLASMA  

V.V. SHEKHOVTSOV, M.A. SEMENOVYKH, N.K. SKRIPNIKOVA 

Tomsk State University of Architecture and Building, TSUAB, Tomsk, Russia 

 

Today, obtaining anorthite ceramics using plasma technologies is an urgent task, as there is an increase 

in construction volumes and new requirements are imposed on building materials and products. With the 

help of plasma technologies, today it is possible to obtain high-quality material with the necessary properties, 
both physical-mechanical and physicochemical [1, 2]. From the point of view of the parametric 

characteristics and structural properties of MgO, it is worth noting the work [3], which emphasizes the use of 

periclase in the experimental physics of minerals, since its data on pressure-volume-temperature (P–V–T) 
can be applied to X-ray studies of heated solids. bodies under pressure using tungsten. 

The purpose of this work is to evaluate the influence of the temperature factor on the structural and 

phase changes in natural magnesite (MgCO3) under traditional (1173 K) and ultrahigh (6500 K) heating. 
Phase quantification plays an important role in the development of phase diagrams, understanding the 

behavior of MgO under non-environmental conditions, and developing possible applications based on it. 

Magnesite Mg(CO3) was used as the object of study. The average oxide composition is presented (wt 

%): MgO ~ 46.26; CaO ~ 0.56; SiO2 ~ 1.50; R2O3 ~ 1.51; Δmf ~ 50.24. Cylindrical specimens 35 mm in 
diameter and 10 mm high were fabricated on the basis of a fraction with a particle size of up to 80 µm. A 

10% aqueous solution of liquid glass (Na2O+SiO2) was used as a binder. Plasma treatment of the fabricated 

samples was carried out on an experimental bench [4]. Experimental conditions: current strength 220 A, 
voltage 130 V, flow rate of plasma-forming gas (air) 0.7 g/s, distance to the sample from the nozzle exit 50 

mm, exposure time 3 min. Using the heat flow calorimetric method [5], the mass average plasma temperature 

at the nozzle exit was 6500 K. The fabricated samples were subjected to a combined approach, including 
structural-phase analysis using a Shimadzu XRD 7000S, and differential thermal analysis using a TG/DSC 

analyzer STA 409 PC, NETZSCH. 

Qualitative phase analysis of samples M-1173 and M-6500 showed that in both cases the MgO phase of 

variable composition 0494-MgO, 0495-MgO and 6458-MgO, 6751-MgO is formed. The change in the 
parameters is insignificant, but in the case of sample treatment at a temperature of 1173 K, the parameters 

decrease, and at a temperature of 6500 K, on the contrary, they increase. The gratings are stable, the fraction 

of individual phases in the integrated intensity is 64.91, 35.09 and 71.64, 28.29, respectively. The agreement 
criteria turned out to be high and equal to Rwp=6.6; 11.7%. A complete analysis of the parameters of the 

etalon lattices, as well as the refined values by the Rietveld method, are presented in Table. one. 

As a result of the research, it was found that the main phases of the studied states are the standards 

MgCO3, MgO in hexagonal and cubic forms. It follows from the analysis of the triplet diagram that MgCO3 
is stable with respect to separation into MgO, C, O, and CO2 phases in the initial state. At the same time, the 

microstructure of the original sample after isothermal exposure to 1173 K is characterized by acute-angled 

grains of MgO, the boundaries of the adjoining particles are clearly separated, at the same time, when 
considering the structure of the surface of the melting product, rounded grains of a prismatic shape are 

observed, in some areas, sheath-like cellular-dendritic crystals were found on the surface of the grains 

plagioclase. 
The work was carried out with the support of the state task of the Ministry of Science and Higher 

Education of the Russian Federation FEMN-2020-0004 and grant President of the Russian Federation MK-

66.2022.4. 
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The present work continues to investigate the physicochemical characteristics of cerium fluoride 

nanopowder (NP) produced (Fig.1) using the method of pulsed electron beam evaporation in vacuum [1]. 

The resulting NP was isothermally annealed in air at the temperature of 200, 300 and 500 ° C for 30 minutes. 

Further, the properties of annealed NPs were evaluated using XRD, HRTEM, DSC-TG, photo and 

cathodoluminescence, magnetic measurements on Faraday scales. The degree of cytotoxicity of not annealed 

NP CeF3 to cell cultures was determined. XRD showed that the cubic phase CeO2 formed in NP CeF3 after 

annealing at the temperature of 500 ° C. Cathodoluminescence was not excited, both in the initial NP and in 

annealed NP. The intensity of photoluminescence of NP CeF3 decreased non-monotonically with an increase 

in the annealing temperature, the appearance of the oxide phase CeO2 led to an increase in the intensity of 

photoluminescence. 

The paramagnetic response of the NP decreased after annealing at the temperature of 500 °. The 

addition of not annealed NP CeF3 to tumor culture HeLa and non-neoplastic Vero culture resulted in a 20-

35% reduction in cell viability at all NP concentrations in the aqueous suspension (0.1, 05, 1.0 mg/ml). The 

obtained data show the low cytotoxicity of NP CeF3 to tumor and non-tumor cells. Annealing of the NP CeF3 

at low temperatures (200 and 300 ° C) led to an improvement in the textural parameters of the not annealed 

NP, almost tripling the size and volume of the pores, with a slight decrease in the specific surface area of the 

NP, from 62 m
2
/g in the not annealed NP to 44.5 m

2
/g after annealing at 300 ° C. Improved texture 

parameters indicate the prospect of using CeF3 as a nanocontainer to deliver various dosage forms in 

biomedicine. 

 

Fig.1. (a) XRD pattern NP CeF3 annealed in air at the temperature 500 °С, (b) HRTEME image initial CeF3 NP . 

 

REFERENCES 

[1] V. G. Ilves, S. Yu Sokovnin, M. A. Uimin, “Properties of cerium (III) fluoride nanopowder obtained by pulsed electron beam evaporation” J. 
Fluor. Chem., vol. 253, no. , pp. 109921(7), January 2022. 

 

EFRE 2022: 16th International Conference on Modification of Materials with Particle Beams and Plasma Flows
Modification of material properties 

–––––––––––––––––––––––––––––––––––––––––––––––   C3-P-037702   –––––––––––––––––––––––––––––––––––––––––––––––

305



ON THE FUNDAMENTAL BASIS OF MEASURING THE MICROHARDNESS OF MICRO-ARC 

OXIDE COATINGS 
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Penza State University, Penza, Russia 

 
Currently, the development of information-measuring control systems for technological processes, 

including micro-arc oxidation, is actively developing. The most advanced of them make it possible to 

indirectly measure the thickness of micro-arc oxide coatings during their formation. And it is quite 

understandable: firstly, the coating thickness is the simplest non-electrical parameter in terms of 
measurement, which can easily be experimentally verified; secondly, measurement of the coating thickness 

provides an additional opportunity to automate the MAO process, in particular, to turn off the process current 

source when the coating reaches the required thickness. However, for most areas of MAO coatings 
application, the microhardness of the coatings rather than the thickness is of decisive importance. It is the 

microhardness, or rather, the content of crystalline oxides, that determines the outstanding coatings 

properties: high wear resistance and heat resistance, chemical stability and electrical strength. In this regard, 
the measurement of the crystalline oxides content in the coating being formed is of increased scientific and 

practical interest. 

It is known that the MAO coating acquires its unique properties as a result of not only electrochemical 

but also plasma processes. Therefore, the mathematical model underlying the measurement method must also 
take into account all these phenomena. According to [1], there is currently no unified fundamental theory of 

plasma electrolysis, but there are significant scientific works that reveal certain aspects of the coatings 

formation [2, 3]. In particular, the monograph [4] describes the physicochemical foundations of micro-arc 
oxidation, in contrast to microplasma processes in detail. Thus, the purpose of this work is to establish the 

initial positions, on the basis of which a generalized mathematical model of the micro-arc oxidation process 

can be developed. 
The following considerations can be taken as a starting point for the development of this model. The 

coatings microhardness is determined by the crystalline oxide content in the coating, which depends on the 

temperature in the micro-arc discharges channel according to the Kolmogorov-Johnson-Mehl-Avrami 

equation. This temperature is determined by the microdischarges power, which largely depends on the 
applied energy impact in the form of high-voltage process current pulses. The main idea of the work is to 

determine the relationship between the current pulses parameters and the temperature in the micro-arc 

discharges channel by modeling the physical phenomena that accompany the coating formation process. It 
can be done by calculating the microdischarges power according to the law of energy conservation, based on 

the total power supplied to the galvanic cell, which is calculated theoretically from the process current 

waveform or determined experimentally based on the results of measuring the instantaneous current and 

voltage values. 
The work results can be used in the selection of technological parameters of the micro-arc oxidation 

process in order to increase its efficiency and the formed coatings quality. 
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HIGH-ENERGY EXCITATION OF Zn2SiO4 NANOPARTICLES LUMINESCENCE  

IN ION-IMPLANTED SILICA* 

A.F. ZATSEPIN1, E.A. BUNTOV1, V.A. PUSTOVAROV1 

1Ural Federal University, Ekaterinburg, Mira st., 19, 620002, Russia  

 

Zinc-implanted silica films and glasses constitute a popular research topic due to different types of 

nanoparticles formed within oxide before and after thermal annealing [1, 2]. A nanocrystalline α-Zn2SiO4 

phase formation in silica glass subsurface layer was observed under pulsed zinc ion implantation and annealing 

[3]. However, the mechanism of bright green photoluminescence (PL) for such a structure is still a matter of 

debate having hypotheses of either intrinsic defect or uncontrolled impurity as emission center.  

In present study the photoluminescence (PL) and high-energy synchrotron (UV-Vacuum UV) excitation 

spectra of willemite nanophases formed in glassy and thin-film SiO2 matrices by means of ion implantation 

and 900-1000 °C annealing. Pure willemite ceramics is used as reference [3]. 
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Fig.1. Low-temperature photoluminescence (left) and PL excitation spectra of the silica samples implanted with Zn+ ions. 

 

Silicon and willemite particles were detected by the characteristic PL bands at 1.7 eV and 2.4 eV, 

respectively (Fig. 1, left). Green and yellow light emission observed is associated with point defects inside α- 

and β-Zn2SiO4 nanoparticles. The electronic states of point defects are localized to dimensions much smaller 

than the nanocrystal size, so the PL band positions are similar to that of bulk willemite [4]. Different PL 

excitation mechanisms were distinguished for implanted silica, including energy transfer from free and self-

trapped excitons showing up as the VUV PLE bands in the 10 eV – 12 eV region (Fig.1, right). The results 

obtained may be used to tailor the luminescent properties of the Zn-containing oxide nanocomposite in wide 

temperature range. 
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MULTILAYER CORROSION-RESISTANT CERAMIC-METAL COATINGS (METAL/NITRIDE 

CERAMICS/ METAL/OXIDE CERAMICS) ON STAINLESS STEEL OBTAINED BY 

MAGNETRON SPUTTERING
*
 

M.S. DOROFEEVA1, T.A. GUBAIDULINA2, T.I. DOROFEEVA2, V.P. SERGEEV2 

1Tomsk state University, Tomsk, Russia 
2 Institute of Strength Physics and Materials Sciences of Siberian Branch of Russian Academy of Sciences, Tomsk, Russia 

 

During long-term operation in aggressive conditions (sea water and mechanical stress) stainless steel 

products require additional protection. A corrosion-resistant coating with enhanced physical and mechanical 

characteristics provides such protection. The coating may have a different composition, and the methods of 

formation may be different. 

In this work, multilayer cermet coatings (Metal/nitride ceramics/ Metal/oxide ceramics) with increased 

corrosion resistance were obtained. The metal layer is presented in the form of the nickel layer, which makes 

it possible to minimize the arising stresses at the substrate–coating interface. Nickel is easily passivated in air 

and under the action of strong oxidizing agents, which can lead to corrosion resistance, but only if the 

coating is absolutely continuous. Nitride ceramics layer is presented in the form of silicon aluminum nitride, 

which is characterized by high hardness and wear resistance. It does not interact with most inorganic acids, 

but penetration of solvent ions along the grain boundaries to the substrate is possible if the coating structure 

is inhomogeneous. The outer layer of oxide ceramics is silicon alumina, consisting of silicon oxides and 

aluminum oxides, which are characterized by high hardness and corrosion resistance. In our case, this layer 

seals all previous layers, preventing the penetration of solvent ions, in particular, oxygen ions and, 

especially, chlorine ions, through the intercrystalline space. 

Coatings are formed in one cycle under a changing gas atmosphere (argon, nitrogen, oxygen) using 

magnetron sputtering in a UVN-05MD "KVANT" vacuum unit equipped with two magnetrons. The 

thickness of the metal layer is about 0.5 µm, the nitride and oxide layers are about 2-2.5 µm. The resulting 

coating is gray with a mirror sheen (Figure 1). 

 

Fig.1. The photos of samples with multilayer metal-ceramic coating (Metal/nitride ceramics/ Metal/oxide ceramics) on stainless steel 

obtained by magnetron sputtering.  

In the study of the cross section of the obtained coatings on a transmission microscope, it was revealed 

that metallic nickel has a fine-crystalline structure. The second layer has a nanocrystalline structure and 

contains the AlN phase. The outer layer is amorphous. During accelerated corrosion tests in a sea salt 

solution, the resulting coatings showed a decrease in the corrosion rate by several times. The corrosion rate 

was estimated using the Tafel equation. 

Thus, the multilayer cermet coatings (Metal/nitride ceramics/ Metal/oxide ceramics) obtained by 

magnetron sputtering on stainless steel acquired the properties of each of the layers, and a synergistic effect 

appeared. In addition, the layering created several barriers to the diffusion of chloride ions from the 

environment. The thinness of these layers increased the elasticity of the final coated material. 
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ELECTRO-EROSION RESISTANCE OF DIFFERENT ELECTRODES MATERIALS FOR
PLASMA GENERATORS1

IU.V. MURASHOV, N.K. KURAKINA, N.V. OBRAZTSOV, R.I. ZHILIGOTOV

Peter the Greet St.Petersburg Polytechnic University, High School of Electrical Engineering, Saint-Petersburg, Russia

Electrodes are the most important components of electrical devices operating at high temperatures (such
as arc discharge). Such devices include plasma torches [1-3], different types of circuit breakers, lightning
protection devices and many others. Therefore, the study of erosion issues is one of the most important and
relevant task at the moment [4-5].

The experimental results of the hollow electrodes erosion resistance taking into account a pilot arc re-
ignition during plasma torches  operating,  are  presented  in  the  study.  A high voltage alternating  current
oscillator is used to simulate an initial process instability. The electrical circuit of the experimental setup with
a pulsed discharge current up to 2 kA with time parameter 8/250 and a follow current of 800 A at industrial
frequency is described. Four electrodes materials of tungsten (W), iron (Fe), copper (Cu), copper with a
sprayed nickel+iron powder (Cu-Ni-Fe) are investigated. X-ray patterns of the different electrode surfaces
are demonstrated after 4-9 pulses and one pulse with follow current impacts. The electric charge is calculated
by integrating the obtained discharge current  to assess the erosion coefficient.  The following decreasing
order of the electrical erosion resistance is determined: W – Fe – Cu-Ni-Fe – Cu.  
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PLASMA THERMAL CYCLIC NITRIDING OF TITANIUM ALLOYS 

I.V. KANDAROV1, A. A. NIKOLAEV2, E. L. VARDANYAN2, A. YU. NAZAROV2, K.N. RAMAZANOV2 

 

1 Tekhnopark AT, Ufa, Russia 
2 Ufa State Aviation Technical University, Ufa, Russia 

 

 

Today nitriding is one of the effective methods of surface hardening of titanium alloys and steels [1]. 

However, in the temperature range of 450-550 °C, the process is carried out at long dwell times due to the 

low rate of nitrogen diffusion deep into the material. The diffusion rate can be significantly increased by 

various methods of intensifying the process by applying magnetic fields and installing special technological 

screens, which complicates the design of facilities. Also, the creation of ultrafine grained (UFG) structure by 

surface plastic deformation methods allows to increase the diffusion rate [2,3]. One of the easy ways to 

intensify the nitriding process is thermal cycling [4]. The idea of this method is to accelerate the diffusion 

kinetics by changing the duration of the surface saturation stage and internal nitrogen diffusion deep into the 

material. With traditional continuous nitriding, the nitride zone grows considerably with increasing dwell 

time, resulting in slower diffusion. This disadvantage of the process can be eliminated by using the 

thermocyclic method, thus speeding up nitrogen diffusion. 

 

Fig.1. Scheme of thermocyclic nitriding. 

In this work, the effect of changing the duration of the nitrogen saturation phase of the surface at 

different positions of the samples with respect to the plasma source was investigated. To establish the 

patterns, the roughness before and after nitriding, surface microhardness, and microstructure were examined 

and comparative tribological tests were performed.  
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HOT-TARGET HIPIMS DEPOSITION OF W-FUZZ LAYERS* 

M.M. KHARKOV, M.S. KUKUSHKINA, A.V. KAZIEV, O.V. OGORODNIKOVA 

National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), Moscow, Russia 

 

Nanostructuring of tungsten surface under the exposure to helium ion fluxes has been studied by a 

number of scientific groups since 2007 [1]. This effect was examined mainly in the context of helium 

accumulation, and the growth mechanism of such structures on the surface was investigated. In present work, 

porous tungsten coatings were deposited by magnetron deposition in He environment. The deposition was 

carried out in the HiPIMS mode with a frequency of 1 kHz and a pulse duration of 300 μs. The tungsten 

target was thermally insulated from the water-cooled cathode The working gas was helium. The pressure of 

the working gas was varied in the range 2–6×10–2 Torr. The average discharge power was 1.5 kW. A bias 

voltage was applied to the sample. The sample temperature was measured with a thermocouple in a separate 

experiment. The sample temperature was varied by changing the distance between the sample and the target. 

Since it takes some time for the sample temperature to reach the stable value, the fracture of coating 

reveals different stages of fuzzy structure growth depending on temperature (Fig. 1b). The thickness of the 

coating depends on the temperature of the sample during deposition—the lower the temperature, the denser 

the coating, the smaller the thickness (Fig. 1a). However, in the range 900–1200 K, a dendritic structure of 

the coating with various heights is formed. The sizes of individual fibers are from 10 to 100 nm. With a 

further increase in temperature, the fibers are enlarged into separate ribbon formations with a width of 

several microns (Fig. 1c).  

 

Fig.1. The structured coating deposited by HIPIMS method. a – classic tungsten-fuzz, b – different stages of fuzzy structure growth 

depending on temperature, c – separate ribbon formations of coating. 

Such formations have not been previously reported in the literature devoted to the studies of tungsten 

structuring under the exposure to helium flux bombardment. Moreover, a number of works have shown that 

when He irradiation takes place at temperatures above 1200–1300 K, dendritic structures are not formed, and 

the surface remains smooth [2]. 
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OPTIMIZATION OF THE PRELIMINARY ELECTRON-ION-PLASMA TREATMENT OF THE 

SILUMIN SURFACE LAYER BEFORE NITRIDE COATING DEPOSITION* 

N.A. PROKOPENKO, O.V. KRYSINA, A.D. TERESOV, M.E. RYGINA, E.A. PETRIKOVA 

Institute of High Current Electronics SB RAS, Tomsk, Russia 

 

The purpose of this work is to reveal the effect of an additional stage of electron-ion-plasma surface 

treatment (electron-beam treatment, ion-plasma etching, sublayer deposition) on the adhesion strength, wear 

resistance, and physical and technical properties of the coating/substrate system. The selection of optimal 

modes for pre-treatment of the surface of silumin samples was carried out on installations included in the list 

of unique scientific installations of the Russian Federation (https://ckp-

rf.ru/usu/434216/?sphrase_id=9096861). To reduce roughness, heal pores, and increase the uniformity of the 

composition of the surface of silumin samples, a SOLO vacuum electron-beam installation was used. In 

order to clean the surface from possible contaminants, remove the oxidized surface layer, heat the sample, 

and activate the surface for better adhesion of the formed coating to the substrate, preliminary ion-plasma 

etching of the surface of the samples was carried out. To improve the adhesion of nitride coatings to the 

substrate, a thin sublayer from the group of transition metals (Ti, Cr, Mo, Zr) was deposited. Experiments on 

the ion effect on the surface of materials were carried out on an automated vacuum ion-plasma installation 

QUINTA. The following binary systems of transition metal nitrides were taken as model wear-resistant 

coatings: TiN, CrN, MoN, ZrN. 

The following diagnostic equipment and techniques were used to test the coated samples. The 

thickness of the coatings was controlled on a Calotest CAT-S-0000 instrument (CSEM, Switzerland) by the 

Calotest method using images of spherical sections. Transverse cleavages and the surface of the coatings 

were studied by scanning electron microscopy (SEM) using a Philips SEM-515 electron microscope with an 

EDAX ECON IV microanalyzer (Netherlands). The hardness (HV) of the “coating/substrate” system was 

measured on a PMT-3 instrument. Tribological studies were carried out using a tribometer Pin on Disc and 

Oscillating TRIBOtester (TRIBOtechnic, France) in the "ball-disk" geometry. Adhesion strength was tested 

on a Micro-Scratch Tester MST-S-AX-0000. The crystal structure, phase composition, and crystal lattice 

deformation of the coatings were identified by X-ray diffraction on a Shimadzu XRD-6000 diffractometer 

(Japan). 

Based on the results of the work done, the following conclusions were drawn: 

1) To increase the adhesion of the "nitride coating/substrate" system and its wear resistance, where the 

binary systems TiN, ZrN, CrN, MoN act as a coating, it is rational to use the preliminary stages of electron-

ion-plasma processing, such as ion-plasma etching in gas arc discharge plasma with heated and hollow 

cathodes, deposition of a metal sublayer (≈100 nm) and submillisecond pulsed electron-beam action. 

2) When choosing the modes of preliminary electron-beam processing in order to improve the 

adhesion, mechanical and tribological properties of the "nitride coating/silumin substrate" system, it is 

rational to choose the number of exposure pulses of 15 or more, the duration of exposure is ≈150 μs, the 

energy density of the electron beam is 25-30 J/cm2 . 

3) High-cycle (at least 2 cycles) electronic processing leads to a significant increase in the hardness 

and wear resistance of the "nitride coating/silumin substrate" system. 
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DRILLING OF TITANIUM ALLOY USING A CARBIDE TOOL WITH ANTIFRICTION 

COATINGS
1
 

THET  OO, G.V. OGANYAN, E.Yu. KROPOTKINA 

Department of High-Efficiency Processing Technologies, Moscow State University of Technology «STANKIN», Moscow, Russia 

 

Among the problems encountered in the processing of titanium alloys, in particular, during drilling, 

additional difficulties are associated with their low thermal conductivity. Since the heat released during the 

cutting process is distributed rather slowly over the workpiece, the expansion of the metal leads to pressure 

on the tool. Chips actively stick to it, the coefficient of friction increases, additional heat is released. The 

high temperature and its unfavorable distribution in the cutting tool significantly reduce the cutting time 

before the tool change. 

To increase the durability of the tool, wear-resistant coatings are used everywhere and quite 

successfully. Moreover, modern coatings can be considered as wear-resistant complexes designed taking into 

account the working conditions of the tool. The three- to five-fold effect of increasing durability in the 

processing of carbon steels has already become normally. However, when processing titanium alloys, an 

increase of 50-70% can be considered a success. 

From classical works in the field of the theory of cutting materials, it is known that the power of heat 

sources during shaping largely depends on the friction forces on the working surfaces of the tool. 

Consequently, their coating efficiency will largely depend on the ability to reduce the frictional interaction 

on the contact pads, of course, while maintaining heat resistance. Here, additional antifriction coatings can 

provide some help, which can be applied by a variety of methods. 

Diamond-like carbon coatings (DLC) have pronounced advantages over nitride and oxide coatings in 

terms of providing a reduced coefficient of friction on the working surfaces of the tool. However, the use of 

DLC coatings for cutting tools in the conditions of processing difficult-to-process alloys is limited by their 

relatively low temperature resistance. However, modern DLC coatings remain undervalued, they have 

certain prospects in increasing the cutting ability of the tool when cutting titanium alloys. 

Another interesting way to reduce friction is the technology of epilaming, which is based on the use of 

surfactants in fluorocarbon easily evaporating solvents. Such solutions (epilams), in particular the 

composition 6SFC-180-05, are applied to the surface and after evaporation form a thin film up to 100 nm 

thick. Modern compositions are quite capable of working in a zone of sufficiently high temperatures. 

New experimental results on the evaluation of the cutting ability of carbide drills with coatings of group 

(CrTiAlSi)N and additionally applied antifriction coatings, as well as the establishment of the influence of 

such coatings on the condition of the workpiece surface can be a step towards expanding the areas of 

technological application of such coatings and their implementation based on new technical solutions. 

                                                           
1 This work was supported financially by the Ministry of Science and Higher Education of the Russian Federation (project No 0707-
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ELECTRON-BEAM DEPOSITION OF THIN FILMS WITH COMBINED PROTECTIVE AND 

MAGNETIC PROPERTIES BY FORE-VACUUM ELECTRON SOURCES
*
 

D.B. ZOLOTUKHIN1, YU.G. YUSHKOV, A.V. TYUNKOV, V.P. FROLOVA1,2 

1Tomsk State University of Control Systems and Radioelectronics, Tomsk, Russia 
2Institute of High Current Electronics, Tomsk, Russia 

 

Deposition and characterization of the coatings that combine protective and functional properties 

is an interesting and relevant task at the interface of modern particle accelerator physics, low-

temperature plasma, and materials science [1]. Practical importance of the research of such coatings for 

engineering sciences is justified by the combination of electrical, magnetic and mechanical 

characteristics of such coatings. For example, the coatings with higher electrical and heat resistance 

would have less losses to the eddy currents but heightened mechanical properties (hardness, wear 

resistance, impact resistance) and, undoubtedly, will be widely used in radio electronics, radio 

engineering, and the development of absorbing radio protection for unmanned aerial vehicles. 

In this work, as the main method for formation of such coatings, we propose to use electron-beam 

deposition from multi-component beam plasma generated in a medium vacuum (1-100 Pa) [2]. 

The proposed method seems to be promising since it implies the rapid and controllable electron-

beam evaporation of the target followed by layer-by-layer deposition of the coatings with desired 

properties. This should provide the necessary combination of magnetic and electrical characteristics of 

the deposited coatings, with their uniformity and high mechanical strength. 

This work presents the results of studying of an example of such coatings: a two-layer thin coating 

with an iron-based functional layer and a protective outer layer based on alumina ceramics.  
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INCREASE PHOTOCELL EFFICIENCY PASSIVATION OF SILICON SURFACE BY A 
TRANSPARENT CONDUCTIVE COATING BASED ON TIN OXIDE 

Z. S. KAZHIYEV, D. O. MURZALINOV 

Al-Farabi Kazakh National University, Almaty, Kazakhstan 
 
Texturing silicon wafers is an effective way to reduce internal light reflection. Passivation of surface by 

deposition of thin films reduces the probability of charge recombination on dangling bonds. A transparent 
conductive coating based on SnO2 obtained by the sol-gel method, due to the mild conditions of solution 
chemistry, provides the formation of a film without appearance of other tin oxides [1,2]. 

The purpose of this work was to determine the modes of applying a tin oxide coating on the textured 
surface of silicon wafers to increase the absorption of the sample. 

The initial substrate had different surface defects, which is associated with different treatment times in 
acids during texturization and etching. Samples: А-56 – an untextured silicon, Т-46 – with uneven 
distribution of pyramids, Т-30 –with uniform distribution of pyramids on the surface. 

Equally important is the dependence of the optical parameters on the number of applied coating films. It 
can be seen from the spectra of Fig. 1 that with an increase the number of layers from 5-15 for the T-30 
sample, the absorption coefficient increases, while the reflection decreases, and the light transmission 
remains almost unchanged. In this case, the probability of the formation of electron-hole pairs increases. It is 
noticeable that when applying 15 layers, the maximum increase in the absorption coefficient occurs, then this 
parameter decreases. A similar trend is noticeable when measuring resistivity. Further increase in the number 
of applied layers (more than 20) will increase the absorption of light. 

 
Fig.1. Optical characteristics depending on the number of applied coating layers (Sample T-30) 

Changes in the specific surface area of the sample effects on the absorption of light. Analysis by 
adsorption and desorption methods allow to estimate this parameter. The coating of 5 and 10 layers is 
deposited on the surface of the plate in the form of separate spherical and filamentous formations. Thus, the 
surface already developed by texturing increases its inhomogeneity. It is known that such a surface absorbs 
lighter than a smooth surface. To reduce light reflection, surface morphology textured with coating particles. 
The reason increasing light absorption at T-30 sample is applying from 5 to 15 coating layers increased the 
specific surface area (Fig. 2). A further decrease in the absorption coefficient is associated with a decrease in 
the surface area. 
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REDUCE THE SURFACE RESISTANCE OF SILICON SURFACE BY A TRANSPARENT 
CONDUCTIVE COATING BASED ON TIN OXIDE 

Z.S. KAZHIYEV, D.O. MURZALINOV 

Al-Farabi Kazakh National University, Almaty, Kazakhstan 
 
Texturing silicon solar cells helps improve their light absorption and reduces reflection. By texturing 

solar cells, the path length of light through the cells is increased and the light is trapped more efficiently. 
The purpose of this work was to determine the modes of applying a tin oxide coating on the textured 

surface of silicon wafers to reduce the surface resistance of the sample. 
The initial substrate had different surface defects, which is associated with different treatment times in 

acids during texturization and etching. Samples: А-56 – an untextured silicon, Т-46 – with uneven 
distribution of pyramids, Т-30 –with uniform distribution of pyramids on the surface. 

Coating with 5 layers of SnO2, the dangling bonds of А-56 sample react with particles of the film-
forming system and lose their activity (Fig. 1). At the same time, the resistance drops. Further increasing the 
number of layers also reduces the number of dangling bonds and surface resistance. 

As a result of increased defectiveness in Т-46 coated with 5 layers of SnO2 leads to an increase in 
resistance. 10 coats were applied, which results in a reduction of resistance. When 15 layers applied the 
wafer surface is completely passivated, and then, at 20 layers the resistance does not change significantly. A 
similar picture occurs for Т-30 sample. 15 layers of tin oxide is enough to completely passivate the silicon 
wafers surface 

Comparing the graphs, it is noticeable when 5 layers are coated, the greatest increase in resistance 
occurs for Т-30 sample. Due to the processing time of wafers etching and texturization in acids is the 
longest. Therefore, the most effective removal of the damaged layer formed when cutting the wafers. 

 
Fig.1. Dependence of resistivity on the number of applied coating layers.  

Thus, the deposition of 15 layers is a critical point in the measurement of optical parameters, specific 
surface area, and resistivity for the samples under study. 
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Thin films of the LiPON ionic electrolyte are promising for the creation of all-solid-state lithium-ion 

microbatteries. However, the most common magnetron method of these films deposition has a low 

productivity. To increase the rate of synthesis of thin LiPON films, we used the method of lithium 

orthophosphate evaporation in a nitrogen arc plasma. It was shown that anodic evaporation of Li3PO4 in 

high-current arc is accompanied by intense decomposition of Li3PO4 vapor, which leads to an increase in the 

concentration of free lithium atoms both in the arc plasma and in the bulk of the film. The high diffusion 

mobility of lithium atoms in the film and its interaction with free oxygen atoms that arise when they are 

replaced by nitrogen in the LiPON structure promote the formation and the rapid growth in the growing film 

of inclusions with a composition different from that of LiPON. This effect makes it difficult to obtain single-

phase LiPON films with a uniform microstructure and degrades the ionic conductivity of the films. A method 

was proposed for indirect heating of a crucible with Li3PO4, which reduces the interaction of the nitrogen arc 

plasma with dense vapor near the melt surface. The results of measuring the elemental composition of the 

films and their microstructure are presented. Reducing the degree of vapor decomposition allowed for higher 

Li3PO4 evaporation rate and obtain LiPON films with ionic conductivity up to 2·10-6 S/cm at a film 

deposition rate of up to 10 nm/min. 
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Mixed-mode HIPIMS and ARC is a combined method of coating deposition, which is implemented in 

high-current pulsed operating regimes of magnetron sputtering system [1,2]. After the threshold current is 

reached, the magnetron discharge transits to an arc discharge, and the lifetime of the electric arc is controlled 

by the pulse duration. Combining the technology of pulsed magnetron sputtering with an arc makes it 

possible to provide a high level of ion impact on the substrate and increase productivity. This work is 

devoted to the study of Al2O3 coating deposition processes in mixed-mode. Fig. 1 shows a schematic of the 

experimental setup and oscillograms of the discharge current pulses, voltage, and the ion current pulses on a 

substrate in mixed-mode. During the magnetron discharge process, a discharge voltage of approximately 600 

V is provided. At the moment of arc formation, the discharge voltage quickly drops to about 100 V and is 

maintained until the transistor of the high current pulse former is turned off. During this time, the current has 

time to grow up to 500 A, and the ion current to the substrate located at a distance of 100 mm reaches 6 A. It 

was found that when operating in the "poisoned" mode, the initiation of an arc discharge can occur during 

each pulse if the current density on the target surface reaches 0.4–0.6 A/cm
2
. The results of a comparison of 

mixed-mode with MF magnetron sputtering show that in mixed-mode a higher average ion current density 

on the substrate is provided along with the coating deposition rate and radiation intensity of plasma 

increasing. 

 

Fig. 1. a) Scheme of the experimental setup for the study of mixed-mode HIPIMS and ARC; b) oscillograms of the discharge current 

pulses, voltage, and the ion current pulses on a substrate. 
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The use of an arc with a thermionic cathode burning in vapors of the anode material for the coating 

deposition provides high deposition rates, a controlled level of ion assistance, and the absence of 

microdroplets characteristic of a cathode arc. The use for this purpose of a low-pressure arc with a self-

heating hollow cathode makes it possible to use an active gaseous medium for the synthesis of binary 

coatings, for example, nitride or oxide coatings. The rate of deposition of such coatings, their structure, and 

properties depend on such parameters of the discharge plasma as the plasma density and its electron 

temperature, the anode potential drop, the mass composition of the plasma, the degree of vapor ionization, 

and the degree of reactive gas dissociation. In this work, to diagnose the discharge plasma, probe diagnostics 

and optical emission spectroscopy were used. The results of measurements obtained in wide ranges of 

discharge current (5-30 A), reactive gas pressure (N2, 0.1-1 Pa), and evaporation rate of Al ((2 – 8)*10-8 

g/cm2 s ) are presented. It has been shown by optical actinometry that the creation of dense counter flows of 

nitrogen and fast electrons in the narrowing of the discharge gap ensures an increase in the degree of N2 

dissociation up to 30%.  
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ONTO ZR ALLOY* 
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Nowadays, a one of crucial problem of nuclear fuel elements is oxidation of fuel cladding under normal 

operation and accidental conditions. At present, the problems of swelling of fuel elements and its 

embrittlement can be solved by limiting the period of usage of fuel elements in the core of a nuclear reactor. 

However, the fast zirconium oxidation in water vapor under accidental conditions, for example in the case of 

loss of coolant accident (LOCA), can lead to destruction of nuclear fuel cladding. This problem can be 

solved by increasing the resistance of the surface of zirconium fuel cladding to oxidation. The most 

promising solution seems to be the protective chromium coating which can increase a coping time for 

emergency situation.  

The several papers showed that chromium coating is able to prevent oxidation of the zirconium 

cladding at 1200 °C up to 5000 s [1-3]. However, it is necessary to significant increase the deposition rate of 

Cr coatings taking into account the geometry of the nuclear fuel cladding as well as the high number of 

zirconium claddings required annually for nuclear power plants. 

This paper is devoted to show the possibility to use of dual magnetron sputtering systems with hot 

target to deposit Cr coatings on Zr alloy. The paper considers the dependences of deposition rate, structural 

properties of Cr coatings vs. target power density of dual magnetron. 
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In outer space, there is a continuous bombardment of the spacecraft surface by small solid particles 

which have a transverse size of about 0.1-100 microns, and move at high speeds of 5-50 km / sec. As a 

result, many small craters and scratches are formed on the surface of the optical elements, in particular the 

windows. With a sufficiently long stay in open space, a strong erosion of the glass surface occurs, which 

significantly worsens the characteristics of the windows. This leads to a change in the optical, electrical, 

mechanical, and other characteristics of optical elements [1], which affects the performance of a spacecraft 

as a whole.  

One of the possible ways to protect the windows is to apply protective coatings on their surface, which 

have a high resistance to shock loads [1-2]. In this work, coatings based on Re-Zr-N obtained by pulsed 

magnetron deposition were used to protect glass elements of a spacecraft from mechanical damage arising 

from the impact of micrometeoroids. The analysis of the structure and the properties revealed that various 

contents of argon in the argon-nitrogen gas mixture during deposition had a significant effect on the 

microhardness of the coating and the adhesion between the coating and the substrate [3,4]. 

In this connection, the purpose of this work is to investigate the effect of the argon content in the argon-

nitrogen gas mixture under pulsed magnetron deposition on the microstructure, phase composition, and the 

mechanical properties of the coatings on the basis of the Zr-Re-N system. 

The results of studies of the microstructure, phase composition, physical and mechanical properties of 

the Zr-Re-N coatings with a thickness of 5 μm on quartz glass substrates produced by pulsed magnetron 

deposition are presented. The X-ray, high-resolution transmission and electron microscopy (HRTEM) as 

well as nanoindentation methods were used to investigate their phase configurations, nanostructures and 

mechanical behaviors in order to investigate their dependences on the argon content.  

It was established the method of magnetron deposition, Zr-Re-N coatings on the surface of quartz glass 

have been obtained with a gradient structure close to the amorphous one. Depending on the amount of argon 

in the mixture of gases (nitrogen and argon), the degree of crystallinity of the coating changes. In addition, a 

change in the ratio of nitrogen and argon affects the elemental composition of the coating. The composition 

of the coating with an argon content of 80% is close to Re2-Zr-N and a coating with an argon content of 60% 

to Re1.4- Zr- N. The protective coatings of the Zr-Re-N system with an argon content of 80% have a higher 

hardness compared to these with 60 and 70% of argon in the gas mixture. 
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Materials with a combination of high hydrophobicity, enhanced mechanical properties (hardness, 

toughness) and thermal stability find a various application in industry.  

The group of the low-electronegativity metals oxides exhibit the hydrophobic effect. It is possible to 

enhance the mechanical properties of this group of ceramics without a weakening of the hydrophobic effect 

[1]. Several methods of the mechanical properties enhancement can be used for non-polymer thin films. One 

of the most promising is the entropy stabilization. High entropy alloys are surpassing traditional alloys and 

compounds in thermal stability and mechanical properties, making them potential high performance 

constructive and functional materials. 

In order to create a robust transparent hydrophobic ceramic for the selection of the high entropy oxide 

(HEO) composition we used the combination of three material properties: a high melting temperature of the 

oxide, the lowest enthalpy of formation (or minimum Gibbs free energy per mole O2) and low 

electronegativity of the base element. Resulted group of the selected oxides was taken as HfO2, ZrO2, Y2O3 

and CeO2, excluding radioactive ThO2 and PuO2 and toxic BeO. 

In this work we performed a series of experiments devoted to change in optical, mechanical and surface 

properties depending on the Hf-Zr-Ce-Y-O thin film composition. The magnetrons were powered by high 

power impulse magnetron sputtering (HiPIMS) power supply. 

Hf4Zr4CeY2O21 shows up to three times higher hardness compared to binary HfZrO4 oxide and up to 

50% higher hardness compared to cubic ZrO2 and HfO2 due to the solid solution hardening effect. Equimolar 

film exhibit a high transmittance >85% and high hydrophobicity with the water contact angle ≈ 106°. 

Variation of the elemental composition in Hf-Zr-Ce-Y-O is allows to simultaneously tune mechanical and 

wetting properties for the optimum configuration depending on the application. 
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Linear chain carbon (LCC) is a one-dimensional allotrope of carbon, which has a number of unique 

optical and electronic properties that make it a promising material for electronic applications. The LCC was 

first synthesized several decades ago [1] and has already found several applications due to its unique 

properties. However, the synthesis of linear-chain carbon is still a complex technological challenge. The 

cause of this problem is the extreme instability and reactivity of carbon chains. 

The aim of this work is to study the synthesis of carbon chains on the surface of silicon using molecular 

dynamics. During the work, a simulation of the deposition of various carbon molecules and clusters (C2, 

C2H, C2H2, CH, C4H2, C6H2) on the silicon surface was performed (Fig. 1, left). Simulation was implemented 

using three methods of hybrid molecular dynamics [2]: subtractive, force-based and electrostatic. All 

methods show similar results when modeling a short molecule while for long molecules (C4H2 and C6H2), 

only advanced QM/MM methods predict mechanisms of destruction (Fig 1, right). 
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Fig.1. Structural model of the LCC plasma synthesis process (left) and energy profiles for different hybrid MD simulations (right).  

 The system under study has many metastable states difficult to achieve by conventional MD. In 

practical terms, metastability means that a system, when modeled by molecular dynamics, is likely to be in 

only one probability maximum for a long time. A possible way to solve this problem is to fill the free energy 

minima of metastable states in a controlled way, which allows the system to explore all states [3]. One of the 

methods for implementing this solution is metadynamics. In [4], the effect of bombardment by argon ions 

with different energies, bombardment angles, and flux densities on film growth was studied using the 

classical molecular dynamics method in the LAMMPS program to obtain linear chain carbon. However, the 

simulation time was not enough for significant film growth. In this work, further modeling was carried out to 

test the optimal conditions for the synthesis of chain structures. In order to accelerate their growth and 

increase the time scale of modeling, a complex of methods, including metadynamics, was used. 
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High-power pulsed magnetrons enable obtaining denser and stronger coatings as compared to 

conventional low-ionization DC magnetrons. The use of pulsed magnetron discharges in reactive modes is a 
promising method for obtaining optical and structural coatings of complex composition. As a rule, working 
with reactive gases significantly reduces the target sputtering rate and, as a consequence, the rate of coating 
deposition. The use of a magnetron with a hot target could overcome this drawback, but the specifics of 
reactive HiPIMS discharges operated with hot targets have not been studied well. Among the most valuable 
characteristics are the parameters of the ion fluxes ejected from discharge region that eventually arrive at the 
substrate surface and contribute to the coating growth. 

Our work is devoted to the study of the composition of ion fluxes from hot-target reactive HiPIMS 
discharge. Experiments were carried out for thermally insulated Cu, Cr, and Si targets. These materials are 
known for their comparatively high vapor pressure and the possibility of sustaining magnetron discharge 
exclusively in target vapors [1]. The HiPIMS discharge was operated in O2/Ar mixtures for Cu and Si 
targets, and in N2/Ar mixture for Cr target. For these target/gas pairs, the component composition of ion 
fluxes from plasma was measured by a custom magnetic mass-analyzer as a function of the reactive gas 
flow. An example of mass spectrum is shown in Fig. 1. 

 
Fig.1. Mass spectrum of ion flux from HiPIMS discharge on Si target in O2/Ar. 

In the experiments, sharp changes in the ratio of fluxes of different ions were observed once the injected 
reactive gas flow exceeded certain levels. Nevertheless, in the HiPIMS mode, the dominant fraction of the 
ions are those of the target material. 

Specifically, for Si/O2 case, it is worth noting that the evaporation rate of the oxide is significantly 
higher than that of pure silicon. This significantly increases the rate of SixOy coating deposition, which is 
therefore grown not only by the oxidation of the deposited silicon, but also by the deposition of the 
evaporated oxide. This is observed in the mass spectra of the ion flux where SiO+ ions are clearly present. 
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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 cathodic arc deposition 

due to its relatively high deposition rate compared to magnetron sputtering. Ti3AlC2 and especially Ti2AlC 

are promising MAX phases in terms of high-temperature applications due to formation of stable α-Al2O3, 

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 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 OC with 30 minutes’ step at 550 OC. Chamber atmosphere consisted of C2H2/Ar mixture which was 

supplied through hollow-cathode plasma generator. 

 

Fig.1. Deposition scheme 

Current results demonstrate that amount of Ti2AlC phase in coating is not 100%, but following 

annealing improves MAX phase formation, as it was described before. A promising planned way to improve 

formation of Ti2AlC MAX phase is the use of 2 plasma sources (hollow cathode and heated cathode sources) 

to improve reactive atmosphere ionization and to increase substrate temperature. 
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WEAR-RESISTANT FUNCTIONALLY GRADED COATINGS AND SURFACE LAYERS 

A. A. NIKOLAEV, E. L. VARDANYAN, A. YU. NAZAROV,A.G. STOTSKIY, G.S. DYAKONOV, V.R. MUKHAMADEEV 

 

 Ufa State Aviation Technical University, Ufa, Russia 

 

In the majority of cases of contact interaction, the most loaded part of the workpiece are the surface 

layers, which experience the highest loads and are subject to considerable wear. This problem is especially 

clearly marked in titanium alloys and in most cases is the only factor limiting their application. One of the 

most promising ways to improve the performance properties of materials is the creation of surface and near-

surface wear-resistant layers. Application of special, in particular combined, coatings on the surfaces of parts 

often gives significantly better protection of the surface of the part. Industrial technologies for obtaining 

multilayer and adaptive coatings (with some properties varying in thickness) are of particular importance [1]. 

The presence of gradient structure in surface layers allows to obtain new, higher operational properties of 

products [2,3]. Application of functionally gradient coatings (FGC) allows to combine high adhesive and 

cohesive properties with high surface hardness, wear resistance, corrosion resistance, thereby obtaining 

products with unique characteristics. In terms of production costs, relatively simple methods of plasma and 

gas-dynamic spraying in the formation of FGC are the most attractive. The gradient of properties in the 

coating applied by one method is created by changing the composition of the sprayed material or the 

spraying conditions. In spite of the obvious progress in the field of FGP formation in recent years and the 

significant growth of research, theoretical research and development of formation principles remain 

insufficient.  

In this paper proposed a method of forming FGC, which includes the following operations: ion cleaning 

of the surface and heating the sample in argon plasma, the application of nitride forming elements (nitride 

coating) on the surface and low-temperature (≤550 º C) nitriding in high density plasma. As a result, surface 

layers with greater hardness were obtained compared to the nitrided layers.  
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The purpose of this work is to develop new way to increase the tool life of metal-cutting tools by 

deposition coating the TiAl system in a mixture of three reaction gases. Among the existing principles for 
creating functional coatings, the most promising is the concept of multicomponent coatings. Such coatings 
can satisfy a range of often conflicting requirements. Using this concept, it is possible to create a coating in 
which compounds of various functional purposes are synthesized in one layer, providing the maximum 
reduction in tool wear intensity under various machining conditions. 

In the conditions of the development of engineering and technology leads to an increase in the share of 
newly developed special materials with higher properties - heat-resistant and superalloys, composite 
materials. The mechanical processing of such materials with existing metal-cutting tools is associated with 
great difficulties [1,2]. High temperatures in the cutting zone, high strength and anisotropy of properties 
cause rapid tool wear or damage. To solve this problem, various solutions are used, from the development of 
new cutting tool materials to special hardening methods. One of which is the application of a wear-resistant 
coating [3,4]. 

Researches of microhardness, coefficient of friction, chemical and phase composition of the coating, 
sclerometric studies were carried out and describe in this paper. Investigations of coating wear during turning 
steel 45x have been carried out. Regularities of the influence of the concentration of the reaction gas of 
nitrogen, oxygen and acetylene in the composition of the gas mixture on the durability of the metal-cutting 
tool are obtained. 

The results obtained make it possible to compare laboratory studies and production tests, which help 
develop a promising technology for applying coatings to metal-cutting tools. 
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VACUUM-ARC DEPOSITION1 
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Surface wear of cutting tools is determined by the predominant influence of adhesive and diffusion 
processes. Operating the cutting edge at a small constant cutting cross section does not destroy the substrate. 
In this case, tool resistance is determined by the characteristics of the tool surface, namely the protective 
coating. The dominant factor that leads to dullness of the cutting edge in this case is the thermal impact, the 
value of which is determined by the cutting speed. 

Achieving new physico-mechanical properties is possible due to chemical and physical effects. It is 
known that oxide coatings (Al2O3, SiO2, TiO2, ZrO2, B2O3, HfO2, SeO2, etc.) have a number of properties 
not inherent in metal and other types of coatings - low thermal conductivity, chemical inertness, wear 
resistance. The majority of oxides have high melting point, hardness and wear resistance. They are the most 
universal under operating conditions and can be used as corrosion-resistant, heat-resistant, heat-proof, 
electrical insulating and wear-resistant. The most effective is the coating, which includes aluminum oxide. 
To obtain coatings from aluminum oxide, the method of CVD is used more often, but this method is not 
widespread due to the fact that the temperature of deposition on these units is 1050 °C, the CVD method is 
used to obtain metastable modifications of Al2O3 because the transition temperature of θ-Al2O3 to less 
porous and harder α-Al2O3 is 1200 °C [3]. 

The purpose of this work is to study the physical and mechanical properties and structural-phase coating 
of caps based on aluminum oxide. An alumina ceramic coating is applied to study the wear of the carbide. 
Microhardness, adhesion strength, coating thickness, coating phase composition were investigated on the 
obtained samples. Results of researches expand knowledge about physical and mechanical properties of 
ceramic coverings of aluminum oxide deposited their plasma of vacuum arc discharge. 
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AZO transparent conductive coatings are one of the alternatives to ITO-based coatings with the closest 

possible optical and electrical properties [1]. Importantly, they do not contain rare and toxic elements that 
makes the usage of AZO-based transparent conductive coatings advantageous. In this study, thin layers of 
AZO (up to 2 μm) were deposited on medium-sized substrates. The substrate materials were silicon glass, 
acrylic, and polycarbonate. The deposition was carried out using a Pinch Magneto series magnetron [2]. 

Coatings were deposited by sputtering a sintered ceramic target AZO (98% ZnO:2% Al2O3) in DC 
power mode. The magnetron used for deposition was unbalanced, that resulted in significant flux of ions 
falling on the substrate. In order to mitigate the ion flux, the deposition was carried out at a sufficiently high 
pressure of 1 Torr. It has been experimentally shown that this pressure is optimal and makes it possible to 
achieve AZO films with electrical resistivity of ~ 4×10–6 Ω×m, while maintaining transparency in the 
optical range of 76%. The obtained mass spectra showed a correlation between the decrease in the ion flux 
and an increase in pressure. 

Due to the design features of the sample table, the substrate is practically thermally insulated in 
vacuum. For acrylic samples, this leads to cracking of the coatings when the energy load exceeds 150 W×h. 
For polycarbonate samples, it was possible to achieve good resistivity and optical transparency (~ 6×10–6 
Ω×m; 76% transparency) at an energy load of less than 300 W×h. 
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Surface modification of implants is a rapidly developing multidisciplinary field that combines expertise 

of materials science and healthcare professionals. Improvement of implants in terms of their 

biocompatibility, hemocompatibility, antibacterial properties, osteointegration and osteoinduction are the 

main topics of research. These properties are crucial to ensure desirable biological response to the newly 

implanted material, in the manner that the cells, which are adhered to the surface of such scaffolds can 

function in a way that is similar to physiological conditions or help to prevent possible complications. 

Physical vapor deposition (PVD) of thin films, allowing the deposition of multicomponent coatings, has 

been available for some years. An emerging method for bioactive coating deposition in the field of PVD is 

radiofrequency (RF) magnetron sputtering method [1]. Magnetron sputtering is widely used in the formation 

of coatings for various applications. The continuous interest of scientists for this method is due to the 

possibility of modifying the coating structure and its physicochemical properties by variation of the 

deposition parameters. There is a significant interest in radiofrequency (RF) magnetron sputtering of 

bioactive calcium phosphate thin films. This method allows deposition of CaP coatings with a high level of 

adhesion to substrate. In the light of demand for antibacterial coatings, hydroxyapatite is frequently 

substituted by ions of Zn, Cu, and Ag [2]. Zinc ions, for example, are well-known not only for its 

antibacterial properties, but it also acts as an inhibitor of crystal growth. It is essential trace element for tissue 

regeneration [3]. An RF magnetron sputtering of Zn- or Cu-substituted hydroxyapatite allow to deposit 

antibacterial calcium phosphate coatings that not only improve osteointegration, but act as a protecting layer 

that could alter the degradation rate of the substrate and induce local antibacterial effect. 

On the other hand, binary and ternary titanium compounds (oxides and oxynitrides) standalone among 

other coatings due to their high bio- and hemocompatibility. This is especially true for cardiovascular 

implants. The titanium oxynitride film, deposited using reactive magnetron sputtering, combines the 

properties of two components: titanium oxide and nitrogen oxide (NO). Modification of deposition 

parameters such as substrate bias, working gas, deposition pressure, allow to change the structure and 

properties of deposited layers. 

Moreover, the magnetron sputtering method has been used to modify different scaffolds from bioinert 

polymers, ceramics and metallic alloys. The magnetron co-sputtering method with using of copper and 

titanium targets in an argon atmosphere is applied to modify the PCL scaffolds surface for improvement of 

osseointegration and antibacterial properties. 

 

REFERENCES 

[1] Prosolov, K. A., Lastovka, V. V., Belyavskaya, O. A., Lychagin, D. V., Schmidt, J., Sharkeev, Y. P. “Tailoring the surface morphology and the 
crystallinity state of Cu-and Zn-substituted hydroxyapatites on Ti and Mg-based alloys”, Materials, vol.19, no.13, pp. 1-20, October 2020. 

[2] Noda I., Miyaji F., Ando Y., Miyamoto H., Shimazaki T., Yonekura Y., Miyazaki M., Mawatari M. and Hotokebuchi T. “Next Generation 
Antibacterial Hydroxyapatite Coating: Antibacterial Activity of Ag Ions in Serum”, Bioceram. Dev. Appl., vol. 1, no. 3, pp. 1-3, December 
2011. 

[3] Graziani V., Fosca M., Egorov A. A., Zobkov Y. V., Fedotov A. Y., Baranchikov A. E., Ortenzi M., Caminiti R., Komlev V. S. and Rau J. V. 
“Zinc-releasing calcium phosphate cements for bone substitute materials”, Ceram. Int., vol. 42, no. 15, pp. 17310-17316, November 2016. 

[4]  

EFRE 2022: 16th International Conference on Modification of Materials with Particle Beams and Plasma Flows
Coatings deposition 

–––––––––––––––––––––––––––––––––––––––––––––––   C4-O-049803   –––––––––––––––––––––––––––––––––––––––––––––––

330



INFLUENCE OF DEPOSITION TECHNOLOGICAL PARAMETERS COATINGS OF THE YALO 

SYSTEM BY THE METHOD OF VACUUM-ARC ON THE STRUCTURE AND PHASE 

COMPOSITION OF THE COATING. 

K.N. RAMAZANOV, A.YU. NAZAROV, E.L. VARDANYAN, A. M. KHUSAINOVA 

 Ufa state aviation technical university, Ufa, Russia 

 

The paper deals with the development of simulation methods as applied to low-pressure discharges with 

extremely high reduced electric fields E/p for which it is problematic to correctly describe the ionization 

processes in classical electron avalanches. In some conditions, the electron free path for ionization can 

compare with the interelectrode gap width such that the notion of electron avalanches becomes inapplicable 

at all. Typical examples are discharges in so-called pseudo-spark switches and in electron and ion plasma 

sources [1]. 

Increase the temperature of the gases in front of the GTE turbine is necessary to improve the power and 
efficiency of gas turbine engines (GTE). In this regard, it is necessary to protect GTE parts from exposure to 
high temperatures and gas flow. Thermal barrier coatings based on ZrO2-Y2O3 are used to protect the 
temperature drop of the blades [1, 2, 3, 4].  

 

Fig. 1. Experimental installation NNV-6,6 I1. 

Currently, a widely used material for thermal barrier coatings (TBCs) was zirconium dioxide, partially 
stabilized with yttrium, i.e. ≈8 wt. % Y2O3 (8YSZ) [6, 7, 8]. But recent works presented that yttrium 
aluminates are promising materials for TBC due to their excellent stability at high temperatures, as well as 
mechanical and thermal properties [5,6]. At high temperatures, yttrium aluminum garnet (i.e., Y3Al5O12, 
YAG) is stable as Al2O3 [5], which used for Ni-based superalloys as a thermally grown oxide layer. Besides 
YAG, Y4Al2O9(YAM) is also a stable compound in the YAlO system. 

In this paper describe the effect of technological parameters of coating the YAlO system on phase and 
chemical composition. Regularities of the influence of the concentration of yttrium and aluminum on the 
phase composition of the coating are obtained. Heat-resistance of developed coating was studied. 
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The development of the aircraft engine industry leads to the fact that more and more new materials are 

being developed and introduced - carbon-free heat-resistant alloys and intermetallic alloys. However, to 

ensure the long-term performance of parts made from these materials under conditions of high-temperature 

oxidation, it is necessary to develop special protective coatings that prevent damage to the surface of the 

parts. If for nickel-based superalloys there are currently solutions for protection against high-temperature 

oxidation, then research work is only underway for intermetallic alloys. 

The purpose of this work is to search and study new heat-resistant coatings for intermetallic alloys for 

protection against high-temperature oxidation. To date, intermetallic alloys of the TiAl system are a 

promising material for the development of heat-resistant alloys used for the manufacture of parts for aircraft 

engines and gas turbine power plants. 

In this work, coatings of the TiAl and AlCr systems with a monolayer and gradient structure were 

studied. The phase and chemical composition of the initial coatings have been studied. After high-

temperature tests, the mass gain was studied depending on the holding time, the phase composition, the 

chemical composition in depth, and the mechanism of coating oxidation. 

 

 

REFERENCES 

[1] C. Leyens, M. Peters, W.A. Kaysser., «Intermetallic Ti-Al coatings for protection of titanium alloys: oxidation and mechanical behavior», 
Surfacce and Coatings Technology 94-95 (1997) 34-40. 

[2] Zhenyu L. , Guodong W., «Improvement of oxidation resistance of _-TiAl At 800 and 900 ◦C in air by TiAl2 coatings», Materials Science and 
Engineering A 397 (2005) 50–55. 

[3] Takumi N. , Takeshi I., Shigenari H., Toshio N., « Two-step Cr and Al diffusion coating on TiAl at high temperatures», ntermetallics 11 (2003) 
225–235. 

[4] Braun, R., Fröhlich, M., Leyens C., "Oxidation behaviour of TiAl-based intermetallic coatings on γ-TiAl alloys" International Journal of 
Materials Research, vol. 101, no. 5, 2010, pp. 637-647. 

[5] Xinfeng L., Chuiyi M., Xiantao X., Xiujie H., Canyu W., «Effect of Al content on high-temperature oxidation behavior and failure mechanism 
of CrAl-coated Zircaloy», Corrosion Science, Volume 192, 021. 

                                                      
1 The work was supported by the Russian Science Foundation under grant No. 22-29-01463. 

EFRE 2022: 16th International Conference on Modification of Materials with Particle Beams and Plasma Flows
Coatings deposition 

–––––––––––––––––––––––––––––––––––––––––––––––   C4-O-051003   –––––––––––––––––––––––––––––––––––––––––––––––

332



SYNTHESIS OF MULTILAYERED COATINGS BY VACUUM-ARC PLASMA-ASSISTED 
METHOD* 

O.V. KRYSINA, YU.F. IVANOV, O.S. TOLKACHEV, E.A. PETRIKOVA 

 Institute of High Current Electronics SB RAS, Tomsk, Russia 
 
The vacuum-arc synthesis of PVD coatings with multilayer structure has been described. Few methods 

have been considered. There are gas changing, the use of few arc evaporators with substrate holder rotating, 
the use of gas plasma generator, and etc. The feature of new low-inertia 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 by the vacuum-arc method in a QUINTA automated ion-plasma set-up (IHCE, 
Tomsk, Russia). Its description is detailed elsewhere [1]. The examples of multilayered coatings deposited 
by low-inertia method are presented. The systems of multilayer coating were based on Mo, Nb, Zr, Al, Ti 
and their nitrides. The properties, structure, elemental and phase compositions were detailed investigated. 
The thickness of one layer of multilayered coatings varied in the range of few to hundreds nanometers. 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 coatings, which would naturally improve 
their functional properties. 

 

 
Fig.1. Typical SEM image of multilayered coatings with the 100-nm thickness of layer. 
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Composite coatings consisting of two or more components combined to form a layered or mixed 

structure are an established feature for enhancing the parameters and characteristics of materials [1]. To 

date, one of the most promising composites for obtaining wear-resistant and corrosion-resistant plasma 

coatings that increase the durability and reliability of starting materials, are composites that consist of a 

metal-ceramic matrix [2]. Such coatings can be obtained by various mechanical, chemical, and modern 

high-performance beam-plasma methods [3]. Among all beam-plasma deposition methods, electron-

beam evaporation and vapor deposition of the evaporated material on products has the highest 

deposition rates that ensure the formation of a coating with desired characteristics [4]. At the same time, 

the evaporation of dielectric materials including ceramics, by an electron beam is very difficult and 

inefficient; this problem is successfully solved with the use of fore-vacuum plasma electron sources [5]. 

The paper presents the results of experimental studies of the processes of obtaining plasma with 

ceramic and metal particles and coatings deposited from such plasma on metal substrates. 

 Evaporated ceramic-metal targets were fabricated from nanopowder of alumina ceramics sintered 

in the process of electron-beam exposure with different proportions of metal. The mass-to-charge 

composition of a multicomponent plasma formed during the evaporation of sintered targets has been 

studied, metal-ceramic coatings have been obtained, and their characteristics have been studied. 
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Boron plasma is widely used in the generation of accelerated ion beams for the technology of 

boron implantation into semiconductor wafers for the creation of element base of microelectronics and 

dielectric protective coatings [1-2]. The novelty of the ongoing research is based on the use of unique 

equipment and original approaches based on electron-beam evaporation of a solid target made of pure 

boron with low electrical conductivity [3]. It is the low conductivity of pure boron under normal 

conditions that prevents the use of a target made of this material for focusing an electron beam to heat 

it. The originality of the approach for the generation of boron plasma in relation to the creation of 

coatings, in this case, lies in the use of a fore-vacuum electron source operating at an elevated gas 

pressure of 10 Pa, at which the surface charge of the electron beam on the target is neutralized by ions 

from dense beam plasma. This provides the possibility of heating, evaporation and ionization of the 

solid-state target material made of pure boron. 

This work presents the results of studying the characteristics of electron-beam evaporation of 

boron and the parameters of the beam plasma of boron, including the mass-charge composition of ions, 

the spatial distributions of vapors of the evaporated target, the deposition rates and the main 

characteristics of the coatings. 
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Currently, polymers are widely used in many areas of industry. This is possible due to the many 

advantages over other materials. In particular, polymers are relatively easier to produce, cheaper, easier to 

use materials with high insulating properties. However, they have disadvantages due to their structural 

properties (lower hardness and durability, weak adhesion), insufficient gloss [1]. To solve this problem, the 

application of protective metal or ceramic coatings on the surface of polymers is practiced [2, 3]. 

At present, electron beam evaporation is recognized as one of the best methods that provides a set of 

necessary coating properties in combination with a high deposition rate and processability of operations. This 

paper presents a study of thermal heating modes of polymer substrates located at different distances to the 

evaporated ceramic target. A forevacuum plasma electronic source was used to vaporize ceramics [4]. The 

peculiarity of the source is the possibility of direct processing of non-conductive materials, in particular 

glass, ceramics, polymers [5]. The ceramic target made of aluminum oxide was heated to the evaporation 

temperature and the evaporation products were sprayed onto polymer substrates. The dependences of the 

coating growth rate on the deposition time, target temperature and distance to the polymer substrate are 

obtained. As a result, coatings with a thickness of up to 0.1 microns were obtained. The prospects of electron 

beam evaporation of ceramics for coating polypropylene are shown.  
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The using copper as an alloying element, the addition of which in small concentrations to low-carbon 

steel instead of expensive elements - niobium, titanium and vanadium, leads to the appearance of high 

corrosion and mechanical characteristics associated with the formation of Fe-Cu precipitates in the bulk of 

the material [1-3]. It has been established that these precipitates are nanosized particles of a saturated (more 

than 1% at.) solid solution of copper in iron, while in the equilibrium state the maximum solubility of copper 

in iron does not exceed 0.38% at. In this case, one should speak about the properties of the material as a 

function of near-surface transition states. Nanosized copper-enriched particles in α-Fe formed during cooling 

provide high ductility and fracture toughness and cause dispersion strengthening of the steel. 

The formation of the “film (Cu)/(steel 321) substrate” system was carried out on the QUINTA 

installation [4] by sputtering copper films 0.5 µm thick onto steel specimens. High-speed alloying of steel 

with copper was carried out by irradiating the “film (Cu)/(steel 321) substrate” system with a pulsed electron 

beam using a SOLO setup [4]. The irradiation mode corresponded to the liquid-phase alloying of the steel 

surface layer with copper. 

Studies performed by scanning electron microscopy showed that at an electron beam pulse duration of 

50 μs (15 J/cm2, 15 pulses, 0.3 s-1) a nanocrystalline structure with a crystallite size of (80-120) nm is formed 

on the specimen’s surface. At an electron beam pulse duration of 200 μs (30 J/cm2, 15 pulses, 0.3 s-1), 

regions with a lamellar structure are formed on the specimens surface. A structure of cellular crystallization 

is observed in the bulk of the plates. The cell sizes vary within (0.58-0.81) µm. X-ray microanalysis revealed 

a decrease (more than 4 times) in the concentration of copper in the steel surface layer with an increase in the 

duration of exposure to the electron beam from 50 µs to 200 µs. 

Using X-ray phase analysis methods, it was shown that at an electron beam pulse duration of 50 μs, a 

solid solution of copper in a crystal lattice based on -Fe and a Fe0.5Cu0.5 phase with a bcc crystal lattice are 

formed in the surface layer. With an increase in the pulse duration to 200 μs, a two-phase structure is formed 

in the surface layer - -Fe and a phase of Fe0.7Cu0.3 composition, which has an fcc crystal lattice. 

Cu as a separate phase is not detected. An increase in the electron beam pulse duration from 50 µs to 

200 µs leads to an increase in the crystal lattice parameter of -Fe from 0.35191 nm to 0.35300 nm. Taking 

into account the ratio of the sizes of the atomic radii of Fe (R(Fe) = 0.126 nm) and Cu (R(Cu) = 0.128 nm), 

we can conclude that the process of replacing iron atoms in the crystal lattice of the -phase by copper atoms 

increases with an increase in the duration of the electron beam pulse, which leads to an increase in the lattice 

parameter. 

Thus, a two-stage mechanism of solid solution decomposition in the “film (Cu) / (steel 321) substrate” 

system irradiated with a pulsed electron beam was revealed, as a result of the performed studies. At an 

electron beam treatment duration of 50 μs, the formation of nanosized particles of the Fe0.5Cu0.5 phase, which 

has a bcc crystal lattice, is observed. With an increase in the duration of exposure to the electron beam to 200 

μs, the formation of Fe0.7Cu0.3 composition phase, which has an fcc crystal lattice, is recorded in the steel 

surface layer. 
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The interest in carbon coatings (ta-C) stems from their unique optical, electrophysical, and mechanical 

properties [1, 2]. Energy, carbon ion flux density, presence of carbon microparticles in the flux, incidence 
angle and substrate temperature are among the most important parameters determining the structure of carbon-
carbon bonds and, consequently, the properties of coatings deposited from pulsed cathode plasma [3, 4]. The 
influence of these parameters on the structure and properties of the coatings is largely related to the 
nonequilibrium nature of pulsed plasma flow generation, the course of intensive energy exchange between 
ions in the flow, which leads to changes in the phase composition and properties of the coatings [4]. The effect 
of the carbon plasma pulse repetition rate on the ratio of sp3/sp2 bonds, hardness, optical properties and the 
band gap width during the deposition of the composite ta-C coatings is particularly noticeable, since in this 
case there is a change in the mass ratio of individual ingredients in the flows entering the substrate surface. 
When evaluating the possible causes that determine the change in the properties of coatings, it is necessary to 
consider the interaction peculiarities between carbon ions directly in the pulse, the change in the charge state 
and energy of the particles at the leading and trailing edges of the pulse when they move from the generation 
zone to the substrate surface. One of the most effective methods of forming a given charge and energy structure 
of the pulse is to change its duration and particle energy at different stages of plasma discharge generation. 

This work aims to establish the influence of energy and time parameters of the discharge on the phase 
composition, structure and mechanical properties of the resulting carbon coatings. The equipment has been 
developed that allows forming ta-C coatings by eroding a carbon cathode with a pulsed discharge having two 
zones that differ in voltage. At the same time, it is possible to control temporal (pulse duration, pulse repetition 
frequency) and energy (pulse energy and its distribution) parameters of a pulsed cathode-arc discharge. 
Changing these parameters makes it possible to regulate the energy and density of the ion flux during the 
evaporation of the graphite cathode, as well as to provide the required thermal load on the substrate. The 
influence of the operation modes of the pulsed carbon plasma generator on the phase composition and 
mechanical properties of the carbon coatings has been established. It has been shown that the highest sp3-phase 
content and, consequently, hardness, the lowest roughness, a more homogeneous structure of the surface layer, 
are achieved by creating a high-current pulsed arc discharge between the graphite cathode and the anode, at 
the leading edge of which the voltage value exceeds significantly the value at the trailing edge. It has been 
demonstrated that the change in the energy of evaporated carbon particles at the stage of their generation and 
in the transfer process affects the nature of deposition and determines its dependence on the distance to the 
substrate: near the evaporation zone, deposition is performed from a pulse flow, at larger distances - from a 
quasi-homogeneous flow. The optimal values of the duration and frequency of pulses have been determined, 
at which the maximum physical and mechanical properties are achieved. 

The research findings are of interest when developing technological processes for creating new functional 
coatings based on amorphous carbon. 
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A high-current planar magnetron is an effective tool for high-quality thin films deposition in high 

vacuum conditions [1]. The planar magnetron working pressure can be shifted to the lower limit by 

injection into the main discharge domain the flow of accelerated electrons with independently-adjusted 

current and energy. According to experiments and numerical simulations [2], the positive effect of the 

injected auxiliary electrons is mainly caused by the additional independent ionization of residual gas 

and sputtered target vapor resulting in higher discharge currents, lower discharge voltages, and lower 

operational pressures. Initial experimental efforts have demonstrated that further improvement of 

performance of planar magnetron with electron injection can be realized by introducing the additional 

negatively-biased electrode placed in front of the cathode (target) with the purpose to reflect the stream 

of the injected electrons, prevent them to escape the plasma-generating discharge volume and finally 

enhance the degree of utilization of their energy.  

This work is dedicated to the numerical study of the physical processes in a planar magnetron with 

electron injection and reflecting electrode. The research is focused mainly on the revealing the effects 

of the reflecting electrode parameters on the discharge parameters of the magnetron as well as on the 

mass-to-charge composition of the ions generating in such configuration.   
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Functional TiAlN coatings are now widely used in industry. Compared to TiN, they are more resistant 

to oxidation and have increased hardness and heat resistance. To obtain TiAlN coatings, various deposition 

methods are used, in particular chemical vapor deposition, vacuum arc deposition, ion plating and so on [1]. 

The paper presents the results of using a dual magnetron sputtering system with metal targets (Al and Ti) to 

obtain TiAlN films in a mixture of Ar and N2. The power supply of the sputtering system has a wide range of 

regulation of frequency, pulse duration, as well as high values of pulsed current and voltage. The schematic 

diagram of the vacuum installation is shown in Fig. 1. The results of studying the influence of the frequency 

and duty cycle of pulses on the ion current density on the substrate, the coating deposition rate and the 

energy flux density on the substrate under a floating potential or at a bias potential of -100 V are presented. It 

is known that when thin films are deposited, their stoichiometry, structure, and morphology strongly depend 

on the energy flux to the substrate [2, 3]. During the experiments, the total energy flux density on the 

substrate was measured, which depends on duty cycle and pulsing frequency. Figure 2 shows the 

dependences of total energy flux density on the frequency of voltage pulses for a substrate at floating 

potential and at a -100 V bias potential. The substrate was located at a distance of 10 cm from the magnetron 

targets. The total discharge power was 1.75 kW (1 kW for Ti targets, 0.75 kW for Al targets). It is shown 

that as the voltage pulse frequency decreases from 30 kHz to 3 kHz while maintaining their duration (20 μs), 

the part of energy delivered to the substrate due to ion bombardment increases from 40 to 65%. Also, the 

pulse frequency effects on mechanical properties (hardness H, plasticity index H/E and resistance to plastic 

deformation H3/E2) of TiAlN coatings due to changes in the elemental and phase composition. The optimal 

value of the pulse repetition frequency is found, at which high values of these parameters are achieved. 

 

            Fig. 1. The schematic diagram of the vacuum installation                     
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Iridium coatings were deposited on Ni substrates by magnetron sputtering with ion assistance in the 

plasma of a low-energy electron beam. The influence of the parameters of the ion flux on the microstructure, 

the intrinsic stresses, and the adhesion of the coating is investigated. It is shown that deposition of a coating 

with a dense microstructure at a low homologous temperature (~0.15) is provided under the optimal ratio of 

the ion current density to Ir flux ~0.5 and the ion energy ~150 eV. The coatings deposited in the optimal 

mode are characterized by microdistortions of the crystal lattice of ~0.9% and have a predominant crystallite 

orientation (111), which is a favorable factor for providing corrosion protection. A low level of intrinsic 

stresses (~0.5 GPa) and a high adhesion strength of the coatings (the value of the critical load at 

nanoindentation is more than 3000 mN) have been achieved.  
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Ion implantation of ultrafine grained (UFG) α-titanium (average grain size  0.2 μm) was performed on 

the MEVVA-V.RU ion source at a temperature of 623K, accelerating voltage of 50 kV, ion beam current 

density of 6.5 mA/cm
2
, distance 60 cm from the ion-optic system. The irradiation dose was 1 × 10

18
 

ions/cm
2
, the irradiation time was 5.25 h. The microstructure and phase composition were studied using an 

EM-125 transmission electron microscope at an accelerating voltage of 120 kV. The microstructure and 

phase composition of implanted titanium were studied in the area of modified layer at a depth of 50  70 nm 

from the irradiated surface. 

The structural-phase state of α-Ti surface layers in the UFG state was investigated. It has been estab-

lished that as a result of UFG-titanium irradiation with aluminum ions a polyphase implanted layer is formed 

on the basis of -titanium grains containing aluminide, oxide and carbide phases. Namely: 1) α-Ti grains hav-

ing a BCC crystal lattice (spatial group Im3m), having a lamellar shape and located along the boundaries of 

α-Ti grains; 2) Ti3Al phase, an ordered phase with superstructure D019 and spatial group P63/mmc, having 

GPU crystalline, formed as lamellar precipitations along the boundaries of α-Ti grains; 3) TiAl3 phase, an 

ordered phase with D022 superstructure, possessing a DSP crystal lattice with spatial group I4/mmm and 

localizing as rounded particles in triple junctions and along α-Ti grain boundaries; 4) particles of titanium 

carbide (TiC) having HCC crystal lattice (spatial group Fm3m), located inside alpha-Ti grains and having 

rounded shape; 5) inclusions of titanium oxide TiO2 (otherwise brukite) having orthorhombic crystal lattice 

(spatial group Pbca), located on the boundaries and inside alpha-Ti grains on dislocations and having round-

ed shape. 

Under ion implantation, the restructuring of the titanium matrix is observed  implantation leads to a 

decrease in the longitudinal grain size of α-Ti (from 1.9 μm to 0.7 μm), while the grain anisotropy factor de-

creases by 3 times. 

The strength components included in the yield strength have been calculated. It is shown that implanta-

tion leads not only to a significant change in the structural-phase state of the material, but also to an addi-

tional hardening of almost 2.5 times. The contribution of individual strengthening mechanisms to the total 

hardening of the alloy is estimated: σn - dislocation friction stress in the α-Ti crystal lattice; σh - hardening 

of the α-Ti-based solid solution by atoms of alloying elements (Al, C, O); σl - hardening by "forest" dislo-

cations; σD - hardening by long-range stress fields; σOR - material hardening by incoherent particles when 

dislocations bypass them by the Orovan mechanism; σH - hardening due to grain boundaries. It is shown 

that the share of the contribution is not equal. And the contribution of each of these mechanisms is different. 

Nevertheless, the main contribution to the total hardening after implantation is made by σOr. 
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The results of the study of the effect of the discharge current, composition and activation method of the 

vapor-gas mixture on the characteristics of TiSiCN coatings obtained by anodic evaporation of titanium and 

decomposition of hexamethyldisilazane in a hollow cathode arc discharge are presented. Figure 1 shows the 

electrode scheme of experimental facility. Nanocomposite coatings consisting of an amorphous phase based 

on SiCN with embedded nanocrystals TiN, TiC and TiCN were obtained. It is shown that an increase in the 

discharge current in the range of 10-50 A leads to a decrease in the hardness of nanocomposite coatings and 

deterioration of their adhesion, which can be explained by an increase in the proportion of the amorphous 

phase as a result of an increase in the decomposition degree of the precursor.  

 

Fig.1. Electrode scheme of experimental facility  

 

The experimental setup is based on a gas discharge system with a self-heating hollow cathode cylinder 

made of TiN powder. In this work, the discharge is used to ionize gases and decompose vapors of the 

organosilicon precursor, to heat the crucible and vaporize titanium using two independent sections of the 

anode (cooled hollow anode, uncooled anode - crucible). 
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 Ultra-short HIPIMS is a type of high power pulse magnetron sputtering technology, in which the pulse 

duration is 4-10 µs, while the discharge pulse power can reach several tens or hundreds of kW. Due to the 

use of short pulses, it is possible to reduce the number of electrical arcs and increase the deposition rate, 

while maintaining a high ionization rate of the sputtered material [1, 2]. We have previously shown that 

reducing the pulse duration to 5-7 µs leads to an increase in the average ion current density to a substrate [3]. 

This paper presents the results of experiments in which the duration of discharge current pulses during high 

power pulse magnetron sputtering of copper was reduced to 2 µs. Figure 1 shows the oscillograms of 

discharge current and voltage pulses in the submicrosecond pulses mode (s-HIPIMS). Due to the high pulsed 

voltage (1500 V) and the low inductance of the generator, the discharge current has time to increase to 300 A 

within 2 μs, while the pulsed power density on the target exceeds 5 kW/cm
2
. Table 1 presents the results that 

allow comparing the s-HIPIMS mode with the DCMS and HIPIMS with a longer pulse duration modes. As 

in the case of HIPIMS, the deposition rate in s-HIPIMS mode is significantly reduced compared to DC. 

However, s-HIPIMS mode provides a significantly higher ion current density to a substrate compared to the 

DCMS and HIPIMS. The paper considers the possible causes of the observed ion current growth  in the case 

of submicrosecond pulses. 

 

 
Fig. 1. Discharge current and voltage pulses in the  

s-HIPIMS mode 

 Table 1. Parameters of sputtering processes. 

Mode DCMS HIPIMS s-HIPIMS 

Pulse voltage, V 372 871 1400 

Average current, A 2.7 1.2 0.7 

Average power, kW  1000  

Peak pulse current, A - 200 350 

Pulse frequency, kHz - 1.7 7.0 

Voltage pulse duration, µs - 20 3 

Current pulse duration, µs - 15 2 

Deposition rate, nm/s 302 24 31 

Average ion substrate 

current, mA/cm2  
0.7 1.0 6.5 
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FEATURES OF HIGH-RATE DEPOSITION OF CRNX COATINGS USING MAGNETRON 

SPUTTERING OF A HOT CROMIUM TARGET* 

G.A. BLEYKHER, V.A. GRUDININ, D.V. SIDELEV, V.P. KRIVOBOKOV  

Tomsk Polytechnic University, Tomsk, Russia 

 

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. It has been shown that the dependence 

of the deposition rate on the magnetron power density is a nonlinearly increasing function of over 18 W/cm
2
, 

and in the range from 18 to 28 W/cm
2
 the target sublimation enables an increase in the deposition 

productivity by a factor from 2 to 12 compared with the cooled target sputtering under the same experimental 

conditions. 

The elemental and structural-phase composition of the coatings deposited using the planetary rotation of 

substrates has been studied depending on a magnetron power density. It has been found that with an intense 

sublimation on the chromium target surface, the coatings have an inhomogeneous elemental and structural-

phase composition. In addition, an alternation of chromium layers with a low content of chromium nitride 

and layers that mainly consist of chromium nitride has been determined.  

The working parameters that most significantly affect the mechanical properties of the formed coatings 

are revealed. The important role of the type of power supply, the configuration of the magnetic field and the 

power of the RF-ICP source in providing high hardness and wear resistance characteristics is shown. 

 

 

REFERENCES 

[1] D.V. Sidelev, G.A. Bleykher, V.P. Krivobokov, Z. Koishybayeva, “High-rate magnetron sputtering with hot target”, Surf. Coat. Technol., V. 
308, pp. 168-173, 2016. 

[2] G.A. Bleykher, D.V. Sidelev, V.A. Grudinin, V.P. Krivobokov, M. Bestetti, “Surface erosion of hot Cr target and deposition rates of Cr coatings 
in high power pulsed magnetron sputtering”, Surf. Coat. Technol., V. 354, pp. 161-169, 2018. 

                                                           
* The work was supported by Fondazione Cariplo (project №2020.1156 «Cutting tools regeneration by means of innovative vacuum plasma 
technologies»). 

EFRE 2022: 16th International Conference on Modification of Materials with Particle Beams and Plasma Flows
Coatings deposition 

–––––––––––––––––––––––––––––––––––––––––––––––   C4-P-024101   –––––––––––––––––––––––––––––––––––––––––––––––

345



HIGH-RATE DEPOSITION OF COPPER OXIDE COATINGS USING MAGNETRON 
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Coatings based on copper oxides (CuOx) are of great interest due to high demand in many technological 

applications. For example, high absorption coefficient, good electrical conductivity and low cost make CuOx 

films excellent material candidates for solar absorbers and p-n diodes [1, 2]. Nowadays, a lot of coating 

methods, such as sol-gel process, pulsed laser deposition and magnetron reactive sputtering, are used. The 

latter method has the wide application due to high quantity of control parameters and low cost of coating 

deposition.  However, the presence of reactive gases in a vacuum chamber can lead to forming a thin layer of 

chemical compound (e.g., CuOx) on target surface. It can induce change of the emission characteristics of the 

target surface in reactive atmosphere [3]. To solve this problem, we propose to separate the processes of target 

sputtering and coating condensation using separated supply of gases (Ar and O2) and applying additional 

plasma source for dissociation and ionization of reactive gas near the substrate.  

This study is aimed to determine the influence of process variables (oxygen flow, discharge power density 

and substrate rotation rate) on deposition rate and structure properties of CuOx coatings deposited by 

magnetron sputtering in a metallic mode.  

In this study the vacuum plasma of the Weinberg Research Center of Tomsk Polytechnic University was 

used. The scheme of the system is described in [4]. 

According to XRD study, CuO and Cu2O phases and no Cu phase were identified in the deposited 

coatings. The intensities of CuO (110) and CuO (220) are noticeably higher for the coating which was 

deposited using a discharge power of 1 kW than that of 2 kW (Fig. 1). The sample obtained at O2 flow rate of 

27 sccm has Cu2O (111) phase. The last results show that the phase composition of the copper oxide coatings 

can be controlled by changing the O2 flow rate as well as the discharge power applied to the copper target. 

 
Fig. 1. XRD patterns of CuOx coatings obtained at different discharge power and oxygen flow: 0 – uncoated substrate; 1 – 2 kW and 

54 sccm of O2; 2 – 2 kW and 27 sccm of O2; 3 – 1 kW and 20 sccm of O2. 

Next deposition experiments demonstrated the role of the substrate rotation rate on the structural 

properties of copper oxide coatings, when magnetron sputtering in a metallic mode was used to deposit CuOx 

coatings.  
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Nowadays, magnetron sputtering techniques are of great interest for deposition of coatings with a wide 

range of structural and functional properties. A one pf the main disadvantages of magnetron sputtering is 

relatively low deposition rate (it is about 10-20 nm/s even for metal coatings). The deposition rate of 

coatings can be increased using an additional mechanism of target erosion (sublimation or evaporation) [1]. 

However, it becomes more difficult to tailor and control the properties of coatings due to the fact that the 

flux of evaporated (sublimated) particles has an extremely low kinetic energy (0.1-0.3 eV). To increase the 

averaged kinetic energy of particles, high-power pulsed power sources can be used. Moreover, an additional 

discharge plasma source can be applied to increase the ionization degree of the erosion particle flux.  The 

present study is devoted to investigate the role of an external plasma source on the structural and functional 

properties of chromium coatings obtained by high-rate magnetron sputtering.  

The chromium coatings were obtained using different discharge power density and with coating 

thickness (1, 3 and 5 µm). For this purpose, a high-power pulsed power supply in oscillating mode (DOMS) 

was used. In addition to it, a radio-frequency (13.56 MHz) plasma generator (RPG-128) was used as the 

external plasma source. X-ray diffraction (XRD, Shimadzu XRD-7000S with a CuKα accelerating tube) was 

used to study the crystal structure of the Cr coatings. Coating thickness was determined using a Calotest 

instrument (CSEM, Switzerland) and a scanning electron microscope (Quanta 200 3D). The hardness of the 

Cr coatings was measured using the Oliver-Farr method (Nanohardness Tester 2, CSM). The corrosion 

resistance of the Cr coatings on AISI 321 substrate was studied in a 3.5 wt.% NaCl solution using a P-45X 

potentiostat-galvanostat (Electrochemical Instruments, Russia). 

It was found that the use of the external (additional) plasma source (RPG-128) allow to tailor the 

functional characteristics of the obtained Cr films. The hardness of 1 µm-thick Cr coatings are varied from 4 

to 18 GPa depending on the power density. Typical hardness of Cr coatings obtained by magnetron 

sputtering is usually in a range of 7-11 GPa [2]. The hardness at the maximum power density (44 W/cm2) is 

4 GPa, when the erosion particle flux is mainly formed by sublimation.  It is typical for chromium films 

produced by a resistive evaporation [3]. So, the functional properties of the Cr films can have the parameters 

close to the films obtained by magnetron sputtering at low power density and to conventional magnetron 

sputtering at high power density.  
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The Fe-Be system was chosen as a model for further consideration of the stainless steel–beryllium 

system, which is a promising reactor material. The regions of existence of phases on the Fe-Be phase 

diagram, slightly varying with temperature (except for a solid solution of Beryllium in Iron -Fe(Be)) in the 

temperature range 5001000C and a wide two-phase region -Fe(Be)+FeBe2 [1] made it a convenient 

model system. 

The two-layer system Be(2 µm)–Fe(10 µm) was obtained by magnetron sputtering of Beryllium onto 

prepared armco-Iron foils. Sequential thermal annealing in vacuum was carried out at a temperature of 

720°C. Figure 1 shows the spectrum of the layered system after 10 hours of annealing. The dotted line shows 

the spectrum of 57Fe nuclei in α-Fe. It can be seen that the experimental spectrum is a sextet with widened 

lines. At the same time, no additional lines are observed. Consequently, we can talk about the formation of a 

solid solution of Be atoms in α-Fe. In [2], it was revealed that the substitution of 1 Iron atom with a 

Beryllium atom in the nearest environment of the central Iron atom of an elementary cell in the α-Fe lattice 

leads to a decrease in the hyperfine field by 23.4 kOe. Figure 1 shows the positions of the sextet lines 

corresponding to 57Fe atoms without Be atoms in the nearest environment (H0), with one (H1) and two (H2) 

Be atoms.  

Using the MSTools software package [3], the Mossbauer spectra of phases present on the equilibrium 

diagram of Fe-Be binary system were modeled according to the [4] method. In this case, the parameters of 

the Mossbauer phase spectra from [5] were used. 

 

Fig.1. Mossbauer spectrum of Layered system Be-Fe and the simulated spectra of Fe-Be system’s phases  

As a result of the studies of thermally induced phase formation with a layered Be(2 µm)-Fe(10 µm) 

system after annealing at 720C, the formation of a solid solution of -Fe(Be) was revealed. The Mossbauer 

spectra of various phases of the Fe-Be binary system were modeled.   
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The effect of operating pressure and additional electron injection during magnetron deposition on the 

properties of copper films in the range of extremely low operating pressure (low than 0.1 Pa) is investigated. 
The planar magnetron with a copper target with a diameter of 125 mm was used. The power of the 
magnetron discharge was 500 W in continuous mode. The effect of the reflector electrode on plasma 
uniformity, deposition rate and radial uniformity of films is shown. The measurements of the mass-to-charge 
composition and plasma concentration at the deposition regimes were carried out.  
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During long-term operation in aggressive conditions (sea water and mechanical stress) stainless steel 

products require additional protection. A corrosion-resistant coating with enhanced physical and mechanical 

characteristics provides such protection. The coating may have a different composition, and the methods of 

formation may be different. 

In this work, multilayer cermet coatings (Metal/nitride ceramics/ Metal/oxide ceramics) with increased 

corrosion resistance were obtained. The metal layer is presented in the form of the nickel layer, which makes 

it possible to minimize the arising stresses at the substrate–coating interface. Nickel is easily passivated in air 

and under the action of strong oxidizing agents, which can lead to corrosion resistance, but only if the 

coating is absolutely continuous. Nitride ceramics layer is presented in the form of silicon aluminum nitride, 

which is characterized by high hardness and wear resistance. It does not interact with most inorganic acids, 

but penetration of solvent ions along the grain boundaries to the substrate is possible if the coating structure 

is inhomogeneous. The outer layer of oxide ceramics is silicon alumina, consisting of silicon oxides and 

aluminum oxides, which are characterized by high hardness and corrosion resistance. In our case, this layer 

seals all previous layers, preventing the penetration of solvent ions, in particular, oxygen ions and, 

especially, chlorine ions, through the intercrystalline space. 

Coatings are formed in one cycle under a changing gas atmosphere (argon, nitrogen, oxygen) using 

magnetron sputtering in a UVN-05MD "KVANT" vacuum unit equipped with two magnetrons. The 

thickness of the metal layer is about 0.5 µm, the nitride and oxide layers are about 2-2.5 µm. The resulting 

coating is gray with a mirror sheen (Figure 1). 

 

Fig.1. The photos of samples with multilayer metal-ceramic coating (Metal/nitride ceramics/ Metal/oxide ceramics) on stainless steel 

obtained by magnetron sputtering.  

In the study of the cross section of the obtained coatings on a transmission microscope, it was revealed 

that metallic nickel has a fine-crystalline structure. The second layer has a nanocrystalline structure and 

contains the AlN phase. The outer layer is amorphous. During accelerated corrosion tests in a sea salt 

solution, the resulting coatings showed a decrease in the corrosion rate by several times. The corrosion rate 

was estimated using the Tafel equation. 

Thus, the multilayer cermet coatings (Metal/nitride ceramics/ Metal/oxide ceramics) obtained by 

magnetron sputtering on stainless steel acquired the properties of each of the layers, and a synergistic effect 

appeared. In addition, the layering created several barriers to the diffusion of chloride ions from the 

environment. The thinness of these layers increased the elasticity of the final coated material. 
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One of the basic processes in production of electronic devices is the metallization of dielectric 

substrates, and particularly, preparation of ceramic print circuit boards (PCBs). There are various methods 
suitable for applying a conductive copper layer to a dielectric substrate. These include active metal brazing 
(AMB), cold gas-dynamic spraying (CGS), direct bonded copper (DBC) lamination, and a number of thick-
film and thin-film vacuum technologies. The usage of plasma deposition methods for ceramic metallization 
is limited, mainly due to the relatively low productivity. However, in some applications, for example, when it 
is necessary to metallize substrates of complex topology, plasma methods might outperform popular mass 
production technologies in terms of quality and efficiency. 

To improve adhesion of comparatively thick (more than 20 µm) magnetron deposited copper coatings, a 
dedicated intermediate layer of CuxOy can be introduced between the substrate and the film. Here, we report 
the results of CuxOy deposition on alumina substrates in a hot-target HiPIMS discharge. 

The experiments were carried out in a magnetron deposition facility with thermally insulated copper 
target [1, 2]. To form the discharge, an APEL-M-5HPP-1200 power supply was used. Initially, the 
magnetron was separated from the substrate by a shutter. In the beginning of the process, the target was 
heated and melted by a HiPIMS discharge in Ar, at 0.5 Pa pressure. Then desirable O2 flow was set, while Ar 
flow was set to zero. The shutter was opened, and the oxide deposition was performed. CuxOy films with 
thicknesses 1–6 μm were prepared. Their structure was studied with scanning electron microscope, and the 
composition was measured by EDS and XRD methods. The results showed growth of CuO and Cu2O films. 
The correlations between deposition parameters and coating characteristics are discussed. 
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Boron (its nuclide is 10B) is characterized by a high effective thermal neutron capture cross section 

(3·10-25 m2) [1]. Therefore, pure boron, its alloys, and salt solutions are used as neutron-absorbing materials 

in the manufacture of control rods for nuclear reactors that slow down or stop fission reactions [2]. Boron is 

also often used as an alloying element in steels used in the manufacture of containers for storing spent 

nuclear fuel [3, 4].  

The aim of this work is to develop an electron-ion-plasma method for the formation of multilayer 

nanostructured boron-containing coatings using the Ti-B system as an example. 

The process of formation of nanostructured multilayer coatings was carried out on the "COMPLEX" 

installation [5]. Studies of the structure, phase and elemental composition of the film/substrate system were 

carried out using scanning (SEM 515 Philips device) and transmission diffraction (JEM-2100F JEOL device) 

electron microscopy, X-ray diffraction analysis (Shimadzu XRD-6000 diffractometer). The mechanical 

properties of the films were determined by measuring the microhardness (DUH-211S instrument (Shimadzu, 

Japan), indenter load 10 mN). 

It has been established that the coating is multilayer and is in the amorphous-crystalline state (Fig. 1). 

Ti-B film microhardness 51.0 GPa (standard deviation 7.8 GPa), Young's modulus obtained by 

microhardness determination 360 GPa. 

 

Pic. 1. Electron microscopic image of the structure of the Ti-B coating formed on steel AISI321. 
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ATOMIC-ELECTRONIC STRUCTURE OF M(SALEN) COMPLEXES: STUDY USING 

SYNCHROTRON RADIATION* 

P.M. KORUSENKO, A.V. VERESHCHAGIN, O.V. LEVIN, D.V. SIVKOV, O.V. PETROVA AND A.S. VINOGRADOV 

St. Petersburg State University, Saint Petersburg, Russia 

 

Functional polymeric materials obtained by the electrochemical polymerization of transition metal 

complexes with salen-type ligands [M(Salen)] (M=Ni, Co, Cu) (Fig. 1) are actively studied due to the 

prospects of their application as new energy storage electrodes [1]. Despite a significant amount of research 

on the atomic and electronic structure as well as properties of electroconductive redox poly-[M(Salen)] 

polymers, there is no single point of view on the mechanism of polymerization of monomer molecules. 

There are two main models: (i) monomers are connected to each other through a carbon-carbon bond (Fig. 

1b); (ii) individual fragments are bound to each other by donor-acceptor and intermolecular interactions (Fig. 

1c). The difference in approaches to describing the nature of the electrochemical activity of polymers also 

lies in the fact that two types are considered as positions for redox reactions - metal cations or ligand atoms 

[2]. At the same time, the mechanism of redox reactions in these complexes is also not fully understood. 

Thus, for the purposeful development of methods for the synthesis of these polymers and their successful 

practical application, detailed knowledge of the chemical (charge) state of metal atoms in monomers and 

their changes in poly-[M(Salen)] polymers in various (oxidized or reduced) states, and also of the role of 3d 

electrons of the metal atom in the formation of the electronic structure of these complexes are required. This 

information can be obtained using modern methods of X-ray spectroscopy (X-ray Photoelectron 

Spectroscopy – XPS and Near Edge X-ray Absorption Fine Structure – NEXAFS) with synchrotron radiation 

(SR). Unfortunately, X-ray spectral studies of M(Salen) complexes are currently extremely limited, which 

makes this study relevant. 

  

Fig.1. The polymerization scheme of the monomer [M(Salen)] (a) due to the linkage of the phenyl rings of the ligands of neighboring 

complexes (b); due to the linkage of the metal cation of one monomeric complex to the phenyl ring of another (c).  

In this work, using the equipment of RGBL (BESSY II, Berlin: Germany) and К6.5.(KISI-Kurchatov, 

Moscow: Russia) SR beamlines, we studied the local atomic and electronic structure of [M(Salen)] 

complexes by NEXAFS and XPS. The М(Salen) monomers powders were synthesized according to the 

known method [3]. Layers of monomeric complexes for XPS and NEXAFS were obtained in-situ under 

vacuum conditions by thermal evaporation of the [M(Salen)] powders and their deposition onto Pt plates. 

Poly-[M(Salen)] samples were prepared ex-situ by electrochemical polymerization from a monomer solution 

in an electrolyte in the form of polymer layers on pure Pt plates. 

As a result of the studies carried out, information was obtained on the distribution of electron density 

and the charge (chemical) state of M (Ni, Co, Cu) and ligand (O, N, and C) atoms, as well as on their 

changes upon replacement of the M3d atom for poly-[M(Salen)] in comparison with monomers [M(Salen)]. 

In addition, data was obtained on the chemical state of electrolyte ion atoms absorbed by the poly-[M(Salen)] 

films. The obtained information made it possible to determine the mechanism of polymerization of 

monomers [М(Salen)].  
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SIMULATIONS OF THERMAL LOADS ON OPTICAL ELEMENTS OF THE 
“FAST PROCESSES” BEAMLINE AT THE SYNCHROTRON RADIATION FACILITY SKIF

A.A. STUDENNIKOV1, I.A. RUBTSOV1, E.R. PRUUEL2, K.E. KUPER1, YA.V. ZUBAVICHUS1, A.V. BUKHTIYAROV1

1Synchrotron Radiation Facility SKlF Boreskov Institute of Catalysis SB RAS, Koltsovo, Russia
2Lavrentyev Institute of Hydrodynamics SB RAS, Novosibirsk, Russia

a.a.studennikov@srf-skif.ru

Studies of fast processes, including real-time monitoring of substances and engineering materials under
conditions of dynamic and pulsed loading of various types, constitute one of the promising application areas
of modern synchrotron radiation (SR) sources. To implement such techniques, a high X-ray power density is
required,  since  exposure  times  as  fast  as  fractions  of  nanoseconds  are  typical  for  such  experiments.
Therefore, high-power synchrotron radiation sources (i.e., wigglers or undulators) are needed. The 1-3 “Fast
processes” beamline of the Synchrotron Radiation Facility SKIF, which is currently under construction, is
among  a  few dedicated  appropriate  instruments  worldwide.  It  will  utilize  hard  X-ray  radiation  from a
superconducting wiggler with the total thermal power of 40 kW. According to the beamline optical scheme,
a large fraction of the radiation will be absorbed by a massive fixed mask made of copper under active water
cooling, and only a fractional power of 12 kW will hit first X-ray filters and vacuum-tight windows located
downstream. In order to ensure safe operating conditions for all heat-loaded elements exposed directly to
hard X-rays, it is necessary to perform detailed numerical simulation of heat transfer processes therein.

In the present work, results of numerical simulations of heat transfer process within X-ray filters (made
of either beryllium, diamond, or pyrolytic graphite) are given. Temperature fields within the filters under
realistic  operating  conditions  were  reconstructed  using  the  Ansys  Fluent  environment.  Based  on  the
simulations, the optimum parameters of required cooling system were identified.
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HIGH-TEMPERATURE OXIDATION OF CR/MO COATED ZR-1NB ALLOY* 

M.S. SYRTANOV, E.B. KASHKAROV, A.V. ABDULMENOVA, D.V. SIDELEV 

Tomsk Polytechnic University, Tomsk, Russia 

 

Currently, zirconium-based alloys are widely used in nuclear power industry for manufacturing fuel 

claddings and other structural elements of pressurized water reactor (PWR) due to their low thermal neutron 

capture cross-section, high corrosion and radiation resistance and acceptable mechanical properties [1–3]. 

Nevertheless, severe oxidation of zirconium alloys under possible high-temperature (HT) accidental 

conditions such as loss of coolant accident (LOCA) can cause a loss of claddings integrity and their 

destruction [4]. One of the possible method to protect zirconium alloy is coating deposition. Up to date, the 

most promising material considered as a protective coating for zirconium-based alloy claddings is chromium. 

However, Cr-Zr interdiffusion can occur at the coating/alloy interface at HT,  that leads to the formation of 

Cr-Zr eutectic phase with a melting point of 1332 °C [5]. As a result of Cr-Zr interdiffusion, the Cr2Zr 

intermetallic layer forms at the Cr-Zr interface, which lead to accelerated oxidation of the zirconium alloy. 

One way to solve this problem is to develop a new type of Cr-based protective coating with a barrier 

sublayer that can prevent Cr-Zr interdiffusion. In the present work Mo was deposited by magnetron 

sputtering as a diffusion barrier layer. The high-temperature oxidation and interdiffusion behavior of Cr 

coatings with a Mo sublayer were investigated in the paper. 

Cr (8 μm)/Mo (3 μm)- and Cr (8 μm)-coated Zr-1Nb alloys were oxidized in air at 1100 °C during 15-

60 min. According to SEM, XRD and optical microscopy it was established that a 3 µm-thick barrier Mo 

layer can limit Cr-Zr interdiffusion under high-temperature oxidation. The phase composition of the Cr/Mo-

coated Zr alloy after oxidation consists of the Cr2O3, α-Cr and Cr3Mo phases. In situ XRD under linear 

heating up to 1250 °C with a heating rate of 50 °C/min shows Mo2Zr phase formation at the Mo/Zr interface. 

The thickness of residual Cr after 60 minutes of oxidation is greater in Cr/Mo-coated Zr alloy (~5 μm) 

compared to single-layer Cr-coated sample (~3.5 μm). The thickness of the Cr-Mo and Mo-Zr interdiffusion 

layers is equal to ~2 and 20 µm after 60 min HT oxidation, respectively. The thickness of outer oxide Cr2O3 

layer after HT oxidation of Cr- and Cr/Mo-coated Zr alloy samples are similar indicating that the Mo 

sublayer has no significant effect on oxidation resistance of outer Cr layer. However, enhanced oxidation of 

the Mo-Zr layer can cause local oxidation of the coated Zr alloy samples when oxygen will penetrate up to 

Mo layer/Zr alloy interface. It was established that the weight gains depend on the coating type. The single-

layer Cr coatings demonstrate better oxidation resistance that Cr/Mo. The weight gains reduces by ~3 times 

compared to Cr/Mo coating. This is due to the uncoated area oxidation of the samples. A thin layer of Mo 

and Cr remained beneath the oxidation zone of the Zr alloy since oxygen contacted with these regions. This 

can indicate on predominant oxidation of Mo-Zr layer compared with other systems. 
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ON THE PROGRESS OF THE ACTIVITIES OF PROJECT «IN SITU METHODS FOR
SYNCHROTRON INVESTIGATIONS OF MULTILAYER FUNCTIONAL STRUCTURES WITH

UNIQUE PARAMETERS AND PROPERTIES CREATED BY BEAM-PLASMA SURFACE
ENGINEERING » 1

V.V. DENISOV, N.N. KOVAL, N.A. RATAKHIN, A.N. SHMAKOV, A.D. TERESOV

Institute of High Current Electronics SB RAS, 2/3 Akademichesky ave., Tomsk, 634055, Russia, e-mail: denisov@opee.hcei.tsc.ru,
Tel.+7(3822)492683

Accelerating  the  process  of  creating  of  new materials  with  unique  properties  is  possible  only  by
combining  the efforts  of  scientific,  educational  and  industrial  organizations,  as  well  as  using  tools  that
contribute to solving fundamental problems facing both the scientific community of Russia and the whole
world.  It  is  known  that  in  most  cases  of  using  materials  in  extreme  conditions,  it  is  the  surface  that
determines their functional properties and, as a result, the service life of products as a whole. A multiple
reduction in the time of development and implementation of new materials, methods and equipment for their
production on the territory of the Russian Federation is possible with the use of the most modern methods
and techniques of synchrotron research.

A consortium consisting of such organizations as HCEI SB RAS, INP SB RAS, ISPMS SB RAS, TSC
SB RAS, Tomsk universities - TPU, TSU, TUSUR, IEP UD RAS, as well as the Ufa State Aviation Technical
University and the industry enterprise "Technopark-AT", since October 2021,  have been implementing a
project on the topic "In situ methods of synchrotron investigations of multilayer functional structures with
unique parameters and properties created by beam-plasma surface engineering" within the framework of the
Federal  Scientific  and Technical  program for  the  development  of  synchrotron and neutron research and
research infrastructure for 2019 - 2027".

The objectives of the project are related to each other and, in accordance with Direction 1 "Synchrotron
and neutron  research  (development)  in  the  field  of  materials  science  for  the  development  of  high-tech
production technologies", are focused on creating infrastructure and developing methods for synchrotron and
neutron research of structural and functional materials.

The report provides information on the progress of the project, including the most important scientific
results obtained using synchrotron radiation, a description of the infrastructure facilities being created for
synchrotron research, as well as the progress of the educational component of the project.

1The work was carried out with the financial support of the Russian Federation represented by the Ministry of Science and Higher Education (project 
№ 075-15-2021-1348) within the framework of the events № 1.2.1, 1.2.2 and 1.2.5.
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ON THE CREATION AND PROSPECTS OF THE SCIENTIFIC RESEARCH CENTER «TOMSK
COMPETENCE CENTER IN THE FIELD OF BEAM-PLASMA ENGINEERING AND

SYNCHROTRON RESEARCH»*

А  .D.     TERESOV  , V.V. DENISOV, N.A. RATAKHIN, N.N. KOVAL

Institute of high current electronics SB RAS, Tomsk, Russia

As part of the implementation of Agreement No. 075-15-2021-1348 dated October 5, 2021, concluded
between the Institute of High Current Electronics SB RAS and the Ministry of Science and Higher Education
of the Russian Federation, the Scientific Research Center «Tomsk Center of Competence in the Field of
Beam-Plasma Engineering  and Synchrotron  Research» (SRC TCC)  was  created  as  part  of  the  network
synchrotron and neutron research infrastructure in the Russian Federation. SRC TCC was established as a
structural subdivision of the HCEI SB RAS to carry out scientific-methodological, scientific and educational
activities in the field of synchrotron and neutron research and to provide organizational and methodological
support for work in the field of beam-plasma surface engineering, carried out by research departments of the
HCEI SB RAS and third-party organizations. The main functions of the SRC TCC are:

- accumulation of data and knowledge in the field of synchrotron research, obtained by scientific groups
participating in the activities of the SRC TCC, and their distribution among the participants;

- implementation of own scientific research in the field of methods of using synchrotron radiation for
surface engineering;

- in the field of educational activities of the SRC TCC - assistance in the implementation of educational
programs for the training and retraining of personnel by higher professional education organizations that
have licenses to carry out educational activities, including programs for the training of scientific personnel in
graduate school;

- development of the procedure and conditions for the use of methods and equipment of SRC TCC;
- repair and maintenance of high-tech equipment of SRC TCC;
- coordination of teams of scientific and educational institutions to carry out activities aimed at the

development and creation of the station «Surface» of the resource sharing center «SKIF» (Koltsovo).
At the moment, a new unique vacuum electron-ion-plasma installation (VEIPS-1) is being created for

the SRC TCC, equipped with sources of gas and metal plasma, electron beams, which allows to carry out the
processes of forming layers and coatings in a wide range of operating parameters, to diagnose generated
plasma, and, most importantly, to prepare specimens and test the methodology for in situ studies of the
processes of formation of layers on the surface of materials by X-ray diffraction using synchrotron radiation
before its implementation at the VEPP-3 station (Siberian Center for Synchrotron and Terahertz Radiation,
Novosibirsk).

*This work was carried out with the financial support of the Russian Federation represented by the Ministry of Science and Higher Education (project

No 075-15-2021-1348) within the framework of event No. 1.2.5.
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VACUUM ELECTRON-ION-PLASMA STAND FOR IN SITU STUDIES OF THE MATERIAL 
SURFACE USING SYNCHROTRON RADIATION 1 

S.S. KOVALSKY, V.V. DENISOV, E.V. OSTROVERKHOV, N.N. KOVAL, A.N. SHMAKOV, A.D. TERESOV, M.V. SAVCHUK 

Institute of High Current Electronics SB RAS, 2/3 Akademichesky ave., Tomsk, 634055, Russia, e-mail: kovalskiy_ss@bptvac.ru, 
Tel.+7(3822)492683 

The report presents a description of a laboratory variant of a vacuum electron-ion-plasma stand 
(hereinafter VEIPS), designed to study the surface of samples by X-ray phase analysis of coatings obtained 
by beam-plasma surface engineering methods, in the process of their synthesis in situ mode using 
synchrotron radiation. 

VEIPS can be equipped with gas and metal plasma sources, sources of electron beams and allows you 
to carry out the formation processes of layers and coatings in a wide range of operating parameters, to 
diagnose the parameters and composition of the generated plasma, and to monitor the processes of formation 
of layers on the surface of materials using X-ray diffraction in real time using synchrotron radiation. VEIPS 
implements the possibilities for determining the dependences between the plasma parameters, the conditions 
of its effect on the material surface and the properties of the formed surface using the methods of in situ 
synchrotron studies. 

At this stand, it is planned to study the layer formation processes of ceramic single-layer and 
multilayer structures synthesized by methods of plasma-assisted cathode-arc vapor deposition, magnetron 
sputtering and by the method of reactive anode evaporation in a low-pressure arc discharge. It is assumed 
that the main tasks concerning the development and improvement of synchrotron research methods and the 
determination of the patterns of multilayer coatings phase formation will be carried out at the VEPP-3 
synchrotron radiation source located at the Institute of nuclear physics SB RAS. 

                                                      
1 The work was carried out with the financial support of the Russian Federation represented by the Ministry of Science and Higher Education (project 
№ 075-15-2021-1348) within the framework of the event № 1.2.1. 
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COMPARATIVE ANALYSIS OF REACTOR RITM-200 AND KLT-40S BY DURATION OF 

NUCLEAR FUEL CAMPAIGNS* 

S. ALHASSAN1, S.V BELIAVSKII1, V.N NESTEROV1 

1NATIONAL RESEARCH TOMSK POLYTECHNIC UNIVERSITY, TOMSK, RUSSIA. 

 

ABSTRACT 

An essential parameter that justifies the interest in nuclear power reactors is the length of the fuel 

campaign. Floating nuclear power plants (FNPP) have proven to be a solution to bridging the developmental 

gap between urban and remote areas in terms of providing electricity and district heating. This article seeks to 

compare the reactors RITM-200 and KLT-40S in terms of their fuel performance. The Th - U fuel cycle is 

considered in the calculations. A spectra of neutron flux densities of both reactors was analyzed for (U238 + 

U235)O2 and (Th232 + U233)O2 fuel dispersion. The calculation of the fuel lifetime of both reactors revealed 

RITM-200 as superior reactor with about 1,100 effective days in fuel lifetime. From the calculations, the 

optimal diameter of the KLT-40S is 6.2 mm which is the same as the design value. For RITM-200 however, 

the optimal diameter of 7.5 mm is higher than the design value of 6.9 mm. 

INTRODUCTION 

For a variety of reasons, the Russians begun the research and development of a range of small power 

reactors from the late 1950’s [1]. After about 30 years, the focus changed to the provision of electricity and 

district heating to remote and hard-to reach areas. The multipurpose and co-generational activities of these 

floating nuclear power plants (FNPP) have generated enormous attention.  

USING THE ITERATIVE ALGORITHM IN SOLVING THE MULTIGROUP NEUTRON DIFFUSION 

EQUATION 

The spectra of neutron flux were evaluated for both RITM-200 and KLT-40S reactors with the aid of the 

diffusion equation below in an iterative manner [7, 8]: 
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Fig. 2. Change in Keff with time for 235U+238U at radii а) 6.9 & а) 8.1 for RITM-200 and б) 6.2 б) 7.2 for KLT-40S. 
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DEPOSITION AND PROPERTIES OF THIN BORON FILMS USING A PLANAR MAGNETRON* 
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Boron thin films on the surface of metal substrates were obtained using planar magnetron sputtering 

with a pure boron target. Under normal conditions, boron has a high electrical resistance and ignition of a 

magnetron discharge with a boron target is impossible. However, since boron is a semiconductor, its 

resistance decreases as temperature increases. Thus, at the temperature of a boron target heated to 500 C or 

higher, the ignition of a stable magnetron discharge is already possible. We used a planar magnetron with a 

boron target heated in a DC discharge with a current of up to 50 mA at an argon and nitrogen pressure of 

1 mTorr. Since the boron target was thermally insulated and the magnetron discharge voltage was about 

600–700 V, the discharge power was about 30 W. At this power, the target did not crack due to thermal 

expansion, but it was sufficient to heat the target to an electrically conducting state. At the above discharge 

parameters, the deposition rate of boron coatings at a distance of 5 cm from a magnetron target of 5.1 cm in 

diameter was about 150 nm/h. Thin films of boron up to 1 µm thick were obtained and their surface 

morphology was studied. Structural-phase analysis of boron films was carry out at the "Anomalous 

Scattering Station" of channel #2 by synchrotron radiation from the electron storage ring VEPP-3 of the 

Siberian Center for Synchrotron and Terahertz Radiation of the Budker Institute of Nuclear Physics SB RAS. 

The boron film deposition techniques, as well as the properties of the films have been discussed. 

                                                           
* This work was carried out with the financial support of the Russian Federation represented by the Ministry of Science and Higher Education 

(project No. 075-15-2021-1348) within the framework of event No. 2.1.6. 
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FORMATION AND PROPERTIES OF MULTILAYER FILMS OF HIGH-ENTROPY ALLOYS BY 

ION-PLASMA METHODS* 

YU.H. AKHMADEEV, YU.F. IVANOV, N.N. KOVAL, V.V. SHUGUROV, E.A. PETRIKOVA, O.V. KRYSINA, N.A. PROKOPENKO, 

I.I. AZHAZHA 

Institute of High Current Electronics SB RAS, Tomsk, Russia 

 

Comparative experiments were carried out on the formation of films of high-entropy alloys 

(HEA) by vacuum deposition with simultaneous independent evaporation of cathodes of several 

elements, as well as vacuum-arc evaporation using a multicomponent cathode (Fig. 1). It is shown 

that varying the discharge current of electric-arc evaporators during the formation of HEA from 

several cathodes makes it possible to change the elemental composition of HEA films over a wide 

range. It has been established that the formed films are single-phase materials with a nanocrystalline 

structure. The microhardness of the films depends on the concentration of chemical elements. 

 

Fig.1. Scheme of the experiment for obtaining HEA films. 

The samples of HEA films for X-ray phase analysis (XPA) were studied using the synchrotron 

radiation of the VEPP-3 electron storage ring as part of the Center for Collective Use of the SCST 

on the basis of the UNU "VEPP-4 Complex - VEPP-2000" at the Institute of Nuclear Physics of the 

Siberian Branch of the Russian Academy of Sciences. The phase composition and parameters of the 

crystal structure are revealed. 

                                                      
* The work was carried out with the financial support of the Russian Federation represented by the Ministry of Science and Higher Education (project 
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INVESTIGATION OF LANTHANUM STRONTIUM COBALTITE THIN FILMS USING 

SYNCHROTRON RADIATION
*
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Lanthanum Strontium Cobaltite (LSC) is a highly conductive perovskite material that is often used as a 

cathode material in Solid Oxide Fuel Cells (SOFCs) [1]. In this study, La0.6Sr0.4CoO3-δ (LSC) thin films were 

obtained by pulsed DC magnetron sputtering of the LSC target in Ar+O2 atmosphere. X-ray diffraction 

analysis of the LSC films was conducted for the synchrotron radiation beam during thermal annealing at 

different temperatures up to 1300 °C. The phase composition and structure of the films were determined 

using X-ray diffraction and scanning electron microscopy, respectively. Anode-supported solid oxide fuel 

cells with bi-layered thin-film yttria-stabilized zirconia (YSZ) / gadolinium-doped ceria (GDC) electrolyte 

and an LSC thin film cathode were fabricated. Polarization curves were measured in the temperature range 

from 600 to 800 °C. The effect of annealing temperature on the crystalline structure of the LSC films and the 

characteristics of SOFCs was investigated. 
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The method of X-ray diffraction analysis using synchrotron radiation (Novosibirsk, Budker Institute of 

Nuclear Physics, Siberian Branch of the Russian Academy of Sciences) was used to study the resistance to 

high-temperature oxidation and the stability of the structural-phase state of ceramic coatings based on 

chromium and aluminum nitrides in the temperature range 30÷1300 °C. The source of synchrotron radiation 

was the VEPP-3 electron storage ring. The study was carried out using a high-temperature X-ray camera 

HTK-2000, a position-sensitive single-coordinate detector OD-3M-350, software - a program for processing 

measurement results Fityk v.1.3.1. The studies were carried out for the following experimental conditions: 

operating wavelength λ=0.172 nm, range of diffraction angles 2Θ: 28-59 degrees, sample heating rate 

10 °C/min. 

The processes of deposition of CrAlN coatings by the cathode-arc plasma-assisted method was carried 

out on an NNV6.6-I1 facility equipped with two electric arc evaporators with a cathode diameter of 80 mm 

and an additional “PINK” gas plasma source. 

The results of studies of CrN/AlN coatings formed under conditions when metal plasma flows were 

mixed in the area of the substrate or were separated by a metal screen (layer-by-layer deposition) for heat 

resistance showed that these coatings behave similarly when heated in air. The critical temperatures differ 

slightly. The CrN/AlN coatings consist of chromium aluminum nitride, metallic aluminum is present. During 

heating, a change in the unit cell parameters of chromium-aluminum nitride and metallic aluminum is 

observed, indicating the mutual dissolution of the components; this process continues up to a temperature of 

~725-730 °C, after which the reflections of aluminum disappear, and the reflections of chromium-aluminum 

nitride show only a shift due to thermal expansion. Chromium-aluminum nitride retains thermal stability up 

to a temperature of ~1110-1115 °C (~1075-1080 °C - with layer-by-layer deposition), after which the coating 

begins to oxidize, the reflections of chromium-aluminum nitride disappear at a temperature of ~1235-

1240 °C (~1255-1260 °C with layer-by-layer spraying) (Fig. 1A and 1B). 

 

  

 

Fig.1. Full set of X-ray diffraction patterns of CrN/AlN (12rpm, screen - A) and CrN/AlN (12rpm, no screen - B) coatings during 

heating from room temperature to 1300 °C in air in projection view intensity on the plane "angle of diffraction - temperature"  
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Studies of the shockwave loading effects on various materials have revealed an effect known as 

ejection. The essence of this effect is the formation of a flux (cloud) of micro- and nanoparticles when a 

strong shock wave emerges on a free surface. When the rarefaction wave interacts with the roughness of the 

material surface, instabilities develop, leading to the formation of microjets that decay into an ejecta flow. 

Experimental studies of a rarefied high-speed ejecta flow represent a complex scientific and technical 

problem. 

The paper presents the results of an experimental study of an ejecta flow from tungsten microparticles 

accelerated by a shock wave. Using the synchrotron radiation technique, the intensity distributions of the X-

ray shadow from the particle cloud were obtained. Calibration was carried out and the calculation of the 

mass distribution of tungsten ejection was calculated using the obtained data. Simultaneously in experiments 

that employ PDV method, the velocity of the microparticles cloud and the velocity of the tantalum foil were 

measured with the indicator foil method. The measured foil velocity was used to calculate the mass 

distribution of the incident dust cloud. Differences in the data obtained are presented in this paper. 
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Ceramic-metal films based on a high-entropy alloy (HEA) were formed using the vacuum-arc plasma-

assisted deposition method on the «KVINTA» setup («UNIQUUM» complex, included in the unique 

scientific setups catalogue of the Russian Federation, http://ckp-rf. ru/usu/434216/), the design and operation 

of which are described in detail in [1, 2]. Cathodes made of chromium, molybdenum, niobium, as well as a 

composite cathode of (50% Ti-50% Al) composition were used for deposition. The chromium cathode was 

mounted on extended arc evaporator DP400, the niobium cathode - on a DI80 arc evaporator, and the 

composite Ti-Al and molybdenum cathodes were mounted on DI100 arc evaporators. After installing the 

specimens on the tooling, the vacuum chamber was evacuated to a pressure of 5·10-3 Pa. Then, argon was 

injected to a pressure of 0.3 Pa, the extended gas plasma generator «PINK-P» was turned on, and ion-plasma 

cleaning of the specimen surface took place. After cleaning, the metal plasma generators were 

simultaneously turned on, which ensured the generation of a multicomponent gas-metal plasma. The 

formation of the coating was carried out in a mixture of argon and nitrogen gases in equal proportions, the 

pressure was 0.3 Pa. After the deposition was completed, the specimens were cooled in a vacuum chamber to 

a temperature below 100°C. 

Studies of the phase composition of the ceramic-metal high-entropy coating formed on the WC-8%Co 

hard alloy, performed by X-ray diffraction analysis, showed that the coating is an X-ray amorphous material. 

Using transmission electron diffraction microscopy, it was established that HEA cermet films are a 

multilayer material. The multilayer nature of the films is revealed at two scale micro- and nano - levels. At 

the microscale level, the thickness of the dark contrast layers is 0.21 µm, and that of the light contrast layer is 

0.19 µm. Each of these layers has a layered substructure at the nanoscale level. The substructure thickness of 

dark layers is ≈20 nm, light layers is ≈12 nm. 

The results of X-ray microanalysis show that the layers of both levels differ in elemental composition. 

Layers enriched in nitrogen, chromium, and aluminum are revealed at the microscale level. The layers 

enriched in nitrogen are depleted in chromium and aluminum atoms. Layers enriched in aluminum and layers 

enriched in chromium, molybdenum, and niobium are revealed at the nanoscale level. Titanium atoms are 

located quasi-uniformly in the HEA film. 

Microhardness (measurements were carried out at an indenter load of 0.5 N) of a high-entropy alloy 

ceramic-metal film deposited on a WC-8%Co hard alloy substrate is 27.0 GPa (exceeds the hardness of the 

HEA metal film by 1.8 times), Young's modulus is 176 GPa (exceeds Young's modulus of the HEA metal 

film by 1.6 times). 

The wear parameter (the value inversely proportional to the wear resistance) of the high-entropy alloy 

cermet film deposited on the WC-8%Co hard alloy substrate is 6.4 10-6 mm3/N m (the wear parameter of the 

HEA metal film is 23 times less); the friction coefficient of the ceramic-metal film of the high-entropy alloy 

is 0.20 (the friction coefficient of the HEA metal film is 3.3 times less). 
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A method for vacuum-arc plasma-assisted deposition of ceramic hard coatings based on high-entropy 

alloy (HEA) nitrides has been developed. The scheme of the experiment on the deposition of HEA coatings 

is shown in fig. 1. 

 

Fig. 1. Scheme of the experiment on obtaining HEA-hard coatings: 1 – DI100 arc evaporator with Mo cathode, 2 

– DI80 arc evaporator with Nb cathode, 3 – DI100 arc evaporator with Ti-Al cathode, 4 – samples, 5 – substrate holder, 

6 – vacuum chamber, 7 – heated cathodes, 8 – PINK-P gas plasma generator, 9 – DP400 arc evaporator with Cr 

cathode. 

After fixing the samples on the substrate holder, the vacuum chamber was evacuated by a 

turbomolecular pump to a limiting pressure of 5·10-3 Pa. Then, argon was injected to a pressure of 0.3 Pa, an 

extended gas plasma generator "PINK-P" with an output aperture of 40 × 400 mm was turned on, and ion-

plasma cleaning of the surface of the samples took place. After cleaning, a mixture of gases (argon + 

nitrogen, pressure 0.3 Pa) was injected in different proportions and all metal plasma generators were turned 

on simultaneously, which ensured the generation of a sufficiently homogeneous in volume (± no worse than 

20% of the average density value) multicomponent gas-metal plasma and HEA coverage growth. After the 

deposition was completed, the samples were cooled in a vacuum chamber to a temperature below 100°C and 

removed for examination. Optimal modes of application of ceramic coatings of HEA are revealed; the radial 

distribution of the ion current density from the plasma, the deposition rate, and the elemental composition of 

the coatings are determined. The elemental and phase composition, the defective substructure of ceramic 

coatings have been studied, the microhardness, wear resistance and friction coefficient have been 

determined. 
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The operating environments envisaged for advanced nuclear reactors create significant challenges for 

structural materials due to a higher neutron flux, a more corrosive environment and higher operating 

temperatures [1]. It is therefore of interest to explore new alloy designs outside the paradigms of 

conventional steels, to meet these material requirements. High entropy alloys (HEAs) represent a new class 

of alloys that have the potential to replace conventional alloys in structural applications. Typically, they 

consist of four or five alloying elements in close to equiatomic concentrations. It is believed that maximizing 

the configuration entropy of HEAs promotes the formation of a single-phase disordered solid solution 

instead of the formation of complex intermetallic or second phases; as a result, the alloy has a simple 

microstructure with improved properties compared to traditional alloys. Numerous studies have shown that 

high-entropy alloys have a high elastic limit, wear, creep, and thermal and radiation resistance [2]. 

Multicomponent high entropy alloys NiCoFeCrMn and NiCoFeCr were synthesized using high-purity 

metals (>99.9%) by arc melting followed by homogenization. Then annealing was carried out for 24h and 

72h at a temperature of 1150oC with cold rolling up to 85 % reduction in thickness.  

Ion implantation of alloys was carried out on a DC-60 heavy ion accelerator (Nur-Sultan) separately 

with He (40 keV, 21017 cm-2) and Kr (280 keV, 51015 cm-2) ions. 

The X-ray diffraction analysis showed that a single-phase solid solution with a FCC lattice is formed in 

all samples. The results of scanning electron microscopy and X-ray energy dispersive analysis confirm the 

formation of homogeneous equiatomic multicomponent solid solutions, the grain size in the NiCoFeCrMn 

and NiCoFeCr alloys was about 80-100 m. It was revealed that internal stresses in the NiCoFeCrMn and 

NiCoFeCr alloys are tensile and are about 68 and 125 MPa, respectively. 

It was found that irradiation with helium and krypton ions leads to the formation of compressive 

stresses. At the same time, the stress level in samples irradiated with helium (-288 and -192 MPa for 

NiCoFeCrMn and NiCoFeCr alloys, respectively) exceeds the values for samples irradiated with krypton 

ions (-17 and -6 MPa for NiCoFeCrMn and NiCoFeCr alloys, respectively). 

X-ray studies of the distribution of internal stresses and dislocation density in the NiCoFeCr alloy 

irradiated with helium and krypton ions over depth were carried out. The studies were carried out in the 

geometry of a small angle of incidence of the X-ray beam using the sin2 and Williamson-Hall methods. It 

was found that the distribution of macrostress values in the NiCoFeCr alloy has two maxima corresponding 

to -250 MPa at a depth of 10025 nm and -530 MPa at a depth of 25525 nm. The results obtained are 

consistent with the SRIM data. According to calculations, the maximum radiation damage (dpa) corresponds 

to a depth of 125 nm, and the maximum of the implanted helium peak corresponds to a depth of 164 nm. The 

discrepancy in depth for the second maximum is mainly due to the swelling of the alloy during helium 

implantation. 

It was found that the increase in the dislocation density in the irradiated NiCoFeCr alloy compared to 

the non-irradiated alloy is 3.51012 cm-2 and remains constant in depth up to 150 nm, and then decreases in 3 

times. 

The paper discusses the mechanisms of radiation defect formation in high entropy alloys, the influence 

of the type of ions and radiation damage on the formation of radiation defects, and their influence on the 

level of internal stresses.   
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Zirconium-based alloys have served the nuclear industry for several decades due to their unique set of 

properties [1]. Under normal use, zirconium alloys form a protective layer of zirconium oxide against 
corrosion. However, at high temperatures, which can occur under accident conditions, zirconium alloys 
exhibit poor oxidation kinetics [2, 3]. The replacement of the Zr coating with an alternative coating that is 
resistant to oxidation has generated considerable interest since the accident at the Fukushima Daiichi nuclear 
power plant [4]. However, the complete replacement of Zr is a difficult task, since it will entail major 
changes in the design of the reactor core due to different mechanical and neutronic properties. Moreover, 
large-scale production of fuel claddings from alternative materials is a long-term proposal. An alternative 
approach is to coat the Zr with an oxidation resistant coating, which will increase the resistance to accidents 
and minimize the effect on neutron transparency. FeCrAl has been proposed as a coating material due to its 
excellent oxidation resistance and thermal stability [5, 6]. Al in alloys can form a stable layer of aluminum 
oxide. The oxidation rate of FeCrAl is at least two orders of magnitude lower than that of Zr [7]. 

In this work, we used the RITM-SP electron-beam setup with an explosive emission cathode and a 
plasma-filled diode generating a low-energy high-current electron beam (LEHCEB) [8]. This machine is 
equipped with a magnetron sputtering system that allows the formation of multicomponent surfacealloys. 
The surface alloy was formed by the co-deposition of Fe, Cr, and Al on a Zr substrate and subsequent 
irradiation with LEHCEB. 

The surface FeCrAl alloy was studied and analyzed by X-ray phase analysis using synchrotron radiation 
of the VEPP-3 electron storage ring as part of the Central Collective Use Center of the SCST based on the 
UNU "VEPP-4 Complex - VEPP-2000" at the INP SB RAS. The morphology of the surface and cross 
section is considered. The elemental composition was analyzed. 
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TiNi shape memory alloys (SMAs) are known to be smart materials utilized for fabrication of tiny 

medical instruments for small invasive surgery. This is due to the fact that TiNi SMA exhibits thermoelastic 

martensitic transformations, and its mechanical behavior is similar to the mechanical response of biological 

tissues. However, the issue of the assessment of biodegradation and corrosion properties of these alloys in 

the physiological environment is still under debate because release of toxic nickel ions could initiate 

inflammatory processes. Therefore, the formation of ultrastable oxide layers on the TiNi alloy surface, which 

prevents the nickel release into the biological environment, is an extremely urgent task. The method of ion 

implantation has a great potential for modifying the phase and chemical composition of TiNi SMAs [1–3] in 

order to improve corrosion properties and biocompatibility. In the current study, the approach of synthesis of 

barrier oxide layers on TiNi surface through ion-beam implantation of titanium was performed, and the 

detailed characterization of structure and electrochemical properties of the modified surface layers was given 

by means of high-resolution TEM/SEM and modern electrochemical methods. 

 

Fig.1. Scheme of ion implantation process of the TiNi alloy, leading to glass transition of a thin (up to 100 nm) surface layer. TEM 

images of the structure of the surface layer of the TiNi alloy after high-dose (D=1·1017 ion/cm2) implantation with titanium. 

The ion implantation of TiNi by titanium ions was carried out in the Laboratory of Plasma Sources 

(Institute of High Current Electronics, Tomsk) using a vacuum-arc ion source MEVVA-V.RU with a voltage 

of 30 kV, residual vacuum of 2·10-4 Pa, at a pulse repetition rate of 10 Hz and an ion current density of 4.5 

mA/cm2. Material characterization was done in the center for the collective use «Nanotech» (Institute of 

Strength Physics and Materials Science, Tomsk).  

The results (Fig. 1) have shown that ion implantation leads to the glass formation of a thin (100 nm) 

upper surface layer of TiNi substrate, when the dose of irradiation reaches D=1·1017 ion/cm2. The nano-beam 

diffraction patterns indicate on the formation of a mixture of brookite TiO2 and cubic TiO oxide phases on 

the sample surface. Data on corrosion properties (corrosion current, corrosion potential, breakdown potential, 

polarization resistance) demonstrate the advantage of ion implantation for improving the corrosion 

resistance.  
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It is known that NiTi SMART-materials have shape memory effect and super-elasticity features. These 

materials are widely used in biomedicine (surgical stents, catheters) [1, 2] and industry (aerospace drives, 

sensors, seals) [3, 4]. The key issue responsible for degradation of functional properties of TiNi during 

operation is residual stresses arising from the sample processing and surface treatments. Recently, a novel 

method of surface modification of TiNi alloys has been proposed using an additive thin-film electron-beam 

synthesis of surface alloy [5].  

The purpose of this work is X-ray diffraction examination of residual stresses formed in the near-surface 

layer of TiNi substrate after additive thin-film electron-beam synthesis of Ti-Ni-Ta-Si surface alloys. 

The initial specimens at room temperature possess a three-phase mixture: a B2 phase (∼85 vol.%), a Ti2Ni 

phase (∼10 vol.%) and a Ti3Ni4 phase (∼5 vol.%). The magnetron co-deposition was performed through 

simultaneous sputtering of three targets {Ti, Ta, Si} on the surface of TiNi substrate to obey the composition 

Ti60Ta30Si10 (at. %). For magnetron sputtering, we used cathodes made of pure elements Ti (99.95 wt. %), Ta 

(99.95 wt. %), and Si (99.95 wt. %) (Girmet, Russia). The deposition time was chosen in order to deposit a 

~100 nm thick film on the surface of TiNi substrate. An additional post electron-beam treatment was employed 

with an energy density Es = 1.7 J/cm2 and pulse number n = 10. Formation of surface alloy on TiNi substrates 

and additional post electron-beam treatment was carried out in a single vacuum cycle on the modified setup 

“RITM-SP” (Microsplav Ltd., Russia) [6]. 

In this work, the fabricated Ti-Ni-Ta-Si surface alloys possess a multi-layered structure consisting of 

outer glassy layer and adjacent sublayers of TiNi substrate: eutectic B2+Ti3Ni4, martensitic R/B19' and heat-

affected zone. The detailed XRD, TEM/EDS analysis revealed formation of two isostructural B2 phases with 

different lattice parameters, chemical compositions and microstructure. Changes of B2 lattice parameters are 

closely related with variation of chemical composition and residual elastic stresses of the first kind. The XRD 

determination of residual stresses in the as-cast samples has shown that compression stresses in the direction 

perpendicular to the irradiated surface reach a value of –350 MPa. Post electron-beam treatment results in 

decreasing of compression stress value down to –270 MPa. Based on the microstructural characterization, the 

step-by-step scenario of formation and evolution of residual stress fields after the synthesis of surface alloy 

and post electron-beam treatment of TiNi substrates is given. 
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MECHANISMS FOR IMPROVING THE FATIGUE LIFE OF TINI ALLOYS ASSOCIATED WITH 

ELECTRON-BEAM SURFACE MODIFICATION * 

L.L. MEISNER, S.N. MEISNER 

 Institute of Strength Physics and Materials Science SB RAS, Tomsk, Russia 

 

The study results of the influence of surface electron-beam treatments on the fatigue characteristics of 

an TiNi shape memory alloy (SMA) are presented in the report. Surface melting modes were used for 

processing by a pulsed low-energy high-current electron beam (LEHCEB) with electron energy densities ES 

= 1.5, 2.7, and 3.7 J/cm2 at different numbers of pulses n = 5 and 15. Cyclic tensile tests were carried out in 

the low-cycle fatigue mode on a servo-hydraulic testing machine Biss UTM 150 (Biss, India) with cycle 

asymmetry R=0.1 at a maximum load of 160 MPa and a frequency of 20 Hz. The study of the fatigue 

fracture surfaces оf the LEHCEB’s modified TiNi substrates was carried out with use a scanning electron 

microscope (SEM) EVO 50 (Zeiss, Germany). 

It is shown that LEHCEB treatment of the TiNi surface led to an increase in the fatigue life of TiNi 

substrates by almost 1.5-2 times, compared with non-irradiated TiNi substrates, which is due to the effective 

cleaning of sample surfaces using LEHCEBs from particles/inclusions, as the main sources of fatigue 

microcracks on the surface. The highest result is observed after LEHCEB treatments at ES = 1.5 and 3.7 

J/cm2 with the number of pulses n = 5, which is due to the formation of residual compressive stresses in the 

modified surface layer, which prevent the initiation of defects from the surface of the sample and their 

propagation into the internal volume. 

 

Fig.1. Dependences of fatigue crack growth rates on the maximum stress intensity factor before (1) and after (2) LEHCEB treatments 

of TiNi substrates. 

Regularities of formation and propagation of fatigue cracks before and after LEHCEB treatment of TiNi 

substrates are studied. The influence of these treatments on the fatigue crack growth rates are estimated. It 

was found that LEHCEB modification leads to an increase in the average number of cycles <Nstart> of the 

beginning of fatigue crack formation by more than N2000. More over the fatigue crack growth rate in 

irradiated TiNi substrates at the first stages of formation and propagation of a fatigue crack is 4–10 times 

lower than this rate in non-irradiated samples. At the same time, the stages of critical destruction and the 

sizes of fracture zones before and after LEHCEB irradiation differ little from each other.  

The conclusion is substantiated that LEHCEB surface modification plays a critical role in the first 

stages of the process of fatigue accumulation of defects, effectively preventing the onset of this process. The 

main reasons for this result are the structure of the modified layer and the residual stresses inside it and 

below, to a depth of ~100 µm, induced by LEHCEB treatment. 
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Nowadays the development of new radiation-resistant materials is a crucial problem that is especially 

urgent for fission/fusion industry, aerospace application, etc. wherein objects are exposed to strong 

irradiation with ions, neutrons, electrons. So irradiation with light ions due to nuclear collisions can induce a 

higher ratio of point defects (e.g. vacancies and interstitials) produced relative to defect clusters (e.g. He 

bubbles) in metallic crystals [1]. This in turn remarkably degrades the performance of structural materials in 

advanced fission/fusion reactors, which must be significantly improved to extend the reliability and 

efficiency [2, 3].  

For this, it is necessary to create materials with a large amount of sinks for point defects, such as 

dislocations, grain boundaries, and interphase boundaries [4]. Multilayer systems are promising for research, 

since interlayer boundaries can affect the elimination of radiation defects [5]. They have significant 

interfacial regions that can act as stable defect absorbers. 

Multilayer films nc-ZrN/a-ZrCu with different Cu concentration (from 44.6 to 73.8 at.%) and thickness 

of amorphous layer ZrCu (5 and 10 nm) were formed at 300°C by reactive magnetron sputtering in a high 

vacuum chamber (base pressure <10
-5

 Pa) equipped with three confocal targets and a cryogenic pump (max. 

500 l/s). A constant bias voltage of -60 V was applied to the substrate during deposition, while the substrate 

was rotated at 15 rpm throughout the whole deposition to ensure an equal deposition rate across the substrate 

area. nc-ZrN/a-ZrCu multilayer films with different Cu content and thickness of ZrN and ZrCu elementary 

layers have been investigated. The Cu content in the ZrCu layers was varied by changing the DC power 

supply of the Cu target, from 40 to 52 W, and the DC power supply of Zr target, from 88 up to 294 W. 

Ion implantation of multilayer films was carried out with He
2+

 ions with energy of 40 keV on a DC-60 

heavy ion accelerator at fluences from 5.010
16

 to 1.110
18

 cm
-2

. The energetic parameters of implantation 

were chosen so as the implanted He distribution depth did not exceed the film thickness, as calculated using 

the SRIM-2012 code.  

X-ray diffraction and transmission electron microscopy (TEM) studies of multilayer films after 

deposition have shown that the films consist of alternating layers of nanocrystalline ZrN and amorphous a-

ZrCu. The formation of horizontal continuous layers with flat and sharp interfaces was revealed. 

Studies of stresses in multilayer films have shown that they are compressive and vary from -2 to -4 GPa 

depending on the thickness of the ZrCu layer and the Cu concentration in it. It has been found that irradiation 

with helium ions leads to a decrease in the level of compressive stresses. In this case, for multilayer films 

with an amorphous layer thickness of 5 nm at a dose of more than 9.010
18

 cm
-2

, the stresses decrease to zero 

and become tensile. The decrease in the stress level is mainly associated with the effects of radiation erosion 

of multilayer films. The change in compressive stresses in multilayer films upon irradiation with helium ions 

is consistent with the TEM data. Microscopic studies revealed curvature of crystalline and amorphous layers 

in the area of implantation of helium ions. 

In the paper discusses the mechanisms of changes in internal stresses after implantation of helium ions, 

as well as the influence of copper concentration in the amorphous layer, its thickness and radiation dose on 

the level of these stresses.  
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DEPOSITING OF MULTILAYER MULTICOMPONENT COATINGS TO INCREASE THE
LIFETIME OF CUTTING TOOLS*

M.V.SAVCHUK1, V.V. DENISOV1, YU.A. DENISOVA1, A.A. LEONOV1, V.N. TISCHENKO1, A.B. SKOSYRSKY2, V.M.
SAVOSTIKOV1

1Institute of High Current Electronics SB RAS, Tomsk, Russia
2National Research Tomsk State University, Tomsk, Russia 

e-mail: mixail96@bk.ru

In  this  paper,  the  physicomechanical  and  tribotechnical  properties  of  multicomponent
TiB/TiBN and TiCrB/TiCrBN coating systems are investigated to reduce the wear of the material
surface.

Coating deposition is carried out by combining of method of ion-plasma nitriding and vacuum-
arc plasma-assisted deposition of functional coatings. As a result of the experiments, the values of
microhardness and nanohardness of the deposited coatings were obtained. Tribotechnical tests were
also carried out.

In the course of the work, tests of cutting tools with multilayer coatings of TiB/TiBN and
TiCrB/TiCrBN systems were carried out.

According to the test  results,  the wear resistance of the TiCrB/TiCrBN coated cutting tool
increased by four times. At the same time, the coefficient of friction with the addition of chromium
in the film decreased from 0,5 to 0,2.

* The work was carried out with the financial support of the Russian Federation represented by the Ministry of Science and Higher Education (project
№ 075-15-2021-1348) within the framework of even № 1.1.14.
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EFFECT OF LOW-TEMPERATURE PLASMA NON-SELF-SUSTAINED DISCHARGE ON 

CHEMICAL COMPOSITION AND MORPHOLOGY OF POLYLACTIC ACID SURFACE * 

O. A. LAPUT1, I. V. VASENINA2, YU. H. AKHMADEEV3, I.A. KURZINA1 

1Tomsk State University, Tomsk, Russia 
2P.N. Lebedev Physical Institute, Moscow, Russia 

3Institute of High Current Electronics SB RAS, Tomsk, Russia 

 

The effect of argon flow non-self-sustained discharge plasma treatment on surface physicochemical 

properties of biocompatible scaffolds based on polylactic acid (PLA) was investigated. The PLA-based 

scaffolds were obtained by electrospinning on the Nanon-01 facility [1]. The plasma treatment conditions were 

following: the plasma gas – argon; the amplitude of discharge current – 5-10 A; working pressure – 0.3 Pa; 

exposure time – 5÷28 min. Surface modification by low-temperature plasma is used for alteration of the 

structure and physicochemical properties of PLA-based scaffolds, such as chemical compound, phase state, 

roughness etc. 

X-ray diffraction analysis (XRD) before and after plasma treatment reveals diffraction patterns containing 

two distinct peaks at 2θ= 25,3°, 29,3°, corresponding to the crystallographic planes with indexes (015) and 

(216) [2]. After modification of PLA surface by low-temperature argon plasma, the main diffraction lines 

appeared: 2θ= 16.7°; 19.2°, corresponding to crystallographic planes with indices (110)/(200) and (203), that 

indicates the presence of α-shaped crystals (rhombic crystal lattice). The degree of crystallinity (χС) increases 

with increasing exposure time of plasma treatment. The enhance of χС was established from 28% (initial PLA) 

to the maximum value of 68% after 28 minutes of plasma treatment. The increasing of the degree of 

crystallinity indicates the orderliness of the PLA macromolecules packing. The non-self-sustained discharge 

plasma treatment of PLA surface leads to the increasing of carbonyl group band intensity, corresponding to 

the α-form of the PLA crystal structure, which indicates the destruction of polymer bonds. 

According to the results by AFM spectroscopy, the roughness Ra is increased from 5 to 248 nm for 

plasma-treated scaffolds. It was found that roughness depends on the degree of crystallinity (Fig. 1). Increasing 

the scaffolds surface roughness submit a second-order polynomial law: Ra = -15.429 χС
2 + 118.77 χС - 87.4, 

while the approximation reliability coefficient R2 = 0.9612. Increasing the surface roughness improves the 

adhesion and proliferation of cells on PLA surface. 

 

Fig.1. The dependence of the modified scaffolds PLA surface roughness from the degree of crystallinity  

To sum up, argon flow non-self-sustained discharge plasma treatment is an effective technique for surface 

physicochemical property modification of biocompatible scaffolds based on PLA. 
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THE PROCESS OF MAO COATING FORMATION AT THE COATING-SURFACE INTERFACE* 
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Aluminum is one of the most promising and widely used materials in many industries. Aluminum alloy parts 

have low weight and high thermal conductivity relative to steel and cast iron. The disadvantages of aluminum 
products are low wear resistance, high coefficient of linear thermal expansion, irregularity and high porosity of the 
oxide film. The surface modification of aluminum parts allows improving their properties [1, 2, 3]. 

The method of micro-arc oxidation (MAO) allows modifying the surface and producing protective coatings 
on aluminum, titanium, magnesium, zirconium, tantalum, neobium and their alloys. The coatings have an 
increased adhesion ability, high hardness, corrosion resistance, resistance to aggressive media, and insulating 
properties. This method (MAO) consists in modification of product surface by microplasma discharges and 
formation of protective ceramic coating at the metal-electrolyte interface, consisting of oxide forms of substrate 
metal and electrolyte elements. It is possible to obtain coatings up to 400 µm thickness, using the MAO method 
[4, 5]. 

The study of the metal-MAO coating interface obtained at different technological parameters will help to 
study the coating formation processes in more detail, as well as to consider the influence of electrical parameters 
on the properties of MAO coatings. 

MAO coatings were formed in the anodic mode by the MANEL technology on aluminum samples (D16 and 
AMg3 alloys), ø50 mm and h = 2 mm, in the electrolyte "Manel-B" (pH = 6) using a pulse power supply 
ARCCOR III (EleSy Company) at voltage 600 V, pulse duration from 20 to 200 µs and frequency from 70 to 300 
Hz. There were implemented 6 technological modes and were obtained 2 samples for each mode. At the 
beginning of MAO process, a transition layer of metal-coating with a thickness of 5-20 µm was formed. Then the 
external thickness of the coating was increased up to 30-40 µm, the average formation speed depended on the 
parameters of the power source and ranged from 0.125 to 32 µm/min. 

The samples were dried in a drying box at 100°C after MAO treatment. The surface roughness of MAO-
coating was measured using TR220 roughness meter, elasticity was evaluated using an Eriksen method, and 
impact resistance was determined using a Constanta U2-M device. 

Cross-sections were made from the samples obtained using a Buehler polishing system to study the metal-
coating interface. The surface morphology and the cross-sectional microstructure of the coatings were 
characterized by scanning electron microscopy (SEM, Quanta 200 3D), microhardness was evaluated by 
Shimadzu DUH-211S dynamic ultra micro hardness tester; the film thickness was measured by Positector 6000 
vortex thickness meter. 

The paper presents the quantitative distribution of elements at the metal-MAO-coating interface. It was 
obseved that the microhardness values near the metal-MAO coating interface depend on a coating composition. 
On the other hand, technological parameters such as pulse duration and pulse frequency influence on distribution 
elements in the coating. 

It is shown the MAO coating has the lowest values of the formation rate and surface roughness at low  
values of the pulse duration and pulse frequency. Increasing these parameters leads to MAO coating growth rate 
and surface roughness growth. 
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INTRINSIC AND DOPANT-DRIVEN LUMINESCENCE IN LiMgPO4* 
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Nowadays, lithium–magnesium phosphate with an olivine structure is of special importance for 

radiation dosimetry applications, which is mainly due to chemical and thermal stability as well 

as ease of synthesis and low cost of the material. LiMgPO4 turned out to be suitable for both optically (OSL) 

and thermally (TSL) stimulated luminescence [1]. 

In this work, we consider in detail peculiarities of photo-, radio-, and thermoluminescence in pure and 

doped Li-Mg phosphate with different morphology and synthesized using various methods. It is shown that, 

other things being equal, the smaller the specific surface of the powder sample, the higher the optical yield. 
Thus, undoped LiMgPO4 with the best characteristics was obtained by melting and following quenching. To 

understand the nature of surface and bulk point defects that can act as traps and luminescence centers, the 

ESR method was applied. We determined the energy of defects using ab initio calculations and UV-viz 

spectroscopy. 

Although pure LiMgPO4 accumulates energy under ionizing irradiation and keeps it for a long time, to 

significantly enhance the dosimetric response, the presence of rare earth ions is required. A series of 

LiMgPO4:RE3+ phosphors was synthesized by the conventional solid-state method. It has been shown that all 

rare earths can be divided into two groups: Sm, Gd, Tb, Dy, Eu and Tm manifest themselves in RL and TSL 

spectra by the appearance of a characteristic set of lines reflecting the luminescence of rare earth elements as 

a result of f–f transitions from an excited state to a lower one, while Er, Pr, Yb, Ce, Ho, and Nd only greatly 

enhance the two-humped RL and TSL spectra of the phosphate matrix (Fig.1). The discovered effect was 

attributed to non-radiative energy transfer [2] from some RE3+ ions to matrix defects with energies close to 

the energies of upper radiation levels of these RE3+. Regardless of the dopant, all irradiated samples exhibit 

thermoluminescence at temperatures of 100–300 0C, which significantly exceeds that of pure LiMgPO4 in 

intensity. The best and almost similar characteristics are demonstrated by LiMgPO4:Er and LiMgPO4:Tb 

despite the fact that terbium in LiMgPO4:Tb acts as a TSL activator and erbium is a sensitizer, enhancing the 

stimulated luminescence of the matrix. 

Fig.1. RL spectra of LiMgPO4, LiMgPO4:Er and LiMgPO4:Tb. 
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Skin dosimetry requires the creation of luminescent detectors with a thin sensitive layer with a mass 

thickness of 5 mg/cm2. The linear thickness of such a layer in corundum-based detectors is ~12 μm. To 

achieve this goal, we proposed in [1] to use laser treatment of specially prepared detectors based on single-

crystal corundum. A scanning laser pulse beam with a wavelength of 10.6 μm was used to melt the surface 

and form a thin sensitive layer in the detectors with a thickness of ~12-15 μm. As a result of this treatment 

the responses of optically and thermally stimulated luminescence (OSL and TSL) from the thin layers of 

such detectors became proportional to the radiation dose. However, their OSL and TSL responses 

(sensitivity) were insufficient. To increase sensitivity of the detectors we have studied the dependences of the 

OSL and TSL responses (SOSL and STSL) on the energy (Epulse) delivered by focused laser beam in one pulse, 

on the pulse frequency (f), on the velocity (v) and the density of scanning (DPI – dots per inch). The change 

in the structure of the surface layer was monitored microscopically. 

Fig. 1 shows micrographs of the surface of samples laser-treated at Epulse = 14 mJ (a) and 38 mJ (b). As 

can be seen, with increasing Epulse, the surface area with a modified structure increases. At Epulse ≥ 68 mJ, the 

entire surface is covered with similar structural elements. Moreover, at Epulse ≥ 102 mJ cracks is appeared in 

the volume of the samples and the samples begin to split. Fig. 2 shows the SOSL(Epulse) dependency. It can be 

seen that in the Epulse range from 14 to 68 mJ the value SOSL increases and next at Epulse > 68 mJ it reaches 

saturation. The STSL(Epulse) dependency has a similar form. Further, at Epulse = 68 mJ, the dependences of SOSL 

and STSL on v, f and DPI were investigated. 

 

  

Fig.1. Micrographs of the surface of samples laser-treated at 

Epulse 14 mJ (a) and 38 mJ (b). 

Fig.2. The SOSL(Epulse) dependency of samples IR laser treated at 

100 pulses per inch, 250 dots per inch and irradiated with 

20 mSv -radiation.  

As a result, the optimal laser scanning mode for creating thin sensitive layers of skin detectors based on 

corundum with maximum OSL and TSL responses was found. The detectors with such a sensitive layer fully 

meet the requirements of NRB-99/2009 [2] in thickness, energy and dose ranges for photon and -radiation. 
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LUMINESCENCE OF DYE AFTER EXPOSURE TO ELECTRON BEAM RADIATION* 
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Wastewater containing emissions from textile production poses an environmental hazard due to the 

refractory carcinogenic nature of dyes. Crystal violet (CV) is a typical triphenylmethane dye, is toxic to 

living organisms and is a mutagenic and mitotic poison. We know that the CV molecule is of interest for 

scientific research in the field of nonlinear properties, its interaction with ferroelectric crystals leads to 

outstanding optical properties and is of great interest because of its potential use in displays and electro-

optical devices. The chemical coagulation process can intelligently remove dyes from wastewater, but it will 

generate a large amount of secondary waste. Activated carbon processes can remove dyes in aqueous 

solution efficiently but activated carbon and post-treatment of spent carbon are costly. There are a few 

research works devoted to the study of wastewater treatment from dyes using photolytic oxidation (TiO2/UV, 

ZnO/UV, H2O2/UV, Fe2+/H2O2/UV). UV radiation can destroy organic pollutants, including crystal violet, 

through direct and indirect photolysis. An analysis of the rate constant of CV had been reduced in water 

under the action of KrCl and XeBr excilamp radiation shows that under the action of XeBr radiation, the 

efficiency of CV degradation without additives in water is low and amounts to only 2%. The addition of 

hydrogen peroxide (1:1) reduces the concentration of CV in solutions, the conversion is already 93% under 

the action of KrCl [1]. The HPLC data of the irradiated solutions for 60 min showed that, in addition to the 

CV residue, the solution also contains its phototransformation products. The report presents the results of 

measuring the luminescence of the ambient air and aqueous solutions of CV when they are irradiated with a 

high-current pulsed electron beam with an average energy of Ee=170 keV and a duration of 2 ns, formed by 

the RADAN-303 accelerator [2]. The CV concentration in water was 0.05 mM (Fig. 1). Experimental studies 

were carried out in air at room temperature. The time-integrated emission spectrum in the range 200850 nm 

was recorded by two multichannel photodetectors with sensitivity ranges 200400 and 400850 nm. The 

absorption spectra of the CV after exposure to an electron beam were recorded on a two-beam Shimadzu 

UV-1700 spectrophotometer in the region of 200800 nm. It is shown that under such an impact, the 

dissolved CF is transformed, which is accompanied by a weakening of the air spectral lines during CV 

degradation with an increase in the number of irradiation pulses. The report discusses the mechanism and 

efficiency of CV transformations in water under the action of an electron beam. 
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Fig.1. The structure of crystalline violet and the absorption spectrum of CV in water: before (1) and after exposure to an electron 

beam of 1600 pulses (2). 
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Optical ceramics are promising media for doping with a wide spectrum of impurity ions with an unfilled 

d shell. Of particular interest are ions that are fundamentally capable of providing optical transitions with the 

emission of photons in the IR range. At the same time, to create a material that provides the necessary optical 

characteristics in the IR range, it is necessary to implement a number of factors in the matrix, such as a wide 

transmission range in the infrared region, chemical and mechanical resistance. 

In this work, optically transparent aluminum-magnesium spinel nanoceramics were chosen as a solid-

state matrix for doping. MgAl2O4 is an optimal candidate due to the wide range of optical transmission 

(λ  0.16 – 6.6 μm) and the presence of two types of cationic sublattices providing both divalent and trivalent 

cationic states. Iron ions were chosen to modify the optical properties in the IR range. It is known that divalent 

iron ions localized in close-packed oxygen structures of the tetrahedra type provide splitting of the ground 5D 

term into the 5T2 ground and 5E excited states, the transition energy between which lies in the IR range. The 

purpose of this work is to study the optical characteristics of transparent MgAl2O4 nanoceramics doped with 

iron ions. 

Optical nanoceramics were synthesized by sintering a compact made from monodispersed spinel and 

Fe2O3 nanopowders. Optical reflection and absorption spectroscopy methods have been used to establish a set 

of excited states associated with both Fe2+ and Fe3+ impurity ions. A shift of the excited states of the Fe2+ ions 

to the region of high energies, due to their localization in defective positions, has been found. Strong absorption 

in the UV spectral region is associated with the presence of both impurity Fe3+ ions and intrinsic optically 

active centers of the F and F+ - type. An analysis of the photoluminescent spectra indicates the presence of at 

least two types of impurity Fe3+ ions with different spectral and kinetic characteristics. New bands were also 

found in the PL spectra of spinel, associated with the localization of impurity Fe3+ ions in the tetrahedral sites 

of the crystal lattice. The photoluminescence intensity of Fe3+ ions undergoes strong concentration quenching 

as the impurity iron increases from 0.04 Fe% to 2 Fe%, while the sample itself becomes opaque in the visible 

spectral range. 

Thus, it has been shown that as a result of the modification of the optical characteristics of the aluminum-

magnesium spinel with iron ions, polyvalent optically active Fe centers are formed, localized both in normal 

and defect positions. 

 
Fig.1. Spectra of Fe3+ ions PL and PLE - a. Iron content is 0.04, 0.4, 2 % for 1, 2 and 3 on picture. A concentration quenching is shown at - b. 
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Magnesium Aluminate spinel (MgAl2O4) is one of the most promising material for optical applications 

at nuclear-power facilities, laser technology and dosimetry, due to its high resistance to radiation damage, 

thermal stability and transparency in a wide spectral range. There are some experimental studies devoted to 

the structural disorders in MgAl2O4 irradiated with fast fission neutrons, high-energy electrons and protons 

[1-3]. However, information about radiation defects caused by swift heavy ions in this material has been 

lacking, particularly in the range of high ionization energy losses. In the present work, a swift heavy ion 

irradiation-induced defects in MgAl2O4 single crystals have been studied using photoluminescence 

spectroscopy technique.  

Samples were irradiated with high energy Ar (46 MeV), Kr (107 MeV), Xe (150 MeV) and Bi (710 

MeV) ions in the fluence range of 1010-1013 cm-2 at IC-100 and U-400 cyclotrons in Flerov Laboratory of 

Nuclear Reactions JINR (Dubna, Russia). The PL measurements were performed in two experimental 

geometries: standard (λexc. = 355 nm) using Shamrock SR303i spectrometer and confocal (λexc. = 355 nm, 

445 nm, 473 nm and 532 nm) using confocal microscope Ntegra Spectra NT-MDT at room temperature.  

It was found that the PL spectra from intact MgAl2O4 contain emission bands of Cr3+ (1.8 eV) and Mn2+ 

(2.4 and 1.6 eV) impurities. Irradiation of MgAl2O4 crystals by high-energy heavy ions causes the 

appearance a broad luminescence band at 2.48–3.1 eV (standard geometry) with a three-peak structure, 

which is similar to MgO crystals [4], and an intense non-elementary bands around 1.55-3.1 eV (confocal 

system) under 355 nm, 445 nm, 473 nm and 532 nm excitation wavelengths. Intensities of these bands 

increase with the ion fluence up to 1012 cm-2. The analysis of the PL spectra obtained in standard geometry 

allowed us to assume that the radiation-induced defects created in the track region are surrounded 

predominantly by Mg and O ions. In confocal geometry, upon different energy of excitation, the PL spectra 

of samples have been demonstrated the similar spectral shapes (emission bands), which have been tentatively 

ascribed to some of impurity centers in different charge states.  
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Cherenkov effect is well-known phenomenon and finds a broad application in physics including beam 

diagnostics. The ability to separate Cherenkov and luminescence light in detector based on crystal is critical 

to develop the new generation of optical techniques in low energy beam diagnostics [1, 2]. In this report we 

demonstrate the first experimental results on detection of Cherenkov light from the 5.7 MeV electron beam 

passing through synthetic diamond and sapphire crystal. The measurements have been carried out at TPU 

microtron [2]. The oblique incidence allows extracting Cherenkov light at a right angle with respect to the 

electron beam [3]. Thus, we have measured the dependence of Cherenkov radiation intensity on the crystal 

rotation angle employing the silicon photomultiplier (MicroSC/FC model) for fixed observation angle. 

Measured amplitude-time characteristics of radiation indicate that Cherenkov and luminescent light possess 

different glow times for sapphire crystal, while for synthetic diamond these times are comparable. The 

special optical scheme consisting of filter and polarizer allows us to separate Cherenkov and luminescence 

light. The experimentally obtained dependences have good agreement with theoretical curves computed by 

the polarization currents approach [4]. The proposed scheme for detection of Cherenkov light will be used to 

develop a new method for measurement of the ion beam energy at NICA facility (JINR, Dubna, Russia) [5]. 
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ZrO2 (band gap 5.0-5.5 eV) is considered today one of the most important materials used in modern 

measuring technology, nanoelectronics and photonics. It has a significant luminescence yield, high 

reflectance, low phonon energy, and high thermal and chemical stability. Phosphors based on ZrO2 are used 

for the manufacture of oxygen sensors, biological sensors, laser technology devices, optoelectronic devices, 

UV and ionizing radiation dosimeters, scintillators, high-energy radiation visualization devices, etc. For 

these applications, an important task is to ensure the stability of the luminescent properties of the material 

when exposed to various types of radiation. This problem is especially relevant when using ZrO2-based 

devices in military and space technology, as well as in the nuclear industry.  

 In present work ZrO2 compacts were studied. Compacts were formed by cold uniaxial pressing in the 

range of (900-1500) kgf/cm of nanostructured zirconium dioxide powder produced by the plasma chemical 

method (sample type 1 and 2), ultra-dispersed ZrO2 powder (sample type 3). The samples were irradiated 

with 200 MeV Xe and 4.8 MeV N ions in fluence range (1010- 1014) cm-2 at cyclotron DC-60 (Nur-Sultan, 

Kazakhstan). Thermoluminescence (TL) properties of ZrO2 compacts were investigated to determine the 

possibility of their use for dosimetry of pulsed electron beams (130 keV, 2 ns). The virgin and ion-beam-

irradiated (Xe and N) compacts were irradiated with a test dose of 5 kGy pulsed electron beam. TL was 

measured in the linear heating mode at a rate of 2 K/s in the spectral range of 200-600 nm. TL curves of the 

virgin and irradiated compacts showed two TL peaks at 330-430 K and 430-550 K. The peak at 430-550 K is 

most intense in the nonirradiated sample. The greatest change in the TL intensity of this peak occurs in the 

sample irradiated with N ions: 2 to 3 times reduction. The kinetic parameters of the TL peak at 430-550 K 

(kinetic order b, activation energy E, and frequency factor S) were determined from the analysis of the TL 

curves.   

The greatest changes in the kinetic parameters compared to the unirradiated compacts are observed 

in the samples irradiated with N ions. This samples are characterized by an order of kinetics close to 1 (b = 

1.1), indicating that the probability of trap recapture of charge carriers is low. 
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At present, high-dose (more than 100 Gy) ionizing radiation is widely used in radiation technologies 

and scientific research. It is promising to use thermoluminescence (TL) dosimetry methods for registering 

high-dose radiation. One of the promising materials to detect high absorbed doses is ultrafine ceramics based 

on Al2O3-BeO [1]. This material was obtained by high-temperature vacuum annealing of nanostructured 

Al2O3 compacts in BeO crucibles in the presence of carbon [2]. We found that the TL of the dosimetric peak 

at 525 K of the studied Al2O3-BeO ceramics is not described by the simplest two-level model, but is due to 

the energy depth distribution of traps [1]. So far, evidence for the presence of the energy distribution of traps 

in the material under study has been obtained only under TL stimulation in the linear heating mode. Thereby 

it is of interest to study the TL kinetics with other methods of thermally activated spectroscopy (TAS); in 

particular, by using the analysis of isothermal decay curves [3] and fractional glow (FG) [4]. 

The aim of this work is to study TL of Al2O3-BeO ceramics by various TAS methods and to construct a 

kinetic model that takes into account the energy distribution of the traps and most fully describes the whole 

complex of TL properties of the material under study.    

The samples used in this work were tablets 1 mm in thick and 5 mm in diameter. The technique of 

synthesizing ceramics had been described earlier [2]. To excite TL, the samples were irradiated at room 

temperature with a pulsed electron beam (60 A/cm2, 2 ns) from the RADAN EXPERT accelerator with 

electron energy of 130 keV. The radiation dose was 15 kGy. TL was measured in three modes of TAS (linear 

heating at a rate of 2 K/s, isothermal heating and FG, the parameters of which were identical to those used in 

[4]).   

An anomalous behavior of the TL isothermal decay curves of the dosimetric peak at 525 K in the 

temperature ranges of 423–463 K and 523–623 K was revealed, which consists in a decreasing decay rate 

with an increasing isothermal holding temperature. In the temperature range of 463–523 K, no anomalous 

behavior of the curves was observed. Analytical approximation of the TL decay curves, as well as the results 

of the Tm-Tstop and initial rise methods [5], make it possible to unambiguously reveal the presence of the 

energy distribution of traps responsible for the dosimetric peak. This conclusion is also confirmed by the 

presence of a temperature dependence of the trap activation energy in the indicated peak obtained by the FG 

method.       

Based on the results of computer simulation of the charge transfer processes by solving systems of 

differential kinetic equations, it is shown that the observed features of the TL of the studied material, in 

particular, the anomalous behavior of the isothermal decay curves, are caused by the simultaneous emptying 

of several traps, whose distribution of activation energies has a form similar to the exponential one. The 

paper also discusses possible physical reasons for the appearance of the complex energy spectrum of the TL 

peak traps at 525 K. 
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PHOTOLUMINESCENCE OF OXYGEN CENTRES
IN LITHIUM FLUORIDE CRYSTALS WITHMETAL IMPURITIES

GUANGHUI GE, V.I. KOREPANOV

National Research Tomsk Polytechnic University, Tomsk, Russia

Multivalent metal impurities, in the form of oxides, are known to be injected into LiF crystals. Different
forms of luminescent oxygen centers, including those with scintillation properties, can be created. The nature
of the injected metal type's influence on centre structure, and also the regularity of LiF-Me scintillator
emission characteristics fluctuation, are undetermined.

In the present study the results of luminescence properties of LiF-Fe2O3, LiF-TiO2 and LiF-WO3

crystals under selective photo-excitation in the range of 200 ... 350 nm (impurity absorption) at temperatures
of 80 ... 300 К. A Cary Eclipse spectro-fluorimeter was used for the investigations.

It has been established that photo-excitation in the range of 4.0...6.0 eV causes the formation of two
photo-luminescence bands (PLBs) with similar but distinct maximum and half-width values in all crystal
types. Parameters of the bands in the studied crystals at 80 K are given in the table. The characteristics of
LiF-Fe2O3 band 1 are identical to those of (O2--Va+)-center.

Luminescence excitation bands (LE) were studied and determined. Their number depends on the type of
metal: in LiF-Fe2O3 - 2; in LiF-TiO2 - 3; in LiF-WO3 - 4. The parameters of the bands in LiF-Fe2O3 are close
to the parameters of the first (beginning with the high-energy) two bands in LiF-TiO2, while the parameters
of the bands in LiF-TiO2 are close to the parameters of the first three bands in LiF-WO3. The ratio of the PL
band intensities depends on the excitation band and the temperature of the crystal. Examples of PL and LE
spectra are shown in Figures 1 and 2.

The analysis of kinetic curves of PL attenuation under excitation in the range of 3.0....6.2 eV, and
regularities of luminescence attenuation parameters in the temperature range 80...300 K, showed similar
parameters and characteristics of PL and LE spectra for all crystals.

According to the research, all types of luminescence centres in all crystals contain a fragment of (O2--
Va+)-center perturbed to different degrees by impurities, i.e. (O2--Va+). The number of possible luminous
center configurations is governed by the configuration of defects created to compensate for the excess charge
of injected metal and is dependent on the type of injected metal. The metal's purpose is limited to facilitating
the introduction of an oxygen center into the LiF crystal.

Crystal Maximum
band 1

Maximum
band 2

Half-width
band 1

Half-width
band 2

LiF-Fe2O3 3.10 0,04 eV 2.60 0,04 eV 0.7 0,05 eV 0.68 0,05 eV
LiF-TiO2 3.00 0,04 eV 2.60 0,04 eV 0.58 0,05 eV 0.58 0,05 eV
LiF-WO3 2.93 0,04 eV 2.55 0,04 eV 0.54 0,05 eV 0.48 0,05 eV

Fig.1. PL spectra of LiF-TiO2 at 300K with excitation in the
region of 230nm.

Fig. 2. LE spectra of LiF-WO3 at 300K with luminescence
monitoring in the 430nm region.
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STRUCTURAL PROPERTIES SYNTHESIZED MAGNESIUM ALUMINATE SPINEL DOPED 

WITH CERIUM AND ERBIUM 

E. F. POLISADOVA, N.D. TRAN 

National Research Tomsk Polytechnic University, Tomsk, Russian Federation 

 

In this study, we investigated the structural properties of magnesium aluminate spinel (MAS) doped 

with some rare earth elements such as cerium and erbium synthesized by radiation method [1]. The crystal 

structure, crystallinity, and phase of the obtained synthesized MAS were investigated by X-ray diffraction 

(XRD-7000S diffractometer, Shimadzu, Japan) equipped with CuKα (λ = 0,15406 nm) radiation. Result have 

shown that, the synthesized MAS have cubic structure and are in crystalline spinel MgAl2O4 and periclase 

MgO phase (fig. 1.). The clear diffraction peaks demonstrate the good crystallinity of the synthesized MAS. 

The weak peaks of phase MgO and no peaks related to aluminum oxides indicate the rather high purity of the 

obtained MAS. 

 

Fig.1. Experimental diffraction pattern (XRD) of obtained samples. 

Calculation of parameters characterizing the crystal structure of the samples has been performed. The 

lattice constant of samples MAS pure, with Ce-doped and with Er-doped is 8.042 Å, 8.078 Å and 8.063 Å 

respectively. This result is also equivalent to standard card JCDPS 01-073-1959 (a = b = c = 8,05 Å). The 

change in crystal size in different samples is due to the substitution of ions Al3+ by ions Ce3+ and Er3+ at the 

octahedral position in the spinel. The larger the radius of ion, the larger the lattice constant. The radius of ion 

Ce3+ (1.14 Å) is larger than that of ion Er3+ (1.03 Å) and ion Al3+ (0.53 Å), so the lattice constant of the Ce-

doped sample is the largest and the pure sample is the smallest. The average crystallites size of samples MAS 

pure, with Ce-doped and with Er-doped is 32.06, 32.89 and 34.78 respectively. The average crystal sizes of 

the spinel samples synthesized by radiation method are also similar to those synthesized by the published 

common methods. The replacement of ions Al3+ with rare earth ions not only changes the lattice constant, but 

also creates lattice defects, thereby reducing the crystallinity of the synthesized sample [2]. This explains the 

crystallinity calculation results of the synthesized MAS samples, the crystallinity of samples MAS pure, with 

Ce-doped and with Er-doped is 87.7%, 70.2% and 77.3%, respectively. 

From the results of calculating the structural properties of synthesized MAS by X-ray diffraction 

method, it is shown that the synthesis of samples MAS pure as well as some doped rare earth elements such 

as Ce and Er by radiation method was performed successfully. This is the premise for the synthesis of 

samples MAS doped with transition metal elements and other rare earth elements by radiation method to 

create samples with suitable thermal and optical properties for different applications. 
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Complex orthoborates of rare earth (RE) elements and trivalent cations are described by the general 

formula RM3(BO3)4, where R = Y, La – Lu, M = Al, Ga, Cr, Mn, Fe, and crystallize into the structure of the 

huntite mineral CaMg3(CO3)4. Crystals are of considerable interest as nonlinear optical, magnetoelectric, 

luminescent, and laser materials. 

Among them, yttrium-aluminum borates YAl3(BO3)4 are known phosphors in the case of partial 

replacement of Y3+ ions by rare earth ions. YAl3(BO3)4:Eu3+ under UV excitation exhibits red luminescence, 

close in chromaticity coordinates to the parameters of the ideal commercial Y2O3:Eu3+ phosphor. 

YAl3(BO3)4:Eu3+/Tb3+ is an environmentally friendly material for a white LED, which is advantageous in 

terms of its intensity, luminescence power, and cost [1]. Under UV excitation in YAl3(BO3)4:Sm3+ and 

YAl3(BO3)4:Tm3+, reddish-orange and blue radiation was obtained, respectively [2, 3]. 

In [4], the authors obtained the luminescence spectra of YAl3(BO3)4 doped with manganese. The obtained 

spectra (in particular, three narrow lines in the region of 680 nm) are characteristic of Mn4+, but further analysis 

is required to better understand the manganese valence in this compound and its optical spectra. 

 
Fig.1. Transmission spectrum of YAl3(BO3)4: Mn at T = 3.5 K.  

 

In the present work, the luminescence spectra were recorded in a wide temperature range and at different 

pump wavelengths. Additionally, high-resolution low-temperature transmission spectra (up to 0.1 cm-1) were 

measured in which three Mn4+ lines were also observed at frequencies around 680 nm (Fig. 1). An analysis of 

the obtained spectroscopic data made it possible to make an assumption about the energy structure of the 

electron shells of the Mn4+ and Mn2+ ions in YAl3(BO3)4:Mn manganese.  
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When passing through a substance, electrons with energies up to 5 MeV lose their energy mainly to 

ionization. The cross section for the interaction of electrons with atoms of a substance depends on their 

energy, and their trajectory of their movement changes during the interaction. Therefore, the distribution of 

absorbed energy in matter has a complex character. Even more difficult is the energy distribution under the 

action of a spatially limited electron beam. Part of the energy is transferred outside the beam, and the energy 

is also redistributed in the plane perpendicular to the beam axis. 

The distribution of absorbed energy in the target determines the nature of the processes stimulated by 

radiation in matter. If these processes have a linear dependence on the flux power density, then with an 

increase in the absorbed dose, proportional changes in the structure and properties in the irradiated substance 

are observed. In the case when the processes stimulated by radiation are non-linear depending on the power 

density, one can expect the manifestation of unusual processes that determine the result of radiation 

treatment. Such effects have been found, for example, in the synthesis of refractory luminescent ceramics 

based on metal fluorides and oxides [1, 2]. Above certain thresholds, the effects associated with the 

ionization of matter and active processes between short-lived radiolysis products become dominant. 

 

Fig.1. Energy Loss Distribution of an Electron Flow with E=2.0 MeV in YAG 

We have calculated the energy losses of electrons with energies of 1.4 – 2.5 MeV in materials based on 

YAG, FSGM using Monte Carlo methods. Beams of streams of such electrons were used for the radiative 

synthesis of these materials. The beams had a Gaussian flux density distribution in cross section with a 

diameter near the surface of the irradiated charge of 7.5 mm. An example of the results of calculating energy 

losses is shown in the figure. The distribution of energy losses has the form of a curve with a maximum in 

sections parallel and perpendicular to the direction of the incident electron flow. The maximum energy of the 

electron beam with an energy of 1.4 MeV is absorbed in a region with a diameter of ≈4 mm in a cross section 

perpendicular to the direction of electron beam incidence and at a path depth of 1.5–2.0 mm. The highest 

energy loss density is inside the substance. Obviously, one should expect the manifestation of such a non-

uniform distribution of the absorbed energy in matter in the processes of radiative synthesis. 

With an increase in the electron energy, the region with the highest flux energy loss density increases in 

a disproportionate manner to the electron energy. The density of the generated electronic excitations in the 

irradiated region depends nonlinearly on the energy of the electrons. This effect must be taken into account 

when choosing the mode of radiation synthesis of dielectric materials. 
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LUMINESCENCE OF TUNGSTEN-ACTIVATED CERAMICS BASED ON MAGNESIUM AND 

BARIUM FLUORIDES 
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1 L.N.Gumilyov Eurasian National University, Nur-Sultan, Kazakhstan 
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Polyvalent ions are effective activators in materials based on metal fluorides. However, the introduction 

of such ions into the lattice is a great difficulty. It is especially difficult to introduce multivalent ions, for 

example, W, U, which cannot be incorporated into the lattice without coactivators. During synthesis, such 

ions form volatile compounds, which are removed from the reactor. A promising method for obtaining 

activated materials based on metal fluorides is the radiation synthesis method, in which the formation of a 

lattice from mixtures occurs predominantly with the participation of highly excited radiolysis products. 

We have completed a series of works on the synthesis and study of tungsten-activated materials based 

on alkaline earth metal fluorides with different lattice structures BaF2, MgF2, BaMgF4. Synthesis was carried 

out by direct action of an electron beam with an energy of 1.4 MeV and a flux density of 18–23 kW/cm
2
 on a 

charge of stoichiometric composition with 1 wt% WO3. The resulting ceramic samples had a structure 

characteristic of that obtained by traditional methods. The entry of W was controlled by luminescent 

methods. The excitation and luminescence spectra of ceramic samples synthesized from mixtures were 

measured. The ceramic samples were crushed mechanically, and the excitation and luminescence spectra of 

the powders were measured using a CM2203 SOLAR spectrometer. Examples of the results of 

measurements of the PL of the samples are shown in the figure. 
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Fig.1. Spectra of luminescence and excitation of samples  BaF2, BaF2+WO3 ,  MgF2,  MgF2+WO3. 

Similar results were also obtained for the BaхMg2-хF4 systems. It can be seen from the obtained results 

that the excitation spectra of the samples prepared from the mixture containing and not containing tungsten 

differ. The luminescence spectra also differ. Consequently, tungsten is introduced into the lattice during 

radiation synthesis in the absence of additional substances in the charge. 

The reason for the possibility of introducing W into the lattice is a significantly different set of 

processes during radiative synthesis from those occurring during thermal synthesis.  
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ELECTRON-HOLE TRAPPING CENTERS IN UV-IRRADIATED 𝑵𝒂𝟐𝑺𝑶𝟒 − 𝑴𝒏  AND 𝑲𝟐𝑺𝑶𝟒 −
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Alkali metal sulfates activated by transition metals, which have an unfilled d-shell, are used in laser 

technology and as detectors for various radiations. In an irradiated 𝐾2𝑆𝑂4 − 𝑀𝑛 crystal at temperature of 80 

K, a broad peak of thermally stimulated luminescence (TSL) at 120–190 K was found. The light sum under 

the low-temperature TSL peak at 120–190 K in irradiated 𝐾2𝑆𝑂4 − 𝑀𝑛 is several times greater than the light 

sum under the TSL peak at 190–200 K in pure 𝐾2𝑆𝑂4under the same conditions. 

It is assumed that the increase in the light sum under the TSL peak of 120-190 K in 𝐾2𝑆𝑂4 − 𝑀𝑛  is 

associated with an increase in the concentration of self-trapped holes 𝑆𝑂4
−. Self-localized holes are formed in 

this crystal in addition to the electronic 𝑀𝑛+– trapping centers. 

Thus, in 𝑁𝑎2𝑆𝑂4 − 𝑀𝑛 and 𝐾2𝑆𝑂4 − 𝑀𝑛 crystals, impurity electron-hole trapping centers are 

effectively created as a result of the localization of electrons with 𝑀𝑛2+impurities. 

We have investigated the nature of emission center and recombination emission at trapping centers 

in 𝐾2𝑆𝑂4 − 𝑀𝑛2+and 𝑁𝑎2𝑆𝑂4 − 𝑀𝑛2+ crystals. When irradiated with ultraviolet photons with an energy of 

5.9-6.2 eV, recombination emission was detected in these crystals at 1.82-1.84 eV for the 𝑁𝑎2𝑆𝑂4 − 𝑀𝑛 

crystal and 1.95-1.97 eV for the 𝐾2𝑆𝑂4 − 𝑀𝑛. 

The detected emissions at 1.82-1.84 eV for the 𝑁𝑎2𝑆𝑂4 − 𝑀𝑛 crystal are excited in the spectral 

range 3.34 eV and 3.56 eV, 3.08 eV and 2.79 eV and 2.41 eV at 80 K and 300 K. Similar emissions of 1.95-

1.97 eV for the 𝐾2𝑆𝑂4 − 𝑀𝑛 crystal are excited in the spectral range 3.33 eV, 3.52 eV, 2.79 eV and 3.08 eV 

and 2.39 eV at 80 K and 300 K. 

The emission of the 𝑀𝑛2+ ion in the 𝑁𝑎2𝑆𝑂4 and 𝐾2𝑆𝑂4 matrices is assumed to be excited in three 

spectral groups slightly different for the two crystals. Similar results were obtained by the authors of [1] for a 

𝑍𝑛𝑆 − 𝑀𝑛 piezoelectric crystal. According to the authors' [1] assumption, the first high-energy excitation 

band is associated with emission center transitions in the 𝑀𝑛2+ion located in the main interstitial positions. 

The remaining two groups of excitation bands are connected by the formation of electron-hole trapping 

centers near the vacancy of the Zn ion or its location in the interstitial.  

Our experimental results are interpreted as follows: During irradiation with UV photons, electron-

hole pairs are created. The electron-hole pair transfers energy to impurities, and excitations of 

𝑀𝑛2+impurities are observed at 3.34 eV and 3.56 eV, followed by 𝑀𝑛2+emissions in both crystals. 

It is well known that electrons are well trapped by 𝑀𝑛2+impurities according to the reaction 

𝑀𝑛2+ + 𝑒− → 𝑀𝑛+ and impurity electron-hole trapping centers of two types 𝑀𝑛+– 𝑆𝑂4
−depending on the 

positions of the impurity in the lattice 𝑁𝑎2𝑆𝑂4 and 𝐾2𝑆𝑂4. The observed phosphorescence for two crystals at 

2.79 eV and 2.39-2.41 eV confirms our assumptions about the formation of impurity trapping centers. The 

correlation between impurity trapping centers and intrinsic 𝑆𝑂4
3−– 𝑆𝑂4

−- trapping centers for pure 𝐾2𝑆𝑂4 

and 𝑁𝑎2𝑆𝑂4 crystals is discussed. 
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Oil and petroleum products are a rich source of hydrocarbons, the study of the hydrocarbon composition 

of new deposits allows the discovery of new hydrocarbons, which can provide a number of industries 

(petrochemical and oil refining, pharmaceuticals, etc.) with corresponding cheap hydrocarbons. For example, 

the production of quality oil products by the oil industry is highly dependent on the quality of the raw materials 

supplied to the oil refining industry; aromatic-based heavy oil fractions are used to produce petroleum 

phosphors, etc. In this regard, at the Institute of Petrochemical Processes of the National Academy of Sciences 

of Azerbaijan, the composition of natural oil is currently being comprehensively studied using modern highly 

sensitive instruments (UV, IR, NMR, chromato-mass spectroscopy, luminescence, etc.) hydrocarbon 

compounds are determined, their physico-chemical and spectral-luminescent properties are studied and 

proposed for application in the corresponding industries. 

In this work, the physicochemical and spectral-luminescent properties of Zagly natural oil are studied. 

Oil consists of paraffin-naphtha, aromatic hydrocarbons, and also contains resins and asphaltenes. Physical 

and chemical indicators are given in the table: 

Substance name 
Reflection coefficient, 

nd
20 

Density ρ4
20, кг/м3 Yield of components 

relative to oil, % 

Paraffin-naphtha 1,4685 859,7 40,5 

1st group aromatics 1,5074 892,1 15,3 

1st group aromatics 1,5480 932,1 4,5 

1st group aromatics 1,5790 972,2 7,8 

1st group aromatics 1,6011 1043,6 18,7 

Resin - 1065,2 11,6 

Asphalten - - 1,6 

Since the petroleum substance is a dispersed system of complex composition, in order to improve the 

accuracy of spectral studies, Zagli’s well oil was separated by liquid adsorption chromatography (GOST 

11244-76) method into separate components and the structural-group composition of aromatic hydrocarbons 

was studied: mono (benzene-11.7; 23.1; 24.3; 7.1%), bi- (naphthalene-12.8; 17.1; 18.3; 30.1%) and tricyclic 

(anthracene-1.1; 1.1; 1.3; 2.7% and phenanthrene-10.9; 14.1; 15.4; 24.6%) hydrocarbons. It has been 

established that as the concentration of solutions increases, the UV spectra shift to the long-wavelength region 

of the spectrum, and even in group IV, the “red” edge of the spectrum reaches ˃ 500 nm. 

Using the methods of luminescent excitation and luminescence, it was found that, despite the presence 

of mono-, bi- and tricyclic aromatic hydrocarbons in components I-IV gr. AH of this oil, them the ratio varies 

by components and if in I-III gr. AH the main luminescent glow in the components is provided by tricyclic 

aromatic hydrocarbons (TAH) and their substituted compounds, then in component IV gr. AH, 

photoluminescence is provided by both polycyclic bicyclic aromatic hydrocarbons (BAH) and TAH. Based on 

the results obtained, it can be concluded that, despite the absorption of light quanta in oil components by 

individual hydrocarbons (benzene, naphthalene, phenanthrene, anthracene and their substituted ones), there is 

energy transfer between hydrocarbons and it occurs from a low molecular weight to a higher molecular weight 

hydrocarbon (hνbenzene→hνnaphtha→hνphenanthrene→hνanthracene) and finally, an intense luminescent glow is 

observed, corresponding to a higher molecular weight hydrocarbon: TAH (I - III group AH), BAH and TAH 

(I-IV group AH). 

Component IV gr. AH oil Zagly can be offered in the production of phosphors for the detection of 

microdefects in the field of fluorescent color flaw detection [1, 2]. 
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Recently, GaN-based semiconductor heterostructures are one of the most promising optoelectronic 

materials [1, 2]. However, obtaining high-quality structures is accompanied by a series of difficulties. 

Uncontrollable impurities, intrinsic defects and dislocations formed in the crystal lattice during the growth 

process have a significant impact on the properties of layers and heterostructures. Therefore, the successful 

development of modern optoelectronics is realized by creating technologies, which can cultivate highly 

advanced semiconductor heterostructures. As we all know, luminescence diagnosis can control the degree of 

stoichiometry, the existence of impurities and defects, and determine whether the structure is suitable for 

manufacturing light sources [3 - 8]. 

Objective to study the luminescence characteristics of GaN / InGaN epitaxial layer grown by 

metalorganic vapor phase epitaxy on sapphire. These structures were formed in different laboratories. The 

excitation of luminescence inspection is realized by two methods: high current electron beam (HCEB) and 

nitrogen laser (λ = 337.1 nm, τ = 10 ns). The effective energy of electrons in HCEB ~ 250 keV spectrum, and 

the pulse duration is 15 ns. The energy density of the electron beam ranges from 0.002 J / cm2 to 0.2 J / cm2. 

The pulsed cathodoluminescence (PCL) and pulsed photoluminescence (PPL) spectra of the samples were 

measured at 300 K. The time resolution (~ 15 ns) spectra were recorded by the measurement system based 

on diffraction monochromator (MDR) - 23, photoelectric electronic multiplier PMT-84 and computer related 

oscilloscope Tektronix DPO 3034. The integral (pulse time) spectra of PCL and PPL stimulated 

spontaneously were measured by optical fiber spectrometer AvaSpec-ULS2048CL-EVO-RS. 

The spectral dynamics of spontaneous PCL and PPL GaN / InGaN quantum wells are explained in the 

donor receptor recombination model. 

It was found that the stimulus PCL spectra measured in the same sample but in different local areas 

were different. The change of the maximum position of the forced radiation band of GaN / InGaN quantum 

wells is observed in the range of 2.81 – 2.83 eV, which may be due to the change of the composition of 

quantum pits in different heterostructure regions. 
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There were carried out the studies of pulsed cathodoluminescent (PCL) and photoluminescent (PL) 

properties of compacts made by static (SP) and magnetic-pulse (MPP) pressing from mechanical mixtures of 
micro and nano calcium fluoride powders. The mixtures contained commercial powder (TU 6-09-2412-84) 
and nanopowder (NP) CaF2 (NP produced by pulsed electronic evaporation at the installation NANOBEAM-
2 in vacuum [1]) at powder weight ratios: 10: 0.125 -10: 1. Was shown the effect of the concentration of the 
CaF2 nanoadditive, the pressing temperature and the preliminary annealing of the nanoadditive on the density 
of compacts. Presence of nanoparticles of Ca at NP, strong defective structure and high porosity of NP had 
strong impact on luminescent characteristics of the compacts made both of clean NP CaF2 and from their 
mixes. Annealing of the initial NP at a temperature of 400 °C made it possible to achieve the same density of 
compacts of pure micropowders and nanopowders (89% of the theoretical density) using the MPP method 
with heating. The maximum density of compacts from mixtures of powders of different dispersity did not 
exceed 78% of the theoretical density. The main factor that influenced the morphology of PCL spectra of all 
compacts, without exception, was the compaction temperature (425 °C) in the MPP method. The blue peak 
(434 nm) is associated with an impurity oxygen vacuum in the nanocrystalline CaF2 lattice and was found in 
the photoluminescence spectra of compacts from NP annealed at 400 ° C. The morphology of the PL spectra 
is more sensitive to the influence of various factors (concentration of the nanoadditive, pressing method, 
pressing pressure, etc.) in comparison with the morphology of the PCL spectra. Is given the study of the 
density and transparency of ceramics from the above compacts after annealing the compacts in vacuum at a 
temperature of 1000 °C. 

 
Fig.1. PCL spectra of the compacts from commercial micron powder (a) and nanopowder (b) СaF2 . 5941-5943 и 5957-5959- static 

pressing, 5962, 5953 and 5968 and 5970- magnetic-pulse pressing.  
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       The multicomponent materials based on metal oxides are among the most future advanced scintillators 

[1, 2]. The synthesis of dopant-free self-activating materials is complicated, difficult to monitor and requires 

high temperatures and pressure. In [3, 4], for the first time, synthesis of YAG based phosphors and doped 

ceramics, based on alkaline earth metal fluorides, was realized under the action of a high-energy electron 

flow in air at 300 K.  

        This presentation reports on the synthesis of ZnWO4 and MgWO4 ceramics on air at 300 K under 

irradiation with 1.4 MeV electrons which the power density flux varied in the range of 18–23 kW/cm
2
. We 

used an ELV-6 electron accelerator created at the G. I. Budker Institute of Nuclear Physics of the SB RAS.  

         It should be noted that the difference in the melting temperatures of the charge components: 1975 

(ZnO), 1473 (WO3) and 2825 K (MgO), was not an obstacle to the realization of the synthesis process.  

       High density of an ionization  initiates the processes far from equilibrium unattainable with traditional 

synthesis methods: modification of an interionic interaction, destruction of the short-range order, creation  of  

multiple types of the disordering, including complexes of intrinsic defects of various sizes, types, charges, 

creation conditions for evaporation and coagulation of atoms, defects, for the forming of new chemical 

compounds. The formation from such radiation chaos of a new crystalline phase of ZnWO4 or MgWO4 for a 

time not exceeding 1 s indicates at the extraordinary efficiency of the radiation-initiated processes of 

structure ordering as well. 

        Density of as-prepared charge was about of 1.8–1.6 g/cm
3
. The synthesized ceramic samples were plates 

about 4 mm thick with a vitreous surface limited crucible dimension (Fig.1(on the left)). 
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Fig.1. (Left) Photographs of the ZnWO4 ceramic sample after synthesis in a massive copper crucible. (Right) Spectra of an excitation 

and photoluminescence at 300 K of the ZnWO4 monocrystal and  the samples of the different synthesized ceramics subjected to 

mechanical crushing.  

      The first studies of synthesized ceramics have been carried out. Figure 1 (on the right) shows the 

excitation and luminescence spectra of a single crystal of ZnWO4 and different types of synthesized 

ceramics. The similarity of the emission spectra in crystal and ceramic samples is obvious: peak positions of 

emission bands and the values of the FWHM are in restricted ranges of 2.6 –2.5 eV and 0.7– 0.6 eV, 

respectively. Similarity of excitation spectra also occurs.  
       In the paper will be also presented the radioluminescence and XRD patterns of the synthesized ceramics 
samples. 
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Scintillators might be the pool of materials for choosing prospective phosphors with high radiation 

tolerance for application in cathodoluminescence (CL) light sources. In particular, radiation hard cerium-

doped garnet-type single crystals are currently being successfully developed as scintillators for high-energy 

physics applications [1-3].  Quaternary garnets (Gd,Y)3Ga3Al2O12 (GYAGG) doped and codoped with Eu3+, 

Tb3+ were fabricated as transparent and translucent ceramics by hot pressing to develop long-wavelength 

phosphors for high-brightness CL sources. The technique for obtaining ceramics is described in Ref. [1, 2]. 

The CL light yield of Tb-doped GYAGG ceramics at high-intensity electron beam excitation is shown to be 

more than twice as high as that of the conventional phosphor YAG:Ce, whereas codoping with Eu3+ allows 

to redshift the chromaticity. 

In the present work, luminescence spectroscopic properties of GYAGG ceramics doped with Tb3+ and 

Eu3+ ions upon UV-, X-ray and cathode-ray excitation have been studied. In addition to observe behavior of 

defect-related luminescence, ceramics were irradiated with fast electrons (E = 10 MeV) from linear electron 

accelerator in UrFU, Yekaterinburg. A studies of the pulse CL decay kinetics show efficient non-radiative 

energy transfer between rare-earth ions Tb3+ → Eu3+ or Tb3+ → defects. Energy transfer is observed both 

from the 5D3 level and from the 5D4 level of the Tb3+ ion, and the energy transfer rate depends on the Eu3+ 

acceptor concentration. Forming point defects are produced by impact mechanism – elastic collisions. The 

luminescence spectra and decay kinetics of pulsed CL for some studied ceramics are shown in Fig. 1. The 

characteristic decay time and the type of electronic transitions are indicated. 
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Fig. 1. X-ray excited luminescence spectra (a) and PCL decay kinetics (b) 

of GYAGG ceramics doped with Tb3+ and Eu3+ ions 
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Nanocrystalline cerium oxide CeO2 is a promising object for various applications, including biomedical 

issues [1-3]. Physicochemical properties of cerium oxide change during the transition to the nanoscale state. 

This is assumed to be related to changes in material electronic structure, oxygen vacancies formation due to 

increasing the proportion of atoms located on the particle surface and, consequently, change in the oxygen 

nonstoichiometry. The appearance of oxygen vacancies leads to the reduction of Ce4+ ions on the 

nanoparticle surface to the Ce3+ state. Such oxygen nonstoichiometry correlates with the catalytic activity of 

cerium oxide nanoparticles and is responsible for their unique biological activity [2]. Modifying the degree 

of CeO2 surface oxidation and increasing the number of oxygen vacancies can be carried out by doping with 

trivalent rare earth (RE) metals [3]. We assume that this modification will lead to a change in the optical 

properties of the material. The purpose of this work is to study the luminescent properties of RE-doped 

cerium oxide nanocrystals. 

CeO2 nanoparticles with maltodextrin coating and doped with Er3+ and Sm3+ ions were produced by the 

deposition method according to the procedure presented in [4]. The photoluminescence (PL) emission and 

PL excitation spectra were recorded with a 400 W deuterium discharge lamp (DDS-400), two the double-

prism DMR-4 type monochromators and a R6358-10 (Hamamatsu) type photomultiplier tube (PMT). The 

optical absorption spectra were recorded with a Helios Alpha spectrophotometer (λ = 190–1000 nm) 

equipped with the Vision 32 software. 

Figure 1 shows the PL emission and PL excitation spectra of undoped maltodextrin-coated CeO2 

nanoparticles. The PL spectrum is presented by a wide intensive band with a maximum of 3.1 eV and a weak 

band at 2.5 eV. The band at 3.1 eV is probably due to radiative transitions in the Ce3+ ion from the relaxed 

lower 5d-excited state to the ground 4f state. The weak band at 2.5 eV nm could be associated with the 

emission of defects related to the oxygen vacancies [3]. The PL spectra of RE-doped CeO2 nanoparticles 

consist of characteristic emission bands related to radiative transitions in Er3+ и Sm3+ ions 
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Fig.1. PL emission and PL excitation spectra of pure maltodextrin-coated CeO2 nanoparticles. 
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ZnWO4 is part of a family of metal tungstates that have a high potential for applications in various fields 

such as scintillators, laser hosts, acoustics, and photocatalysts [1, 2]. ZnWO4 is attractive to researchers due to 

its unique combination of physical and chemical properties, including molecular and electronic versatility, 

reactivity, and stability. Zinc tungstate single crystals are unique materials for recording rare processes. 

Irradiation of ZnWO4 single crystals with carbon ions with an energy of 19.2 MeV was carried out at the 

DC-60 accelerator (Nur Sultan, Kazakhstan) with fluences F1=4x1012, F2=1x1013, F3=3.3x1013, F4=1x1014 

nucleon/cm2. Using the SRIM-2013 code [3], the path length, as well as the electronic and nuclear energy 

losses for the carbon ion in the ZnWO4 crystal, were calculated. The path length of a carbon ion in a single 

crystal was R = 10 μm. Photoluminescence was measured with a Solar CM2203 fluorometer. When excited 

by photons with a wavelength of 260 nm, all irradiated crystals luminesced with a maximum of 480 nm with 

a FWHM of 0.76 eV, for an unirradiated sample 0.72 eV (Fig.1.). The luminescence light yield decreases 

exponentially with fluence. For fluence F1, the decrease in light output is 2 times, for F2 - 3.1 times, for F3 - 

5.6 times, F4 - 7 times. The results obtained are explained by taking into account that under the action of ion 

irradiation, the formation of point defects and the shift of the optical absorption edge occur. 
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Fig.1. Luminescence spectra of unirradiated and carbon-irradiated ZnWO4 crystals.  
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The luminescence of undoped ZnO powders at room temperature has been studied. Photoluminescence 

was studied upon excitation by microsecond pulses from the region of interband transitions and the region of 
exciton absorption in the reflection scheme. 

 
Fig.1. Luminescence of Samples with Different Contents of Growth F Centers.  

The luminescence spectra exhibit two regions characteristic of ZnO: a short-wavelength region (~3.2 
eV), associated in the literature with exciton luminescence, and a long-wavelength region, due to the 
presence of growth structural and impurity defects [1–3]. The observed long-wavelength luminescence is 
divided into components with different luminescence durations, and several components that form broad 
long-wavelength luminescence are identified. It is formed by at least three stripes. Fast luminescence (≤1 µs 
~2.52 eV), long luminescence (≤500 µs ~2.69 eV). The longer wavelength component ≤2.32 eV, which is 
less reproducible for different samples, falls over times ≤100 µs. The yields of "exciton" luminescence and 
long-wavelength luminescence depend differently on the intensity of the exciting light. At very low 
intensities, only high-yield UV luminescence is observed, which decreases with increasing light pulse 
intensity. At medium intensities, there is a segment of the decrease in UV luminescence along with an 
increase in long-wavelength luminescence (competing processes). Subsequently, a slight increase in the 
luminescence yield is observed in both bands. 

A comparison of the experimentally observed luminescence with calculations of the energy of the main 
defects led us to the conclusion that, for a consistent explanation of luminescence in undoped zinc oxide at 
room temperature, it is sufficient to consider the participation of only anionic sublattice defects in the 
process. In this case, it is necessary to assume the possibility of the coexistence of free and self-trapped 
excitons in ZnO. For self-trapping of a free exciton, there must be a small barrier that can be overcome at kT 
and limits self-trapping at low temperatures. The UV band (~3.2 eV) and the band at 2.52 eV are associated 
with the radiative decay of excitons in a regular lattice or at shallow traps (for example, F++ centers). The 
broad, long duration luminescence ~2.69 eV is determined by the triplet transition of the excited F center. 

Luminescence associated with growth defects of the cationic sublattice is likely to manifest itself in 
powders with an excess of Zn in the region of 2.95 eV. 

To implement the transitions associated with the charge exchange of the F-center, it is necessary to 
assume that the excited singlet state (F)* is in the conduction band, and the triplet state has a level in the 
band gap.  
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YAG:Ce phosphor is the most common in the manufacture of white LEDs [1-3], materials based on YAG 

are used as scintillation, dosimetric, active media. They are used in the form of powders, films, ceramics, single 

crystals, composites. The synthesis of YAG:Ce materials of any morphology is difficult, since the formation 

of the main structure, yttrium aluminum garnet, is realized at temperatures above 1700 oC. Therefore, the 

existing technologies are constantly being improved and new technologies are being searched for. 

The work shows the possibility of radiation synthesis based on YAG:Ce ceramics. Ceramic samples of 

various compositions were synthesized with the following charge content: Y3Al5O12: Al2O3 (40%) + 

Y2O3(54) + Се2O3 (1%)+  Ga2O3(2.5%) +Gd2O3 (2.5%). Synthesis was carried out by sintering samples 

from oxide powders in the field of high-energy electron flux. The lattice structure of synthesized samples of 

YAG:Ce and YAGG:Ce ceramics was compared with standards. The measured diffraction patterns are in good 

agreement with the standard ones. 

 
Fig. 1. X-ray diffraction pattern of synthesized YAGG:Ce ceramics 

 

The results of studying the luminescence excitation spectra of the synthesized samples are presented. The 

excitation spectra of all samples exhibit two bands at 340 and ~460 nm due to 4F5/2→
5D0, 

5D1  in Ce3+ 

activator ions. Through the action of a powerful radiation flux on the charge, it is possible to form luminescent 

ceramics based on YAG:Ce with characteristics similar to those known for YAG:Ce phosphors. 
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Gallium oxide (β-Ga2O3) is emerging as a viable candidate for certain classes of power electronics, solar 

blind UV photodetectors, solar cells, and sensors with capabilities beyond existing technologies due to its 

large bandgap [1-5]. 

Currently, the lack of understanding and control of the unintentional n-type conductivity of β-Ga2O3 still 

inhibits its applications. As with many other oxides, this conductivity has historically been attributed to the 

presence of oxygen vacancies VO, largely based on the correlation between conductivity and oxygen partial 

pressure in annealing environments. Calculations have offered insight into the migration mechanisms and the 

relative energies of oxygen vacancies in the inequivalent sites of the monoclinic structure but only minimal 

information about the charge states and ionization energies. 

So, we report results of the ab initio LCAO calculations of optical charge transition levels of native and 

impurity defects in Ga2O3 crystal. As impurity the atomic hydrogen in interstitial and oxygen vacancy 

positions (Hi and HO) has been considered. We used hybrid DFT method (B3PW exchange-correlation 

functional) as incorporated into the CRYSTAL computer code [6] using the supercell model and linear 

combination of atomic orbitals (LCAO) basis set. These computational set provide good approximation of 

basic properties of pure Ga2O3, in particular mach better prediction of direct bandgap than standard GGA 

functionals (4.58 eV vs 2.3 eV) that comparable with experimental value of 4.9 eV [7]. 

Formation energies Ef are key quantities from which we can derive impurity and defect concentrations, 

stability of different charge states, and the related electronic transition levels. Errors due to spurious 

electrostatic interactions in the finite-sized cells were corrected using the scheme proposed by Leslie and 

Gillan [8] and by Makov and Payne [9]. 

As results we suggest that VO acts as a deep donor with transition levels more than 1 eV and cannot 

contribute to n-type conductivity. Moreover, formation energy of VO is high enough excludes high 

concentration of these defects in crystal. On the other hand, we find that hydrogen impurity can be easily 

incorporate to crystal due its low formation energy and migration barrier. The calculated transition states of 

hydrogen both in vacancy and interstitial positions indicate its shallow donor character. Thus, the presence of 

hydrogen in Ga2O3 crystal good explains persistence n-type conductivity. Our calculated results are fully 

consistent with other computational studies [10 and references therein]. 
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At present, using high-power electron beams, the features of the destruction of metals [1], polymers [2], 

and composite materials [3] have been studied in sufficient detail. However, the behavior of polymer gels, 

using the example of igdantin, showed an interesting feature - under the powerful electron beam with an 

energy of more than 1 MeV impact, the decisive role in their destruction is played not by shock-wave, but by 

radiation-thermal processes [4]. 

This paper presents the results of a study of the Kalmar accelerator high-current electron beam  impact 

on igdantin and low molecular weight nitrile butadiene rubber SKN-18-KTR, which has a rare network of 

chemical bonds between rubber macromolecules formed by quinol ether. The materials are similar in 

mechanical and physical properties, but differ in chemical structure. Peak electron energy was up to 

350 keV. 

The methodological features of carrying out experiments on the Kalmar setup (current up to 40 kA, 

voltage up to 350 keV, pulse duration ≈ 100 ns) are presented in [5]. The region of interaction between the 

beam and the target was determined from X-ray images obtained with a pinhole camera. Plasma expansion 

from the cathode and sample surfaces was studied by laser shadow probing. Before and after irradiation, the 

samples were weighed, which made it possible to estimate the weight loss during irradiation. 

It is shown that, at a beam energy of less than 600 J, the destruction of igdantin begins  to a depth 

significantly exceeding the electron range, while nitrile rubber withstands a load of more than 700 J without 

significant damage (Fig. 1). The absorbed dose distribution was estimated using the Monte Carlo methods. 

Qualitative differences in the destruction of the gel and low molecular weight rubber in the range of incident 

beam energies up to 800 J are found, and the obtained experimental dependences of the rate of expansion of 

the irradiated surface are discussed. 

  
 

Fig.1. A sample of igdantin (left) and rubber (right) after exposure to an electron beam with an energy of 580-600 J. 
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In [1], the ignition of brown coal with a particle size of d ≤ 100 µm and a bulk density of ρ = 0.5 g/cm
3
 

by laser pulses operating in the free-running mode (τi = 120 µs) was studied. Three different stages have 

been determined, differing in the ignition threshold Hcr and the time of luminescence onset. The ignition 

thresholds of the corresponding stages are Hcr
(1)

 = 0.47 J/cm
2
, Hcr

(2)
 =1.95 J/cm

2
 and Hcr

(3)
 =2.6 J/cm

2
. At H = 

Hcr
(1)

 the glow duration practically repeats the pulse duration and the glow is associated with the heating of 

the particle surface up to T~3000 K [1]. When Hcr
(2)

 is reached, along with the glow during the laser pulse, 

the flame glow above the sample is observed in the time interval ~ 1 – 10 ms, associated with the release and 

ignition of volatile substances. In the spectral range of 350–750 nm, the glow of a CO flame, excited H2 and 

H2O molecules was identified [9]. At H = Hcr
(3)

 along with the first two glows, a flame glow is observed in 

the time interval of 50 – 150 ms, associated with the combustion of the coke residue at a temperature of 

T~1800 K [1].  

Laser pulses of nanosecond duration have practically not been used to study the ignition mechanism, 

although the results of such experiments can contribute to the study of the primary processes of interaction of 

coals with an oxidizer. This paper presents the first results of studies of the impact of laser pulses of a 

neodymium laser operating in the Q-switched mode on brown coal particles (d ≤ 63 μm). 

When nanosecond laser pulses are applied to brown coal pellets with a density of 1 g/cm
3
 (particle size 

63 μm), two stages are distinguished. At the first stage, during the pulse, volatile substances are released, 

evaporation, vaporization, and non-linear multiplication of luminescence centers occur. The ignition 

threshold at this stage is Hcr
(1)

 =0.2 J/cm
2
. The second stage includes the first one and the ignition of the coke 

residue, the ignition threshold of which is Hcr
(2)

 = 3.5 J/cm
2
. In the luminescence kinetics at H > Hcr

(1)
 two 

components are distinguished: a singlet luminescence with a duration of ~ 20 ns and a second luminescence 

component observed in the microsecond range, which decays according to the second-order kinetics.  At H > 

Hcr
(2)

 ~200 µs after the laser pulse, as a result of chemical reactions, the coke residue ignites and burns in the 

time interval of 200 – 1000 µs. The amplitude of the flame glow during the excitation pulse increases 

nonlinearly with increasing energy density, which indicates the avalanche nature of the process of formation 

of glow centers. 
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The purpose of this work is to study the spectral and amplitude-temporal characteristics of the 

luminescence of coals from the Kuznetsk Basin when excited by a nanosecond electron beam. The 

experiments were carried out at a temperature of T = 300 K. As objects of study, samples of coals of the 

following grades DG (long-flame gas) and K (coconut) were used [1]. Before carrying out, tablets of the 

corresponding grade of coal with a size of Ø17x4 mm were made. The density of the samples was 1.35 

g/cm
3
. 

To measure the spectral and amplitude-temporal characteristics of the luminescence of the samples, an 

experimental complex was used, which was described in detail in [2]. A GIN-600 electron accelerator with 

an effective electron energy of 240 keV, a pulse duration of τ ≈ 25 ns, and an energy density of 20 J/cm
2
 

output to the sample was used as a source of sample luminescence excitation. The spectral range recorded 

during irradiation with a single pulse is 350-650 nm. The amplitude-time characteristics of the glow for all 

the studied grades of coals have the same character. 

At this stage, we can give the following interpretation of the observed amplitude-time dependences of 

the glow. It is known that during the excitation of nonmetallic compounds by an electron beam, electron–

hole pairs are generated at the first stage (in the case of coals, these can be free electrons and positively 

charged radicals). Some electrons are born near the genetic partner and quickly recombine with it through an 

excited state with the emission of luminescence quanta already during the irradiation pulse. Some of the 

electrons go a considerable distance from the genetic partner. In this case, diffusion of charged particles must 

be present to meet and recombine, which can lead to an observed increase in the luminescence intensity over 

a time of ~50 – 100 nm. The decrease in luminescence in the simplest case is associated with intracenter 

luminescence decay. 

To study the mechanism of migration and dissipation of the energy introduced by the electron beam, 

more detailed studies are needed, for example, the measurement of the temperature dependence of the 

spectral-kinetic characteristics of the luminescence of samples. Measurements of this kind are of great 

interest and can provide information on chemical reactions in coals that occur under the action of a pulsed 

electron beam, and require a separate work. 

In the luminescence spectra, a significant number of narrow bands can be distinguished, which are 

superimposed on a wide luminescence band. We have identified the bands. In all the studied coals, 

luminescence was found under the action of an electron beam, associated with a number of PAHs, most of 

which are carcinogens. 

The experiments carried out showed that the luminescence arising upon excitation by a nanosecond 

electron beam has a luminescent nature with an increase in intensity in the time interval of 50–100 ns and a 

decrease over a time of 500 ns. In the luminescence spectra, the wide band is superimposed by a number of 

narrow bands associated with the luminescence of polycyclic aromatic hydrocarbons in the composition of 

the studied coals. The proposed method for detecting PAHs can be used as an express method for 

determining the presence of PAHs in coals and other organic objects. 
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At present, the issue of the negative impact of coal combustion products on the environment is acute. A 

large number of works are aimed at improving the combustion efficiency of coal fuel, and the possibility of 

using coal as a raw material for obtaining clean gaseous fuels, such as hydrogen, is also being considered. 

In [5], three stages of the process of ignition and combustion of a coal particle were determined: as a 

result of the action of laser radiation, the coal particle is heated and the subsequent development of 

thermochemical reactions in the sample, then the release and ignition of various volatile substances, as well 

as the combustion of the non-volatile residue of the coal particle. In addition, each stage has a pronounced 

threshold character. In [6], studies of the thermal decomposition of brown coal under the influence of pulsed 

laser radiation in an inert medium were carried out. Using the method of mass spectroscopy, the following 

gaseous pyrolysis products were detected: H2, CH4, H2O, CO, and CO2. It was found that the concentration 

of hydrogen in the composition of gaseous pyrolysis products increases with increasing energy density in the 

pulse, while the concentration of carbon dioxide and water vapor, on the contrary, decreases. The 

concentrations of CO and CH4 remain constant. The yield of combustible gases increases linearly with an 

increase in the energy density of laser radiation. 

In this work, mass spectroscopy was used to study the molecular composition of gaseous products of 

laser oxidation of coals of five different grades: long-flame (L), lean sintering (OS), weakly sintering (SS), 

lean (T), and anthracite (A) in air. The coals were ground in a ball mill. The resulting coal particles were 

subjected to dispersion through a vibrating sieve with a mesh size of 63 μm. Next, by pressing in a mold, 

tableted samples were obtained with a thickness of 2.5 mm, a diameter of 6.2 mm, and a weight of 70 mg. 

The source of laser radiation was a neodymium YAG:Nd3+ laser operating in the free-running mode at a 

wavelength of 1064 nm, with a pulse duration of 120 μs and a pulse repetition rate of 6 Hz. The diameter of 

the laser beam coincided with the diameter of the pelletized sample for complete radiation coverage of the 

sample surface. The samples were placed in an experimental sealed chamber filled with air. Laser radiation 

pulses were used, which are characterized by the following parameters: laser radiation pulse energy 438 mJ, 

energy density 1.5 J/cm2, pulse power 3.7 kW, pulse power density 12.7 kW/cm2. Gas sampling from the 

chamber was carried out continuously using a capillary, which was connected to a gas analyzer. An analysis 

of the experimentally obtained mass spectra made it possible to establish the presence of the following 

oxidation products: H2, CH4, H2O, CO, CO2.  

 

Fig.1. Dependence of the proportion of reacted coal samples on the atomic ratio of oxygen to carbon 

On fig. 1 shows the dependence of the proportion of reacted coal samples on the carbon content. With 

an increase in the carbon content, the proportion of the reacted coal sample decreases. 

REFERENCES 

[1] B. P. Aduev et al., “Spectral-Kinetic Characteristics of Laser Ignition of Pulverized Brown Coal,” Opt. Spectrosc., vol. 125, no. 2, pp. 293–299, 
Aug. 2018. 

[2] [1] Y. V. Kraft, D. R. Nurmukhametov, B. P. Aduev, and Z. R. Ismagilov, “Pyrolysis of kaichak lignite under the laser radiation exposure,” 
Vestn. Kuzbass State Tech. Univ., vol. 133, no. 3, pp. 5–15, 2019, doi: 10.26730/1999-4125-2019-3-5-15. 

EFRE 2022: 20th International Conference on Radiation Physics and Chemistry of Condensed Matter 
Non-linear physicochemical processes under severe energetic impact: breakdown, facture, explosion, etc. 

–––––––––––––––––––––––––––––––––––––––––––––––   R2-O-033001   –––––––––––––––––––––––––––––––––––––––––––––––

405



RELATION BETWEEN OPTICAL CHARACTERISTICS OF AP/AL MIXTURE AND 

SENSITIVITY TO LASER RADIATION 

E.V. FORAT1, V.P. TSIPILEV1, A.N. YAKOVLEV2 

1National Research Tomsk Polytechnic University, Tomsk, Russia 
2Kuzbass State Technical University, Kemerovo, Russia 

 
Ammonium perchlorate (AP) and aluminum are the main components of modern solid propellants, but 

their mixture is capable of burning and exploding on its own [1]. In addition, the AP/Al mixture is a convenient 
model object for studying the behavior of metallized double-base energetic materials (EM). 

Previously, we studied the behavior of a AP/nanosized Al mixture (60:40 mass fraction) under the action 
of millisecond Nd-laser radiation [2–4]. It was found that the ignition threshold of confined mixture samples 
into PMMA capsule was much higher in comparison with open samples [5]. Such behavior is not characteristic 
of gasified EMs. This paper presents the results of studying the optical characteristics of both individua l 
components and the mixture itself. It is shown that with an increase in the Al mass concentration, the optical 
properties of the mixture change radically. For concentrations less than ~5% of the Al content, the scattering 
properties of AP predominate, and at high concentrations, the optical properties are completely determined by 
the properties of Al. This conclusion is confirmed by the performed optical measurements and the results of 
numerical simulation by the Monte Carlo method. 

Based on the obtained absorption and scattering coefficients, the problem of heating a mixture sample 
under the action of a laser pulse is solved by the method of finite differences. It is shown that at the absorption 
index of the mixture μ ≈ 104 cm-1, heating occurs in a thin near-surface layer, which contributes to significant 
heat loss through the surface into the covering material. 
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V.P. TSIPILEV1, V.I. OLESHKO1, A.N. YAKOVLEV2, E.V. FORAT1, N.A. ALEKSEEV1 

1National Research Tomsk Polytechnic University, Tomsk, Russia 
2Kuzbass State Technical University, Kemerovo, Russia 

 

The question of the initiation mechanisms of the explosive decomposition reaction under laser excitation 
is one of the main questions in the energetic materials explosion physics. Currently two main models 
concerning the mechanism of explosion excitation are considered: non-thermal (chain) [1] and thermal [2-4]. 
The thermal micro hot-spot model is a well-established model for the energetic materials initiation by an 
external impulse. The hot spots are created due to the interaction of laser radiation with optical inhomogeneities 
(impurities and defects of various nature). However, the mechanism of hot spots formation under laser 
irradiation remains undefined by now.  

In this work we study the mechanism of hot spots formation in pressed samples of energetic and inert 
materials by the first harmonic radiation of a Nd laser. Dependences of the luminescence intensity of these 
materials on the energy density of the laser pulse on the samples surface were obtained in the range from 10-3  
to 10 J/cm2. In this case, the luminescence intensity increases by nine orders of magnitude. An analysis of 
these dependences allows us to conclude that in the range of laser radiation energy densities from 1 to 30 
mJ/cm2, hot spots are formed as a result of optical (electrical) micro breakdown in the vicinity of absorbing 
inhomogeneities contained in the studied materials. In the range from 1 to 10 J/cm2, the well-known mechanism 
of optical macro breakdown occurs with the formation of a plasma jet, surface destruction, and a characteristic 
“click” sound. The kinetic, spectral and spatial characteristics of the hot spots glow of energetic (PETN, PETN 
with soot and Al additives, ammonium perchlorate with aluminum) and inert (magnesium and titanium oxides, 
sugar) materials have been studied. Photographs of hot spots under a single and multi-pulse exposure are given. 
A conclusion is made about the optical (electrical) mechanism of initiation of energetic materials.  
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Consideration of the issues of destruction of the electrode systems of electric discharge reactors is of great 

theoretical and practical importance. The main element in the structural diagram of an electric discharge 

installation is an electric discharge reactor, in which final useful work is performed, for example, the synthesis 

of materials, the shaping of sheet metal, the emulsification of immiscible liquids, etc. [1,2]. 

The issues of destruction of the current conductor of a low-voltage electrode by its electrical erosion are 

considered. At present, the mechanism of destruction of electrode systems has been elucidated [3,4,5]. Erosion 

of the active element of the low-voltage electrode is caused by thermal action. There are four sources of thermal 

energy [5]: heat supplied to the electrode due to the bombardment of its surface with electrons (or ions); heat 

from flowing current; heat supplied to the electrode from radiation according to the Stephen-Boltzmann law; 

heat transferred to the electrode by the plasma jet. It has been established that the heat flux from the plasma jet 

leakage is one to three orders of magnitude greater than from all other heat sources and is the main cause of 

electrode destruction. 

The paper considers the electrical erosion of an electrode located in a reactor filled with tap water. The 

source of pulsed energy is a generator of pulsed currents with a stored energy of 1.8 kJ. The pulse repetition 

rate is 1.5 Hz. The active element of the electrode is made of high-alloy steel 12X18H10T. The electrode was 

exposed to 10800 pulses, which corresponded to the operation of the installation for two hours. Figure 1 shows 

the active element of the electrode after exposure to electrical discharges. 

Fig 1. The active element of the electrode after exposure to electrical discharges 

The erosion crater looks like a semi-ellipsoid with a depth of about 10 mm. In the process of further 

erosion, the semi-ellipsoid tends to degenerate into the shape of a hemispheroid. It should be noted that an 

electric discharge in a liquid is accompanied by the appearance of cavitation processes, which are as powerful 

a source of perturbation as shock waves. Drawing an analogy with studies [6], we can draw an important 

conclusion from a practical point of view: an erosion crater in the form of a semi-ellipsoid or hemispheroid 

makes it possible to form cavitation phenomena in the depth of the treated liquid and thereby activate a larger 

volume of liquid. 
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An integral part of the electric discharge reactor is a high-voltage electrode, which in the simplest version 

is a current conductor enclosed in an insulating sheath. The electrode experiences significant loads of various 

kinds - thermal, mechanical and electrical, often acting simultaneously. The intensity of the impact on the 

electrode depends on many factors: the energy of single pulses; the environment in which the electrode 

operates; reactor material; reactor volume, etc. 

The most important case. from the point of view of the resistance of the electrode insulator, is the 

operation of the electrode in a limited space, calculated in units of cubic decimeters. Under such conditions, 

significant pressures arise (if the working medium is represented by a liquid), reaching hundreds of MPa [1]. 

Such pressures arise, among other things, as a result of wave processes accompanied by reflections from the 

walls of the reactor and other elements located in the zone of action of the electric discharge. In addition, the 

flowing pulsed currents can reach tens of kA, causing heating of the insulator until it melts. As a result, it is 

required to protect the electrode insulator from damaging effects. 

The paper considers the destruction of the electrode insulator by the type of melting, mechanical crack 

and electrical erosion. In contrast to the destruction of the current lead, the destruction of the insulator is 

catastrophic (instantaneous) in nature, when these destructions lead to a rapid loss of electrode performance. 

Known solutions [2,3,4] to protect the electrode insulator from destruction are not universal for all conditions 

of its operation. 

Figure 1 shows three main cases of destruction of the electrode insulator. Destruction of the insulator by 

individual types may occur, and sometimes with their simultaneous development.

 
Fig 1. Types of destruction of the high-voltage electrode insulator 

a) melting of the insulator, b) mechanical destruction of the insulator, c) electrical erosion of the insulator 

Most often, materials such as polyethylene, caprolon, fluoroplast, fiberglass, which have a high resistance 

to deformation, are used to insulate the current conductor of the electrode. They, in addition to good insulating 

properties, must have significant mechanical characteristics. This requirement is due to the need to use 

insulators, including as a structural material. When choosing an insulator material, one must be guided by the 

specific conditions under which the high-voltage electrode will operate. For example, if the insulator operates 

under thermal stress, it is recommended to use a PTFE insulator. If significant mechanical loads will act, then 

the use of fiberglass is recommended. It should be noted that fiberglass and fluoroplast have little resistance to 

electrical erosion. Sometimes an effective method of dealing with mechanical loads is the constructive solution 

of the insulator in the zone of high mechanical loads, when the insulator is made in a streamlined shape. 

 

USED BOOKS 

[1] [1] B.V. Meriin L.A., Electrohydraulic processing of machine-building products L.: Mashinostroyeniye, Leningrad. department, 1985. 
[2] [2] E.V. Krivitsky, Dynamics of electric explosion in a liquid. Kyiv: Nauk.dumka, 1986. 

[3] [3] Nadis, I.B. Development of electrode systems for electrohydraulic installations: Abstract of the thesis. Candidate of Technical Sciences - M., 

1983.- 19s. 
[4] [4] Baranov, A.N. Development of high-voltage electrodes for electropulse utilization of reinforced concrete and drilling of holes. Abstract of 

the thesis Candidate of Technical Sciences - Tomsk., 1992.- 24s 

EFRE 2022: 20th International Conference on Radiation Physics and Chemistry of Condensed Matter 
Non-linear physicochemical processes under severe energetic impact: breakdown, facture, explosion, etc. 

–––––––––––––––––––––––––––––––––––––––––––––––   R2-P-001902   –––––––––––––––––––––––––––––––––––––––––––––––

409



INFLUENCE OF CHARACTERISTIC DIMENSIONS OF NTO  AND HNS  IN CUBIC SHAPE ON 
THE CRITICAL TEMPERATURE OF A THERMAL EXPLOSION* 

A. V. KHANEFT1,2, E. S. GALAKTIONOVA1 

1Kemerovo State University, Kemerovo, Russia 
2National Research Tomsk Polytechnic University, Tomsk, Russia 

 
     The paper analyzes the experimental data provided in [1] on the thermal explosion of low-sensitive 
explosives (EM) in the form of a cube: NTO  and HNS. The ignition criterion of EM is generally defined by 
the expression: 
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From (1) we have an equation for determining the activation energy of the stationary rate of exothermic 
decomposition of EM: 
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where *
2

*
1, SS TT  – critical ignition temperatures of EM at characteristic cube sizes 1l  and 2l  accordingly. At 

1Bi  , the second term in (3) 0~ . Results of calculations of activation energies and parameter ratios 
/ρQZ  for NTO  and HNS are shown in the table. 

EM NTO  HNS 
E , kJ/mol  621,165  386,170  

 /QZ , 2K/m  2210847,18   2210099,1   

 
Dependence of the critical ignition temperature of cube-shaped explosives on its characteristic size: 1 – NTO , 2 – HNS  (points – 
experiment [1], lines – calculation) 

     The critical ignition temperatures of EM were calculated using equation (1). As can be seen from the 
figure, the calculation results are in good agreement with the experiment [1]. In addition, we solved the heat 
conduction equation with Arrhenius nonlinearity. The calculation results agree with the critical ignition 
temperatures of NTO  and HNS. 
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Currently there are various sources of spontaneous emission in the UV and VUV spectral regions, 

which are widely used in science and technology.  One of the most important applications in the context of 
the covid-19 pandemic is UV-inactivation of pathogens, including coronavirus [1]. The most efficient 
sources in this spectral region are excilamps - gas-discharge sources of spontaneous radiation in the UV and 
VUV regions of the spectrum, based on the nonequilibrium radiation of exciplex and excimer molecules [2]. 
From the point of view of coronavirus inactivation, the most promising are KrCl- and KrBr-excilamps (peak 
wavelengths of the main radiation bands are 222 nm and 206 nm, respectively), whose radiation is both 
effective for coronavirus inactivation and minimally dangerous for human skin and eyes [3]. At the same 
time, these excilamps have additional bands in the range of 225–300 nm, the radiation of which damages 
DNA molecules with high efficiency [4]. Therefore, the search for other efficient sources of radiation in the 
region of 200–225 nm is very important. At the same time, an additional important condition is the absence 
of intense lines or bands in the emission spectrum of the radiation source in the spectral region of 230–350 
nm in order to exclude damage to DNA molecules during irradiation of human skin or eyes. 

One of the options for creating a radiation source in this region of the spectrum, effective in terms of 
inactivation of the SARS-CoV-2 coronovirus, is a gas discharge lamp emitting at the iodine atom line with a 
wavelength of 206.16 nm. The advantage of this lamp compared to the KrCl-excilamp is that the absorption 
coefficient of DNA and protein molecules that make up bacteria and viruses at a wavelength of 206.16 nm is 
more than 2 times higher than the absorption coefficient at a wavelength of 222 nm. This provides a greater 
bactericidal/virucidal efficiency of the iodine lamp radiation, including during the inactivation of the 
coronovirus [4]. 

The aim of this work is to study the amplitude-time, energy, and spectral characteristics of an iodine 
vapor lamp, based on iodine vapor excited by a low-pressure capacitive discharge, which is promising from 
the point of view of developing a radiation source with increased virucidal efficiency for UV-disinfection of 
a human environment contaminated by pathogenic microorganisms, including the SARS-CoV-2 coronavirus. 
When performing the work, a comparison was made of the radiative characteristics of iodine vapors and their 
mixtures with inert gases. The light source under study based on iodine vapor can compensate for the lack of 
spontaneous emission sources in the spectral range of 200-220 nm. 
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For over two decades, there has been a puzzling discrepancy between slow electron-phonon coupling 

and creation of tracks swift heavy ions (SHI) decelerated in the electronic stopping regime. Due to fast 
cooling down of excited electrons (less than 100fs), track formation requires extremely fast energy transfer 
from the excited electrons to atoms [1]. In contrast, laser-irradiation experiments measured much too slow 
electron-phonon energy exchange rate, which is supported by various calculations [2]. This paradox lead to a 
widespread use of electron-phonon coupling as a fitting parameter in calculations of SHI track creation. 

We resolve this contradiction noticing that electron-phonon coupling is not the sole mechanism of 
energy exchange between electrons and atoms in solids. Heating of electrons alters potential energy surface 
of atoms. Appearing forces due to modification of the interatomic potential accelerate atoms increasing their 
kinetic energy (”nonthermal heating”) [2]. This nonthermal mechanism may be extremely fast, significantly 
faster than the electron-phonon coupling. At high deposited doses it may even lead to ultrafast nonthermal 
structure transformations.  

It suggests that the estimates of the ”electron-phonon coupling parameter” extracted from the data on 
SHI track sizes with help of the two-temperature (inelastic thermal spike) model do not reflect the electron-
phonon coupling per se, but must be interpreted as a quantity reflecting the nonthermal heating of atoms 
(with a contribution of phononic and non-phononic elastic scattering of hot electrons and valence holes) [2]. 
This notion reconciles the much debated problem of extremely fast atomic heating in swift ion impacts (at 
hundred femtosecond timescales) with slow electron-phonon coupling (acting at picosecond timescales). 

Our results suggest that the nonthermal heating of atoms is a universal effect in nonmetallic crystalline 
materials under ultrafast energy deposition, and thus must be taken into account in appropriate models and 
interpretation of experiments [2]. 
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RADIATION SYNTHESIS OF REFRACTORY OPTICAL CERAMICS 

V. LISITSYN

 National Research Tomsk Polytechnic University Tomsk, Russia

Radiation technology for synthesis of refractory optical ceramics, which we first implemented [1, 2],
fundamentally  differs  from conventionally used technologies.  For  synthesis,  a  mixture  of  stoichiometric
composition required to obtain the desired phase was exposed to direct powerful electron flux with energy of
1.4 MeV and flux density of 15–23 kW/cm2  using the ELV-6 accelerator (Institute of Nuclear Physics SB
RAS). Radiation synthesis was performed with high efficiency within less than 1 s using radiation energy
and mixture materials  with no additives or any other materials  used to promote synthesis.  We obtained
samples of luminescent ceramics based on YAG and YAGG doped with Ce and modified by Gd and Ga
based  on  alkaline  earth  metal  fluorides  doped  by  tungsten.  The  luminescent  properties  of  the  samples
(luminescence and excitation spectra, decay times) correspond to those known for phosphors, ceramics, and
crystals of appropriate compositions fabricated by other synthesis techniques. 

It  was found that ceramics is synthesized in the radiation field at similar power densities above 15
kW/cm2 from materials with significantly different melting points: from 1260 °C (MgF2) to 2410 °C (Y2O3).
A powerful radiation flux induces effective mixing of the base components of the mixture and dopants, their
composition elements.

Fig.1 Photos of samples.

The cause of very high efficiency of radiative synthesis is largely incomprehensible. It is assumed that
power densities of radiation fluxes used in the study increase ionization density of materials. Within the
synthesis period, radiation creates a number of electronic excitations comparable to the number of lattice
sites in the irradiated area. The electronic excitation decay causes formation of a high concentration of active
radiolysis  products,  their  interaction,  and  formation  of  new  phases.  Decomposition  occurs  at  high
temperatures and, hence, with an extremely high yield.

The report is supposed to show the main patterns revealed in synthesis of materials based on metal
oxides  and fluorides  to  formulate  the  basic  ideas  about  the  totality  of  processes  occurring in  dielectric
materials in the field of powerful hard radiation fluxes.
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Oncological diseases are among the most common diseases in the world, from which, according to The 

Global Cancer Observatory, more than 9.9 million people died in 2020. The characteristic features of cancer 

are rapid cell division, the ability to penetrate into surrounding tissues, as well as metastasize to other organs. 

Brain metastases occur in 20-40% of cancer patients [1]. The main methods of treatment are neurosurgical 

intervention, radiation therapy, and stereotactic radiosurgery is actively developing [2-3]. The advantage of 

radiosurgery is non-invasiveness, the effectiveness of exposure to foci and the low probability of radiation 

reactions after treatment. However, in patients with a tumor volume exceeding 3 centimeters in diameter, 

with radiosurgical doses (>18 Gy), the risk of post-radiation complications are subsequently high, therefore 

radiosurgical methods of hypofractionation and staged radiosurgery are increasingly used. The research 

included a group of patients (9 people) who underwent treatment by the method of trained radiosurgery and a 

group of patients (14 people) who underwent hypofractionation. The median age of patients at the time of the 

1st PC session or HF was 56 years (range 37-82 years), the median KPS was 75% (range 50-90%). The study 

groups were dominated by patients with MGM breast cancer – 36% patients. Significantly less often the 

source of MGM was: lung cancer - 18% of patients, gastrointestinal cancer - 18% of patients, melanoma - 

9% of patients, uterine cancer - 9% of patients, kidney and bladder cancer - 5% of patients. In a 1 case, the 

metastases were a manifestation of primary multiple cancer - 5%. The clinical study was conducted at the 

Leksell Gamma Knife Icon installation (Stockholm, Sweden). The summed dose was in the range from 16 to 

30 Gy. 

The purpose of our study was to study and compare the results of the use of hypofractionation methods 

and staged radiosurgery for brain metastases. Changes in the volume of tumors 1 month after treatment by 

hypofractionation or staged radiosurgery are shown in Figure 1. 

 

Fig.1. Changes in the volume of tumors after treatment by hypofractionation or staged radiosurgery. 

The work shows that the trained radiosurgery provides satisfactory indicators of local control and is 

comparable to the hypofractive method of treatment of large intracranial metastases in the absence of the 

possibility of surgical removal. 
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THE ESTABLISHMENT OF RELATIVE BIOLOGICAL EFFECTIVENESS OF CARBON ION 

RADIATION  IN ZEBRAFISH TESTES 
*
 

HONG ZHANG1, HONGYAN LI1 

1Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou, China 

With the development of nuclear technology, the risk of exposure to ionizing radiation (IR) becomes 

greater during radiotherapy used by carbon ions, the release of multiple radioisotopes following nuclear 

accidents, and the high-energy ions encountered during space missions [1]. Thus, the development of 

methods to reveal the harmful mechanism of IR is necessary. The process of spermatogenesis involves 

multiple spermatogenic cells in the testis, which is one of the most radiosensitive organs [2]. Radiation can 

induce necrosis, autophagy, apoptosis, premature senescence, and accelerated or delayed differentiation in 

germ cells, leading to cell death. We have shown that high linear energy transfer (LET) ions can seriously 

damage mouse testis and induce apoptosis of spermatogenic cells [3]. This process directly involves 

mitochondria since mitochondrial pathways appear to regulate heavy ion radiation (HIR) -induced apoptosis 

in spermatogenic cells [3]. This study compared the relative biological effectiveness (RBE) of carbon ion 

radiation (CIR) and X-ray irradiation in zebrafish testes at 7 days after irradiation. The logarithmic dose-

response curves for the percentage of testes weight are shown in Fig. 1. At 7 days after irradiation, the X-ray 

dose for 50% reduction of testes weight was 13.2, the CIR dose for 50% reduction of testes weight was 8.86, 

the RBE of CIR in zebrafish testes was calculated as 1.48. From the dose-dependent curve, when testes 

weight was reduced to 70%, the dose of CIR was 3.8 Gy. Coincidentally, 4 Gy is commonly used as a high 

dose single-fraction. Although such a dose can increase long-term survival in childhood cancer patients, it 

increases the risk of infertility. Therefore, we chose 4 Gy as a single-fraction of high dose in radiotherapy or 

to simulate the one-off high dose or long-term accumulation of radiation under radiation environment. 

 

 

Fig.1. The RBE of CIR in zebrafish testes and the different biological effect in testicular cells apoptosis between X-ray and CIR. 
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In this work, we study the formation of zinc selenide nanocrystals during chemical deposition into a-

SiO2/Si-n track template. The relevance of the study is related to the production of new nanoclusters using 
track templates. One of the methods for obtaining nanoclusters is template synthesis. Template synthesis is a 
relatively simple and easy procedure, thanks to which the fabrication of rather complex nanomaterials has 
become available to almost any laboratory [1]. 

For the first time, zinc selenide nanocrystals were obtained by chemical precipitation in an aqueous 
alkaline medium using sodium selenosulfate as a source of Se ions. The deposition was carried out at a 
temperature of t = 750C for 40 min. The morphology was observed using scanning electron microscopy, and 
the crystalline phase was studied using X-ray diffraction analysis. Figure 1 shows the template surfaces after 
chemical deposition of ZnSe. SEM images of the study showed that most of the pores of the template are 
filled and the chemical precipitation method is excellent for growing with controlled morphology and a high 
degree of order. It has been established that the filling of nanopores depends on the temperature and 
deposition time (Fig. 1). 

 
Fig.1. SEM images of the surface after CD of ZnSe for 40 min, at a temperature of t = 750C, on average, the nanopore diameter is 

from 410 nm to 550 nm..  

To confirm the obtained ZnSe phase by X-ray diffraction analysis, we performed elemental analysis on 
a TM3030 scanning electron microscope. 

The crystalline phase of the sample is a cubic structure (sphalerite) with space group F-43m. The unit 
cell parameters are: a = 5.592081 Å and corresponds with the results of other works. The unit cell parameters 
obtained by us coincide with the literature data [2]. Thus, in this work, the structural, morphological, and 
electronic properties of ZnSe nanocrystals of zinc selenide, obtained for the first time by chemical deposition 
into a-SiO2/Si-n track templates, have been studied and characterized. 
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In modern plant science are relevant search for ways of seeds dormancy breaking to obtain earlier and 

good sprouts, laying the basis for increasing the yield, obtaining early and high-quality products. Currently, it 
has been established that various physical factors, such as plasma, gamma radiation, microwave fields, as 
well as optical radiation in optimal doses can stimulate seed germination and plant development [1, 2]. In 
particular, a lot of research is devoted to ultraviolet radiation effect on plants [3].  

The UVB spectrum range (290-320 nm) action on plants is scantily known. In our works [4, 5] it was 
found that UVB radiation subdoses has a stimulating effect on a variety of crops during pre-sowing seed 
treatment. Independent studies (see review [6]) confirm our data. 

The aim of current work is to study the growth and development of potato tubers ("Gala" cultivar) when 
treated with subdoses of UV-B radiation (option 1). In another variant, the tubers were additionally treated 
with a plant growth stimulator «Humophyte» (option 2). Planting and cultivation of plants was carried out in 
the field in the Kravtsovskoye farm (Tomsk district of Tomsk, Russian Federation). 

It was found that the maximum yield was obtained in option 2. This is 429 c/ha, which is 139 c/ha more 
than the control variant and 100 c/ha compared to option 1. It is shown that experimental potato plants 
sprang earlier, accelerated growth was observed, and an increase in leave assimilating surface. These effects 
are most pronounced in option 2. The report also provides data on the nutritional parameters of tubers from 
the resulting crop and their infection with various pathogens.  

Based on the data obtained, a conclusion is made about the prospects of using UVB radiation XeCl-
excilamps for pre-sowing stimulation of potatoes, including in combination with plant growth enhancers. 
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MAGNETIZATION STUDY OF LI-ZN FERRITE SYNTHESIZED BY AN ELECTRON BEAM* 

S.A. GHYNGAZOV1, E.N. LYSENKO1, V.A. VLASOV1, A.P. SURZHIKOV1, M.V. KOROBEYNIKOV2  
1National Research Tomsk Polytechnic University, Tomsk, Russia 
2Budker Institute of Nuclear Physics SB RAS, Novosibirsk, Russia 

 
In this work, the magnetization of lithium-zinc ferrite synthesized under the conditions of electron beam 

heating of a powdered and compacted Fe2O3-Li 2CO3-ZnO mixture was studied. For the synthesis of samples, 
an ILU-6 pulsed electron accelerator located at the Budker Institute of Nuclear Physics of Siberian Branch 
Russian Academy of Sciences was used [1]. The samples were heated by a 2.4 MeV high-energy electrons 
beam to synthesis temperatures of 600, 700, 750 °C and kept at these temperatures for up to 120 minutes. To 
establish the radiation effects arising during electron beam synthesis, another part of samples was obtained 
using traditional thermal annealing in a laboratory furnace under the same conditions. 

The magnetization of the synthesized ferrite was studied in two ways, including measurements of the 
specific saturation magnetization (σS) using a magnetometer and thermomagnetometric measurements using 
a thermal analyzer. The latter, based on thermogravimetry in a magnetic field, makes it possible to analyze 
magnetic phase transitions in samples and determine their Curie temperature [2]. The data obtained from the 
results of measuring the specific magnetization of the samples are shown in Fig. 1.  
a           b 

0 20 40 60 80 100 120
0

10

20

30

40

50

60

70

RT_600

Т_600

σ s, e
m

u/g

Synthesis time, min

 
Fig. 1. Kinetic dependences of the specific magnetization of Li-Zi ferrite synthesized using an electron beam (RT) and thermal 
annealing (T) at a synthesis temperature of 600 (a) and 750 (b) °С: lines - compacted samples; dotted lines - powdered samples 

 
The results obtained showed that the specific magnetization in the RT-synthesized samples significantly 

exceed the values of σS in the samples obtained by thermal annealing at the same temperature and time of 
synthesis. The results also revealed a higher degree of specific magnetization of compacted samples 
compared to powdered samples, which indicates a higher content of the spinel magnetic phase in the 
synthesized compacts. 

Thus, it was found that the ferrite formation rate depends both on the heating method and on the density 
of the mixture. The specific magnetization for sample obtained from compacted mixture and RT-synthesized 
at 750 °C for 120 min is close to the nominal values of σS for Li-Zi ferrites, which indicates high content of 
ferrite in the synthesized samples. 

Thus, measurements of the specific magnetization revealed the radiation effect of the accelerated 
formation of spinel magnetic phases during heating of ferrite mixtures by a beam of high-energy electrons. 
This conclusion is confirmed by thermomagnetometric and XRD data [3]. 

REFERENCES 

[1] E.N. Lysenko, E.V. Nikolaev, V.A. Vlasov, A.P. Surzhikov, "Technological scheme for lithium-substituted ferrite production under complex 
high-energy impact," Nucl. Instr. Meth. B, vol. 474, pp. 49-56, 2020.  

[2] A.L. Astafyev , E.N. Lysenko, A.P. Surzhikov, "Thermomagnetometric analysis of lithium ferrites," J. Therm. Anal. Calorim., vol.136, pp. 
441-445, 2019. 

[3] E.N. Lysenko, V.A. Vlasov, A.P. Surzhikov, A.I. Kupchishin, "Kinetic Study of Lithium–Zinc Ferrite Synthesis under Electron Beam Heating 
Conditions," Inorganic Materials: Applied Research, vol.13(2), pp. 494–500, 2022. 

                                                      
* The work was supported by the Russian Science Foundation under grant No. 22-19-00183. 

EFRE 2022: 20th International Conference on Radiation Physics and Chemistry of Condensed Matter 
Physical principles of radiation and photonic technologies 

–––––––––––––––––––––––––––––––––––––––––––––––   R3-P-955101   –––––––––––––––––––––––––––––––––––––––––––––––

418



INFLUENCE OF ADDITIVES ON SINTERING OF POWDER COMPACTS OF PARTIALLY 
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The study of powder sintering at low pressing densities up to bulk density is important for the 

manufacture of ceramic products by 3D printing. In this regard, a special role should be given to the use of 
the technique of doping powders with various fusible additives, which facilitate the process of interparticle 
interaction during heating. It is assumed that the role of additives will be extremely important in the 
development of 3D printing by radiation-thermal heating, in particular, by an electron beam [1]. To develop 
technological methods for sintering powders at bulk density, it is important to study the effect of additives 
and pressing pressure on the sintering of powder compacts. 

The paper considers the influence of additives in the amount of not more than 5% on the processes of 
compaction of powdered ceramic masses during compaction by the method of uniaxial pressing at various 
pressures and subsequent sintering in a resistance furnace. The starting materials were powders of partially 
stabilized zirconia obtained by the sol-gel method (TOSOH, Japan) and by the plasma-chemical method 
(Siberian Chemical Plant). Polyvinyl alcohol, bismuth oxide, carbon were used as additives. A study was 
made of the influence of the type (Fig. 1), additive concentration (Fig. 2) and pressing pressure on the 
characteristics of sintered ceramics. It has been established that small amounts of additives do not worsen the 
properties of sintered ceramics, and sometimes even improve them. 

 
Fig.1. Influence of carbon concentration on densification of zirconium ceramics. 1 - no additive. 2 - 1% carbon. 3 - 5% carbon. 4 - 

temperature program. 

 

Fig.2. Influence of additive type on densification of zirconium ceramics.1 - without additive. 2 - addition of 1% PVA. 3 - addition of 
bismuth oxide 1%. 4 - temperature program. 

 

The report also presents the results of a study of the mechanical properties of ceramics with and without 
additives. 
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The process of self-organization of particles with chaotic motion into a cluster system begins with a 

situation that randomly arises as a result of fluctuations, when two particles are at a distance equal to the 

distance of the minimum potential energy of interaction between two particles, but the binding energy is not 

enough to form their bound state [1, 2]. In this case, the appearance of the third particle at a distance 

exceeding the distance between the close pair leads to the appearance of the Efimov effect (Fig. 1). 

 

Fig.1. The Efimov effect in a three-particle cluster with the arrangement of particles according to the rule of the "golden" triangle in 

the model of absolutely hard spheres. 

The diameter of one of the two interacting particles σ (in the dimer) and the distance to the third 

disturbing particle L1 will be determined based on the properties of the "golden" triangle [3, 4]: 

 
1

σ
σ

θ
2sin

2

L     , (1) 

where θ is the "golden" angle, Ф = 1.6180339… is the value of the "golden" proportion ("golden" ratio). 

In the equatorial plane of the disk-shaped cluster, a centrally symmetric system is formed with the 

center at the center of mass of the dimer and circular formations of densely packed absolutely hard spheres. 

Such formations in the equatorial plane are characteristic of the structure of planar clusters (2D clusters), 

which have recently been actively studied [5]. 

In the structure of a disk-shaped cluster as an independent physical object, the formation of a nano-sized 

potential region in the form of a toroid is possible. When such clusters are irradiated with proton-ion beams, 

a toroidal quantum dot is formed into their structure [6]. 
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Dispersion-strengthened oxide steels are prominent potential core materials for the next 

generation of fast-neutron reactors as well as perspective thermonuclear reactors. These steels are 

expected to withstand radiation loads up to damaging doses of around 200 dpa at irradiation temperatures 

of 400-700°C. Such loads can be withstood by materials due to being reinforced by small oxide particles 

which create barriers for dislocation movement as well as pining grain boundaries.  

Production method of powder metallurgy allows for size and composition optimization of small 

inclusions, which leads to an increase of mechanical properties and radiation stability of affected steels. 

Mechanical properties of ODS steels significantly depend on characteristics of the nanostructure: the size 

and spatial distribution of dispersed inclusions and nanoscale clusters. These particles provide a 

significant increase in the creep strength, being effective barriers for dislocation motion. 

The aim of this work was to study the initial state of the ODS steel samples with different alloying 

systems as well as conducting studies for irradiated samples to observe stability of inclusions and of the 

entire microstructure. Irradiated samples were obtained through ion beam irradiation, since it is 

considered that these types of defects (as well as their size and number density) caused by neutron 

bombardment from the nuclear reaction to be closely reproduced with the ion beam experiments. 

To analyze the evolution of oxide inclusion and cluster distribution in the material during 

irradiation, simulation experiments were carried using Fe2+ ion irradiation at 5.6 MeV using samples of 

multiple ODS steels: KAERI 10Cr ODS, KP-3 ODS and Eurofer ODS. 

Irradiation with doses of 3, 6 and 30 dpa at 350 °C was used to analyze low-temperature radiation 

embrittlement and its effects on material nanostructure. Additionally, studied steels were irradiated up to 

100 dpa at 500 °C in order to analyze the oxide inclusion stability at enhanced temperatures of high dose 

irradiation.  

The study of initial and irradiated materials was carried out using modern ultramicroscopy 

methods: transmission electron microscopy (TEM) and atom probe tomography (APT). This combination 

of techniques allowed for study of both small and large inclusions (oxide particles and clusters) as well 

as the analysis of their chemical composition. 

The local nanochemical APT analysis showed the presence of high density of clusters with sizes 

of 2–5 nm. In all the steels studied, the clusters were enriched in Cr, Y, and O atoms. In Eurofer ODS 

steel, clusters also contained V atoms; there were Ti atoms in clusters in 10Cr ODS and KP-3 ODS steels, 

while clusters in KP-3 ODS steel also contained Al atoms. 

The analysis after irradiation showed dissolution of both larger oxides and clusters. At 350 °C 

this effect was most prominent for ODS KP-3 with clusters that were no longer detectable at 30 dpa. As 

for Eurofer ODS, it had the most stable clusters and oxide particles when irradiated to 30 dpa.  

The dissolution effect was even more prominent at 100 dpa and 500 °C. Which allowed us to 

determine which steels are more appropriate for nuclear core applications since oxide particles play a key 

role in radiation stability under operational conditions. 
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Gallium oxide is known in the scientific community for its unique electrical and optical properties. Due 
to its wide bandgap (~5.0 eV), it is of interest to scientists as a promising material in various fields of power 

electronics, optoelectronics, and photonics. [1, 2, 3]. 
The reflection spectrum [4] was calculated in the work for the direction of the electric vector E parallel 

to the b axis (E||b) (Fig. 1). It can be seen in the figure that the calculated IR reflections of the wave vector 

q⊥(100) and E||b are comparable with the experimental data [5], and the IR reflections of the wave vector of 

the other direction q⊥ (-201) and E||b are comparable with work [6]. In the work [6], pure TO phonons with 
Au symmetry are also observed. 

 

Figure 1. Estimated IR reflectance for the wave vector q⊥(100) and a specific direction of the electric vector E||b. Experimental 

data are presented for comparison. [5, 6] 

 

Oxygen vacancies of gallium oxide are deep donors, since its transition levels are 1 eV below the 
minimum of the conduction band, and gallium vacancies are deep acceptors with empty levels that are 
located more than 0.7 eV above the valence band and rather lower than the donor level. [7] 

Due to the fact that oxygen vacancies can easily donate their electrons to gallium vacancies, the energy 
of formation of oxygen vacancies decreases as the number of donors in the crystal decreases. In parallel with 
this process, an increase in the energy of formation of acceptors occurs, which leads to a decrease in the 
energy of formations of donors. Ultimately, this leads to an energy balance between the two processes and 

results in a constant concentration of native donors and acceptors. [7] 
We assume that the observed n-type conductivity in β-Ga2O3 crystals can be caused by light doping of a 

donor impurity during crystal growth, such as hydrogen. Our calculations also show that gallium vacancies 
cannot be involved in p-type conductivity in β-Ga2O3. Because all types of gallium vacancies with different 
charge states are located above the valence band by more than 0.7 eV. 
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The results of studying the effect of a γ-n-pulse on IR LEDs based on AlGaAs heterostructures are 

presented. The LEDs were tested in active and passive power modes. During the irradiation of LEDs in the 

active power mode after exposure to a γ-n - pulse (indicate D gamma and neutron flux), the LED radiation 

power is restored by ΔР. The regularity of LED power decrease in active and passive power supply modes is 

determined. It has been suggested that the restoration of the radiation power ΔР during irradiation with a γ-n-

pulse in the active power supply mode of the LED is due to radiation-stimulated and/or electrically 

stimulated annealing of local mechanical stresses in the LED. 
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Fig.1. Variation of LED emission power (of 50 mA operating current) when exposed to γ-n-pulse in active and passive power modes: 

symbols – measurement results; lines – determined regularities (1-3); stage I, stage II – common stages of radiation power reduction; 

Fn passive  Fn active – threshold values of neutron fluences at the boundary between selected stages for the respective irradiation modes 
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In this work using photoluminescence (PL), X-Ray excited optical luminescence (XEOL), pulsed 

cathodoluminesence (PCL), optical absorption (OA), Raman spectroscopy (RS) and atomic force microscopy 

(AFM) the radiation damage and degradation of BaFBr crystals irradiated with 147 MeV 
84

Kr ions to 

fluences (10
10

-10
14

) ion/cm
2
 were investigated. BaFBr crystals were grown by the Steber method in a 

graphite crucible in a helium-fluoride atmosphere using stoichiometric mixtures of BaBr2 and BaF2. The 

effect of the oxygen impurity, which is present in the studied crystals, is also considered. In the spectra of PL 

and XEOL detected bands associated with oxygen impurity placing the halide sites. In the XEOL spectrum, 

except for the emission band associated with oxygen impurity the luminescence band of a self-trapped 

exciton is also observed. The quenching and shift of the PL and XEOL maximum with increasing fluence is 

due to the overlapping of tracks and aggregation of defects. Electronic and hole aggregate color centers arise 

mainly in the bromide sublattice. High irradiation doses lead to crystal degradation. In the process of 

recording the spectra of PCL in the region of 2-4 eV, a change in the intensity of the glow was observed both 

in the microsecond and nanosecond ranges. The absorption bands found in the ultraviolet region at 4.2 eV 

are attributed to the exciton emission of Br
- 
[1]. 
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Radiation stability of Y-Al-O and Y-Ti-O compounds which are key ingredients in oxide dispersion 

strengthened (ODS) steels as promise materials for nuclear applications, is a subject of extensive irradiation 

testing with various radiation sources. Most corresponding literature data focus on radiation damage 

produced by neutron and charged particle radiation in elastic collisions and much less is known about defects 

formed via relaxation of dense electronic excitations associated with high-energy, heavy ion irradiation. As 

known, (Y,Ti) and (Y,Al) nanooxides may retain crystallinity up to very high damage doses, sometimes 

more than 100 dpa [1]. At the same time, certain types of precipitates such as Y-Ti-O, may be easily 

amorphized by heavy ions of fission fragment energies via the formation of amorphous latent tracks 

produced by heavy ions of fission fragment energies at relatively low ion fluences of about 1013 cm−2 [2–4]. 

Contrary, Y4Al2O9 (YAM) nanoparticles have demonstrated much higher resistance to dense electronic 

excitations effects that stimulates further research. This work is aimed at comparative high-resolution 

transmission electron microscopy (HRTEM) examination of Xe and Bi ion track parameters in both isolated 

and non-isolated (embedded into ferrite matrix) Y4Al2O9 (YAM) and Y2Ti2O7 nanoparticles. 

The samples were irradiated with swift Bi and Xe ions with energies ranging from 148 to 714 MeV at 

electronic stopping powers from 2 to 35 keV/nm at the IC-100, U-400 and DC-60 cyclotrons at FLNR JINR 

(Dubna, Russia) and Astana Branch of Institute of Nuclear Physics (Nur-Sultan, Kazakhstan). The ion 

fluence corresponded to the “individual tracks” regime was 5×10¹¹ cm⁻². Structural analysis was performed 

using Talos™ F200i S/TEM and JEOL ARM-200F TEM operating at 200 kV. 

As was found, the track diameter in isolated nanoparticles of yttrium titanate for close levels of electron 

energy losses is much larger than in the same nanoparticles embedded in a metal (ferrite) matrix [3, 4]. 

Latent tracks in YAM have been revealed in isolated particles only alloy starting from the threshold energy 

loss 6.2 keV/nm [5]. It is suggested that different structural response of isolated and non-isolated nano-

oxides as well parameters of the track regions is largely determined by peculiarities of the heat transfer 

processes in the nanostructured materials. 
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Investigation of the population degree of atomic orbitals near impurity 

O and C atoms in the Si29H36 cluster 

M.Yu. Tashmetov, Sh.M. Mahkamov, F.T. Umarova, A.B. Normurodov, N.T. Sulaymanov. 
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The influence of oxygen and carbon on the electrophysical properties, characteristics and structural 

parameters of silicon is well studied. However, the cumulative effect of these impurities, especially with the 

noticeable influence of dimensional quantum phenomena during the transition to nano-scales, has not been 

sufficiently elucidated. This work is devoted to the study of changes in the population of electronic orbitals in 

the defect region and the effect of these changes on the main energy characteristics of the Si29H36 silicon 

nano-cluster containing impurity atoms O and C in volume using the computer simulation method. 

To determine the contribution of an impurity defect to changes in the population of atomic orbitals and 

their effect on energy characteristics, the parameters of Si29H36, Si29COH36, Si28VOCH36 clusters were 

calculated using the ORCA4 software package [1]. 

Calculations performed to optimize the structural parameters and energy characteristics of Si29H36 and 

Si28OCH36 nano-particles by computer modeling showed a decrease in the symmetry group and simultaneous 

formation of Si-C and Si-O defects near the central Td position (Table 1). In nano-particles, the formation of 

defects and changes in energy characteristics occur due to external, primarily radiation exposure. As the results 

of our calculations show, the formation of a vacancy does not yet lead to a decrease in symmetry, but due to 

population deviations around the local defect region, a global redistribution of covalent electrons occurs 

throughout the cluster and a partial transition to d-orbitals occurs in Si atoms. This ensures the stabilization of 

Si-O and Si-C bonds. 

Thus, computer modeling and analysis of the results of calculations of the populations of atomic orbitals 

show that the simultaneous introduction of O and C atoms into the central coordination sphere of the Si29H36 

cluster leads to the formation of defects with a decrease in symmetry, the stabilization of which occurs by the 

redistribution of electrons in the region of their formation. At the same time, the binding energies of RSi-O and 

RSi-C are greater than the binding energy of RO-C, i.e. in this case, two types of defects are formed inside the 

cluster − Si-O and Si-C, although the electro-negativity of both O and C is greater than Si. The combined 

influence of the matrix atoms (i.e., Si atoms) and the effect of radiation leads to equilibrium with the 

redistribution of electrons involved in the formation of bonds and rearrangement of the electronic structure in 

the defective region. 

 

Table.1. Energy parameters of Si29H36 nanoparticles and nano-particles formed by the introduction of 

impurity atoms O and C near the central Td node. 

nano-particle Zs Zd Eg (eV) nano-particle Zs Zd Eg (eV) 

Si28VH36 - - -4.7040 Si29H36 + - -5.1394 

Si28VCsH36 - - -3.5854 Si28CsH36 - - -5.0552 

Si28VOH36 - - -5.0214 Si28OH36 - + -3.0075 

Si28VOCH36 - + -4.8250 Si28OCH36 - - -2.4277 

Note: Cs - atom C replaces 1-atom Si at the central Td node; Zs - the charge of the surface of the nano-particle, Zd - the 

charge of the defect formation area inside the nano-particle, Eg - the width of the band gap. 
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The paper presents the results of studies of doped single-crystal silicon irradiated with electrons with an 
energy of 4 meV in the fluence range of 1014 ÷ 1016 cm-2 depending on the concentration of introduced cobalt 
and the effect of induced radiation defects on the electrical parameters Si<Co>. 

Silicon wafers of KEF grade of n-type conductivity with resistivity from 2 to 6 Ohm cm, dislocation 
density of ~1014 cm-2, and oxygen content of 5·1017 cm-3 were used as the starting material. Diffusion of Co 
was carried out from a metal layer deposited in vacuum to the cleaned surface of the Si plates at temperatures 
of 1050÷1250 0С for 8÷10 hours. Comparison of electrophysical parameters of control and doped silicon 
samples after diffusion at 1250 0C showed that the values of resistivity (ρ) increase by 2÷3 times, and the 
concentration of free charge carriers also decreases within the specified limits. Such a change in the electrical 
parameters allows us to state that the admixture of in cobalt n-Si mainly exhibits acceptor properties and not 
amphoteric [1] and leads to compensation of the main current carriers. 

The solubility of Co in Si was determined by neutron activation analysis, and the positions of deep 
centers in Si<Co> were determined from the Hall coefficient. At the same time, it was found that the total 
concentration of cobalt in the indicated temperature range varies within 9·1014 cm-3 to 1·1016 cm-3, and the 
electrically active concentration is 4·1013 cm-3 to 3·1014 cm-3, due to the capture of electrons deep centers 
located in the upper half of the band gap with ionization energies Ec-0.41 eV and Ec-0.53 eV. 

To study the radiation degradation of the Si<Co> parameters, reference and doped samples were 
irradiated at an electron accelerator "Electronics U-003" at a flux density of 5•1011 cm-2. The temperature of 
the samples during irradiation did not exceed 40 0C. 

It has been established that irradiation with electrons with an energy of 4 meV in the specified fluence 
range leads to a change in the values of ρ and the rate of removal of the current carrier concentration (ne) 
both in the doped and in the control samples. In Si<Co> samples, the degradation efficiency is determined by 
the concentration of the electrically active cobalt center. Its increase in samples leads to an increase in the 
efficiency of degradation of electrophysical parameters compared to the reference control samples. 
Comparison of the degradation coefficients ρ and ne (Kρ(ne)) at the same doses of electron irradiation 1016 cm-

2 has shown that an increase in the concentration of electrically active Co centers from 4×1013 cm-3 to 3×1014 
cm-3 leads to an increase in the value of Kρ(ne) by 1.3 times, and in comparison with undoped samples by 3 
times, i.e. doping silicon with cobalt leads to a decrease in the radiation resistance of the electrophysical 
parameters of silicon, and not to an increase, as shown in [2]. The mechanism has been proposed for the 
occurrence of quasi-chemical reactions due to radiative decay of electrically inactive complex states of 
cobalt in a Si-Co solid solution with the subsequent formation of acceptor centers in the silicon interstices 
[1], which is indicated by an increase in the concentration of deep centers of cobalt after irradiation with 
electrons and an increase in their concentration with dose irradiation. 
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Lithium fluoride (LiF) is a unique material for studying the process of femtosecond laser filamentation 

due to the formation of stable fluorescent color centers (CCs), such as F2 and F3+ CCs, in irradiated areas [1-
3]. Using LiF, it is possible to experimentally study fluorescent tracks of both single-pulse and multi-pulse 
filamentation. One of the experimentally observed facts is the elongation of the tracks in LiF during multi-
pulse filamentation [4,5]. This work is devoted to the study of the nature of this phenomenon and the 
development of a mathematical model that reproduces the observed modification of LiF. 

The developed model takes into account two channels of CCs formation: excitonic and electron-hole 
channels. The relative contributions of these channels depend on the accumulated CCs density. This model 
describes modification of the refractive index in colored areas of LiF crystal. Each subsequent laser pulse 
propagates in a medium modified by all previous pulses. 

The model was used to simulate a waveguide structure evolution during multi-pulse filamentation at a 
wavelength of 3 μm, located in the spectral region of anomalous group velocity dispersion. Results of the 
simulation qualitatively reproduce the experimentally recorded elongation of the fluorescent tracks of 
filamentation during femtosecond laser irradiation. 

Fig.1. Spatial distribution of CCs density induced in LiF by single laser pulse: result of simulation with electron-hole channel of CC 
formation (a), simulation with excitonic channel only (b), experimental picture (c). 
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Our model of polymer damaging by swift heavy ions (SHI) combines Monte-Carlo (MC) code 

TREKIS [1], describing electronic and lattice excitations, with all-atom reactive molecular dynamics (MD) 
for atomic response. The simulation traces structure transformations, chemical bond creation/rupture and 

new molecular species emergence in ion tracks. Polyethylene (PE) serves as a prototypical system for model 

validation. 

Crystalline 20 nm × 20 nm × 5 nm PE supercell with ~3×106 atoms was created by Moltemplate tool 

[2] and modelled using AIREBO-M [3] force field in MD simulation. Crystalline sample was melted and 
treated by Charge-Implicit ReaxFF force field [4] to produce an amorphous supercell.  All MD simulations 

were performed in LAMMPS package [5]. 

We apply MC code TREKIS to get an initial radial energy distribution in the atomic system. Then, 

this distribution is converted into velocities of atoms in cylindrical layers surrounding the ion trajectory. 

The Berendsen thermostat at 300 K was employed at the borders of the simulation box.  

A comparison of the simulation results with experimental track shapes and diameters [6] shows a 

reasonable agreement. Elliptic shape of tracks stretching is observed in both, the simulation and an 

experiment. Evolution of chemical bonds in tracks are also tracked during the track kinetics. The simulation 

provides atomic resolution of track structure and traced chemical species emerging in PE targets irradiated 

with SHIs. The results can be used for development of track etching models.   
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The filamentation of femtosecond laser pulses under anomalous group velocity dispersion condition is 

accompanied by the formation of extremely compressed wave packets - light bullets [1], the duration of which 

is about one period of optical oscillations [2]. Spatiotemporal and energy characteristics of the formed light 

bullet periodically change during its propagation due to the continuously changing relation between the phases 

of the carrier wave and its envelope (carrier-envelope phase, CEP). This significantly affects the efficiency of 

the nonlinear optical interaction of the light bullet with the medium [3]. Consistent experimental study of the 

effect of CEP on the dynamics of a light bullet is possible only with the use of the laser coloration method [4] 

in a single-pulse mode. 

The report presents the results of a study of the CEP effect on the characteristics of tracks of color centers 

generated in LiF by a high-intensity light bullet. Experimental registration was carried out in the single-pulse 

exposure mode, which allowed avoiding errors associated with fluctuations in radiation parameters from pulse 

to pulse. Analyzing the luminescence of structures induced in LiF by a light bullet at different wavelengths, a 

periodic modulation of the density of color centers was recorded in the direction of pulse propagation. The 

modulation depth of the luminescence profiles increases with increasing wavelength (Fig. 1). 

 

Fig.1. Experimentally measured luminescence profiles on the axis of tracks of color centers induced in LiF by a light bullet at 

wavelengths (red curve) 2790 nm, (black curve) 4000 nm. 

Numerically, by solving the unidirectional pulse propagation equation describing the formation and 

nonlinear optical interaction of a light bullet with LiF, we found that due to the CEP effect, the electric field 

strength of a light bullet periodically oscillates during its propagation [3], which leads to a periodic change in 

the rate of color centers generation and, as a consequence, to modulation of their density along pulse 

propagation direction. At that, the period of induced structures decreases with an increase in the carrier 

wavelength due to a change in the ratio between the group and phase velocities of the pulse, and the modulation 

depth, on the contrary, increases, and is determined by the duration of the light bullet. 

The results obtained make it possible to predict the effect of the wavelength of a light bullet on its 

nonlinear optical effect on a transparent dielectric. This can be used in the currently promising fields of ultrafast 

metrology and micromodification of materials. 
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Multilayer nanosized coatings with different crystal structures are considered as potential materials with 

high resistance to radiation defects, since vacancy-type defects and interstitial atoms recombine at the 

interfaces. Based on this concept, metals with different crystal structures (bcc, fcc and hcp) are considered 

for the fabrication of multilayer nanoscale coatings with high radiation resistance [1, 2]. 

The samples were analyzed using annihilation line Doppler broadening (DB) spectrometry using 

variable positron energy at the AIDA - Helmholtz Center Dresden-Rossendorf, HZDR. A monoenergetic 

positron beam 4 mm in diameter was used; the positron energy varied from 0.01 keV to 35 keV. Annihilation 

γ radiation was recorded by the HPGe detector with an energy resolution of 1.09 + 0.01 keV, interpolated for 

an energy of 511 keV. The obtained DB spectra were analyzed by estimating the parameters S and W of the 

annihilation line, as well as graphical representation of the R parameter as a function of S = f(W). The 

prepared samples were irradiated with He+ ions using a PION-1M plasma ion source with a non-

incandescent cathode. The energy of the accelerated ions was 25 keV. The irradiation time was chosen so as 

to cover a wide dose range from 3⸱1016 to 3⸱1017 ions/cm2. During irradiation, the temperature of the samples 

did not exceed 200 °C.  

 
Fig. 1. Plot of the dependence of the S parameter on the W parameter for Zr/Nb NMCs with an individual layer thickness of 100 ± 10 

nm and an irradiation dose range from 3⸱1016 to 3⸱1017 ions/cm2 

Fig. 1 shows the dependence of the S parameter on the W parameter of a Zr/Nb NMCs with a thickness 

of individual layers of 100 ± 10 nm and a range of irradiation doses from 3⸱1016 to 3⸱1017 ions/cm2. A layer-

by-layer analysis of positron annihilation in Zr/Nb NMCs showed that an increase in the dose of irradiation 

with He+ ions does not lead to the formation of stable radiation defects. When the energy reaches 20 keV, the 

probability of positron annihilation in a single-crystal silicon substrate increases. 

The research was supported by a grant from the Russian Science Foundation (project no. 20-79-

10343). 
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DEFECT-RELATED LUMINESCENCE IN KLuP2O7 DOPED WITH Pr3+ IONS                       

AFTER IRRADIATION WITH FAST ELECTRONS AND NEUTRONS* 

S.A. KISELEV1, V.A. PUSTOVAROV1, M.O. PETROVA2 

1Ural Federal University, Yekaterinburg, Russian Federation 
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Praseodymium ions are recently paid attention due to perspective of their usage as impurity ions instead 

of Ce3+. In comparison with impurity Ce3+ ions, praseodymium emission is located in higher energy region 

and has shorter lifetime (20-30 ns instead of 30-60) [1-3]. Compounds with Pr3+ ions impurity demonstrate 

three main channels of emission: interconfigurational f–f, intraconfigurational d–f transitions and defect-

related luminescence. The latter act as competitive channel of charge carriers capture. With irradiation of 

scintillating materials in crystal lattice structural changes are observed. Their peculiarities depend on such 

features, as type, intensity and duration of the irradiation. Those changes influence on spectroscopic 

properties of compounds.  
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Fig.1. Photoluminescence spectra of KLuP2O7:Pr3+ (1 %) upon UV excitation (Eexc), T = 295 K before (black) and after irradiation 

with 10 MeV electrons from LINAC (red), with neutrons (blue).  

Crystalline powder KLuP2O7:Pr3+ has been synthesized by a solid state reaction [4]. Luminescence 

spectroscopic properties upon UV-, X-ray and cathode-ray excitation have been previously studied in Refs. 

[4, 5]. These measurements approved promising characteristics of compound for scintillator applications.  

To observe behavior of defect-related luminescence object was irradiated with electrons and neutrons. 

Fast electrons (E = 10 MeV) were obtained from linear electron accelerator in UrFU, Yekaterinburg. Fast 

neutrons (E > 1 MeV) flux was produced by pulse neutron reactor IBR-2 (FLNP JINR, Dubna). Both 

irradiation types cause defect formation inside lattice. Forming point defects is produced by impact 

mechanism – elastic collisions of particles with nucleus of lattice atoms. Redistribution of d–f transitions in 

250-300 nm region is observed. In 450-550 nm region defect-relative radiative bands appear. These 

transitions are a sign of defects existing formed by radical groups of phosphorous and oxygen after 

interacting with irradiation particles. 
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Zirconium dioxide (ZrO2) is a promising material for modern optoelectronics, photonics and luminescent 

dosimetry of ionizing radiation. The main types of paramagnetic defects in ZrO2 are Zr3+ ions with g = 1.96-

1.97 [1] and F+-centers with g = 1.999-2.003 [1, 2]. However, thermal stability of these centers and their 

relation to thermoluminescent (TL) properties of the material have not been fully studied now. 

The aim of this work is to study thermal stability of paramagnetic centers in monoclinic ZrO2 and its 

relation to TL characteristics of this material.  

ZrO2 samples were made of nanopowders with particle sizes of 40-65 nm by using a method of uniaxial 

cold pressing under 1000 kgf/cm2 pressure. A linear electron accelerator UELR-10-10C was used to irradiate 

the samples with an electron beam of 10 MeV energy and 2.9·1014 cm-2 fluence. TL was measured in a linear 

heating mode at 2˚C/s. ELEXSYS 580 spectrometer was used to measure electron spin resonance (ESR) in  

X-band.  

 

Fig.1. TL curve (1) and dependence of amplitude of  ESR signals with g = 1.999 (2) and g = 1.965 (3) on ZrO2 annealing temperature   

It was found that exposure to electrons with 10 MeV energy results in TL peaks A at 135 ˚С and B at  

225 ˚С (Figure 1). ESR spectra of the exposed samples feature signal I with g = 1.965, which is associated 

with the presence of Zr3+ ions in the samples; and signal II with g = 1.999, which is caused by formation of  

F+-centers in the irradiated compacts. Signal I amplitude increases when the sample heating temperature grows 

from 250 up to 470 ˚С, and it becomes maximal at 470˚С. Further rising of temperature up to 600˚С decreases 

the amplitude of signal I by 35-40% from the maximum. The absence of any changes in ESR amplitude shows 

that Zr3+ does not participate in TL processes in the 50-350 ˚С temperature range.  

The amplitude of signal II was found to decrease in the temperature range of TL peaks A and B. This can 

indicate destruction of F+-centers due to trapping of charge carriers that were released from the traps associated 

with these TL peaks. The paper discusses mechanisms of changing concentrations of paramagnetic centers 

when the irradiated samples are annealed in the 50-600 ˚С temperature range.  
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Radiation tolerance of the perspective constructive materials for Generation IV nuclear reactors is one 

of the main research activities over the past years [1-3]. Special interest is dedicated to studies of the swift 
heavy ion (SHI) irradiation influence on the structure stability of fuel cladding materials that supposed to be 
in direct contact with fission fragments in reactor core. According to the previous research SHI irradiation is 
the only type of irradiation that can lead to significant changes in microstructure in dielectric materials down 
to complete amorphization [4-6].  

In the present work ferritic ODS alloys reinforced by different nanosized particles based on yttrium 
oxides (Y2Ti2O7, Y2TiO5, Y4Al2O9) and carbides as well as nanopowders of the same composition as 
embedded nanoparticles were exposed to 1-3 MeV/amu Xe, Kr and Bi irradiation with different fluences. 
Post-irradiation microstructure examinations were made using transmission electron microscopy and X-ray 
diffraction. It was shown that SHI irradiation doesn’t have crucial effect on metallic matrix and at the same 
time it leads to latent track formation of several nanometers in oxides and carbides. Starting from 2∙1012 cm-2 
fluence, track overlapping takes place and with fluence increasing the phase transformation into amorphous 
state of the whole dielectric particles occurs. Mechanical properties of irradiated ODS alloys with crystalline, 
partially amorphous and completely amorphous particles were studied by nanoindentation and in-situ 
micropillar compression tests. Additional examinations were made on irradiated ferritic alloy without 
particles in order to estimate the possible influence on mechanical properties by irradiated ferritic matrix.  
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Lenin Ave, 30, 634050 Tomsk, Russia 

Graphene is one of the most promising 2D material for future development of nanoelectronic and 

nanophotonics. Its unique properties, such as high transparency, high carrier mobility, ballistic transport, 

thermal conductivity, make such material very attractive for space applications; in particular, for future 

development of THz devices working at geostationary orbit (GEO) [1]. Our theoretical and experimental 

findings [1] showed that graphene with the PMMA support can be used at GEO for over 10 years. However, 

interaction of charged particles by supported substance leads to decrease of its energy and the specific energy 

losses increase with particles energy decrease. Within this work, we investigate the influence of graphene 

interaction with charged particles of different energy, which in experiment can be regulated by the thickness 

of additional absorber (Fig. 1). The numerical modeling of irradiation of these graphene structures with 

radiation beam is performed. Purpose of these calculations is to prepare data and conditions for providing 

experiment on TEMP-4 ions setup with beam comprising carbon and hydrogen (70% and 30%, respectively) 

ions [2] and electron beam setups. For studying only protons influence of TEMP-4, additional absorber is 

placed before graphene structure, for example, PMMA layer with the thickness  1 µm provides carbon ions 

absorption, but protons pass through this layer, because energy losses are proportional to ion mass. Energy of 

protons which interact with graphene structure is regulated by thickness of absorber and can be 

approximately estimated using Bethe-Bloch energy loss per distance for protons, alpha particles and atomic 

ions.   For exploring of electron beam influence, the much thicker absorbers (~ millimeter) should be used 

(Fig. 1a).   

                     

                                         a                                                                                   b 

Figure1. Dependence of particle energy (T) on the PMMA absorber thickness (d) for proton (1a) and electron 

(1b). Initial beam energy is 0.5 MeV.   
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Ion accelerator facility is a powerful tool to simulate neutron irradiation effects in reactor materials. At
the NRC “Kurchatov Institute” - ITEP the heavy-ion accelerator HIPr (heavy ion prototype) is used for the of
radiation damage simulation in steels and alloys by ion beams [1-4]. Irradiations are carried out mainly with
iron ions Fe2+ (5.6 MeV), but if necessary, beams of vanadium, tantalum, carbon and many other ions can be
used.  Irradiated  specimens  are  investigated  by  atomic  probe  tomography  and  transmission  electron
microscopy (TEM). Helium and hydrogen ion beam implantation in heavy ion damaged area can be used to
simulate transmutation effects occur in reactor materials [5]. This will allow modeling such an important
process as radiation swelling of the material under the neutron radiation impact. Now work is underway to
build a second beam line of the HIPr facility (see fig.1) for simultaneous sample irradiation by heavy ion and
hydrogen/helium ion beams [6].  The descriptions  of  beam simulation experiments  at  ITEP on the HIPr
facility and the on-going project of the second beam line for hydrogen/helium ion beams are reported.

Fig.1. Layout of HIPr facility with designed second beam line of light ions.
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In  this  study  we  have  developed  a  program  based  on  the  Monte  Carlo  method  to  simulate  the
propagation  of  photons  through living  matter  and  subsequently  calculate  the  absorbed dose  taking  into
account the types of interactions of the photons with matter at lo energy .To complete this study, we adopted
a cylindrical geometry to simulate the thorax of a child as a target organ by considering water as a material
equivalent to biological tissues, and make a comparative study using the material composed of HCNO atoms.
However, the results obtained by our program are in close agreement with the results given by the MCNP
code.
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Crystals of magnesium oxide and calcium fluoride are widely used and promising materials in various 

fields of science and technology. Magnesium oxide also has a wide range of uses. MgO crystals exhibit high 

resistance to irradiation and prolonged residence in a radiation medium. This property determines the 

prospects of MgO in nuclear applications, such as nuclear fuel, waste storage, fission reactor materials, and 

even as promising materials for diagnostic windows in future deuterium-tritium fusion reactors [1]. 

Highly pure MgO single crystals were irradiated with 0.23 GeV 
132

Xe ions and Ar
40

 at fluences of Φ = 

510
12
310

14
 ions/cm

2
 at the DC-60 cyclotron in Nur-Sultan. The spectra of optical absorption were 

measured in a spectral region of 1.5-6.5 eV using a spectrometer СФ2000. The photoluminescence and 

excitation spectra were measured on a universal spectrofluorimeter CM2203 Solar. The luminescence spectra 

upon excitation by synchrotron radiation were measured at the MAX IV Lab synchrotron (Lund, Sweden). 

Irradiation with ions creates many defects in the crystal, both in bulk and on surface. Induced defects 

form additional energy levels in the bandgap of the energy structure of crystal, which leads to its coloration 

and the appearance of radiation-induced optical absorption (RIOA). Therefore, one of the effective methods 

for studying radiation defect formation is optical absorption spectroscopy. By the area of the absorption 

band, we can talk about the relative concentration of defects responsible for this band. 

The absorption spectrum contains a wide non-elementary band with a maximum at about 5 eV. In this 

area F and F
+
 centers (oxygen vacancies with two and one captured electron, respectively, maxima at 4.92 

and 5.03 eV, respectively [2]) are responsible for optical absorption. With an increase in the irradiation 

fluence, we see a noticeable increase in this structural absorption band. F2 centers (two neighboring F 

centers, maximum at 3.48 eV [3]) are created in a very low concentration. In addition, the spectrum contains 

a weak band at about 2.17 eV, a detailed study of which is given in [1].  

Upon excitation by photons with an energy of 5 eV (near the absorption band of F
+
 centers), a broad 

non-elementary emission band at about 3.25 eV is observed in the spectrum. The main contribution to this 

structural emission band is made by F
+
 centers (emission at 3.2 eV [4]). Upon excitation at a point of 5.4 eV, 

a shift of this emission band to the short-wavelength side of the spectrum takes place, where the emission of 

F2 centers can contribute [3]. In the excitation spectra (curves 3-5, Figure 3), bands of F, F
+
 and P centers are 

noticeable. The excitation band at 4.36 eV is presumably associated with iron ions, which are always present 

in MgO as a residual impurity. 

Luminescence spectra were also measured for MgO crystals upon excitation by synchrotron 

radiation. It can be seen that for a sample irradiated up to a fluence of 10
12

 Xe/cm
2
, when the energy of the 

exciting light is shifted to the long-wavelength side of the spectrum, the maximum of the intensity shifts to 

the short-wavelength side. Under exciting with 4.8 eV light where F
+
 centers are excited more, the emission 

in longer wavelength side gives rise. Excitation at 5.75 eV, where the P centers are absorbed, gives an 

intense glow with a maximum of about 2.97 eV. For a sample irradiated up to fluence of 6.7×10
13

 Xe/cm
2
, 

excitation at a point of 5.4 eV gives a luminescence of about 3.3 eV. 
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Boron neutron capture therapy (BNCT) is a promising non-surgical radiotherapy method for the treatment 

of invasive malignant tumors (primary brain tumors, recurrent head, and neck cancer, cutaneous and 

extracutaneous melanomas), which includes two stages: (i) a drug, containing the non-radioactive isotope 

boron-10 (10B), is injected to the patient, where it localizes in the tumor, (ii) the patient is irradiated with 

epithermal neutrons. The absorption of neutrons by boron-10 causes the formation of alpha particles, nucleus 

of 7Li and high-energy gamma quant. The effectiveness of BNCT depends mainly on the concentration of 

boron (approximately 109 atoms of 10B per cell should be selectively delivered [1]) and its selective 

accumulation and distribution in tumor target cells. In the present study, a theoretical evaluation of the 

effectiveness of BNCT based on the use of boron nitride quantum dots (BNQDs) is carried out. 

Simulation of the interaction of formed pairs of ions (Li, α-particle) with the cell components was 

performed by the Monte Carlo method implemented in the ‘Stopping and Range of Ion in Matter’ (SRIM) [2]. 

Several models of tumor cells with different nucleoplasmic ratios (a unified cell model, lymphoma, melanoma, 

squamous cell carcinoma) were considered. The focus of the study was the dependence of radiation damage 

to cells on the specific localization of BNQDs in different compartments: intercellular space, membrane, 

cytoplasm, nucleus. 

As a result of modeling, the optimal localization of BNQD in tumor cells depending on the type of tumor 

was determined. Cell nuclei are the main target for BNCT as they are the storage of DNA. It was revealed that 

the most effective damage to the nucleus of a unified cell (Fig.1a) occurs in the case of localization of the 

BNQD in the cytoplasm of cells due to the energy release (Fig.1b-c). The same results were obtained for other 

cell types with small variations. 

The obtained results indicate that the increased effectiveness of BNCT can be achieved by using BNQDs 

specifically functionalized to be accumulated in the cell cytoplasm, thus, providing the possibility to reduce 

the time of BNCT and radiation dose as well as improve the prognosis for recovery. 

 

   

Fig. 1. Simulated radiation damage to tumor cells. (a) – the total energy loss on the ionization of the nucleus (violet and blue 

colors correspond to energy loss by Li ions and α-particles, respectively), (b, c) – Interaction of α-particles (1470 keV) with the 

cell during BNCT when BNQDs were localized in the cell cytoplasm: (b) – ionization of the target itself during the propagation 

of α-particles, (c) – final distribution of α-particles in the target. 
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Irradiation with heavy ions of 1-3 MeV/nucleon energies is characterized by pronounced 

inhomogeneous ionization and nuclear stopping profiles. As a result, the level of energy losses varies over a 

very wide range, which in own turn leads to a inhomogeneous spatial distribution of radiation damage and 

associated mechanical stresses. The range of ions with the above energies, depending on the density of the 

material, does not exceed several tens of microns. For energies of ~ 1 MeV/nucleon, which are of the 

greatest interest from a practical point of view for simulation of the fission fragments impact, this value is in 

the range from several microns to ~ 10 microns. Therefore, to get reliable information about stress profiles, it 

is necessary to use experimental methods with a spatial resolution of ~ 1 micron. Such accuracy can be 

achieved in techniques based on the use of the piezospectroscopic effect ), which connect the spectral shift in 

optical absorption, luminescence, or Raman scattering spectra with the level of mechanical stresses [1,2]. 

In this work depth-resolved Raman spectroscopy technique was used to study the residual stress 

profiles in polycrystalline silicon and aluminum nitrides irradiated with Xe (167 MeV, 1×1011 cm-2 ÷ 

4.87×1013 cm-2) and Bi (710 MeV, 1×1011 cm-2 ÷ 1×1013 cm-2) ions. It was shown that both compressive and 

tensile stress fields are formed in the irradiated specimen, separated by a buffer zone located at a depth 

coinciding with the thickness of layer, amorphized due to multiple overlapping of the track regions. 

Compressive stresses are registered in subsurface region, while at a greater depth, the tensile stresses are 

recorded and their level of reaches the maximum value in the end of ion range. The size of the amorphous 

layer was evaluated from the dose dependence of the FWHM of the dominant 204 cm-1 line in Raman spectra 

and scanning electron microscopy. In contrast to Si3N4, radiation-stimulated changes in mechanical stresses 

in AlN were within the measurement error throughout the entire thickness of the irradiated layer, except of 

the near-surface region. The observed effect is associated with the different structural sensitivity of silicon 

and aluminum nitrides to high-density ionization - the formation of amorphous latent tracks in Si3N4 and 

their absence in AlN. 
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One of the promising areas of research in modern material science is the study of properties and 

methods for producing high-entropy alloys. High entropy alloys (HEAs) are composed of four or more 

metallic elements mixed in an equimolar or near equimolar ratio [1]. The introduction of near-equiatomic 

multicomponent single phase high entropy alloys has changed the conventional alloy design process in 

which only one or two principal elements determine the material primary properties. It is believed that 

maximizing the configuration entropy of high-entropy alloys promotes the formation of a single-phase 

disordered solid solution instead of the formation of complex intermetallic or second phases which might 

influence point defect recombination phenomena in irradiated materials by modifying the vacancy-interstitial 

recombination interaction distance, solute diffusivity, or other mechanisms, thereby producing different 

(superior or inferior) radiation stability compared to conventional single phase alloys [2, 3]. 

Multicomponent solid solutions based on V-Ti-Nb-Ta were synthesized using high-purity metals 

(>99.9%) by arc melting followed by homogenization. Then annealing was carried out for 24h and 72h at a 

temperature of 1150 oC with cold rolling up to 85 % reduction in thickness. The samples were irradiated at 

room temperature with He2+ ions with an energy of 40 keV and a fluence of 2×1017 cm-2. 

The calculation of energy losses was carried out in the SRIM 2013 program using the Kinchin-Pease 

model. The maximum range of helium ions was 275–325 nm, with the maximum damage for vanadium at a 

depth of 160–170 nm, and for the VNbTaTi alloy, at 120–140 nm. The highest value of the damaging dose is 

3.5–6.5 dpa, depending on the samples. The concentration of implanted He2+ ions does not exceed 17–23 

at.%. 

The X-ray diffraction analysis of initial samples showed that, regardless of the number of elements in 

the alloy, a single-phase solid solution with a BCC lattice is formed in all initial samples. The general view 

of the diffraction patterns (narrow and intense diffraction peaks) indicates a high crystallinity degree of the 

alloys; however, the shape of the diffraction lines (their asymmetry) is related to the possible both with the 

heterogeneity of the structure of the solid solution and for strongly deformed crystal lattices, which is 

characteristic of high-entropy alloys and is associated with the difference in the atomic radii of the selected 

elements. The lattice parameter for samples V, VNb, VNbTa, VNbTaTi was 0.3027 nm, 0.3177 nm, 0.3227 

nm, 0.3234 nm, respectively. The results of energy dispersive analysis (EDX) confirm the formation of 

homogeneous equiatomic multicomponent solid solutions. 

After irradiation with helium ions with at energy of 40 keV and a fluence of 2×1015 cm-2, the uniformity 

of the distribution of elements and the phase composition of a multi-component solid solution based on V-

Nb-Ti-Ta did not change, which is confirmed by the results of scanning electron microscopy and X-ray 

diffraction analysis. The diffraction pattern shows a more explicit asymmetry of the peaks and their shift 

towards smaller angles, which indicates the deformation of the crystal lattice caused by irradiation. Values of 

macro-deformation increased and amounted to 0.21%, 0.35%, 0.44%, 0.47% for V, VNb, VNbTa, VNbTaTi, 

respectively. The magnitude of the micro-deformation calculated by the Holder-Wagner method also 

increased with the number of elements in the system V-Nb-Ta-Ti, except pure vanadium and size of the 

coherent scattering regions decreased. The nano-hardness data of the initial and irradiated samples are 

compared with the results of micro- and macro-strain. In the work, we analyze in detail mechanisms of 

radiation resistance and the physical cause for this effect. 
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The work presents the results of the study of the effect of UV- radiation on a structure and properties of 

pentaphthalic paint coatings. The PF-115 pentaphthalic paint applied evenly onto 08 kp steel. Coatings were 
irradiated with the UV-rays (207 nm) during the  curing process for 30 and 60 minutes [1, 2]. 

The impact of the effect of UV-radiation on the structure of pentaphthalic paint coatings was 

investigated by XRD method with help of a DRONE 3M diffractometer (CuKα)[3]. It was obtained that a 
degree of crystallinity of pentaphthalic coatings cured under the room temperature without irradiation is 

lower than a degree of crystallinity of coatings cured under irradiation by UV-rays. The results of the study 

are shown in Figure 1. 
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1 – curing without UV-effect; 2 – curing with UV radiation for 30 minutes; 3 – curing with UV radiation for 60 minutes 

Fig.1. Dependence of the degree of crystallinity on the curing time by UV radiation 

It has been established that curing of PF-115 pentaphthalic paint coatings under the UV rays 
(207 nm) leads to an increase in the degree of crystallinity of pentaphthalic paint coatings. In particular, the 

degree of crystallinity of the coating cured under natural conditions is 32,35 %, the degree of crystallinity of 

the coating cured under UV radiation for 60 minutes is 34,20 %. These features of increasing the degree of 

crystallinity indicate decreasing in the amorphousness of pentaphthalic coatings and an increase in 
polymerization. It has been found that an increase in the duration of irradiation contributes to an increase in 

the corrosion resistance and hardness of the coatings. 
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  Due to its wide band gap, high thermal conductivity, good stability, high strength and radiation resistance, 

silicon carbide is a promising material for use as structural elements in thermonuclear reactors, fission reactors 

and gas-cooled fission reactors, as well as in the burial of radioactive nuclear waste. Title (EFRE Title style): 

11pt, bold, roman, centered, all capitalized, first line indent 0 pt, spacing 6 pt before and 9 pt after, no word 

wrapping.  

Ceramic SiC samples were obtained at IHMT NAS RB by binding two fractions of SiC powders M5 and 

M50 (grain size 5 microns and 50 microns, respectively) using a thermoplastic binder based on paraffin P-2 

and subsequent silicification at a temperature of 1800 ° with and a pressure of 0.13 Pa. As a result, the final 

Si/SiC ceramics contain about 78% volume fraction SiC and less than 2% of single residual pores with a 

characteristic size of up to several microns. Before irradiation, the silicon carbide samples were mechanically 

polished. The samples were irradiated with Kr+ ions with an energy of 280 keV at RT at the DC-60 linear 

heavy ion accelerator (Institute of Nuclear Physics, Nur-Sultan, Kazakhstan). Irradiations with krypton ions 

were carried out with fluences 1×1013, 1×1014, 5×1015 sm-2.  

The study of the structural-phase state of the initial and irradiated SiC samples was carried out by X-ray 

diffraction analysis (XRD) and scanning electron microscopy (SEM).  

The study of the structural-phase state of the initial samples showed that the samples are a composite: 

SiC-6H, Si and SiC-15R. The main phase is SiC-6H (~ 80%).   

  

Fig. 1. XRD patterns of the initial SiC.  

Irradiation with Kr+ ions leads to a significant increase in lattice deformation, which is caused by the 

formation of radiation defects and their clusters. As the dose increases, the relative change in the lattice 

parameter a decreases, parameter c increases. Such a change in the crystal lattice occurs as a consequence of 

irradiation growth. This irradiation effect is characteristic of metals with a HCP, especially zirconium [1].  

Analysis of the Raman spectra of samples irradiated at doses of 1×1013 and 1×1014 cm-2 showed that 

with increasing dose, the intensity and broadening of peaks decreases, which is associated with the disordering 

of the crystal structure, as well as the formation and accumulation of radiation defects in the SiC sample. At a 

dose of 5×1015 cm-2, there are no peaks of the first order of oscillations, what connected with amorphization 

of the SiC surface layer, which is also confirmed by the results of SEM.   
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High-entropy alloys (HEAs) are a class of crystalline metallic material which does not have an 

unambiguously identifiable base element and is highly alloyed with multiple elements. Some HEAs have 

demonstrated the potential of exhibiting superior mechanical properties compared to conventional alloys [1]. 

It is believed that maximizing the configuration entropy of HEAs promotes the formation of a single-phase 

disordered solid solution instead of the formation of complex intermetallic or second phases; as a result, the 

alloy has a simple microstructure with improved properties compared to traditional alloys. Numerous studies 

have shown that high-entropy alloys have a high elastic limit, wear, creep, and thermal and radiation 

resistance [2]. Substantial results on the ion irradiation experiments, with both heavy ions and He ions, have 

demonstrated that controlling chemical complexity can delay the irradiation induced defect evolution, 

suppressing the void and He bubble formation, as well as the radiation-induced segregation [3]. The use of 

HEAs as structural materials under extreme environments has been proposed owing to their desirable 

mechanical properties and thermodynamic stability. 

Multicomponent high entropy alloy TiVNbTa and medium entropy alloy TiVTa were synthesized using 

high-purity metals (>99.9%) by arc melting followed by homogenization. Then annealing was carried out for 

24h and 72h at a temperature of 1150oC with cold rolling up to 85 % reduction in thickness.  

Ion implantation of alloys was carried out on a DC-60 heavy ion accelerator (Nur-Sultan) separately 

with He (40 keV, 21017 cm-2) and Kr (280 keV, 51015 cm-2) ions, as well as sequentially with helium and 

krypton ions. 

The X-ray diffraction analysis showed that a single-phase solid solution with a BCC lattice is formed in 

all samples. The results of scanning electron microscopy and X-ray energy dispersive analysis confirm the 

formation of homogeneous equiatomic multicomponent solid solutions, the grain size in the VNbTiTa and 

TiVTa alloys was about 100-200 m. 

It was found that irradiation with helium and krypton ions did not lead to change in phase composition, 

microstructure and the uniformity of the elements distribution of the TiVNbTa and TiVTa alloys. No 

processes of radiation erosion (blistering or exfoliation) were revealed on the surface of the samples. 

Irradiation with low-energy helium and krypton ions only leads to a change in internal stresses. Alloys 

TiVNbTa and TiVTa have compressive stresses of -0.40 and -0.57 GPa, respectively. Irradiation with helium 

ions leads to an increase in the level of compressive stresses to -0.64 and -0.94 GPa, and subsequent 

irradiation with krypton ions leads to a decrease in stresses to -0.49 and -0.63 GPa. CSS irradiation with only 

krypton ions reduces the stress level to -0.25 and -0.36 GPa.  

The paper discusses the mechanisms of radiation stability of high-entropy alloy TiVNbTa and medium 

entropy alloy TiVTa, the influence of the type of ions on the formation of radiation defects, and their 

influence on the level of internal stresses.   
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The constant monitoring of the uniformity of the density distribution of the flux of the accelerated 

particles is required in various applied fields as such as the studies of biological objects and of radiation 
resistance of electronic devices. The ionization monitor has been developed at FLNR JINR in order to make 
the non-destructive detailed high precision measurement of the transverse profile of a wide beam of 
accelerated particles. The monitor design is aimed at measuring the concentration of residual gas ions arising 
along on the beam path. The distribution of the ions is proportional to the distribution of the particle flux 
density. The ions are extracted from the beam region by a constant electric field larger than 0.2 kV/cm and 
then are accelerated by a sawtooth voltage with a frequency of 2 Hz. During the extraction the ions get the 
kinetic energy proportional to the distance traveled in a constant field and to the value of the subsequent 
accelerating voltage. The extracted ions enter two consecutive electrostatic analyzers separated by a plate 
with 1 mm slit. Ions can enter the second analyzer through this slit only if they were created in a narrow 
beam region, which position depends on the value of the sawtooth voltage. The monitor sensitivity is 
increased by MCP (Micro channel plate) placed after the analyzers. The collector divided into 31 strips is 
located after the MCP. The current from the strips is digitized by several ADC (Analog to digital converter) 
channels. The first coordinate of the ion formation position is determined by the number of the collector 
strip. The second coordinated is extracted from the value of the sawtooth voltage measured by another ADC. 
The number of employed ADCs allows every second measurement of a detailed two-dimensional 
distribution with 31x31 points on a beam cross section up to 45 mm in diameter. Because the ions of the 
residual gas are collected from the beam path 90 mm long, the sensitivity of the monitor is almost two orders 
of magnitude higher than the existing analogs [1, 2]. The monitor can also be used to measure the profile of 
secondary beams. 
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In this work, the calculation of the electron-optical scheme of the axially-symmetric electrostatic 

mirror-type energy analyzer based on a multipole electrode system is carried out. The field of the energy 

analyzer is designed as a superposition of the base cylindrical field and set of circular octupole coaxial with 

base field. 

The authors of the work previously carried out the calculation and analysis of equipotential portraits of 

electrostatic octupole-cylindrical fields for different weight contributions of the cylindrical field and circular 

octupole in order to determine the electrode configuration of the energy analyzer [1]. 

The energy analyzer contains two coaxial electrodes: the inner electrode 1 has a cylindrical shape of 

radius r0 and is under zero potential, the outer electrode 2 has a curvilinear profile and is under the deflecting 

potential U0 (Fig. 1). A field that decelerates and deflects charged particles is created between the electrodes, 

which have the properties of an electrostatic mirror. The profile of the outer electrode 2 repeats the 

equipotential surface of the electrostatic octupole-cylindrical field. 

The trajectory analysis of charged particles in field of the energy analyzer was performed on the basis 

of a numerical calculation method by using the CAE “Focus” software for numerical simulation of electron 

optics systems [2]. 

 

Fig.1. The electron-optical scheme of the energy analyzer: 1 - inner grounded cylindrical electrode, 2 - outer deflecting electrode,  

3 - a position-sensitive detector, 4 - charged particle beam, A  -  ring source of charged particles, В - ring image, 

i' - entrance ring slit, i'' - exit ring slit. 

According to the scheme, the charged particles beam from the ring source A enters the analyzer field 

through the entrance slit i', is reflected by the field, then returns to the zero potential region through the exit 

slit i'' and is focused into the ring image B. Then the particles are registered by a position-sensitive detector 

3. Due to the curvilinear profile of the outer electrode 2, the scheme provides a sharp 3rd-order angular 

focusing of charged particles near 36° with a divergence angle Δα=±6°. The corpuscular-optical properties of 

the system are calculated. The energy analyzer is characterized by compactness, high focusing quality and 

energy resolution, and can be used to develop a small-sized highly sensitive electron spectrometer. 

REFERENCES 

[1] Zh.T. Kambarova, A.O. Saulebekov, K.B. Kopbalina, A.K. Tussupbekova, D.A. Saulebekova, “About the possibility of creating an efficient 
energy analyzer of charged particle beams based on axially-symmetrical octupole-cylindrical field,” Eurasian phys. tech. j., vol. 18, no. 2 (36),  
pp. 96-102, June 2021. 

[2] A. Trubitsyn, E. Grachev, V. Gurov, I. Bochkov, V. Bochkov, "CAE "FOCUS" for modelling and simulating electron optics systems: 
Development and application," Proceedings of SPIE., vol. 10250, pp. 0V-1 – 0V-7, 2017. 

                                                      
* The work was supported by the Ministry of Education and Science of the Republic of Kazakhstan under grant No. АР09058188. 

EFRE 2022: 20th International Conference on Radiation Physics and Chemistry of Condensed Matter 
Methods, instruments and equipment for physicochemical studies 

–––––––––––––––––––––––––––––––––––––––––––––––   R5-P-003102   –––––––––––––––––––––––––––––––––––––––––––––––

446



FEATURES OF SIMULATION OF CORPUSCULAR OPTICAL SYSTEMS FOR THE ANALYSIS 

OF CHARGED PARTICLE BEAMS*

A.O. SAULEBEKOV1, ZH.T. KAMBAROVA2, D.A. SAULEBEKOVA3 

1Lomonosov Moscow State University, Kazakhstan branch, Nur-Sultan, Kazakhstan 

 2Buketov Karaganda University, Karaganda, Kazakhstan 
3Institute Curie, Sorbonne University, Paris, France  

 

The features of simulation of energy analyzers of charged particle beams are considered. Since the 

limits of energy change in the methods of secondary electron spectroscopy lie in the range from a few keV to 

eV, electrostatic systems are predominantly used as energy analyzers. 

Basically, when modeling and calculating corpuscular-optical systems, two directions were used to 

improve energy resolution, arising from the following formula R=(ΔL/D)·Г, where R, ΔL, D, Г are energy 

resolution, linear image smearing, linear energy dispersion and linear magnification, respectively. The first 

direction of research is associated with a decrease of ∆L, that is, an improvement of the focusing quality of 

charged particles beam or an increase of angular focusing order. The second direction is associated with an 

increase of D. There is also a third direction associated with the coefficient Г. It was rarely taken into 

account, this is due to the fact that for the most common cylindrical mirror analyzer Г=1. The need to take 

into account Г arose in the study of rough surfaces, for example, discontinuity surfaces by method of Auger 

electron spectroscopy. The small magnitude of Г of the system preserves the “tuning to the focus” in a wide 

range of variations in the cavities depth and the asperities height of the rough surface.  

 

Fig.1. Aberration curves of a highly dispersive system for various parameters. 

Let's consider one aspect concerning the first method. Decreasing ∆L improves the energy resolution, 

but decreases the luminosity of a device. This is primarily due to a decrease of the initial opening angle ∆α of 

the charged particle beam. Information obtained from aberration curves can be useful. It can be seen from 

Fig.1, that the opening angle of the entrance beam can be taken from 38° to 41.5°. In this case, R=0.005% at 

luminosity 1.95% of 4π [1]. As another example, let's consider the electron-optical scheme of a hexapole-

cylindrical analyzer corresponding to the following parameters: P=0.6 (reflection parameter relating the 

geometric and energy characteristics of the analyzer), 0 43.742    (entrance angle of the axial trajectory 

into the analyzer field), 8    ,  D=1.7967, AIII =0.7340. The cubic aberration AIII  in this scheme is not 

equal to zero, but it is small and at the same time has a maximum in the range of P. This means that the 

coefficient of spatial aberration of the next order AIV  at this point is equal to zero. This allows to conclude 

that the analyzer's angular focusing is close to ideal [2, 3]. The image smearing in a focus of an analyzer, 

caused by the angular divergence of a beam 16° in the axial plane, is determined by the cubic angular 

aberration  
3

  IIIl A  and is equal to 0.004 l . Thus, a more detailed analysis of the aberration curves 

makes it possible to obtain a higher luminosity of the analyzer, while maintaining a high energy resolution. 
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The work describes determination results of magnetron plasma parameters, such as electron density and 

temperature, and their spatial distribution in axisymmetric DC magnetron discharge with argon pressure in 
the vacuum chamber P = 2 Pa. A specialized experimental-computational technique was developed and 
applied to investigate local emissive characteristics of argon discharge plasma. 

For experimental part of the study, a diagnostic complex based on the AvaSpec-2048 
spectrophotometer was used, which allows to record optical emission spectra (OES) from various areas of 
the discharge due to two-coordinate movement of the optical collimator in the plane perpendicular to the 
magnetron axis [1]. The obtained chordal distributions of the Ar atoms spectral lines intensities were 
recalculated into radial distributions in various discharge cross sections using the inverse integral Abel 
transform mathematical apparatus. 

The method of determining magnetron plasma parameters: electron temperature and density, is based 
on minimization of difference between relative intensities of Ar spectral lines obtained by optical emission 
spectroscopy experiment at various discharge areas and calculated theoretically by some model (see 
Fig. 1 (a)). To obtain calculated population densities of excited states, a collisional-radiative model (CRM) 
for Ar atoms is used [2]. Electron energy distribution function for this model was considered to be both 
Maxwellian and non-Maxwellian [3, 4].  

  
Fig.1 (a). Comparison between experimentally (OES) and theoretically (CRM) obtained Ar atoms spectral lines relative intensities, 

(b). Electron density radial distribution in axisymmetric magnetron discharge plasma with Ar pressure of 2 Pa. 

The results obtained can be represented as radial distributions of plasma parameters. In particular, 
Fig. 2 (b) shows an example of the electron density distribution, which has a shape that correlates with the 
natural optical emission intensity distribution of an axisymmetric magnetron discharge with a dip near the 
axis and maxima in the region of the brightest glow. 
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The Fe-Sn binary system is characterized by the solubility of Tin in γFe and αFe, as well as the 

presence of regions of existence of various intermetallic compounds on the state diagram with an increase in 

temperature [1]. The solubility of Sn in α-Fe is maximal (9.2% at.) at 900°C and decreases to 3.2% at. Sn (at 

600°C).  

In a solid solution of α-Fe(Sn), there are 8 neighboring atoms in the nearest environment of the Fe atom. 

If we assume that Sn atoms are equally likely to replace the positions of Fe atoms from the nearest 

environment, then we can calculate the probability of the appearance of m Sn atoms in the nearest 

environment of the Fe atom using the binomial distribution  

 ,     (1) 

At the same time, each configuration of the nearest environment corresponds to its own partial 

spectrum. The substitution of an Iron atom for a Tin atom leads to a decrease in the hyperfine field. In [2], 

the changes in the hyperfine magnetic field and isomeric shift were determined when one Fe atom was mixed 

with an Sn atom in the first coordination sphere of an Iron atom in a solid solution at different impurity 

concentrations in the solution. There is a average decrease in the hyperfine field by 22.15 ±0.14 kOe. 

Using the MSTools software package [3], the Mossbauer spectra of Fe nuclei were modeled according 

to the method [4] when the atoms of Iron atoms were replaced by impurity atoms. At the same time, the 

change H=22 kOe is accepted. The relative intensities I(m) of all partial spectra were calculated for solid 

solutions of Fe-2.1% at Sn, Fe-2.5% at Sn, Fe-5% at Sn, Fe-7.8% at Sn. Using the technique [5], the 

Mossbauer spectra of a solution of -Fe(Sn) with different concentrations of Sn atoms were modeled (Fig.1).  

 

Fig.1. Comparison of the partial spectrum of a solid solution -Fe(Sn) and the simulated spectra  

Figure 1 shows the partial spectrum of the solid solution -Fe(Sn) separated from the experimental 

spectrum of the layered system Sn(4 µm)-Fe(10 µm) after annealing at 650C for 5 hours. Comparison of 

experimental spectra with simulated spectra shows a good correlation. 

REFERENCES 

[1]  N.P. Lyakishev, Diagrams of the State of Double Metal Systems. Moscow: Mashinostroenie, 1997.  

[2]  I. Vincze, and A.T. Aldred, Phys. Rev. B, vol.9. no 9. p.3845, 1974.  

[3]  V.S. Rusakov, Mossbauer spectroscopy of locally inhomogeneous systems. Almaty, 2000.  

[4]  A.K. Zhubaev, T.S. Mukhanbetzhan and S.K. Yerezhepova, IOP Conf. Series: Journal of Physics: Conf. Series, 1281, 012097, 2019.  

[5]  A.K. Zhubaev, and B.Zh. Suleimanov, Izvesia vuzov. Fizika, vol.61, no 8/2, pp.151-154, 2018.  

 

EFRE 2022: 20th International Conference on Radiation Physics and Chemistry of Condensed Matter 
Methods, instruments and equipment for physicochemical studies 

–––––––––––––––––––––––––––––––––––––––––––––––   R5-P-022401   –––––––––––––––––––––––––––––––––––––––––––––––

449



MODELING OF NEUTRONS GENERATION UNDER IRRADIATION WITH FAST ATOMS 

A.I. PUSHKAREV, S.S. POLISADOV 

Tomsk Polytechnic University, Tomsk, 634050 Russia 

 

The results of modeling the neutron yield during irradiation of a TiD2 target with deutron D+ and 

deuterium atoms (D-D reaction) are presented. The neutron yield per deutron with energy E was calculated 

by the ratio for a thick target: 
max

1

0

( )
( ) ,

/

E

D

E
Y E A dE neutrons

dE dx


                                                    (1) 

where A is the density of deuterium atoms in the target, cm-3; (E) is the cross section of the D-D reaction, 

cm2; dE/dx is the linear energy loss (LEL) of the deutron in the target, eV/cm. 

Experimental values of the D-D reaction cross section [1] were used in the simulation, LEL of the 

deutron in the TiD2 target was calculated using the SRIM program [2]. The results of the calculation of the 

LEL and the neutrons yield are shown in figure 1. 

  

Fig.1. Dependence on the deutron energy of the LEL of the deutron in the TiD2 target and the neutron yield per deutron in the D-D 

reaction 

When ions are absorbed in a metal target, the main part of their energy is spent on interaction with the 

target electrons (electron losses), see Fig. 1. When the target is irradiated with deuterium atoms, the 

electronic losses are significantly less. To account for the increase in neutron yield when irradiated with 

deuterium atoms, we use the KA coefficient in the Eq. (1), which takes into account the increase in the 

efficiency of kinetic energy transfer by an accelerated deuterium atom to the target atom (see figure 1): 

( / ) ( / )
,

( / )

electr nucl
A

nucl

dE dx dE dx
K

dE dx


                                                       (2) 

where (dE/dx)electr is the LEL of the deutron in the target when interacting with electrons (electron losses), 

(dE/dx)nucl is the LEL of the deutron in the target during elastic scattering (nuclear losses). 

Figure 1 shows the results of calculating the neutron yield in the D-D reaction when irradiating a TiD2 

target with deuterium atoms.  

The performed studies have shown that when the target is irradiated with fast deuterium atoms, the 

neutron yield can be significantly higher when irradiated with deuterons, due to the reduction of electronic 

losses. The TEMP-6 accelerator (300 keV, 150 ns) [3], when generating a pulsed beam of deuterium atoms, 

can form neutron pulses with an integral neutrons yield per pulse of 61012 neutrons. 
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The use of magnetic field to initiate or stimulate a chemical reaction is especially relevant for highly 

sensitive materials, such as explosives. 

The purpose of this work is to study the main regularities of the decomposition of silver azide crystals 

in a spatially increasing magnetic field, which can play a significant role in the search for unconventional 
ways to study of the mechanisms of solid-state reactions [1–3]. 

To solve the tasks set, the designs of magnetic systems and experimental cells were developed, as well 

as the optimal conditions for conducting experiments, namely, the field growth rate and exposure time, and 
the orientation of the crystal faces [4] relative of the lines of the magnetic field. The proposed design makes 

it possible to observe the release of gaseous decomposition products (nitrogen gas bubbles) during the action 

of a magnetic field and determine their release rate (outgas sing rate is the total volume of the released gas).  
The range of magnetic field inductions from 0.01 T to 0.3 T with inhomogeneity of magnetic field from 1.5 

to 20 percent was studied. 

It has been experimentally shown that in a non-uniform magnetic field, the decomposition reaction of 

silver azide crystals, which is detected by gas evolution, proceeds more intensively and starts earlier than in a 
uniform magnetic field, the inhomogeneity of which is not more than 1.5%. As can be seen from the graph in 

Figure 1, the rate of release of gaseous decomposition products depends on the inhomogeneity of the 

magnetic field created in the working volume of the magnetic system. The time of gas release is practically 
independent of the power characteristics of the magnetic field and inhomogeneity of here and is no more 

than 2 minutes. 

 

Fig.1. Dependences of the gas release rate in silver azide crystals on the time of exposure to magnetic field (average B=0.3 T) with 
inhomogeneity of magnetic fields in the working volume: 20% - curve 1; 10% - curve 2; 1.5% - curve 3. 

In addition, experimental results show that, in an increasing magnetic field, features of the distribution 

of gaseous decomposition products over the crystal faces are observed. The gas is released mainly from the 

side faces of the crystal and partially from the developed face. If compared with the topography of gas 

release in a uniform magnetic field, it can be noted that the gas is released from the face of the crystal which 
is perpendicular of to the direction of the magnetic field induction line. 

If we talk about the cause of the effect of a spatially growing magnetic field, then we can assume the 

appearance of an additional component of the Lorentz force, as a activity's result of which positive charge 
carriers (which are future reagents of a chemical reaction) are concentrated in the region of the crystal, which 

combined with magnetic field lines of higher density. 
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Radiation diagnostics and therapy are the most effective, large-scale and dynamically developing 

branches of healthcare. More than 80% of all diagnoses are established with their help [1-3]. Reducing the 
doses of medical exposure of personnel and patients by only 10% in its effect is tantamount to the complete 
elimination of other artificial sources of radiation exposure to the population, including nuclear energy. 

The main physical quantity that determines the degree of radiation exposure to the environment and 
humans is the absorbed dose of ionizing radiation. The concept of "absorbed dose" applies to any type of 
radiation, any irradiated material and the detector used for registration. However, it should be understood 
that the absorbed doses of different types of radiation in different materials at the same exposure doses can 
vary significantly, therefore, to measure them in a certain environment, it is necessary to use materials as 
detectors that are closest in their physicochemical characteristics to the parameters of the environment. [4-6]. 
An important condition for adequate dosimetry of different tissues is the thickness of the detector used and 
the cover layer. 

Dosimetric control can allow the selection of optimal radiation regimens, reduce doses for medical staff 
working under x-ray control and patients due to improved technology of procedures. It is important to 
involve physicians – radiologists and radiologists in this activity. Currently, regulatory documents [3] offer 
them the use of various indirect methods of control. 

The paper proposes the use of thermoluminescent detectors TLD-K (effective atomic number - Zeff is 
similar to bone tissue) to measure absorbed doses in the range from 0.1 mGy to 1 kGy [5,6]. A technique for 
dosimetric control of medical staff working under X-ray control and patients during diagnostic studies and 
X-ray therapy is proposed. The use of these highly sensitive detectors and micron-thick cover layers makes it 
possible to record doses, including those to the skin and cornea of the eyes, and to study their distribution 
[7]. 

Hydrophilic biocompatible and low toxicity microparticles of TLD-K detectors based on silicon oxide 
allow the detection of biochemical processes in vivo. At extreme doses, such as radiation treatment, every 
micron-sized detector particle can be detected [8].  
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HIGH-CURRENT PULSED ELECTRON BEAMS FOR MODIFICATION OF THE SURFACE 

LAYER OF PARTS OF THE FLOW PART OF MODERN GTE 

 O. A. BYTCENKO 1 

 
1 Moscow Aviation Institute (National Research University), Moscow, Russian Federation 

 

 

In this paper, a generalizing analysis of the results of studies and tests concerning the modification of 

the surface layer of highly loaded parts of modern aircraft engines is carried out. 

It is shown that a high-current pulsed electron beam is a reliable tool for improving the operational 

properties of the working blades of a gas turbine engine, and the data obtained allow us to consider the 

possibility of using HPEB irradiation in repair technology, as well as for leveling production defects.  

 In addition, the necessity of using irradiation with simultaneous exposure of a high-current pulsed 

electron beam on all surfaces of the sample is shown, which allows obtaining a high level of operational 

properties. 

      
a                                                   b                                           c 

      Fig.1 Topography of the turbine blade pen after various irradiation modes:  

a) 28,4 J/cm2,n=5; b) 34,6 J/cm2,n=5; c) 44,4 J/cm2,n=5. 
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EFFECT OF MECHANOCHEMICAL ACTIVATION ON HIGH-TEMPERATURE SYNTHESIS 

AND PHASE FORMATION IN THE ZnO-MgO-Co3O4-Mr(NO)2·6H2O-Al2O3-Al SYSTEM 

O.V. LVOV, N.I. RADISHEVSKAYA, A.Yu. NAZAROVA  

Tomsk Scientific Center of the SB RAS, Tomsk, Russia 

 
Increased demand for inorganic pigments is due to their longer service life compared to organic 

pigments. Stable colors, chemical resistance to acids and alkalis, resistance to high temperatures, and 

environmental friendliness - these are the properties of spinels that are required for coloring ceramic and 
construction products, food ware, plastics, rubber, etc. Spinel pigments have also proven themselves for 

coloring polymers used for 3D-printing. Energy saving in the production of refractory materials is becoming 

increasingly important. There has been a growing interest in combining self-propagating high-temperature 

synthesis (SHS) and mechanochemical activation (MA) methods of initial reagents. This is due to the fact 
that the preliminary MA of powder reaction mixtures extends the combustion range for inorganic materials, 

reduces their initial ignition temperatures, and helps to achieve homogeneity of the final product [1]. 

Oxides of ZnO, MgO, Co3O4, Al2O3, magnesium nitrate Mg(NO3)2·6H2O, and Al powder (ASD-4) 
were used to obtain blue pigments in the system ZnO-MgO-Co3O4-Mr(NO)2·6H2O-Al2O3-Al by SHS. 

Starting powders were mixed and subjected to MA in a M3 planetary ball mill (45 g acceleration) with 1 dm3 

steel drums using steel balls with a diameter of 7 mm. The mass of the powder mixture was 0.05 kg, and the 
ball-to-powder mass ratio was 4:1. Synthesis was conducted in a gradient furnace in the air at atmospheric 

pressure. The upper part of the samples, where the furnace temperature was maximum, was ignited. The heat 

transferred from the spiral initiated a chemical reaction, resulting in a combustion wave propagated from top 

to down. Temperature-time profiles during SHS of spinel were measured using a 100 µm diameter tungsten-
rhenium thermocouple ВР5-ВР20 placed in the center of the samples. 

The main SHS parameters (Fig. 1) and the composition of combustion products were studied as a 

function of MA time for the cobalt-containing reaction mixture. 
 

 
Fig. 1. Thermograms of SHS of blue pigment at different MA times, where (1) no MA, (2) 5 sec MA, (3) 30 sec MA, (4) 60 sec MA, 

(5) 90 sec MA, (6) 120 sec MA. 

 

It was shown that an increase in the MA time leads to the change in the maximum combustion 

temperatures and the initial ignition temperatures, which depends on mixing, particle size and structural 
changes on the surface of starting components. IR spectroscopic analysis performed on a Nicolet 5700 FTIR 

spectrometer confirmed changes in the molecular structure of reactive compositions depending on the time 

of MA of a starting reaction mixture. Scanning electron microscopy (Philips SEM 515) showed the nuclei of 

a new phase (spinel) on the surface of Al2O3 particles, which influence the combustion process of the system. 
The MA of the starting reaction mixture improves the purity of pigment colors. 
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ZTO has drawn great research interest due to its good characteristics such as high stability and 

attractive optical properties [1]. ZTO has been used in the fields of solar cell [2], lithium battery [3], gas 

sensor [4] and photocatalyst [5]. There are a number of methods for producing ZTO, such as spray pyrolysis, 

chemical vapor deposition, hydrothermal. 

ZTO precursor solution was prepared by dissolving zinc acetate (Zn(CH3COO)2·2H2O) and tin chloride 

(SnCl4·5H2O) in two solvents: ethanol and water (Zn/Sn ratio=2). The ZTO films are deposited onto the 

glass substrates using the spray pyrolysis method (Fig.1a), followed by annealing at 400 °C for 4 h in 

ambient air.  

 

 
Fig.1. (a) Schematic view of the fabrication process of sprayed-coating, (b) SEM 

image of ZTO film 

 Microstructures of ZTO films having moderately packed grains with different grain sizes as shown in 

Fig. 1b. Increasing the substrate temperature, morphology of the samples becomes rougher. At lower 

substrate temperatures ZTO films show the particulate structure. In the film deposited at higher temperature 

the overgrown particles can be seen. The increase in the particle size with substrate temperature is due to the 

rapid formation of the grains due to the faster reaction rate at high temperature. The volatility of the solvent 

also affects the structure of the coating 
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DEPOSITION OF HARD, WEAR- AND OXIDATION-RESISTANT COATINGS BY HIPIMS AND 
PCAE METHODS USING CERAMIC CATHODES: APPLICATION FEATURES AND MAIN 

ADVANTAGES* 
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 National University of Science and Technology “MISIS”, Moscow, Russia 

 
 
Coatings based on refractory compounds of transition metals demonstrate high hardness, wear-, 

corrosion-, and oxidation resistance, good thermal stability. The use of high-power impulse magnetron 
sputtering (HIPIMS) methods for coating’s deposition has a number of significant advantages, among which 
it can be noted: high adhesive strength and crack resistance of coatings, high density and low defectiveness, 
low surface roughness, high resistance to thermal shock, etc. The main effects are associated with an increase 
in the degree of ionization of the flow and an increase in the energy of the deposited particles. Another way 
to obtain a highly ionized flow is cathode-arc evaporation traditionally. However, when ceramic cathode 
materials evaporate, difficulties arise due to the high temperature gradient in the material, leading to rapid 
destruction of the cathode. The solution to this problem is the supply of energy in short pulses, which is 
implemented in the pulsed cathodic arc evaporation (PCAE) method.  

Present work is devoted to the study of the deposition features and the identification of a positive 
effect on characteristics during deposition of coatings by these methods when using multicomponent ceramic 
cathodes. Cathodes were manufactured using self-propagating high-temperature synthesis (SHS).  

The molybdenum silicide and zirconium boride targets as well as multicomponent MoSiB, 
MoHfSiB, MoZrSiB,  MoSiB/Y, ZrMoSiB, ZrTaSiB SHS-electrodes were sputtered/evaporated in Ar, Ar-
N2, and Ar-C2H4 gas mixtures. Plasma diagnostics was performed by optical emission spectroscopy using 
Plasmascope (Horiba Jobin Yvon) unit. The metal and non-metal model materials (alumina, silicon) were 
used as the substrates. To evaluate the oxidation resistance and anti-diffusion properties the coatings were 
annealed in air or in vacuum at T=500-1700°C. The structure of as-deposited and annealed coatings was 
studied by X-ray diffraction, scanning and transmission electron microscopy, X-ray photoelectron 
spectroscopy, glow discharge optical emission spectroscopy, FTIR, and Raman spectroscopy. The samples 
were characterized using nanoindentation, impact-, RT/HT tribo- and scratch-testing. 

The results obtained show that critical load of adhesive failure of HIPIMS coatings exceeded 70 N, 
whereas for samples deposited at direct current (DCMS), the values did not exceed 10 N. The highest level 
of mechanical properties was achieved for MoZrSiB coatings deposited at a frequency of 200 Hz. At the 
same time, for coatings obtained at a frequency of 50 Hz and annealed in vacuum at 1000°C, the maximum 
values were fixed at the level of 40 GPa due to self-hardening effect. The transition from DCMS to HIPIMS 
led to an increase in resistance to thermal cycling, as well as to thermal shocks, which was confirmed by 
experiments on heating followed by cooling in water. PCAE coatings based on MoSiB had satisfactory 
mechanical properties, however, the presence of a droplet phase significantly reduced oxidation resistance, 
the maximum operating temperatures did not exceed 900-1000°C. DCMS and HIPIMS coatings had high 
oxidation resistance at 1500-1700°C 

Combination of relatively high mechanical properties, remarkable thermal stability, and oxidation 
resistance makes new materials promising candidates for protective coatings to be used in high-temperature 
applications. 
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SYNTHESIS OF ZnO NANOPOWDER BY COMBUSTION OF ZINC NITRATE-GLYCINE GEL 

AND ITS PHOTOCATALYTIC ACTIVITY IN PHENOL DECOMPOSITION* 
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Zinc oxide (ZnO) nanopowder exhibits significant photocatalytic activity during the decomposition of 

such a toxic water pollutant as phenol under the action of ultraviolet radiation and visible light without the 
formation of secondary toxic products [1]. In this paper, the possibility of using such a simple, energy-saving 

and high-performance method as the synthesis in gel combustion of reagents mixture of a self-sustaining 

exothermic redox reaction, in which the oxidizer is zinc nitrate Zn(NO3)2 and the fuel is glycine C2H5NO2, 
for the production of ZnO nanopowder is considered [2, 3]. The equation of the redox reaction is: 

Zn(NO3)2+  φC2H5NO2+ (φ-1)O2=ZnO+  φH2O+ φCO2+( φ+1)N2, 

where the dimensionless criterion φ, characterizing the ratio of fuel and oxidizer, shows that excess oxygen 
is released or, conversely, oxygen missing for complete oxidation of the elements is consumed from the 

surrounding gas environment during synthesis in combustion of the reagents gel. In this case , the gel of the 

reagents mixture can be formed in two ways: 1) from a mixture of aqueous solutions of reagents when 
heating and removing water at its boiling point (Solution Combustion Synthesis) or 2) when mixing dry 

reagents, accompanied by their spontaneous humidification from the ambient air due to hygroscopicity, and 

subsequent drying by heating at a temperature below the boiling point of water (Gel Combustion Synthesis) 
[2-4]. A theoretical and experimental study of the ZnO synthesis process has been carried out with a change 

in the values of the criterion φ in the range 0.25≤φ≤3 with a step of 0.25. 

Thermodynamic calculations using the THERMO computer program made it possible to determine the 

adiabatic temperatures and the equilibrium composition of the reaction products, to find the optimal values 
of the criterion φ≈1 for the synthesis of pure ZnO. However, an experimental study when heating a vessel 

with an aqueous solution of reagents on an electric stove with an average surface temperature of 800 oC 

showed that after boiling water and gel formation at 0.5≤φ≤1.5, the reaction takes place in a very fast 
volumetric combustion mode with a sharp ejection of the reacting mixture and reaction products from the 

vessel. With a reduced fuel content φ=0.25, the reaction proceeds in a flameless mode with smoke emission 

and partial product ejection, and with an increased fuel content φ≥1.75, the reaction takes place in the form 

of slow smoldering without product ejection, but in both these cases, the combustion products contain a 
significant amount of free carbon: 6.45 wt.% at φ=0.25, 10 wt.% at φ=2 and 25.5 wt.% at φ=3. Calcination at 

650 oC of these products reduces the impurity content of free carbon to 0.67 wt.% at φ=2, and 0.86 wt.% at 

φ=3. The average particle size of calcined powders found by the Scherer method is in the range from 30 to 
35 nm. Similar results on the composition and structure of combustion products were obtained in the 

synthesis of ZnO by burning gel from mixtures of dry reagents, only here the delay time of combustion is 

much less (about 1 min) compared with burning gel from an aqueous solution of reagents (about 8 min). 
The evaluation of the photocatalytic activity of synthesized ZnO during the decomposition of phenol 

under the action of ultraviolet radiation was carried out in an experiment with an initial concentration of 

phenol in water of 1 mg/l, a concentration of suspended zinc oxide particles of 1 g/ l, a wavelength of 

ultraviolet irradiation of 365 nm. After 4 hours of irradiation, the phenol concentration decreased by 18% in 
the case of non-calcined ZnO and by 92% in the case of calcined ZnO. 
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FOR SYNTHESIS OF HIGHLY DISPERSED TiN-TiC CERAMIC COMPOSITION
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Due to the development of the aerospace, energy, chemical and automotive industries, the need for 

hard-to-process materials such as superalloys, hardened steel and ultra-high-strength steel is growing. There 

is also a growing demand for cutting tool materials with high performance characteristics. Due to its high 
hardness, excellent wear resistance, ceramic cutting tools are an ideal choice for high-speed cutting of hard-

to-process materials. 

Due to the high strength and poor thermal properties of ultrahigh-strength steels, high cutting 
temperatures, high-speed steel processing results in a strong hardening. Therefore, the desired ceramic tool 

materials must have exceptionally high hardness and significant wear resistance. Al2O3 and TiN 

microparticles and TiC nanoparticles have high hardness and good wear resistance, and TiN particles can 
inhibit the growth of Al2O3 micrograins. Meanwhile, TiC nanoparticles can reduce Al2O3 grains in size, 

which leads to an increase in the fracture toughness of ceramics [1]. 

A study of the effect of TiN additives on sintering, mechanical properties and microstructure of TiC-

based materials showed that the introduction of TiN increased the relative density of TiC by about 1.5%, 
amounting to about 97%, Vickers hardness - 2750 HV, bending strength - 450 MPa [2]. However, such 

composites have a high cost and are difficult to manufacture, which is due to the high cost of ceramic 

nanopowders and the practical impossibility of their homogeneous mechanical mixing [3]. Therefore, 
chemical methods of direct synthesis of ceramic powders inside the desired composition from inexpensive 

starting reagents are preferred. Among chemical methods, a simple energy-saving method of self-

propagating high-temperature synthesis (SHS) attracts much attention. In this paper, the use of azide SHS is 
investigated, in which sodium azide powder as a nitriding reagent and halide salts are used. The 

compositions of the initial powder mixtures for the synthesis of single-phase TiN and TiC are known, based 

on the analysis of which the following chemical reaction equations were used for the synthesis of a TiN-TiC 

composition with a molar phase ratio from 1:4 to 4:1: 
2Ti + C + NaN3 + NH4Cl = TiN + TiC + NaCl + 1,5N2 + 2H2,      (1) 

3Ti + 2C + NaN3 + NH4Cl = TiN + 2TiC + NaCl + 1,5N2 + 2H2,      (2) 

5Ti + 4C + NaN3 + NH4Cl = TiN + 4TiC + NaCl + 1,5N2 + 2H2,      (3) 
3Ti + C + NaN3 + NH4Cl = 2TiN + TiC + NaCl + N2 + 2H2,      (4) 

5Ti + C + NaN3 + NH4Cl = 4TiN + TiC + NaCl + 2H2.       (5) 

The results of thermodynamic calculations of these reactions are obtained, according to which the 

adiabatic temperatures are high enough to realize a self-sustaining combustion regime, and the reaction 
products correspond to the right-hand sides of equations (1)-(5). The combustion temperatures and velocities, 

structure and phase composition of the combustion products were determined during the experimental study. 

The study of the microstructure showed that the synthesized composition consists of equiaxed TiN and TiC 
particles ranging in size from 100 to 350 nm. 

Thus, the azide SHS method made it possible to prepare a promising TiN-TiC ceramic composition in 

one stage, and with a different ratio of target phases. 
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Electron-beam facilities are widely deployed for welding of various metals, alloys and steel in many 

industries since the middle of the 20th century. Nowadays, EB-based procedures are also being implemented 

for both additive manufacturing of metal products and final treatment of their surfaces. For the last-

mentioned purpose, in addition to continuous wave EB irradiation, the low-energy high-current pulsed EB 

(LEHCPEB) processing has been suggested almost three decades ago. Principles of operation of pulsed EB 

accelerators have been proposed as early as the 1960s and developed in advanced facilities by now, which 

enable to treat surfaces and alloy them (with several components if necessary) in a single vacuum cycle. 

Many metals, ceramics, polymers, composites, semiconductors and glasses have been already modified 

and/or doped by this method. The research results on changes in their various functional properties have been 

published in several hundred papers (Figure 1), but have not comprehensively summarized yet. It should be 

noted that this huge amount of data is contradictory in many cases. Some authors have reported the 

formation of craters, cracks and pores in the modified surface layers in addition to quenching structures and 

great residual tensile stresses, while others have stated on dramatic improvement in their corrosion 

resistance. In order to shed light on real achievements, to realize the existing challenges for the wide 

industrial implementation of this surface treatment method, and to propose unified research methods, the 

authors have tried to critically summarize the metallurgical patterns of the process. In particular, LEHCPEB 

processing of aluminum, copper, magnesium, nickel, iron, titanium, zinc and their alloys, as well as steels of 

various grades have been considered. In addition, both high-entropy and hard alloys, NiTi compounds, as 

well as superalloys are in the scope of the review. Special attention is paid to alloying of the metal surfaces 

and the formation of surface alloys due to the preliminary deposition of coatings (including multicomponent 

ones) before LEHCPEB processing (in a single vacuum cycle). The authors have paid special attention to the 

need for improving the functional properties of the studied materials and the fundamental possibility of 

achieving this goal by LEHCPEB processing. For this purpose, typical operating conditions of the materials 

are shown along with their weldability, as one of the thoroughly studied key parameters that determine the 

possibility to be processed by such high-energy methods. 

 

Fig.1. The dynamics of publication of research papers according to the Scopus database, which connected with the ‘pulsed electron 

beam processing’ keywords 
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The polymerization of organic substances using gas discharge plasma is currently being actively 

studied, due to the fact that polymer coatings obtained by this method can be widely used. In particular, we 

have shown that such coatings can be used as protective dielectric layers for electronics [1, 2]. It is known 

that the chemical structure and composition of polymer coatings determine the physical and operational 

properties of coatings [3, 4]. Despite this, the mechanisms of plasma-chemical processes leading to the 

formation of the chemical structure of coatings have not been adequately studied [5].  

In this paper, we consider the features of the formation of the chemical structure of polymeric 

organosilicon coatings deposited using a plasma-chemical reactor based on a low-pressure glow discharge in 

a carrier gas/monomer mixture flow. Plasma chemical reactor is a gas-discharge system containing two 

hollow coaxial electrodes. A DC source was used to ignite and maintain the discharge in the current range 

from 5 to 70 mA. [6]. Argon and hexamethyldisiloxane (HMDSO) were used as carrier gas and monomer, 

respectively. Argon at a flow rate of 230 mg/min was injected into the plasma-chemical reactor through the 

cathode hollow. HMDSO was mixed with argon and injected into the reactor through the cathode hollow 

(pre-mixing) or injected into the reactor into the region of the positive plasma column through the side tap of 

the plasma-chemical reactor (mixing in the region of the positive column). 

The elemental composition and chemical structure of polymer coatings obtained with different supply 

of monomer to the plasma-chemical reactor are considered. The study of the chemical structure and 

composition of the coatings was carried out using infrared spectroscopy and X-ray photoelectron 

spectroscopy. It is shown that during premixing, the C/Si ratio changes from 1 to 7.5 with increasing 

discharge power. In the case when mixing occurs in the region of the positive column, the C/Si ratio 

corresponds to ~ 1, regardless of the variation in the discharge power. It has also been shown that 30-50% 

(depending on the power consumption of the discharge) of carbon atoms in coatings obtained using pre-

mixing are subject to oxidation. The features of the chemical structure formation and composition of the 

obtained coatings can be explained by considering the differences in conditions in different regions of the 

glow discharge plasma. The mechanisms of plasma-chemical processes occurring in different regions of the 

glow discharge plasma are proposed. In particular, the formation of hydrogenated carbon in the cathode 

layers of the discharge, and the formation of mono- and bi-radicals in the positive column of the glow 

discharge are considered. 
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NUMERICAL SIMULATION OF CHEMICAL REACTIONS IN POWDER MIXTURES  

TAKING INTO ACCOUNT MELTING 

N.V. PAKHNUTOVA, R.O. CHEREPANOV, O.V. IVANOVA, S.A. ZELEPUGIN 

Tomsk Scientific Center of the Siberian Branch of the Russian Academy of Sciences, Tomsk, Russia 

 

This paper presents a numerical model of chemically reacting powders mixture under explosive loading 

conditions. Such mixtures make it possible to obtain homogeneous solid reaction products of high density 

and homogeneity.  

The processes of elastic-plastic deformation of particles and diffusion processes are simulated based on 

the meshless method of smooth particles [1, 2]. To simulate the motion of the medium it is suggested to use a 

weak variational formulation of the equations of motion [3], which allows one to reduce requirements for 

order of spatial derivatives of the solution and ensures fulfillment of conservation laws.  

Diffusion and heat conduction processes are also modelled by the meshless smooth particle method [4] 

with the use of Morris [5] and Schweiger [6] approximations. Under the conditions considered, the initiation 

of reaction takes place at the particle contact boundaries, resulting in temperature rise and melting of one of 

the mixture components, after which the flow of the molten component and diffusion in the melt starts to 

play an important role. A special feature of the approach is that SPH allows transition from the model of an 

elastic-plastic medium to a fluid medium without explicitly identifying the boundaries.  

Numerical simulations show that two scenarios of reaction propagation are possible in such a reaction - 

when reaction initiation in the whole volume is carried out by a passing shockwave, and when shockwave 

initiation occurs in a limited volume of reacting materials [7], which causes their heating, and the heat 

released in this case is a factor of reaction propagation in the surrounding volume of the powders mixture. 

Assuming that reactions in powder mixtures occur at the solid-liquid interface, in the second case, the heat 

exchange conditions between the particles and the initial temperature may influence the final result of the 

reaction by influencing the wetting of the more refractory components of the mixture by the more fusible 

ones. The approach and numerical model proposed in this work allow us to investigate on a micro level the 

melting process of the fusible component of the mixture and its interaction with refractory components with 

account to heat transfer and diffusion of components in chemically reaction media. 
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Attractive properties, such as low neutron absorption, good corrosion resistance, and a 

satisfactory combination of ductility and strength, have made it possible to widely use Zr alloys in the 

chemical and nuclear industries [1–3]. To obtain optimal surface properties of Zr alloys, attempts were 

made to use various surface treatment methods, such as ion implantation [4], microarc oxidation [5], laser 

surface melting [6], etc. 

As another method of material surface modification, low-energy high-current electron beam 

(LEHCEB) has attracted wide attention due to its great application potential and advantages [7]. When 

irradiated with LEHCEB, high energy can be released in the surface layer in a very short time and 

produce extremely fast heating, melting and even evaporation, then rapid cooling through the thermal 

conductivity of the sample. The dynamic stress fields caused by the rapid cooling process lead to intense 

modifications that can propagate in the material up to several tens of microns in depth. Accordingly, 

special modification effects can be achieved and, as a consequence, the corrosion properties of the 

material can be improved [8, 9]. 

Fig. 1,a shows the polarization curves in a 3.5% NaCl solution to compare the corrosion 

resistance between the original and irradiated samples. After LEHCEB irradiation, a wide area of primary 

passivity is visible, as well as an increase in the corrosion potential. Fig. 1, b also shows the SEM image 

of the Zr surface of the corrosion experiment. Pits with an interesting broken pattern appeared over the 

entire area of impact of the solution. 

 
Fig. 1 – Potentiodynamic polarization curves (a) of Zr before and after irradiation with LEHCEB and SEM image (b) after the 

corrosion experiment. 

REFERENCES 

[1] S.J. Zinkle, G.S. Was, Materials challenges in nuclear energy / Zinkle S.J., Was G.S., // Acta Mater. 61 (2013) 735–758. 

[2] M. Slobodyan High-energy surface processing of zirconium alloys for fuel claddings of water-cooled nuclear reactors // Nucl. Engin. 

and Design. 382 (2021) 111364 

[3] J. Yang Review on chromium coated zirconium alloy accident tolerant fuel cladding / Yang J. [et al.] // Journal of Alloys and  

Compounds. 895 (2022) 162450 

[4] D.Q. Peng Surface analysis and corrosion behavior of zirconium samples implanted with yttrium and lanthanum / Peng D.Q., Bai 

X.D., Chen B.S., // Surf. Coat. Technol. 190 (2005) 440–447. 

[5] D.L. Zhang Microarc oxidation of zircaloy-4 / Zhang D.L. [et al.] // Rare Met. Mater. Eng. 32 (2003) 658–661. 

[6] K.F. Amouzouvi Microstructural changes in laser hardened Zr-2.5Nb alloy / Amouzouvi K.F. [et al.] // Scripta Metall. Mater. 32 

(1995) 289–294 

[7] D.I. Proskurovsky Pulsed electron-beam technology for surface modification of metallic materials / Proskurovsky D.I. [et al.] // J. Vac. 

Sci. Technol., A 16 (1998) 2480–2488. 

[8] S. Yang Microstructures and properties of zirconium-702 irradiated by high current pulsed electron beam / Yang S. [et al.] // Nucl. 

Instrum. Meth. Phys. Res. B 358 (2015) 151–159. 

[9] В.П. Ротштейн Поверхностная модификация титанового сплава низкоэнергетическим сильноточным электронным пучком 

при повышенных начальных температурах / Ротштейн В.П. [и др.] // Физика и xимия обработки материалов. – 2006. – C. 62- 

* The work was supported by the Ministry of Science and Higher Education of the Russian Federation (project № FWRF-2021-0001). 

EFRE 2022: 5th International Conference on New Materials and High Technologies 
Nonisothermal synthesis, functional materials and coatings 

–––––––––––––––––––––––––––––––––––––––––––––––   N1-O-025204   –––––––––––––––––––––––––––––––––––––––––––––––

464



SELF-POWERED PHOTODIODE BASED ON Ga2O3/N-GaAs STRUCTURES* 
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The electrical and photoelectric characteristics of Ga2O3/n-GaAs structures obtained by RF-magnetron 

sputtering of a gallium oxide film on gallium arsenide epitaxial layers with an electron concentration of  
Nd = 9.5 · 1014 cm-3 are studied. The structures were annealed in argon for 30 minutes at a temperature of 
900°C, after the deposition of the Ga2O3/n-GaAs oxide film. 

Platinum contacts were deposited on the Ga2O3 surface and the rear side of the semiconductor substrate 
to measure the electrical characteristics. The contact to the semiconductor was deposited in the form of a 
continuous metal film, and the contact to gallium oxide was created by metal deposition through masks  
1 mm in diameter. The area of the electrode to Ga2O3 (gate) was 1.04 cm–2. 

The dark current-voltage characteristics of the samples (ID) are nonlinear and are determined by the 
polarity and magnitude of the gate potential. The rectification factor at voltages of ± 4 V is 103. 

The forward current decreases, and the reverse current increases under UV exposure (Fig. 1). The most 
noticeable effect of radiation with λ = 254 nm is observed at low positive and negative voltages on the 
sample, in the vicinity of U ≈ 0 V. 

 
Fig.1. Current-voltage characteristics of the sample at positive and negative potentials on the gate: dark (ID) and under exposure of 

radiation with λ = 254 nm (IL1-IL6). 

The largest changes in the forward and reverse currents under UV radiation are observed at the first 
measurement of the detector (IL1). A decrease in the photocurrent Iph was found during subsequent 
measurements of the I-V characteristics under continuous exposure to UV radiation (Fig. 1, curves IL2–IL6). 

The studied M/Ga2O3/n-GaAs structures reveal the properties of photodiodes. The reverse current 
increases by more than two orders of magnitude under UV radiation and voltage U = -0.012 V. It makes 
possible to use such structures as detectors of UV radiation in the wavelength range of 200–280 nm. The 
photocurrent is 1 µA at U = 0 V (Fig. 1). 

 
Fig.1. Time dependences of the change in the resistance of the M/Ga2O3/n-GaAs structure. 

Measurements of the time dependences of the change in the conductivity of the samples upon turning 
on and off the radiation with λ = 254 nm showed that the response and recovery times do not exceed 1–2 
seconds (Fig. 2).  
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Nanopowders (NP) are promising substances for use in the medical and pharmaceutical field due to 

antimicrobial, antitumor and other properties of their shell and bioinert core. Various methods of obtaining 

nanopowders can significantly affect their properties. Thus, bismuth and zirconium oxide nanopowders 

produced by the pulsed electron beam evaporation (PEBE) method showed high biological and 

photocatalytic activity [1]. 

In this work, were investigated the photocatalytic properties and radiopacity of titanium TiO2 and zinc 

Zn-ZnO oxide nanopowders produced by the PEBE method in vacuum [2]. These compounds can be used as 

photocatalytic thin coatings, whose nanoparticles have antimicrobial properties [3]. The high atomic number 

of metals and high density of atoms per nanoparticle in these oxides makes them prospective for 

implementation as a contrast agent for computed tomography (CT). 

The photocatalytic activity of examined NP at the concentration of 300 mcg/ml was evaluated in 

comparison with the decomposition of methyl violet (MV) in the medium under ultraviolet light irradiation. 

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 photodestruction. The higher the coefficient k, the 

faster the solution discolors [4]. The measurement of k is exemplified below. 

 

   Table 1 – The k coefficient values for TiO2 and Zn-ZnO NP  

Sample Absolute value Relative to MV 

MV -0,0053  1 

TiO2 -0,0078  1,47 

Zn-ZnO -0,0085 1,60 

 

Both NP showed significant photocatalytic activity. However, it was found that zinc oxide has better 

photocatalytic properties compared to TiO2 samples. 

The radiopacity of NP was evaluated relative to commercial iodine CT contrast agent Ultravist®, by 

analogy with the work [5]. For the study were prepared solutions of 0.75% Na-Carboxymethylcellulose 

containing nanopowders in various concentrations. X-ray images of the samples were processed in the 

“ImageJ” software package. During the analysis, were calculated linear X-ray attenuation coefficients. 

The highest attenuation coefficient was found in a sample of titanium oxide at a concentration of 12.5% 

and amounted to 70% relative to Ultravist®. At the same time, the ZnO-Zn sample did not show high 

radiopaque ability. 
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Cerium oxide CeO2 nanoparticles (CONP’s) possess unique properties, among which is the ability to 

inhibit free radicals [1]. The antioxidant (AO) activity of CONP’s has been well studied [1], however, a 
quantitative and comparative assessment of the antioxidant properties of these and other nanoparticles is 
difficult due to the imperfection of currently existing methods. 

Various methods of obtaining nanopowders can significantly affect their properties. In this work, the 
AO properties of CONP’s obtained by the pulsed electron beam evaporation (PEBE) method in vacuum were 
investigated [2]. The PEBE method enables to obtain CONP’s with a high specific surface area (up to 190 
m2/g) [2] and a high content of Ce4+ (68%) [3], which ensures their high AO activity. 

Quantitative assessment of AO properties was performed using a ferrous sulfate dosimeter (FSD). The 
principle of operation of FSD is based on the oxidation of trivalent iron Fe3+ by free radicals formed under 
the ionizing radiation. The AO ability of nanoparticles allows to change the amount of free radicals, which is 
expressed in a change in the absorbed dose. 

For the analysis, CONP’s were added to the FSD solution at a concentration of 100 mcg/ml. The 
obtained samples with and without CONP’s were irradiated with bremsstrahlung at the URT-1M accelerator 
[4] (convector made of steel-3 with a thickness of 1 mm). After irradiation, the optical density of the samples 
was measured at a wavelength λ = 304 nm on a “5300UF Ekroschim” spectrophotometer. The measurement 
results are shown in Figure 1. 

 
Fig.1. Dose dependance of optical density on wavelength 304 nm of FSD with and without nanoparticles.  

The obtained results show that the addition of CONP’s led to a violation of the linearity of the FSD, 
which indicates the operability of the proposed technique. However, it is necessary to clarify the effect with 
increased absorption of low-energy photons by heavy cerium atoms [5]. 
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INTERMETALLICS 
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This research focuses on identifying conditions under which porous intermetallics with a welded granular 

structure comprised of mm-sized spheroidal alloy elements can be directly obtained by combustion synthesis 

using μm-sized metal powders as starting reagents. The main question is whether the porous structure can be 

controlled by modifying the interface between the reacting mixture and the molding template with a separating 

layer. In the present work we consider the effect of two types of separating layers: (i) chemically inert having 

low thermal conductivity to suppress the heat loss rate, and (ii) chemically active to stimulate the eutectic 

melting of the reacting system.  

85 wt% Ni + 15 wt% Al porous intermetallics were synthesized and examined. The green mixture was 

placed in a cylindrical molding tool made of stainless steel with inner diameter of 32 mm, wall thickness 3 

mm, height 60 mm. The SHS was performed in the argon atmosphere with the initial preheating of 320 ℃. 

Two types of separating layers between the reacting mixture and the molding template were considered: 

(i) chemically inert layers made on the surface of the template cavity via a dip-coating process using the water-

based slurries of ceramic powders (Al2O3, SiO2, ZrO2, or porous mullite microspheres), and (ii) chemically 

active cellulose-based layers made of microcrystalline cellulose powder (dip-coating process) or rolled paper 

(CaO coated paper, 90 g/m2, 70 μm thick). 

Intermetallics synthesized without separating layer has a microporous crust over the exterior layer. We 

assumed that applying ceramic powder coating on the inner surface of the steel molding template should 

decrease the heat loss rate of reacting medium and suppress the crust formation. However, the experiments 

had shown that microporous crust remains almost unchanged even when a 1.5 mm thick coating from porous 

microspheres was used.  

As for the cellulose-based layers, even a thin separating layer with a thickness of 70 µm suppresses the 

crust formation. The average size of alloy elements in the exterior layer of synthesized materials DE increases 

with the thickness of separating layer h (Fig. 1a). This effect is presumably attributed to the chemical 

interaction of the cellulose with the reacting medium. The decomposition of cellulose mainly occurs at the 

temperature range of 280 – 400 ℃ and generates carbon-containing tar, char, and light gases in the preheating 

zone of the combustion wave. According to the Ni-C phase diagram (Fig. 1c), the melting temperature of 

nickel gradually decreases in the presence of carbon, attaining a minimum of 1326 ℃ for 0.5 wt% C [1]. 

Therefore, the coarsening mechanism suggested here is that products of cellulose pyrolysis saturate the reacting 

metals with carbon, leading to an increase in the volume of media that melts near the template surface, 

providing the coalescence of large droplets. Argument for coarsening effect of carbon is that the artificial 

addition of carbon black to the Ni-Al mixture of more than 0.3 wt% significantly increases the average size of 

alloy elements (Fig. 1b) 
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Fig.1. Average size of Ni-Al alloy elements versus the thickness of cellulose-based separating layers (a), and the concentration of 

carbon black in the Ni-Al reaction mixture (b). Ni-C phase diagram (c), adapted from [1].  
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Aluminum matrix composites are a promising class of materials possessing a high strength to weight 

ratio, high corrosion and wear resistance and appreciable electrical conductivity. One of the modern trends in 

the AMC area is to avoid ceramic reinforcements and utilize alternative materials instead. These alternatives 

are metallic alloys (high-entropy alloys, quasicrystals or metallic glasses) [1-3]. This group of reinforcements 

should show better adhesion to the aluminum matrix than the ceramic particles due to the same nature of 

bonding (metallic bonding) in the metal-alloy systems. 

In the present work, particles of Fe66Cr10Nb5B19 metallic glass <45 μm in size were used as a 

reinforcement for aluminum matrix composites. The choice of the reinforcement was dictated by the 

attractive properties of amorphous alloys – high hardness, strength, wear and corrosion resistance [4].  

The sintering behavior of mixtures containing a crystalline or a glassy Fe-based alloy was first 

investigated to determine the influence of the crystalline state of the alloy on densification. Consolidation of 

the mixtures was carried out by heating under pressure above the glass transition temperature of the 

Fe66Cr10Nb5B19 alloy in a spark plasma sintering (SPS) facility. It was shown that the glassy state of the alloy 

is for beneficial for densification when particles of the alloy form chains.  

The phase composition, microstructure and mechanical properties of composites produced from 

mixtures containing 20 vol.% and 50 vol.% of Fe66Cr10Nb5B19 by SPS at 540 °C and 570 °C were studied. 

Microstructure investigations together with the X-ray diffraction phase analysis revealed that a chemical 

reaction between matrix and the reinforcement occurs during sintering at 540 °C. The reaction products were 

observed at the Fe-based alloy/Al matrix interface and formed a shell. The thickness of the shell increased 

with increasing sintering temperature and soaking time. The shell was Al13Fe4 after SPS at 540 °C and a 

mixture of Al13Fe4 and Al5Fe2 after sintering at 570 °C. In these composites, the reinforcing role was played 

by Fe-based alloy@intermetallic core-shell structures. 

Compression tests of the samples sintered from mixtures containing 20 vol.% Fe66Cr10Nb5B19 

demonstrated that partial reaction between the components of the composite is beneficial for increasing its 

strength. Shells of small thickness helped increase the yield strength without deteriorating plasticity of the 

composite. The formation of thick shells led to a dramatic increase in compressive strength and limited the 

deformation at fracture of the composite to 2% [5]. 
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The titanium alloys applications in aerospace, medical, marine techniques, owing to its superior high 

strength-to-weight ratio, excellent corrosion resistance, and good formability. This work aimed to evaluate 

deformation and fracture of alpha and alpha+ beta titanium alloys under dynamic loading in temperature 

range from 77 K to 900 K.  

The patterns of deformation and fracture of alloys during high-speed deformation at high and low 

initial temperatures were studied using numerical simulation of uniaxial tension of flat samples and loading 

of plates by plane shock waves. The response of titanium alloys to dynamic influences in a wide temperature 

range was described by a model of a damaged elastic viscoplastic medium. The constitutive equation takes 

into account the effect temperature on the flow stress, equivalent strain rate, accumulated equivalent plastic 

strain, pressure p, and average grain size dg [1,2]. The macroscopic plastic flow stress was determined as the 

sum of the contributions of the stresses required to overcome the resistance to dislocation slip, resistance to 

twinning, and stresses from the inhomogeneity of the phase composition of the alloy. 

The used Mie−Grüneisen equation of states takes into account the change in temperature during 

volumetric deformation. In this work the change in temperature due to the dissipative effect was calculated in 

adiabatic assumption: 
p
eq

p
0 p eq eq

0

T T( / ) ( / C ) d ,



        .      (1) 

where T(ρ/ρ0) is the temperature at volumetric strain, ρ is the mass density, and β ~ 0.9 is the parameter 

representing a fraction of plastic work converted into heat, σeq is the equivalent stress, ε
p

eq is the equivalent 

plastic strain.  

The value of T(ρ/ρ0) calculated by the equation of states and energy conservation equation. This value is 

close to initial temperature of material at relatively low pressure. The accuracy of predicting the temperature 

rise under dynamic loadings depends on the adequacy of the description of the temperature dependence of 

specific heat. In this research the specific heat capacity Cp changes under dynamic loading was described by 

phenomenological relation. The constitutive relations have been implemented in the LS-DYNA explicit 

solver by writing a Fortran user-subroutine. Simulations of deformation and spall fracture of titanium plates 

under plane shock waves loadings were carried out using quadratic artificial viscosity, which does not 

introduce significant errors in determining the temperature increment during deformation in weak shock 

waves. The model was used for simulation of commercially pure titanium alloy, Ti-5Al-2.5 Sn, Ti-6Al-4V 

under uniaxial tension at strain rates from 0.1 to 1000 s
-1

, and temperatures from 77 K to 900 K. The 

simulation results confirmed that strain hardening can be considered as a result of the simultaneous action of 

thermally activated dislocation mechanisms of plasticity and twinning, which weakly depends on 

temperature. The processes of spall fracture and mechanical response of titanium alloys under sub-

microsecond shock pulse loading at temperatures of 103 K and 298 K at have been investigated.  

The obtained results of spall fracture are consistent with the available experimental data. The calculated 

changes in the velocity of elastic precursors in Ti-6Al-4V plates good correlated with the experimental data at the 

specified initial temperatures. The calculation results showed that the damage growth rate increases in the spall zone 

with a decrease in the initial temperature. Spall fracture remains ductile in the considered temperature range, but a slight 

decrease in the effective spall strength is observed. 
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Predictions of the mechanical behavior of metals and alloys with a hexagonal close-packed (HCP) 

lattice, under dynamic loadings are in demand in solving a wide range of applied problems.  

This work aimed to study the processes of deformation, damage and ductile fracture of HCP alloys 

under dynamic influences. Based on the generalization of the obtained experimental data, a version of the 

model is proposed that allows to adequately describe the regularities of plastic deformation during tension, 

the formation of zones of localization of plastic shears and the development of damage and fracture in the 

range of strain rates from 10
-3

 to 10
3
 s

-1
 at the values of the triaxiality parameter of the stress state from 0.33 

to 0.6 [1,2]. The model was used for 3D numerical modeling of uniaxial tension of specimens and spall 

fracture in Ti, Zr, Be, Hf plates under plane shock waves impacts. The influence of the damage parameter, 

the stress state triaxiality parameter on the flow stress is taken into constitutive equation. 

The proposed constitutive equation takes into account the change in flow stress in wide range of a 

cumulative plastic strain, a homologous temperature, and the logarithm of the normalized equivalent strain 

rate. The modification damage equation makes it possible to describe the kinetics of the damage parameter D 

increasing at spall fracture as a result of nucleation, growth and coalescence of voids:  

dD/dt = dD1/dt + dD2/dt,        (1) 

where D is the damage parameter, D1 is the constituent of D associated with damages caused by negative 

pressure, D2 is the constituent of damages caused by voids evolution under repeated loading. 

dD1/dt = α1min[0, dp/dt] H( −p + pc),       (2) 

where H(·) is the Heaviside function, p is the pressure, α1, and pc < 0 are constants of the material. 

dD2/dt = [1/(γ1 · A · √2π)] · exp[−(ln(A)/γ1 · √2) 2],    (3) 

where 
   

e p
t

0 p
1 2

W dW
A     dt],  

dtexp W · 1 D
 

  
 β1, β2, γ1, are constants of the material, W

e
, and W

p
 

are the specific internal energy, and the specific dissipated energy, respectively.  

The processes of spall fracture and mechanical response of Ti, Zr, Be, Hf alloys under sub-microsecond 

shock pulse loading have been investigated by numerical simulations. The computer simulations were 

performed with the use of LS DYNA (ANSYS WB 15.2, ANSYS, Inc., Canonsburg, PA, USA) software. 

 The calculations were carried out using the second order accuracy finite‐difference 

scheme. Computational domains were meshed with eight‐node linear bricks and reduced integration together 

with hourglass control. The constitutive relations have been implemented in the LS-DYNA explicit solver by 

writing a Fortran user-subroutine. We adopted Becker’s implicit return mapping algorithm for the Gurson-

type yield potential. Employed algorithm provides accurate integration of the damage in shock impact 

problems where the loading direction can change significantly at a time step.  

It was shown that parallel cracks oriented normal to the direction of impact are formed by damaged 

mesoscopic volumes.  

Thus, the proposed constitutive equations and damage model make it possible to describe the main 

regularities of the mechanical behavior of a subgroup of HCP alloys with a lattice parameter ratio c/a < 1.633 

in a wide range of strain rates and weak shock wave amplitudes. 
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A surge of interest in Fe-xGa alloys occurred in the early 2000s after discovering increased values of 

the magnetostriction constant for x ≈ (17-19) and (26-27) at. % [1]. Therefore, the concentration range up to 
30 at.% is considered in most works that studied the features of phase transitions between different structural 
states of Fe-Ga alloys. At the same time, the region of high concentrations of gallium (x > 30 at.%) has not 
yet been studied in sufficient depth. 

Due to the fact that diffusion at low temperatures in alloys of the Fe-Ga system proceeds slowly, it is 
possible to fix non-equilibrium states during quenching from the high-temperature region. One of the phases 
that can be fixed in the 32.9-38.4 Ga alloys is Fe13Ga9 [2]. The stability of this phase under heating 
conditions and the features of phase transitions in alloys with high gallium content were studied by in situ 
real-time neutron diffraction. The high neutron penetration depth allows observation of bulk effects and 
exclusion of the influence of the surface layer (evaporation of gallium) and local inhomogeneities of the 
structure. 

It was shown that in the studied Fe-Ga alloys with 32.9-38.4 Ga the metastable Fe13Ga9 phase presents 
in the as-cast state in different amounts. Content of Fe13Ga9 increases during heating and it is stable upon 
reaching ~550 °C. An example of such typical phase behavior for Fe-34.4Ga is shown in Figure 1. A detailed 
consideration of the phase transformations under the Fe-38.4Ga alloy heating was presented earlier in our 
paper [3]. 

 

 

Fig. 1. Evolution of the phase composition of the Fe-34.4Ga alloy in the as-cast state upon heating to 880°C. 
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Hybrid perovskites became one of the most popular functional materials in the field of photovoltaics. The 

complex structure of these compounds with the general formula ABX3 (where A is molecular organic cation 

CH3NH3 or CH(NH2)2, B is cation of Pb or Sn, and X is halide anion I, Br, Cl) provides a number of unique 

optoelectronic properties such as long diffusion lengths [1], high carrier mobility [2] and optimal band gap for 

solar cells [3]. Many of transport properties are closely related to electron-phonon interactions and phonon 

spectra. Phonon modes in hybrid perovskites are distributed in three regions: vibrations of the lead halide 

inorganic cage and translational/librational modes of the CH3NH3 cation are distributed between ∼15 and 100 

cm-1 (0.45 – 3 THz), CH3NH3 rocking modes, C−N stretching, and CH3 and NH3 bending vibrations occupy 

the spectral interval 900 – 1600 cm-1, while C−H and N−H stretching mode frequencies are between 3000 and 

3200 cm-1 [4]. Moreover, depending on the temperature, there are three structural phases for CH3NH3PbI3: 

cubic (T > 330 K), tetragonal (330 K < T < 160 K) and orthorhombic (T < 160 K); and four structural phases 

for CH3NH3PbBr3: cubic (T > 236 K), tetragonal I (236 K < T < 155 K), tetragonal II (155 K < T < 149 K) 

and orthorhombic (T < 149 K).   

In this work, high quality CH3NH3PbI3 and CH3NH3PbBr3 single crystals were studied by optical high-

resolution spectroscopy in the wide frequency (15 – 19000 cm-1) and temperature (5 – 300 K) ranges. The 

study in a wide frequency range made it possible to observe features at the temperatures of all phase transitions 

in both crystals as in the multiphonon absorption spectra and as near the fundamental absorption edge. So, for 

example, in Fig. 1 shows the temperature dependence of the shift of the peak position around 6010 cm-1 on 

cooling (blue) and heating (red) for CH3NH3PbBr3. A sharp shift in position indicates a structural phase 

transition of the first order. Also the spectral changes appear at the T = 70 K, which correlate with the transition 

to the tunneling splitting. Several low-frequency modes predicted by calculations were experimentally 

observed for the first time in both CH3NH3PbI3 [5] and CH3NH3PbBr3. 

 

Fig.1. The hysteretic dependence of peak positions near 6010 cm-1 from temperature during phase transitions in CH3NH3PbBr3 

(blue– for cooling, red – for heating).  
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Tungsten and molybdenum, possessing properties such as high Tmelt and Tboil, density, hardness, low 

coefficient of linear thermal expansion and steam pressure, good electrical and thermal conductivity [1-2], 

finds application from metallurgy to electronics [3]. 

Mechanochemical reduction of metal oxides by an active metal magnesium leads to simultaneous 

grinding of the substance, acceleration of mass transfer, increase in the contact surface area, deformational 

mixing of mixture components and activation of their mechanochemical interaction. As a result, composites 

(Me/(MgO) are formed - powder mixtures of highly dispersed metal particles and active metal oxide. 

Mechanochemical reduction of WO3 (MoO3) and MgWO4 (MgMoO4) with magnesium, proceeding 

with a high exothermic effect can be carried out in the process of only mechanical activation with the 

formation of a mechanochemical composites W(Mo)/MgO.  

The goal of the work was to study the possibility of mechanochemical synthesis of magnesium 

wolframite (molybdate) from tungsten (molybdenum) and magnesium oxides, the formation of a 

W(Mo)/MgO composite during the mechanochemical reduction of WO3 (MoO3) and MgWO4 (MgMoO4) by 

magnesium, and the subsequent separation of highly dispersed tungsten (molybdenum) from MgO from the 

composites W(Mo)/MgO. 

X-ray diffraction of MgWO4 (MgMoO4) mechanochemical reduction samples obtained with various 

stoichiometric compositions and mechanical activation modes showed that, with a ratio of MgWO4 

(MgMoO4) : Mg = 1 : 3.1, the rotational speed of the vials around the common axis, the reduction is 

complete by 8 min with the formation W(Mo)/MgO composite. In the diffractograms of the samples of the 

mechanochemical reduction of magnesium wolframat (molybdate), only broadened reflections of MgO and 

W (Mo) recorded. 

 
a b 

 
c  

d 

Fig.1. SEM: (a) W/MgO mechanocomposite; (b) highly dispersed W after acid treatment of mechanochemical composite W/MgO; 

(c) Mo/MgO mechanocomposite; (d) highly dispersed Mo after acid treatment of mechanochemical composite W/MgO, 

magnification 10000x. 

Sequential treatment of W (Mo)/MgO composites with acid solutions leads to a product containing 

predominantly metallic tungsten (molybdenum). Particles of finely dispersed tungsten (molybdenum) have 

sizes of ~ 0.1 μm, aggregated into larger ones, with sizes of 2–4 μm. 
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The growing demand for the production of modern materials based on highly dispersed metal powders 

necessitates the development of innovative "breakthrough" technologies for their creation. The main 

industrial methods for the production of niobium and its alloys are metal-thermal reduction of oxide 

compounds: aluminothermic, sodium-thermal, carbothermal from a mixture of Nb2O5 and soot. The 

reduction reactions of metal oxides that proceed with a large exothermic effect can be carried out in the 

process of mechanical activation alone. 

Mechanical activation of solid mixtures of metal oxides with active metal leads to an increase in the 

contact surface area, acceleration of mass transfer, and, as a result, activation of their mechanochemical 

interaction with the formation of composites (Me/(Meact)xOy) - powder mixtures of highly dispersed 

particles of reduced metal and active metal oxide [1, 2]. As an active metal, it is possible to use various 

active metals Al, Zn, etc. To extract a reduced element from mechanochemical composites without 

disturbing its finely dispersed state, it is necessary to choose an active metal oxide solvent that would be 

simultaneously inert with respect to the reduced metal. The most promising active metal is magnesium, 

which, during mechanical activation, forms the MgO phase, which prevents significant sintering of 

mechanical activation products; when interacting with dilute solutions of HCl or H2SO4, magnesium oxide 

forms well-soluble compounds [3]. 

The aim of this work is to study the conditions of mechanochemical synthesis of magnesium niobate 

(MgNb2O6) and its reduction and simple niobium oxide (Nb2O5) by magnesium with the formation of 

Nb/MgO mechanocomposites for subsequent separation of finely dispersed niobium powder from such 

composites by the method of acid dissolution of magnesium oxide. 

We propose a mechanochemical method for the synthesis of magnesium niobate by activation of 

mixtures of MgO with Nb2O5. It has been shown by X-ray phase analysis (XPA) that 8 min of activation of 

the corresponding oxides is sufficient for the formation of MgNb2O6 (with a strict stoichiometry of 1:1 and a 

drum rotation speed of 1000 rpm in a high-energy planetary mill). The diffraction patterns of the samples 

synthesized under such conditions by mechanochemical activation are in good agreement with the literature 

data. 

Mechanochemically synthesized magnesium niobate was used for mechanochemical reduction with 

magnesium. From the results of X-ray phase analysis of the products of mechanochemical reduction of 

MgNb2O6 with magnesium, the optimal conditions for mechanical activation and the ratio of components of 

mixtures of MgNb2O6 with Mg were determined. It has been shown that at a speed of rotation of the drums 

around a common axis of 1000 rpm, mechanochemical redox reactions completed with the formation of 

Nb/MgO composites within an activation time of 8 min. 

A study of the mechanochemical reduction of niobium oxide (Nb2O5) with magnesium showed that the 

formation of the Nb/MgO composite occurs at a ratio of Nb2O5 : Mg mixture components of 1:5.2 at a 

rotation speed of the drums about a common axis of 1000 rpm. for an activation time of 4 min. 

The method presented by us makes it possible to obtain highly dispersed niobium powders by 

mechanochemical synthesis practically at room temperature with a high (97%) yield and the possibility of 

utilizing magnesium oxide by-product by known methods. 
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In recent years, magnetic nanoparticles (MNPs) have attracted a considerable amount of attention due to 

their special superparamagnetic (SPM) properties, high adsorption capacities and surface area to volume 

ratio. In particular, transition metal oxides with spinel structures commonly referred to as ferrite are among 

one of the most important MNPs. Based on their crystal structures and magnetic properties, ferrites are 

classified as spinel [1-2]. This is mainly due to their excellence magnetic properties, simple chemical 

composition, and wide applications in several areas, which include water and wastewater treatment, 

biomedical, catalyst and electronic device.  There are a large number of different methods for obtaining 

spinels, one of the new and promising ones is the synthesis from a solution under the action of a low-

temperature nonequilibrium plasma. 

In this work, we used aqueous solutions of ferrum and cobalt nitrates (analytical grade) with a different 

concentration for each component (Table1). We describe the experimental setup used in the study in detail in 

[3]. External electrodes were made of titanium. The electrode-solution distance was 5 mm. The discharge 

current could vary within 30-70 mA. Obtaining and analysis of particles can be conventionally divided into 

two stages. First: plasma-solution synthesis (analysis of particles in solution and after drying); Second: 

calcination of the particles after drying and examination of the resulting oxides. 

Table 1. Designation of samples depending on the initial concentration of the components. 

Raw materials Fe2Co1 Fe1Co2 Fe2.5Co50 Fe3Co50 Fe5Co50 

Fe(NO3)3 3.3 mmol 1.7 mmol 2.5 mmol 3 mmol 5 mmol 

Co(NO3)2 1.7 mmol 3.3 mmol 50 mmol 50 mmol 50 mmol 

The average effective particle size was determined by dynamic light scattering (DLS) using a Photocor 

Compact-Z size analyzer (Photocor, Russia). Immediately after plasma treatment (50 mA, 10 minutes), 

particles of two characteristic sizes can be isolated in the solution. The first fraction: 92.91 nm and the 

second: 1.46 μm, while the zeta potential ζ= 24.76 mV.  

X-ray phase analysis (XRD) (DRON 3M) of powders showed the presence of a large number of 

pronounced reflections, which indicates the crystallinity of the structure of the synthesized substances. 

Elemental analysis data (Aztec EDS, Oxford Instruments Ltd., England) showed that the synthesized 

powders after high temperature treatment have a complex composition as shown in Table 2. 

Table 2. EDS analysis of the composition of the resulting powders. 

Fe2Co1 Fe1Co2 Fe2.5Co50 Fe3Co50 Fe5Co50 

(Fe2O3)0,99(СoO)0,01 (Fe2O3)0,76(СoO)0,24 (Fe2O3)0,26(СoO)0,74 (Fe2O3)(СoO) (Fe2O3)0,60(СoO)0,40 

We found that by varying the initial concentrations of the initial salts in the solution, it is possible to 

obtain spinels of a given composition. These materials are of great interest for various applications. 
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Usually, oxides of zinc, cadmium, tin, and indium nanoparticles are used in microelectronics [1-2]. At 

the same time, doping of these oxides led to improved electrical conductivity without deteriorating their 

other properties of these materials. Zinc and cadmium, transition metals belonging to the same group of the 

periodic table. The study of the Cd – Zn – O system is of fundamental and practical interest, since this 

semiconductor material combines many useful characteristics of both Cd and Zn. Cadmium oxide is an n-

type semiconductor with a band gap of 2.5 eV is widely used in optoelectronics. In turn, zinc oxide, a direct-

gap semiconductor with a band gap of 3.3 eV, is used as sensor materials. There are a large number of 

different methods for obtaining nanoparticles; one of the new and promising is the synthesis based on the 

interaction of plasma with salt solutions. 

In this work, we used aqueous solutions of zinc and cadmium nitrates (analytical grade) with a 

concentration of 50 mmol/l for each component. The experimental setup used in the study is described in 

detail by us in [3]. External electrodes were made of titanium. The electrode-solution distance was 5 mm. 

The discharge current could vary within 30-70 mA. 

The kinetics of the formation of colloidal particles was investigated by the turbidimetric method. It 

turned out that the rate of formation increases with an increase in the discharge current from 30 to 70 mA. 

The results of the kinetic curve are shown in Figure 1. At concentrations of zinc and cadmium nitrates 50 

mmol/l the rate constant of the process increases from 1.3∙10-3 to 12∙10-3 s-1. 

 

Fig.1. The dependence of the effective rate constant on the discharge current  

Analysis of the results obtained by XRD and EDS analyzes showed that the resulting substance has a 

complex structure consisting of crystalline phases Cd(NO3)OH∙H2O, β and γ Cd(OH)2, and for zinc - from 

Zn(NO3)OH∙H2O and Zn(OH)2. DSC analysis confirmed the data obtained by XRD analysis.  

The sediment particles, as shown by SEM, have a spheroidal shape with a characteristic size of about 1 

μm. Thermal decomposition of the resulting precipitate proceeds in several stages and ends at a temperature 

of ~300 °C. As a result of calcination, a mixture of crystalline zinc and cadmium oxides is formed. 

According to EDX data, at a molar ratio of 1:1 of zinc and cadmium in the initial solution, the obtained solid 

particles contain 8 mol% cadmium and 92% zinc. 
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Silicon carbide, due to a combination of unique properties, is an integral component of high-

temperature structural materials. However, the manufacture of products of complex shapes from SiC, due to 

its high hardness (9 – 9.5 according to Mohs), is a very laborious and difficult task. There is a concept of 

connecting two or more parts into one with the help of an intermediate metal layer. SiC-Me couples are 

currently developed for these purposes, where Ti, Mo, V, Cr, etc. act as the metal, and have insufficient 

oxidative stability and low impact strength, which is a consequence of the formation of a brittle carbide 

phase [1]. The use of iridium, a noble metal that does not form carbides and has an extremely high oxidative 

stability up to Tm (2446 °C), is the most promising approach to solving this problem [2]. The combination of 

components such as SiC and Ir is also of great interest in the fields of nuclear power, high temperature 

electronics and aerospace. Information on the Ir-SiC system is very scarce and contradictory [3,4,5], so there 

is a need to study the physicochemical processes that occur at the Ir/SiC interface. 

 The aim of this work is a physicochemical study of the interaction features at the Ir/SiC interface using 

diffusion couples in a wide temperature range. To achieve this goal, samples were obtained by heat treatment 

of diffusion couples of iridium - silicon carbide ceramics in the range of 1300 – 1800 °C and different 

holding times. The interaction products were studied by a complex of physicochemical methods of analysis, 

including XRD, SEM/EDX, TG-DTA, and Raman spectroscopy. 

It has been established that the type of interaction changes with increasing temperature from solid-phase 

(T ≤ 1400°C) to interaction involving the liquid phase (T > 1400°C), as evidenced by the presence of a drop-

like layer. In the solid phase regime, the following sequence of phase layers is observed: SiC / IrSi+C / IrSi 

(without C) / Ir3Si2 / Eutectoid: «Ir3Si2+Ir3Si» / Ir3Si / Ir, which is consistent with the phase diagram of the Ir-

Si system. It should be noted that the eutectoid layer was formed as a result of the decomposition of the Ir2Si 

phase during cooling, according to the data of the Ir-Si phase diagram. Judging by the phase sizes and their 

dynamic growth, we can conclude that the diffusion of iridium atoms is much faster than the diffusion of 

silicon atoms. The dependence of the sizes of layers of product phases does not follow a parabolic law, from 

which we can conclude that under these conditions the reaction is controlled by kinetics. Based on the data 

obtained, an interaction model was proposed. The evolution of morphology during solid-state reaction and 

reaction with the participation of a liquid was also studied. Sequential alternation of dense IrSi bands and 

bands with a random distribution of IrSi and carbon grains was found. The band width of dense IrSi 

increases with distance from the reaction front. The degree of order and the size of carbon agglomerates 

increase with distance from the reaction front. For the first time, the values of CTE and microhardness of 

iridium silicides formed in the reaction were obtained. It was found that the microhardness of silicides is, on 

average, 2 times higher than the microhardness of iridium. The values of CTE and volumes of products do 

not differ much from the initial reagents. 

The data obtained can be in demand in the fields of materials science related to the creation of products 

that are resistant to aggressive environments, high temperatures, abrasive wear, and high mechanical loads. 
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THERMO-VISCO-ELASTIC MODEL OF POWDER LAYER MODIFICATION  

BY MOVING HEAT SOURCE * 
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There are fundamentally different methods of synthesizing 3D material in powder technology. In one of 

them, the powder is preliminary sprayed on the surface to be treated and then the surface is scanned by laser 

radiation or an electron beam. In the other, the powder is fed directly into a melt bath, which is pre-formed in 

the area of a moving energy source. In either case, the powder undergoes a change from a solid state to a 

liquid state and back; the entire process is accompanied by a variety of physical and chemical phenomena. 

Before the planetary scale boom in additive technologies, similar methods were actively developed for 

coating and surface treatment of materials.  In mathematical modeling of the accompanying phenomena, the 

problem arises of selecting or constructing a suitable model that adequately describes the behavior of the 

material in both the solid and liquid phases, as well as in the two-phase region. Related to this is the variety 

of modeling approaches. Numerous publications analyze purely thermophysical models for calculating 

temperature fields at different variants of the heat source setting; study the behavior of fine particles in the 

melt bath; describe powder melting and melt flow in the unmelted powder, including using filtration theory; 

analyze variants for calculating residual stresses, etc.   

In spite of the fact that each of the approaches allows obtaining interesting results and studying a 

number of phenomena, the process of creating a new material in dynamics proves to be insufficiently 

studied.  

The present work aims to compare two variants of the coupled model the treatment by moving heat 

source of powder layer placed on a substrate. The models are based on the Maxwell thermo-viscous-elastic 

medium model and considering melting: (A) under the condition of a single melting temperature, in the 

neighborhood of which the effective heat capacity and viscosity change and (B) under the condition of 

melting in a certain temperature interval, in which the effective heat capacity and viscosity depend on the 

fraction of the liquid phase. In any case, the rheological properties change from those of the liquid phase to 

those of the solid phase. The applicability of the Maxwell model and its generalizations to the description of 

the synthesis of new materials is shown, for example, in [1-4]. 

Different variants of the coupled model (with and without taking into account the heat release from 

possible chemical reactions) are of independent interest. The possibility of transition to a two-level coupled 

model, when melting and/ or chemical reactions are described within the framework of the mesolevel model 

(at the level of powder particles), is discussed. 
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Nitrides of refractory metals are of great interest for study due to their properties. They are widely used 

in engineering as various kinds of additives and coatings, as well as independent materials. Fine grinding of 

green materials is widely used for the synthesis of ceramic materials, while the rate of solid-phase reactions 

increases due to the "pumping" of excess elastic energy into the material and an increase in the surface area of 

the reagents. An important characteristic in these processes is the state of the grain surface of the components, 

which can change markedly due to the course of mechanochemical reactions involving the surrounding gas 

environment. The grinding of substances is used in production and is an important technological process. Most 

often, various kinds of mills are used as grinders, in which grinding is carried out with the help of grinding 

bodies located in the chamber together with the crushed powder. 

In this paper, the regularities of the mechanical synthesis of titanium nitride during mechanical activation 

of titanium powder in a nitrogen atmosphere are investigated. Experimental studies of the mechanochemical 

synthesis of titanium nitride have revealed that mechanical activation intensifies chemical transformation in 

the Ti - N system, and the intermittent mode allows synthesizing the final product under "soft" controlled 

conditions without noticeable heat release [1]. 

In this paper, studies on the preliminary mechanical activation of titanium powder in argon were carried 

out in order to increase the defectiveness of the powder in advance. It was assumed that the pretreated powder 

would absorb nitrogen better. 

Two series of experiments were carried out: in one, the mechanical activation time of titanium in argon 

changed (10 s, 30 s, 3 min, 5 min) with a constant time of 5 min mechanical activation of titanium in nitrogen. 

In the second series, the mechanical activation time of titanium in argon was unchanged for 10 min and the 

mechanical activation time of titanium in nitrogen (17, 25, 40 min) changed. 

Titanium powder (TU 14-22-57-92) was ground and mechanically activated in an M-3 planetary mill in 

nitrogen (high grade, GOST 9293-74). The initial size of titanium particles did not exceed 100 µm. 

The morphology and size of the powders were studied by scanning electron microscope (Philips SEM 

515 with EDAX attachment and electronic focused ion beam system Quanta 200 3D). The phase composition 

of the final products was characterized by X-ray diffraction analysis DRON-UM1 (CuKα radiation). 

The dependence of nitrogen assimilation by titanium, with the preliminary mechanically activated of 

titanium in argon, was investigated. Analysis of the data obtained from photo, X-ray and microanalysis showed 

that at short exposure times, preliminary mechanical activation in argon accelerates nitrogen absorption, and 

at large, it slows down.  

This deceleration can be explained as follows: when activated for some time (activation time in argon 

plus activation time in nitrogen), all particles go into a nanostructured state and stop grinding, fresh surfaces 

disappear, nitrogen does not decompose and nitriding stops. Thus, the preliminary mechanical activation of 

titanium powder in argon reduces the time of effective activation in nitrogen, at which fresh surfaces are 

formed. 
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The self-propagating high-temperature synthesis (SHS) of the TI-Co-N system was investigated and the 

relationship of combustion parameters, the state diagram, the mechanism of phase formation and the role of 

intermediate phases of nitrides in this is found. Сombustion system parameters were studied under various 

initial conditions that characterize the behavior of a high-temperature chemically active solid-liquid medium. 

The zone of chemical reactions for combustion is a solid-liquid melt, with nitrogen gas enters, corresponding 

to the melt solidus-liquidus (L-S) of the state diagram [1-6]. 

The purpose of the work is to clarify the mechanism of phase formation in the process of SHS, to find the 

relationship of the phase composition of the combustion product with the type of intermediate unstable nitrides 

formed in the combustion wave, and the diagram of the state of the system, with a change in various initial 

parameters. 

The SHS of the samples was carried out in a constant pressure reactor in a nitrogen medium. The relative 

density varied from 0.22 to 0.38. The initial composition changed in the ratio: Co/Ti, wt. %. within the values 

of 5/50. The final and intermediate products were studied using RFA analysis and quenching. Changes in the 

concentration of the environment and the rate of combustion of samples were obtained by changing the initial 

parameters (initial concentration of substances, initial density of samples, diameter, height of samples, etc.).  

Regardless of the initial composition, dispersion and density of the sample, the values of combustion 

parameters (combustion conversion, maximum burning temperature, amount of stoichiometric absorbed 

nitrogen) obtained in the experiment lie in the region between the S-L lines, i.e. in the region of solid-liquid 

suspension. SHS processes occur only in the solid-liquid melt L-S [7]. 

It is found that during the transition from "soludus" to "liquidus", the melting particles necessarily pass 

through the nanoscale. During the heating process, Co diffusely enters Ti and, Co into Ti. The incoming 

nitrogen interacts with these intermetallides by a catalytic mechanism. Titanium nitride is formed due to 

interaction with atomic N formed during the decay of Co nitride. As a result of the reaction, the final product 

consists of titanium nitride and an intermetallic matrix with a small amount of hardened cobalt nitrides. It is 

established that the amount of assimilated nitrogen forms integer atomic ratios with both Co and Ti. Thus, in 

the combustion wave, an intermediate, rapidly decaying nitride with a certain crystal lattice is formed, which 

can correspond only to the equilibrium nitride, according to the phase diagram. An invariant combining the 

experimental points is found, which is the atomic ratio of nitrogen and titanium in nitrides. 
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Si3N4 due to its properties (high hardness, heat resistance, mechanical strength) and composite materials 

based on it (Si3N4-SiC, Si3N4-TiN, Si3N4-BN, Si3N4-MoSi2 etc.) are widely used in tool industry, mechanical 

engineering, chemistry, electrical and radio engineering [1-3]. Due to the covalent bonds, Si3N4 is a high-
sintering material. Activating oxygen-containing additives (Al, Mg, REM oxides) are used to obtain high-

density Si3N4 - based ceramics. Sintering activators also include ZrO2. In this work, a new approach to the 

synthesis of Si3N4-based composite powders was proposed. It was proposed to nitride ferrosilicon (iron-
silicon alloy) with natural oxides (zircon) by self-propagating high-temperature synthesis (SHS). The heat of 

the nitride formation reaction contributes to an endothermic process of zircon dissociation and the powder 

Si3N4-ZrO2-Si2N2O-Fe is obtained without additional energy costs. 

In [4] the effect of aluminum additives (1-10 wt%) on the phase composition of composite powders was 
reported using the "40 % ferrosilicon - 30 % nitrided ferrosilicon - 30 % zircon" mixture that was nitrided by 

SHS. It was found that the addition of 1% Al leads sharply decreases the Si2N2O phase content in the 

synthesized products, and a further increase in Al leads to the disappearance of Si2N2O. Addition of 6 % and 
more leads to the formation of ZrN phase in the burned samples, which is visually observed as separate areas 

of golden color. The addition of Al additives to the mixture leads to the formation of a solid solution based 

on Si3N4 in the final products. However, the mechanism of interaction of the mixture with nitrogen in the 
presence of aluminum during combustion remains unclear. This work is an ongoing research and devoted to 

the study of chemical transformations during nitriding of the mixture with aluminum additives (1 - 10 %) 

using the methods of isothermal synthesis and differential scanning calorimetry. 

To study physicochemical processes occurring during nitriding of the mixture with Al, sample 1 
(mixture + 6 % Al) and sample 2 (mixture + 10 % Al) were used. Nitriding of sample 1 under isothermal 

conditions showed a small amount of nitrogen in the products in the temperature range of 800 - 1000ºС with 

increasing the nitriding time (30 - 180 min). At temperatures above 1000ºС, the amount of nitrogen in the 
products increases. According to XRD data, AlN is formed in the products at 800ºС. At 900ºС, Si3N4 

reflexes are observed in X-ray diffraction patterns, and ZrO2 at 1000ºС. In the temperature range of 1000 - 

1250ºС, the phase composition of the products is represented by β- Si3N4, ZrO2. With increasing the nitriding 

time, the intensity of reflexes of these phases slightly increases. The synthesized products contain unreacted 
components of the mixture (FeSi2, Si, FexSiy, ZrSiO4). A similar pattern is observed during nitriding of 

sample 2 under isothermal conditions. 
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EFFECT OF THE ADDITION OF CARBON ON THE CALCIOTHERMIC REDUCTION OF ZrO2 

AND TiO2 UNDER NITROGEN PRESSURE  

B.SH. BRAVERMAN, A.N. AVRAMCHIK, O.G. KRYUKOVA, YU. M. MAKSIMOV  

Tomsk Scientific Center of the SB RAS, Tomsk, Russia 

 

The calciothermic reduction of metal oxides under nitrogen pressure is used to obtain refractory nitride 

powders, such as titanium and zirconium [1]. Carbonitrides of these metals are of interest for industrial 

applications and can be prepared by adding carbon to the TiO2/ZrO2 – Ca – N2 system. The purpose of this 
work is to study the effect of carbon addition on the calciothermic reduction of ZrO2 and TiO2 under nitrogen 

pressure.  

The important parameters of this process are the adiabatic temperature and the equilibrium composition 
of products. The TERRA software was used to calculate these parameters [2]. The objects of the study are 

systems TiO2+X·C+N+Ca and ZrO2+X·C+N+Ca where X is a dimensionless parameter expressing the ratio 

of the current and stoichiometric carbon content required for the synthesis of ZrC and TiC in the absence of 
nitrogen. The amount of calcium and N2 pressure was also varied. Carbonitrides were identified by the possible 

formation of ZrC-ZrN and TiC-TiN solid solutions in the products. Figure 1 shows the calculated adiabatic 

combustion temperature of compositions as a function of the carbon content. 

 

Fig.1. Adiabatic combustion temperature (T) of the TiO2+X·C+N+Ca system as a function of carbon content (parameter X) at 
nitrogen pressure of 2 MPa and calcium excess of 10%.   

 

Compositions without carbon have the maximum combustion temperature. The addition of carbon lowers 
the temperature. The plateau at T = 2900 K is due to the phase transition of CaO from liquid to solid state. 

Carbonitrides are formed in the products with any amount of carbon added. The formation of TiC and ZrC 

under equilibrium conditions is impossible. The resulting excess carbon interacts with excess calcium, forming 

CaC2 carbide. Some carbon interacts with oxygen to produce CO. Increasing the pressure decreases the 
equilibrium CO content. 

REFERENCES 

1. Yu.M. Maksimov, A.N. Avramchik, B.Sh. Braverman, and A.M. Shulpekov, "Combustion of Thermite TiO2/ZrO2–Ca Mixtures 

in Nitrogen Gas", Int. J. Self-Prop. High-Temp. Synth., 2020, vol. 29, no. 1, pp. 31–35. 
https://doi.org/10.3103/S1061386220010069 

2. B.G. Trusov, "Code System for Simulation of Phase and Chemical Equilibriums at Higher Temperatures", Engineering Journal: 
Science and Innovation, 2012, vol. 1, no. 1, pp. 240–249. DOI: 10.18698/2308-6033-2012-1-31  
http://engjournal.ru/catalog/it/hidden/31.html  http://engjournal.ru/articles/31/31.pdf 

EFRE 2022: 5th International Conference on New Materials and High Technologies 
Nonisothermal synthesis, functional materials and coatings 

–––––––––––––––––––––––––––––––––––––––––––––––   N1-P-010602   –––––––––––––––––––––––––––––––––––––––––––––––

483



SYNTHESIS OF MANGANESE PIGMENTS BY THE SOLUTION COMBUSTION METHOD 
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Beige-brown cored pigments, the core of which is a mineral filler coated with solid solutions based on 
alumomagnesian and manganese spinels, were obtained by solution combustion synthesis (SCS). Solutions 

of magnesium, manganese, and aluminum nitrates were used as initial reagents, and the mineral marshalite 

(dusty quartz, a finely dispersed mineral filler) was used as a substrate. The quantitative composition of the 

starting components was determined from the pigment-to-marshalite ratio equal to 1:3. 
Citrate-nitrate synthesis belongs to the solution combustion methods [1]. Active evolution of gases 

during combustion simplifies the formation of a finely dispersed product. Hydroxytricarboxylic acid citric 

acid (NOOSSN)2C(OH)SON was an energetic and gas-generating organic additive. The acidity of the 
solution was regulated with concentrated ammonia. White and beige-brown pigments were prepared by SCS 

using aluminomagnesian and manganese-containing spinels deposited on beige marshalite served as mineral. 

The use of mineral reduces the cost of the synthesized pigment considerably. 
The final products were characterized by X-ray diffraction using the DRON-UM-1 diffractometer 

(filtered CuKα-radiation) with an automated X-ray imaging system. Structural properties were studied using 

infrared spectroscopy in the 4000-400 cm-1 region (Nicolet 5700 FTIR spectrometer, KBr). The elemental 

composition of silicon and impurities present in marshalite was determined by atomic emission spectrometry 
using an ICAP 6300 Duo spectrometer (Thermo Scientific, UK). The microstructure of the samples was 

studied using a Philips SEM 515 scanning electron microscope. 

Figure 1 shows the microphotographs of marshalite, white and chocolate pigments. As can be seen, the 
dispersion of pigments is determined by the size of marshalite particles covered by finely dispersed spinel 

particles. 

 

       
 

Fig. 1. Microphotographs of marshalite (a), white (b) and chocolate (c) pigments deposited on 
marshalite, (Philips SEM 515). 

 

Thus, high-temperature spinel-based finely dispersed pigments deposited on marshalite and 
withstanding an annealing temperature of 1100°C were synthesized by the solution combustion method. 

Acid synthesis, the absence of polynuclear complexes and ammonium salts leads to a less polymerized 

and viscous gel, which ensures its quasi-steady combustion. 

The use of natural marshalite, as a substrate, reduces the cost of the pigments’ production method. 
This method is simple and easily scalable and can be used to produce multicomponent materials. 
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NONISOTHERMIC SYNTHESIS OF TRIBOLOGICAL COMPOSITES BASED ON MAX PHASES 
AND ALMGB14 

O.K. LEPAKOVA, N.I. AFANAS’EV, R.V MININ 

Tomsk Scientific Center of the SB RAS, Tomsk, Russia 
 
Friction and wearing along with fatigue are the main causes of failure of mechanisms and parts. 

Development of new tribological materials with increased wear resistance at elevated temperatures, pressures 
and chemical environments is the urgent problem of materials science. 

MAX phase composites have been actively studied as new antifriction materials, which due to their 
layered structure are considered to be promising tribological materials. The effect of addition of TiC, BN, 
and SiC to Ti3SiC2-based composites on tribological characteristics is investigated with the purpose of their 
use in high-temperature friction units and mechanical parts subjected to wear [1, 2]. Aluminum-magnesium 
boride AlMgB14 is a chemical compound of aluminum, magnesium and boron characterized by high 
hardness (25-35 GPa), low density (2.66 g/cm3), extremely low friction coefficient (0.04-0.05), and high 
plasticity index (H/E-0.14). High mechanical and, first of all, tribological characteristics open wide prospects 
for application as wear-resistant coatings, and also in the composition of composites. 

The aim of this study was to obtain Ti3SiC2-based composite with the addition of boride-aluminum-
magnesium AlMgB14 by SHS and study the effect of additives on the phase composition, microstructure and 
properties (primarily, tribological) of the synthesized composites. 

In this work, composite materials were prepared by the SHS method using nanolaminate Ti-Si-C 
compounds with the addition of AlMgB14, which expand the application field of antifriction materials due to 
their high resistance to chemical decomposition at elevated temperatures. Methods of obtaining 
ultradispersed superhard powders were developed. Physical and chemical mechanisms and control methods 
of SHS processes were established. The factors influencing the structure were investigated and the thermal 
resistance and physical and mechanical properties of synthesized materials were determined. 
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TEMPERATURE-INDUCED STRUCTURAL CHANGES IN PVD ZR-MO-SI-B FILMS:                
IN-SITU HRTEM INVESTIGATION * 

PH.V. KIRYUKHANTSEV-KORNEEV1, A.D. SYTCHENKO1, P.A. LOGINOV1, A.S. OREKHOV2, E.A. 
LEVASHOV1 

1- National University of Science and Technology “MISIS”, Moscow, Russia 
2- Federal Scientific Research Centre “Crystallography and Photonics”, Russian Academy of Sciences, Moscow, Russia 

Currently, much attention is being paid to the development of ZrB2-based coatings for high-
temperature applications. ZrB2 coatings are rapidly oxidized at T >1100 ° C, therefore, to increase the 
oxidation resistance as well as strength and durability of ZrB2, SiC, TaSi2, MoSi2, etc. are alloyed. A 
comparative study of alloyed coatings has shown that the addition of MoSi2 increases the oxidation 
resistance of coatings by ~3 times compared with SiC and TaSi2 additives. This work is devoted to a 
comprehensive study of Zr-Mo-Si-B coatings, including in-situ transmission electron microscopy (TEM) 
studies of the structure during heating up to 1000°C. 

The coatings were deposited by magnetron sputtering in an Ar medium using ZrB2-MoSi2-MoB 
ceramic SHS target. The lamellae for TEM were manufactured by ion beam etching using FIB and PIPS II 
systems. In situ TEM studies of structural-phase transformations were carried out during step heating of 
lamellae in JEM-2100 microscope. The data obtained were analyzed in comparison with the results of the 
investigation of the coatings in the as-deposited state and after vacuum annealing at 200-1000°C. The 
comprehensive study also included the determination of the structure, phase composition, roughness, 
morphology of coatings by XPS, XRD, FTIR, SEM, and GDOES methods and mechanical properties by 
nanoindentation. 

The results of the TEM show that the column structure of Zr-Mo-Si-B coatings was preserved up to 
1000°C. Each columnar grain consisted of equiaxial subgrains. With an increase in temperature, subgrain 
growth occurred inside the columnar elements. It is important to note that the electronograms recorded at 
different temperatures are identical and indicate the presence of the h-ZrB2 phase. The formation of 
additional crystalline phases was not detected. At the same time, it was revealed that heating led to a 
decrease in the interplane distance, probably due to the fact that the molybdenum and silicon atoms, leaving 
the h-ZrB2 lattice, formed an amorphous MoSix phase. Such a change in the composition of the main phase 
affects strongly on mechanical properties of the coating. At room temperature, the hardness was 39 GPa. 
Heating up to 200C and 400°C led to a drop in hardness, which can be associated with relaxation of internal 
stresses during heating. Hardness increased in the temperature diapason of 400-800°C. With and reaching a 
maximum of 38 GPa, apparently, occurred as a result of the redistribution of molybdenum and silicon atoms 
between the crystalline phase based on ZrB2 and the amorphous phase. A further decrease in hardness in the 
800-1000 °C area is probably due to an increase in grain size. It was also found that the developed coatings 
have high thermal stability of the structure and oxidation resistance at temperatures >1200°C. 
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MICROHARDNESS OF A DEFORMED COPPER SAMPLE  
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One of the widely used method for evaluating the dynamic characteristics of metals and alloys is the 

Taylor impact test. This method relates the dynamic yield strength of a cylindrical sample material to its 

residual length after impact on a non-deformable target. Taylor impact test is commonly used to determine 

the yield strength [1-3] and select constitutive relations and constants in numerical simulations [2-4]. 

This paper presents the Taylor impact test conducted using a one-stage light-gas gun [5]. A copper 

cylinder (M1) with a length of 32 mm and a diameter of 7.8 mm was used as a sample. The mass of the 

sample was about 15 g. Throwing conditions were chosen to ensure that the velocity of the sample exiting 

the barrel ranged from 150 to 450 m/s. Samples after testing were cut into two parts along the axis of 

symmetry using a DK7732 CNC EDM Wire Cutting Machine. Microhardness of samples was determined on 

a PTM-3 hardness tester (GOST 9650-76) with a measurements error of 2%. 

Figure 1 shows the microhardness measurements along the symmetry axis of a copper sample at 

different impact velocities. 

 
Fig.1. Distribution of microhardness along the axis of the samples at different impact velocities:  

(1) 162 m/s, (2) 167 m/s, (3) 225 m/s, (4) 316 m/s, (5) 416 m/s.  

Non-linear changes in microhardness are observed along the sample axis after impact on the non-

deformable target. For the starting sample, the average value of microhardness is 1155 MPa (Fig. 1, dashed 

line). The results in Fig. 1 show the higher microhardness at most points in the deformed state compared 

with the initial state. 
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Today, the relevance of corundum microspheres is due to their high-performance characteristics (high 

strength, melting point, wear resistance, etc.). The combination of these characteristics increases the demand in 

the industrial market. Thus, the search for new technological solutions for the efficient production of corundum 

microspheres from natural materials is topical. The high melting point of corundum (2345 K) imposes a 

number of restrictions on the use of classical heating sources. The most efficient and structurally simple are 

direct current electric arc plasmatron, which make it possible to realize a plasma flow with an average mass 

temperature of ≥ 5000 K [1–4].  

This paper presents the results of experimental studies of obtaining corundum microspheres based on 

boehmite γ–AlO(OH) in a thermal plasma medium. It is expedient to evaluate the effectiveness of plasma 

exposure by the spheroidization of particles and the formation of a non-porous shell [5]. On Fig. 1 shows 

electronic images of three types of formed shells of corundum microspheres during plasma treatment.  

   
a b c 

Fig.1. Surface morphology of microspheres based on boehmite. 

The first type (Fig. 1, a) of the particle surface structure is characterized by the presence of acute-angled 

craters. Some craters are interconnected, the size of the craters is in the range of 2÷5 µm. The second type (Fig. 1, 

b) of the surface structure includes prismatic particles fused together with rounded corners 5–10 µm in size. The 

third view (Fig. 1, c) of the particle surface is presented as separate hilly layers. The different type of surface 

structure of particles obtained in a plasma flow is associated with the peculiarities of the preparation of 

agglomerated powders based on boehmite and is difficult to control during thermal treatment. According to the 

results of EDX spectrometry, no change in the elemental composition depending on the morphology of the 

obtained microspheres was found. The obtained energy spectra indicate that the composition contains a high 

content of aluminum (Al) – 67.42 wt. %. The content of oxygen (O) is fixed at around 29.66 wt. %. There are 

traces of silicon (Si) with a concentration of 2.92 wt. %. 
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Currently an important task is to achieve a more accident tolerant fuel (ATF) cladding that by virtue of 

its higher oxidation resistance would allow for increased coping times under a loss of coolant 

accident (LOCA) scenario [1]. One of the many ways to create ATF is to apply chromium-containing 
coatings using a low-energy high-current electron beam [2, 3]. Molybdenum is used as a barrier layer 

between zirconium and chrome-containing coatings [4]. For example, the FeCrAl alloy provides excellent 

oxidation resistance, but Fe forms eutectics with Zr at temperatures up to 1201 K, which leads to mutual 
diffusion and associated melting. Molybdenum is used as an interlayer coating due to its high melting point 

(2893 °C), low diffusion rate of Cr, Fe and Zr into Mo, and high eutectic points with Fe and Zr [5-8]. 

The report presents the results of computer calculations of the thermal fields of the Mo-Zr system for 

the formation of protective coatings. Melting thresholds for pure metals were calculated: Mo - 7.02 J/cm2, Zr 
- 1.83 J/cm2. The dependences of melting thresholds for the Mo-Zr system as a function of film thickness 

were calculated. For film thicknesses from 0.1 to 8 μm, the film melting threshold is higher than the substrate 

melting threshold. In this case, the Zr substrate melts first, followed by the Mo film. For film thicknesses 
above 8 μm, the film melting threshold is below the substrate melting threshold. In this case, the Mo film 

begins to melt first, then the Zr substrate. The threshold of Mo melting with increasing film thickness 

increases from 2.9 J/cm2 (Mo film thickness is 0.1 μm) to 7.02 J/cm2 according to the law close to the 
polynomial of the second degree. The Zr substrate melting threshold increases from 1.83 J/cm2 (Mo film 

thickness is 0.1 μm) to infinity according to the law also close to the polynomial of the second degree. The 

dependences of the melt thickness on the NSEP energy density for the systems Mo(0.1)/Zr, Mo(0.25)/Zr, 

Mo(0.5)/Zr, Mo(1.0)/Zr are calculated. The dependences of the lifetime of the film and substrate melts on the 
NSEP energy density for the systems Mo(0.1)/Zr, Mo(0.25)/Zr, Mo(0.5)/Zr, Mo(1.0)/Zr are calculated. The 

optimum conditions for the synthesis of the surface Mo-Zr alloy have been determined. 
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A.A. GUMOVSKAYA, A.YA. PAK, ZH.S. BOLATOVA, P.V. POVALYAEV, R.D. GERASIMOV 
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Carbides of transition metals of groups IV-V of the periodic table are usually superhard refractory 
compounds [1]. In the last 5–7 years, reports have appeared on the possibility of synthesizing single-
phase multicomponent carbides containing 4–5 metals and carbon, and the proportion of each metal 
should be 5 – 35 % (atomic) [2]. Such materials are solid solutions with a cubic NaCl-type lattice and a 
high degree of configurational entropy; therefore, these crystalline phases are called “high-entropy” 
carbides (HEC) [3]. Many different combinations of the chemical composition of HEC (combinations 
of 4-5 elements from known transition metals, in particular, IV-V groups) give a hope for new results in 
the field of creating ultrahigh temperature ceramics materials. A number of HECs have already been 
synthesized; many of crystalline HEC phases have been theoretically predicted [4]. 

HEC synthesis requires high temperatures as well as high energy density. The most common 
approach to the synthesis of HEC is spark plasma sintering. The issue of developing simple and low-
cost methods for obtaining HEC for rapid testing of hypotheses about the possibility of obtaining one or 
another hypothetical HEC phase is topical. The method of electric arc melting looks promising due to 
the possibility of achieving high temperatures high heating rates [5-6]. 

Our group had achieved some success in the field of synthesis of one of the most studied HEC 
phases TiZrNbHfTaC5 using the original plasma arc reactor [7-8]. In a series of experiments, the 
synthesis of a number of HECs was carried out using metal powders as raw material, as well as ultrafine 
carbon. The starting raw materials were mixed in a ball mill and processed by electric arc plasma in the 
volume of a hollow graphite cathode. In all cases, a cubic lattice of the NaCl-type is formed, which is 
confirmed by the results of X-ray diffractometry. The lattice parameters estimated from the XRD data 
are close to the known data on the HEC structure.  
According to the scanning electron microscopy data and transmission electron microscopy, mapping of 
the chemical composition, it was found that in a number of experiments it is possible to achieve a 
uniform distribution of the chemical composition. This proves the possibility of obtaining HEC by the 
developed electric arc method. The disadvantage of the method used at the current research stage is the 
contamination of the synthesis product with anode erosion material (graphite). Further work will be 
aimed at increasing the concentration of the desired HEC phases, proving the possibility of obtaining 
HEC of various compositions by the claimed method, and studying the properties of the synthesized 
HEC.  
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To ensure the safe operation of electronic and optoelectronic systems, as well as optical devices under 

conditions of natural and artificial electromagnetic radiation (EMR), to eliminate electromagnetic 

interference, to ensure the electromagnetic compatibility of individual components of high-frequency 

equipment, composite materials based on polymer compositions with carbon nanotubes, graphene and other 

carbon nanomaterials. In these radio absorbing materials, in particular, multilayer broadband microwave 

absorbers based on composite materials, the principle of converting electromagnetic energy into heat is used. 

These materials should provide the necessary degree of attenuation of the EMR reflectivity of the near and 

far fields for various objects with different angles of incidence and polarization. 

Products made of composites based on polymers filled with carbon nanomaterials have aroused great 

interest in recent years also as antireflection systems in the UV, visible, and IR ranges of the spectrum. The 

area of their application covers a wide range of products from spacecraft objects (solar cells, optoelectronic 

and optical systems), military equipment to household appliances. Thus, the topic of the work is relevant and 

timely. 

Work has been carried out to create composites for the above purposes based on such polymers as 

polyurethane, epoxy resin and elastomer - Dimethylpolysiloxane compound "Silagery 8030" (Russia). 

Various types of multilayer carbon nanotubes and graphene produced by OOO NanoTechcenter (Tambov), 

as well as finely dispersed particles of metals and their oxides, were used as additives. 

The experimental base of the laboratory of A.N. Sevchenko Institute of Applied Physical Problems of 

Belarusian State University provided a full scope of technological work, as well as studies of the 

composition, structure of composites, electrical and optical properties in a wide temperature and frequency 

ranges.  

  

Fig.1. Samples of anti-reflection coatings with laser surface treatment.  

The effect of composite’s surface in the visual and near IR regions modification by to pulse laser 

treatment on light reflectivity has been studied. The possibility of creating innovative non-reflective surfaces 

of the composite samples in the visual and near-IR ranges is demonstrated.  
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In optics, the weakly dissipating dielectric spheres permit to realize high-order Fano resonances associated 

with internal Mie modes [1,2] and the field structure has no WGM structure. These resonances for specific 

values of the Mie size parameter of dielectric sphere yield field-intensity enhancement factors about 104–109, 

at a unique arrangement of hotspots at the poles of the sphere, which can be directly obtained from analytical 

calculations based on Mie theory. These “super-resonances” (SR) [3] provide magnetic hot spot with giant 

magnetic fields, which is attractive for many applications [4-6]. This provides a new physical phenomenon to 

obtain extreme field localization with giant field enhancement, which is comparable to that for plasmonics. 

The disadvantages of high magnetic fields generation by SR’s are strong sensitivity to the losses in the 

mesoscale particle material and Mie size parameter. Note that such a magnetic field is comparable with 

magnetic cumulative generators. For SR condition, the local ratio of wave vectors in singular points near the 

outer surface of a particle can reach K0/Kl~102, where K0 is a wave-vector of incident wave [2]. So the giant 

magnetic fields can be created inside the dielectric particle due to creating subwavelength optical vortices 

with large phase gradients in the vicinity of singularities [2]. The new effect of a decrease in the size of the 

field localization (hotspots) down to less than the diffraction limit was found when small losses are 

introduced into the sphere material, which can be even less than in the ideal case of the particle material 

without losses [5].  

Moreover, while spherical mesoscale dielectric particle shapes have only 2 degrees of freedom (Mie size 

parameter q and refractive index of the particle material), sphere with broken symmetry [7], composed of 2 

different dielectrics, provide additional degrees of flexibility in electromagnetic response tuning to generate 

strong magnetic hot spots. 

Our investigations shown that in the structures under consideration it is necessary to take into account the 

change in the refractive index of the environment (air), the structure of the material of the particle (different 
local density) and the value of the "roughness" of its surface. 
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Zirconium-based alloys have served the nuclear industry for several decades due to their unique set of 

properties [1]. During normal operation, zirconium alloys form a protective layer of zirconium oxide that 

protects against corrosion. However, at high temperatures, which can occur under accident conditions, 

zirconium alloys exhibit poor oxidation kinetics [2, 3]. The developing concept of accident tolerant fuel (ATF) 

defines a several areas of research and development aimed at improving the safety of nuclear fuel during 

normal operation, transients and possible accident [3-5]. One of the areas of ATF is the development of 

protective coatings on the surface of zirconium [4, 5]. Coatings based on chromium are the most promising, 

since they meet the basic requirements for ATF coating materials for Zr fuel cladding. Chromium has a high 
melting point, high corrosion resistance in water and steam due to protective chromium scale, and a coefficient 

of thermal expansion similar to zirconium alloys [4, 5]. However, interdiffusion at the interface between the 

protective coating and the substrate is a serious problem. In addition, interdiffusion can degrade the adhesive 

properties of the coating, leading to the destruction or bulging of the coating. The easiest way to limit diffusion 

between the Cr coating and the Zr substrate is to add a diffusion barrier between the coating and the Zr 

substrate. Molybdenum is considered one of the most promising interlayer materials, as it exhibits good barrier 

properties, CTE close to Cr, high thermal conductivity, high melting point, and acceptable neutron cross 

section. Moreover, the potential eutectic phase Mo-Zr has a higher melting point (1550°C) compared to Cr-Zr 

(1330°C) [6, 7]. 

The aim of present work was to synthesize of Mo-Zr surface alloy using magnetron deposition of Mo 

films and consequent irradiation with a low-energy, high-current electron beam (LEHCEB). 

The electron-beam machine “RITM-SP” with an explosive-emission cathode and a plasma-filled diode 

generating the LEHCEB was employed in the work [8]. This machine is equipped with a magnetron sputtering 

system enabling formation of multicomponent surface alloys. The surface alloy was formed by repeating the 

operations of deposition of the Mo film on the Zr substrate and following LEHCEB irradiation. The surface 

alloy was formed at different NEEP energy densities, which resulted in different melt thicknesses and, 

consequently, different elemental and structural-phase compositions of the surface layer.  

The surface morphology, phase and elemental composition of the Mo-Zr surface alloys were analyzed, 

the microhardness and wear resistance were measured. For its characterization different techniques like SEM, 

XRD and others have been used. The elemental composition of both the surface and cross sections of the 

samples was analyzed by EDS analysis. The structure and properties of the synthesized Mo-Zr surface alloy 

was compared with witness-specimens, which is coatings but without LEHCEB treatment. 
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The state of affairs in the field of technology for the production of zirconium and its alloys is studied in 

a row of monographs, books and reviews, starting from the second half of the 20th century, for example [1, 2]. 

The methods of their production, properties, advantages and disadvantages, and the impact on properties of 

certain alloying elements are described in this works. One of the main alloying elements for zirconium alloys 

is chromium (Cr). 

This paper presents the results of testing the heat resistance of Cr-Zr surface alloys. Cr-Zr surface alloys 

are formed by deposition of Cr films onto Zr substrates, followed by pulsed melting with a low-energy high-

current electron beam. A comparison is made with the heat resistance of a Cr magnetron coating on a Zr 

substrate. 
The tests were carried out in a muffle furnace in an air atmosphere at a temperature of 953÷973 K. The 

heat resistance was evaluated by the weight gain of the samples, weighing was carried out after 1-3 hours. The 
duration of the tests was 10 hours. 

The effect of treatment with a low-energy high-current electron beam on the heat resistance of zirconium 

was not revealed in the work. 

It is shown in the work that in order to increase the heat resistance of Zr, it is necessary to form protective 

layers of pure chromium with a thickness of more than 2 μm. 
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Titanium-based composite powder materials are of great interest due to the unique properties resulting 

from the synergistic effect of combining the properties of structural elements. Despite a large number of 
studies in this area, the question of the influence of some complex components on the structural-phase 
composition and physical and mechanical characteristics of a titanium-based powder composite remains 
open. These components include oxides of both titanium itself and other metals (Al2O3, Fe2O3), with which 
titanium interacts well. In particular, the Al2O3 compound has temperature coefficients of linear expansion 
(TCLE) similar to titanium, which solves the problem of residual stresses during processing. In addition, the 
oxide phase in titanium composites can be present not only as an inert additive, but also participate in 
reduction reactions. This is especially important when considering the structure formation of a composite 
under conditions of nonequilibrium combined technologies associated with sintering and reduction reactions. 
The problem is aggravated by the lack of adequate models of technological joint processes of sintering and 
reduction, accompanied by complex physical and chemical phenomena in non-equilibrium conditions under 
high-energy exposure. The production process of composite materials and products under sintering 
conditions in various technological processes, including additive technologies, MIM, spark sintering, etc., 
consists of many interconnected physical and chemical phenomena (for example, the interaction of mass and 
heat transfer processes with a complex set of chemical reactions and the field of mechanical stresses 
generated by the change in composition). In this regard, the presented work allows us to expand the 
understanding of some points that are associated with the interaction of the components of titanium-based 
powder materials with oxide additives under reaction sintering conditions. In this work, we analyzed the 
results of reaction sintering of a titanium-based powder material containing aluminum and titanium dioxide 
as additives. Moreover, the ratio of titanium dioxide and aluminum was calculated in such a way as to ensure 
the expected reduction reaction (TiO2 + Al) → (Al2O3 + Ti) and the volume of possible synthesized oxide 
should not exceed 10%. To assess the effect of the mixing procedure in the formation of the structural-phase 
state, powder mixtures were prepared in two ways. The first way is simple mixing of all components for 4 
hours, followed by treatment in an activator for no more than 60 minutes. The second way is two-stage 
mixing, where first a mixture of aluminum and titanium dioxide was processed in an activator, then titanium 
powder was added, and mixing was continued in an axial mixer for 2 hours. Specimens with a residual 
porosity of 35-38% were pressed from the resulting mixtures for subsequent vacuum sintering under 
controlled heating conditions at a temperature of 1150°C with an exposure of 60 minutes. The sintering 
results showed that the mixing procedure is of great importance in realizing the reaction sintering and the 
reduction step. Preliminary mechanical activation of the pair (TiO2 + Al) did not fully guarantee the 
implementation of the reduction reaction, and after subsequent sintering, the titanium-based solid-solution 
phase dominated in the structure, where aluminum and oxygen were actually dissolved. Residual aluminum 
was also observed in small amounts (no more than 1%). On the other hand, as a result of the simultaneous 
mixing of all components, the transition of TiO2 to Ti2O occurred against the background of the formation of 
Al 2O3 and TiAl, which was insignificant in terms of volume. Thus, it was shown that the aluminothermic 
reduction reaction of titanium from TiO2 does not go to completion, but stops at the intermediate stage TiO2 
→ Ti2O.  
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Thermally coupled SHS processes make it possible to expand the range of materials produced by the 

SHS method. So, for example, the use of external heating of a low-exothermic or endothermic mixture with 
the help of a highly exothermic mixture makes it possible to obtain such valuable materials as WC, CrAlC, 
TiNi, etc. The method does not require sophisticated equipment, energy costs are negligible. Another 
advantage of the method is the possibility of obtaining functionally gradient materials, such as layers of 
metals and ceramics with high heat resistance and resistance to thermal shocks. 

The same method can be used to obtain multilayer coatings with different electrical conductivity in the 
layers. For example, if the lower layer is made dielectric and the upper layer is electrically conductive, then it 
will be possible to obtain flat electric heaters in one stage. Now this technology requires 6-8 stages with 
firing in high-temperature furnaces. 

The work is devoted to the study of processes occurring in a two-layer powder system Ni + Al/PbO2 + 
B + inert (glass + Al2O3). In which the Ni + Al mixture is a heat donor and serves to create an electrically 
conductive layer. A mixture of PbO2 + B + inert (glass + Al2O3) serves as both an acceptor and a heat donor. 
By changing the content of the inert component, one can control the temperature in the layer and set the 
chemical composition of the glass obtained during the reactions, which serves as an insulator. The 
temperature can also be controlled by changing the thickness of the Ni + Al layer. Thus, it is possible to 
choose the conditions for obtaining a reliable coating with a minimum thickness. 

To prepare the initial mixture (Ni + 31 wt. % Al), nickel PNK-L5 and aluminum ASD 4 were used. To 
obtain a dielectric coating, a mixture of PbO2 , boron, Al2O3, and glass powders was used. In this case, a 
mixture of PbO2 + B was prepared separately. The ratio of components was calculated in accordance with 
the reaction equation PbO2 + 2B = PbO + B2O3. As well as a mixture of 50 wt. % Al2O3 and 50 wt. % glass 
powder. A mixture of powders in the form of a suspension in isopropanol was applied to ceramic (VK 1, 98 
wt % Al2O3) or steel (St3) substrates through a stencil 0.5 thick; 1.1 and 1.6 mm. 

The temperature and propagation velocity of the reaction front were determined by the tarmocouple 
method, using multichannel optical sensors, and a high-speed video camera. X-ray phase analysis was 
carried out on a portable RIKOR diffractometer provided by the Tomsk Common Use Center of the Siberian 
Branch of the Russian Academy of Sciences. The coating microstructure was studied using an Axiovert 
optical microscope (Karl Zeiss, Germany). 

It has been established that an increase in the thickness of the Ni + Al layer leads to an increase in the 
temperature and velocity of the combustion wave front. A similar regularity is also observed with an increase 
in the content of the PbO2 + B mixture in the lower layer. In addition, an increase in the content of the PbO2 
+ B mixture in the lower layer leads to the expansion of the wave front in the Ni + Al layer due to heating 
from the exothermic reaction in the lower layer. An increase in the content of the PbO2 + B mixture leads not 
only to the melting of glass particles and the formation of a glass-ceramic coating, but also to the chemcal 
interaction between the components of the mixture with the formation of a homogeneous glass coating. The 
microstructure of the fracture of the coating indicates the formation of two layers: the upper NiAl and the 
lower glass-ceramic, firmly bonded to each other. 

Thus, in the course of the study, the possibility of obtaining a two-layer electrically conductive and 
dielectric coating by the SHS method was shown. The optimal ratios of the layer thicknesses and the 
composition of the powder mixture of the layers have been established. The addition of a PbO2 + B mixture 
to the lower layer makes it possible to reduce the thickness of the NiAl layer and ensure the formation of a 
uniform dielectric coating. 
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One of the most important predicted characteristics when modeling of temperature fields in targets 

irradiated with a pulsed electron beams is the melting threshold, i.e., the lowest value of the beam energy 

density at which the phase transformation of the material from the solid to the liquid phase occurs [1, 2]. For 

any homogeneous material, the melting threshold is a number. For the film-substrate system, this is already a 

functional dependence, since the film thickness d can vary (see Figure 1 [3]). It is clear that the substrate 

melting threshold gradually increases from the melting threshold of the homogeneous substrate material to 

infinity. The melting threshold of the film in the infinity tends to the melting threshold of the homogeneous 

film material. The relative positions of these curves can be different. They may [3] or may not [4] intersect, 

the melting threshold of the film may increase or decrease with increasing film thickness. All this depends on 

the ratio of the thermal properties of the film and substrate materials. 

The paper analyzes the influence of the thermal properties of the film and substrate materials on the 

behavior of the functional dependence "melting threshold - film thickness" during irradiation with a 

LEHCEB. It is concluded that the key role in the behavior of dependences is played by the difference 

between the thermal conductivities of the film and substrate materials. 

 

 

Fig.1. Melting thresholds of the film (1) and substrate (2) for the Cr (film)-Cu (substrate) system depending on the thickness of the 

Cr film.  
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INVESTIGATION OF THE INTERACTION OF TUNGSTEN BORIDE (W2B) WITH IRIDIUM* 

D.A. BANNYKH, A.V. UTKIN, V.V. LOZANOV, N.A. BAKLANOVA 

1Institute of Solid State Chemistry and Mechanochemistry SB RAS, Novosibirsk, Russia 
 
Interest in the study of ternary systems consisting of transition refractory metals and platinum group 

metals has grown significantly recently. Compounds in W-M-B systems (where M = platinum group metal) 
have a set of valuable properties, including high thermal and oxidative stability, high hardness, 
superconductivity, therefore they are in demand in various fields of modern materials science. Ternary 
boride systems based on tungsten and iridium are of particular interest, since iridium has a high melting point 
(2446 °C) and a low rate of recession in oxygen at temperatures above 2000 °C. 

The aim of this work is a physicochemical study of the interaction of iridium and tungsten boride W2B 
in the temperature range of 1000 – 1600 °C. 

To study the interaction, Ir/W2B diffusion pairs and mixtures of iridium powder and W2B were prepared 
in a molar ratio metals of 1:1 and 3:1, which were heated to a predetermined temperature in the range of 
1000 – 1600 °C in an inert atmosphere. The phase and elemental composition, as well as the morphology of 
the products were studied using X-ray phase analysis and electron scanning microscopy at various 
accelerating voltages. This made it possible to identify both heavy (W and Ir) and light (B) elements. 

Using XRD, it was found that the interaction between Ir and W2B becomes noticeable at 1100 °C, 
while IrB1.1, intermetallic compound of variable composition WxIr1-x and unreacted initial phases were 
detected. With an increase in temperature to 1200 °C and above, phases WxIr1-x (x = 0.33), W2Ir3B6-x, WB, 
IrB1.1 were detected in the products. In addition, reflexes are present in the radiographs that cannot be 
attributed to any known phase of the W-Ir-B system. The SEM/EDX data (Fig. 1) confirm the results of the 
XRD. In addition to the phases already mentioned, a double boride of the assumed composition W2Ir5B2 was 
detected using SEM/EDX. 

 
Fig.1. Mapping by cross–section elements of a powder mixture of iridium and tungsten boride (3:1) heated at 1600 °C:  

a – boron, b – tungsten, c – iridium.  

Thus, it is established that the phase composition of the products of interaction of iridium with tungsten 
boride (W2B) depends on the ratio of components and temperature. At elevated temperatures in the W-Ir-B 
system, when W2B interacts with iridium, along with iridium boride (IrB1.1) and intermetallic compound 
(WxIr1-x), WB and double borides are also formed. 
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 Institute of Strength Physics and Materials Science SB RAS, Tomsk, Russia 

 

Titanium-based composites are used in various industries due to their relatively low density, high 

strength and corrosion resistance. The possibility of using a large number of additional components in the 

form of both simple elements and compounds that significantly increase its functional and physical-

mechanical characteristics is widely used. One of the possible options for the creation of composites based 

on titanium is the use of reaction sintering, in the course of which the strengthening phase in the form of 

oxides is directly synthesized. If for relatively simple binary systems like Ti+Al the situation with the 

limiting physical and chemical stages is relatively clear, then when adding third-grade powders to the 

mixture, options that are not obvious at first glance are possible. Thus, in the Ti+Al+Fe2O3 system, 

depending on the percentage of powders, mixing conditions, and heating, different variants of mesovolumes 

can be distinguished in which the sequence of reactions and accompanying phenomena will lead to different 

phase composition. To analyze possible variants of events in reaction sintering conditions based on literature 

data, the following phase-formation models are considered under varying temperature conditions: 

Ti+Al (reactions in the melt). 

Ti+Al (diffusion couple, constant temperature, solid-phase process). 

Ti (melt)+Fe2O3 (solid). 

Al (melt)+Fe2O3 (solid). 

(Ti+Al) (melt)+Fe2O3 (solid). 

The main stages which can be expected under the experimental conditions are established. Particular 

models with moving interfaces are analyzed and the regularities for different temperatures and different rates 

of their change are analyzed. 

Variants of models of interaction of iron oxide particles with the melt, taking into account the role of 

wettability of the solid surface, are proposed. 
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THIN NITROGEN-CONTAINING TITANIUM COATINGS FORMATION ON THE PLLA 

SCAFFOLDS SURFACE BY REACTIVE MAGNETRON SPUTTERING IN N2 + Xe MIXTURES
*

P.V. Maryin, S.I. Tverdokhlebov 

 Tomsk Polytechnic University, 30 Lenin Avenue, Tomsk, Russian Federation 

For the bioresorbable scaffolds manufacture polymer of poly-L lactic acid  (PLLA) [1] are widely used, 
which are currently one of the most promising biodegradable materials [2]. However, their use for tissue 
engineering applications is limited by high surface hydrophobicity, which prevents cell adhesion and 
proliferation. One of the most promising modifying method of PLLA scaffolds surface and give them a high 

free energy of the surface is to apply thin nitrogen-containing titanium coatings (TiNxOy) via PVD  methods 
[3]. 

The reactive magnetron sputtering is the most universal method for TiNxOy coating depositions, since in 
wide range allows you to vary the composition of the operating gas, the target material, power on the power 
supply and other parameters. It is known that the working gas has a strong effect on the coefficient and 
sputtering rate, the ionization cross section, gas ionization energy and Penning effect [4]. Therefore, the use 
of jet and inert gases, as well as their mixtures, was the usual phenomenon for the formation of various 
TiNxOy coatings. On the other hand, the method of reactive magnetron sputtering allows you to process 

complex structures, such as polymer bioresorbisable PLLA scaffolds, as well as affect the sputtering rate and 
the chemical composition of the formed coatings 

In this paper, the results of PLLA scaffolds  surface modification the  by the method of reactive 
magnetron sputtering of the titanium target in the presence of a mixture of reactive nitrogen (N2) gas with a 
working xenon (Xe) gas are presented. As a result of such a process of modification on the surface of the 
PLLA of scaffolds, a thin nitrogen-containing titanium coating, represented by oxide and titanium 
oxynitrides of various stoichiometry, is formed. The modification process does not significantly affect the 

morphology of PLLA scaffold, and an increase in the wettability of the surface is observed. 
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Currently, silicides are widely used in various fields of science and technology for the implementation of 

special technological processes and the creation of materials with the necessary properties. Materials based on 

niobium silicides have been actively considered in recent years as a replacement for heat-resistant alloys in 

high-temperature structures, due to the highest melting temperatures and lower density than those of nickel-

based heat-resistant alloys in aviation technology. Silicides were chosen as the main material for the blades of 

high-pressure turbines. There are attempts to use niobium–silicon-based composites for the production of 

additives for additive technologies. The niobium–silicon system is considered a low-energy system and it is 

considered impossible to carry out self-propagating high-temperature synthesis without any preliminary 

preparation in the form of separate heating or mechanical activation. 

In this work, from powder mixtures Nb+37.7 wt. %Si (NbSi2) and Nb+15.36 wt. % Si (Nb5Si3) cylindrical 

samples with a diameter of 12 mm, a weight of 5 g and a height of 14.5 and 11 mm, respectively, were formed 

by unilateral pressing. The initial reagents were powders Nb (particle size less than 40 microns) and Si (particle 

size less than 20 microns) with a frequency of at least 99.9%. Hollow cylinders with a diameter of 30 mm, a 

mass of 20 g and a height of 15 mm were formed from the powder mixture Ti+0.6 Si. Cylindrical holes with 

a diameter of 12.2 mm were formed along the axis of the samples, into which samples from a mixture of Nb 

and Si were placed. Control of the gorenje temperature Nb c Si used tungsten-rhenium thermocouples with a 

junction diameter of 100 microns. Thermocouples were placed to a depth of 3 mm from the lower end of the 

samples. The synthesis was carried out in an argon medium at a pressure of 1 atm. The initiation of gorenje 

samples from a mixture of Ti+ 0.6Si was carried out by a heated tungsten spiral from the upper end. 

As a result of the experiments carried out, it was possible to carry out self-propagating high-temperature 

synthesis and obtain synthesized niobium silicides. The reaction products were easily daubed samples, the 

composition of which, according to X-ray phase and X-ray structural analysis, corresponds to single-phase 

products NbSi2 and Nb5Si3 of hexagonal structure. The analysis of the structure by X-ray phase and 

microanalysis of the obtained products showed the formation of single-phase products NbSi2 and Nb5Si3 

hexagonal structure. 
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10/4 Akademichesky Pr., Tomsk, 634055, Russia 

 
The paper investigates the possibility of synthesis of nanosized magnetite powder by mechanochemical 

activation without the addition of the inert diluent NaCl to the reaction mixture. Physical and chemical 
properties of the product obtained are also investigated. 

Magnetite nanopowder was prepared according to the reaction: 
FeSO4

.7H2O + 2FeCl3 + 8NaOH = Fe3O4 + Na2SО4 + 6NaCl + 11H2O 
The synthesis was performed in an APF-3 planetary mill (60 g acceleration) with a steel ball (d=5 mm)-

to-powder weight ratio equal to 20:1. Samples were obtained at activation times of 30 s, 1, 2.5 and 5 min. 
The phase composition, morphology, dispersion, and structure of the synthesized powders were studied by 
X-ray diffraction analysis, and their specific surface was measured. Intermediate compounds formed on the 
surface of the particles during the reaction were studied by infrared spectroscopy.  
 X-ray diffraction analysis of the powders showed the pronounced reflections of the reaction products 
(sodium chloride and Disodium tetraaquabis(sulfato)iron(II) [FeNa2(SO4)2(H2O)4]) on the X-ray diffraction 
pattern after 30 s activation of the reaction mixture [1]. This confirms an exchange reaction in the activator, 
and one of the reaction products immediately crystallizes. According to the data obtained, the washing of 
powders after mechanical activation leads to the destruction of Disodium tetraaquabis(sulfato)iron(II) and 
the formation of magnetite and hematite phases. X-ray spectra show a certain amount of substance in the X-
ray amorphous state. 

The specific surface of magnetite powders changes nonlinearly with increasing the activation time (Table 
1). During the first minute, the specific surface of the powder sharply increases up to 115 m2/g and then 
decreases to 103 m2/g. This fact is likely to be related to the processes of disordering and aggregation of 
particles in the milling device under intense plastic deformation (impact, friction). Further intense treatment 
leads to disaggregation of the powder and the increase in the specific surface at 5 min mechanical activation. 
As shown in [2], the specific surface of magnetite powder synthesized at 30 min activation is 150 m2/g. 

 
Table 1. Specific surface and average particle size of magnetite powders 
 

τ activation Sspec, m
2/g D, nm 

30 s 115 9.9 

1 min 168 6.8 

2.5 min 103 11.1 

5 min 132 8.7 

 
A comparison of the infrared spectra of magnetite powders synthesized at different activation times 

shows the presence of goethite (-FeOOH) on the surface, which is indirect evidence of the participation of 
crystallization water of the initial compound FeSO4

.7H2O in the synthesis reaction. 
The results show that a change in the synthesis procedure as compared to that presented in [2], namely, 

mechanochemical activation in the absence of the inert diluent NaCl, leads to obtaining magnetite 
nanoparticles with an average particle size of 8 nm with a large specific surface. 
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10/4 Akademichesky Pr., Tomsk, 634055, Russia 

 
The paper discusses the application of magnetite nanopowders obtained by mechanochemical 

synthesis for sorption of oil spilled in water, in particular, the sorption of mineral oil (MBP grade, GOST 
1805-76). 

Mechanochemical synthesis of magnetite nanopowders was performed according to the reaction: 
FeSO4

.7H2O + 2FeCl3
.6H2O + 8NaOH = Fe3O4 + Na2SО4 + 6NaCl + 23H2O 

Powders were synthesized in an AGO-3 planetary mill (60 g acceleration) for 30 min with a ratio of 
the reaction mixture to the inert component sodium chloride equal to 1:2.  

The experimental procedure for studying the ability of magnetite nanopowders to sorb mineral oil on 
the water surface corresponds to [1]. Magnetite particles were removed from the surface using a magnet. 

The gravimetric method and thermogravimetric studies were used to assess the ability of magnetite 
nanopowders to sorb mineral oil. The amount of oil was determined on VK-600 electronic scales with an 
accuracy of 0.01 g, measuring the mass of oil with pre-weighed magnetite nanopowder after its removal 
from the aqueous medium. It was found that the magnetite nanopowder sorb about 42 wt % of mineral oil. 

According to thermogravimetry, magnetite nanopowders concentrate a significant amount of oil (Fig. 
1). The oil combustion occurs in the range from 250 to 420 0C with intensive heat emission (exothermic peak 
at 379 0C). The exothermic effect in this temperature range corresponds to a large mass loss on the TG curve 
(Fig. 1), which determines the amount of oil retained by the nanopowder. 

 

 
 

Figure 1. Thermogravimetric analysis of magnetite nanopowder with sorbed mineral oil. 
 
The results showed the possibility of using ferrimagnetic nanopowders obtained by 

mechanochemical synthesis as materials for the sorption of oil products. It is known that for nanosized 
particles the surface area-to-volume ratio is very high, and the agglomeration process is thermodynamically 
favorable. It can be assumed that mineral oil is sorbed by weakly bonded agglomerates of magnetite particles 
with large porous space, which traps mineral oil under the action of capillary forces. 

 

REFERENCES 

V. Mironov, V. Zemchenkov, V. Lapkovskiy, Yu. Trays, V., Ecological Bulletin of Research Centers of the Black Sea Economic Cooperation, № 1. 
P. 32, 2013. 

EFRE 2022: 5th International Conference on New Materials and High Technologies 
Nonisothermal synthesis, functional materials and coatings 

–––––––––––––––––––––––––––––––––––––––––––––––   N1-P-925902   –––––––––––––––––––––––––––––––––––––––––––––––

503



1
SYNCHROTRON	X-RAY	DIFFRACTION	ANALYSIS	OF	STRUCTURAL	AND	PHASE

EVOLUTION	AT	THE	INTERFACE	OF	METALS
SYNCHROTRON	X-RAY	DIFFRACTION	ANALYSIS	OF	STRUCTURAL	AND	PHASE

EVOLUTION	AT	THE	INTERFACE	OF	METALS1

,	I.A.	BATAEVK.I.	EMURLAEVK.I.	EMURLAEV,	I.A.	BATAEV

Novosibirsk	State	Technical	University,	Novosibirsk,	RussiaNovosibirsk	State	Technical	University,	Novosibirsk,	Russia

Wear	processes	are	of	special	interest	both	in	scientific	and	practical	terms.	This	is	due	to	the	enormous
energy	costs	of	overcoming	friction	forces	as	well	as	 the	regular	 failure	of	products	and	friction	units	as	a
result	of	wear	[1,	2].	The	only	way	to	avoid	wear	is	to	eliminate	direct	contact	between	the	rubbing	pair.	For
this	purpose,	lubricants	are	usually	introduced	into	the	friction	units.	However,	they	don’t	always	completely
eliminate	the	problem	of	wear	during	operation,	since	there	may	appear	zones	working	under	of	boundary	or
even	dry	friction	conditions.	Therefore,	understanding	the	processes	of	structural	transformations	that	occur
directly	during	friction	is	extremely	important,	especially	if	one	consider	that	dry	friction	is	an	inevitable	and
even	desirable	phenomenon	in	a	number	of	units,	for	instance,	in	braking	systems.
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	approach	to	control	the	structure	of
materials	 has	 been	 proposed	 at	 Novosibirsk	 State	 Technical	 University	 (NSTU).	 The	 scheme	 of	 the
experiment	is	shown	in	Figure	1	and	described	in	[4,	5].
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Synchrotron	 X-ray	 diffraction	 technique	 is	 a	 promising	 way	 to	 analyze	 structural	 and	 phase
transformations	 in	materials.	High	brilliance	of	 the	 synchrotron	 radiation,	many	orders	of	magnitude	more
than	 with	 X-rays	 produced	 in	 conventional	 X-ray	 tubes,	 provides	 a	 high	 spatio-temporal	 resolution	 and
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	observation	of	friction-induced	structural	changes	using	synchrotron	X-ray	diffraction:	1	–	the
pin;	2,	3	–	the	incident	and	diffracted	radiation,	respectively;	4	–	the	disk-like	sample;	5	–	the	rotation	direction;	6	–	the	flat	detector;

(b)	the	scheme	of	grazing	incidence	geometry;	(c)	the	footprint	of	the	beam	on	the	work	surface.	

operandoFig.1.	(a)	The	scheme	of	the	Fig.1.	(a)	The	scheme	of	the	operando	observation	of	friction-induced	structural	changes	using	synchrotron	X-ray	diffraction:	1	–	the
pin;	2,	3	–	the	incident	and	diffracted	radiation,	respectively;	4	–	the	disk-like	sample;	5	–	the	rotation	direction;	6	–	the	flat	detector;

(b)	the	scheme	of	grazing	incidence	geometry;	(c)	the	footprint	of	the	beam	on	the	work	surface.	

The	results	and	features	of	the	experiment	will	be	presented	during	the	report.	The	research	was	carried
out	at	the	ID13	beamline	at	the	European	Synchrotron	Radiation	Facility	(France).
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DEVELOPMENT OF MATERIAL BASED ON NANOSTRUCTURED Cu-Nb ALLOY  
FOR HIGH MAGNETIC FIELD COILS* 

E.Yu. ZAYTSEV1, A.V. SPIRIN1, V.I. KRUTIKOV1, S.N. PARANIN1, S.V. ZAYATS1, A.S. KAIGORODOV1, A.V. KEBETS2 
1Institute of Electrophysics UB RAS, Ekaterinburg, Russia 

2Physical-Technical Institute NASB, Minsk, Belarus 
 
The nanostructured Cu-Nb composite, characterized by high conductivity and tensile strength, is a 

candidate material for the development of tool coils (inductors) for magnetic pulse processing technologies 
exploiting high, 30–50 T, magnetic fields (HMF) of 10–100 µs in duration. Using it in the form of a wire, 
reliable 70 T multi-turn pulsed magnets of subsecond pulse duration are being developed [1], but it was not 
studied under the generation of microsecond HMFs due to the availability as a wire only. The aim of this 
work is to produce a material based on Cu-Nb alloy by powder approach, to study the effect of TiC addition 
on electrical, mechanical, structural properties and the behavior of the materials, including layered structures 
on their basis [2], under the generation of 40 T magnetic field as compared to commercial wire. 

Cu-18% Nb commercial wire 0.15–0.18 mm in dia obtained by “melting and drawing” technique [3] 
(50% IACS, 1.57 GPa UTS, Nanoelectro LLC Company) was used as a raw material to obtain a powder with 
particles 20–64 µm in size by ball milling the wire in petrol. To form the layered structures with layers that 
differed in resistivity TiC was added to the base Cu-Nb powder (BP) in amount 10–20 vol.% through a ball 
milling. As-milled powders after vacuum annealing at 500°C were then pressed by magnetic pulsed 
compaction (MPC) in evacuated and preheated to 430°C mold at a pressure pulse of 1–1.3 GPa. Annealing in 
vacuum for 1 h at temperatures up to 850°C was performed to study its effect on materials density, 
conductivity, structural characteristics, and mechanical properties.  

For testing the materials in HMFs, some samples of 32 mm in dia, including the sample with bi-layer 
structure (Fig. 1a), were cut into bars having a cross-section 2×8 mm close to that of commercial Cu-18%Nb 
multicore rectangular wire of the same manufacturer. It was done to compare the commercial and lab 
materials in close conditions. The bars cut of the pellets and commercial wire were the brazed parts of a 
duplex field shaper (DFS, Fig. 1b) which was placed inside a capacitor-driven single-turn inductor. The 
testing conditions were: peak magnetic field – 40 T, half-period – 15 µs, discharged peak current – 540 kA. 

The results. Generally, the powder samples were more hardened and thermally stable then initial wire. 
Addition of TiC particles resulted in increasing both the composite microhardness and resistivity, and the 
lowering the tensile strength at the same time. As expected, the powder samples were inferior in some 
performance to commercial wire. However, such an approach is considered to be acceptable for producing 
the massive articles of complex shape like field shapers. Under the generation of 40 T magnetic field, the 
powder samples exhibited a comparable to commercial wire lifetime, about 100 pulses (Fig. 1c). 

    
Fig. 1. Cross section of bi-layer structure (a), one part of duplex DFS with brazed sample (b), and (c) view of powder sample surface 

after 100 pulses of HMF (left – high-field working surface, right – side view)  
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LIFETIME ASSESSMENT OF RADIANT BURNERS MADE OF SHS-INTERMETALLICS* 

A. MAZNOY 

Tomsk Scientific Center SB RAS, 10/4 Akademicheskii pr., Tomsk, 634055, Russia, maznoy_a@mail.ru, +79234124765 

 

During the last decade, thin-shell radiant burners [1] made of porous SHS-intermetallics [2] have been 

developing in TSC SB RAS. Low oxidation resistance is a barrier to the successful commercialization of the 

burners. My presentation will be focused on recent results and prospects for the high-temperature oxidation 

resistance of porous Ni-Al-Cr intermetallics. The first results have shown that porous SHS-intermetallics with 

spheroidal elements of 1-2 mm in diameter can work for one year or more at 1000-1100 ℃ (Fig.1). 
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Fig.1. Arrhenius diagrams of kp vs 10000/T for oxidation of SHS-porous alloys. Lines are literature data: 1 – NiO scale over Ni [3], 

2 – pure Ni3Al [4], 3 – Ni-11.8wt.%Al alloy [3], 4 – pure Ni3Al [5], 5 – IC221M alloy (Ni3Al + Cr-Zr-Mo-B) [6], 

6 – nanocrystaline Ni3Al made by MA & SPS [7], 7 – powder-metallurgical Ni3Al [8], 8 – pure Ni3Al [3], 

9 – α-Al2O3 scale over B2-NiAl or NiAl-Cr [9], 10 – porous NiAl [10]. 
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OBTAINING OF Β-SIALON BY SHS FROM ALUMINUM FERROSILICON WITH THE 

ADDITION OF MARSHALITE 

A. A. REGER1, K. A. BOLGARU1, A. A. AKULINKIN1 

1Tomsk Scientific Center of the Siberian Branch of the Russian Academy of Sciences, Tomsk, Russia 

 

Sialon is a material with unique physical and chemical properties. This material due to its properties has 

a wide range of applications [1, 2]. Self-propagating high-temperature synthesis (SHS) is the appropriate 

method to produce sialon and materials based on it due to the short synthesis time, energy efficiency, 

environmental friendliness, and simple equipment [3, 4]. 

Despite the advantages of the SHS method, its application in industry was limited by the high cost of 

starting materials. The use of ferroalloys in SHS processes reduced the cost of the products obtained and 

shifted this method from the laboratory to the large-scale industrial level [5]. 

The goal of this work is to obtain a sialon-based material from a mixture of aluminum ferrosilicon -

based powders and marshalite in the combustion mode.  

In [1] it was shown that the optimal composition of aluminum ferrosilicon and marshalite is 90:10 wt. 

%. However, the products obtained by combustion of this composition, according to X-ray diffraction, 

contained iron silicide phases. The presence of silicidal phases indicates an incomplete nitriding reaction. 

In order to increase the yield of sialonic phase in the synthesized products, pre-nitrated product and 

gasifying additive, ammonium fluoride, were added to the mixture of aluminum ferrosilicon and 10 wt. % 

marshalite. The addition of a pre-nitrated product up to 30 wt. % reduced the intensity of iron silicide 

reflexes (Fig. 1a). The addition of a pre-nitrated product more than 30 wt. % makes the combustion reaction 

impossible. After the addition of 1 wt. % ammonium fluoride, silicide phase reflexes are not observed (Fig. 

1c). Figure 2 shows a picture of the nitrated sample. 

 

 
 

Fig.1. X-ray diffraction patterns of the mixture of aluminum 

ferrosilicon and marshalite with addition of nitrided product 

and NH4F (a– 0, b – 0.5, c – 1, d – 1.5 мас. % NH4F; 1 – β-

SiAlON, 2 – α-Fe, 3 – FexSiy).  

 

Fig.2. Picture of the nitrated mixture of aluminum ferrosilicon, 

marshalite, nitrated product, and ammonium fluoride. 

 

Thus, the maximum yield of the sialon phase (87 wt%) was obtained from a mixture of powders based 

on aluminum ferrosilicon and marshalite by the SHS method. 
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STRUCTURED MULTILAYERED COMPOSITE MATERIALS BY SHS METHOD: 
EXPERIMENTAL STUDY* 

O.K. KAMYNINA1, S.G. VADCHENKO2, I.D. KOVALEV2, D.V. PROKHOROV1 

1ISSP RAS, Chernogolovka, Russia 
2ISMAN, Chernogolovka, Russia 

 
Design of materials that combine properties of ceramics and metals, such as hardness, strength, heat 

resistance, high-temperature strength, wear resistance, and ductility is a popular trend in materials research 
and design. Layered composite materials (cermets) that combine the properties of metals (ductility, heat 
resistance, and thermal conductivity) and ceramics (hardness, corrosion resistance, high-temperature 
strength, and low thermal conductivity) find wide application in different areas of aerospace industry, 
mechanical engineering, power engineering, etc. Meanwhile, the fabrication of multilayer composite 
materials encounters serious difficulties caused by strongly different mechanochemical parameters of metals 
and ceramics to be joined. Joining of metals with ceramic is a complicate issue due to strongly difficult 
physical properties of these dissimilar materials. The quality of joining is governed by the following two 
factors: (a) the fit of thermal expansion and (b) the formation of undesired interfacial layers [1]. The problem 
of joining dissimilar materials still remains to be of current importance despite of huge number of 
publications in the field.  

Self-propagating high-temperature synthesis (SHS) is a advance technique for the synthesis of materials 
and deposition of coatings which is attractive due to a wide range of suitable reagents, relatively simple 
facilities, and high combustion temperatures developed during combustion reaction [2]. SHS method was 
found applicable to joining such dissimilar materials as ceramics, metals, and carbon materials [3].  

In this work, we report on the SHS-assisted joining between Ti, Hf, Ta foils and ceramic layers SHS-
produced in situ from reactive Ti–B, Ti–C, and Ti–Si tapes. According to [4], the reactive cold-rolled Ti–B 
tapes 100–300 m thick are capable of rapid burning at a high rate of heat release. The choice of individual 
layers for compiling green sandwich-like multilayer assemblies was done with due regard for key 
thermophysical parameters of foils and rolled reactive tapes. The samples comprised of metal foils and 
reactive ceramic-generating tapes were ignited in a combustion chamber under Ar. The combustion process 
was monitored with set of thermocouples. Combustion-synthesized composites were characterized by SEM, 
EDX and XRD. Thermomechanical behavior of synthesized samples was determined by three-point loading 
at 25°C and 1100°C under Ar using a modified testing machine Instron-1195. 

Lightweight Ti–Hf–ceramic and Ti–Hf–Ta–ceramic layered composite platelets 2–3 mm thick can be 
prepared via a short-term (around 0.2–0.6 s) combustion of preliminary sandwich-like stacks of metal foils 
and reactive tapes. Good joining of Ti with Hf and Ta was achieved due to SHS reactions in reactive tapes 
yielding ceramics and reaction heat. Layered composite material is formed as a result of mutual 
impregnation, interdiffusion, and chemical reactions. In contrast to the technique of ceramic–metal diffusion 
bonding, our combustion-aided process affords for joining dissimilar materials in short processing time 
without using complicate facilities. Good joining between metals and ceramics is reached due to the 
formation of interfacial layers in the form of cermets and eutectic solutions.  
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OSCILLATORY FLAME INSTABILITY IN POROUS MEDIA* 

I.A. YAKOVLEV1 
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Porous media combustion (PMC) is of great interest for last decade due to specific advantages such as 

enhanced flammability range, low pollutant emission and improved flame stability in contrast to free-flame 
burners [1]. Global course to emission reduction of greenhouse gases and fuel saving prompts to use lean 
mixtures in burner devices down to lean limit. Intense heat recuperation in PMC allows extremely decrease 
fuel concentration in combustible mixture till φ ≈ 0.15 [2]. However, some types of flame instabilities can 
develop under such conditions. 

In this study a pore-scale numerical simulation of the flame behavior in two-dimensional randomly-
backed bed of circle particles (7 mm in diameter) has been performed for methane-air mixture. The 
computational domain consisted of fluid and solid regions. Mathematical problem statement, based on the 
finite volume method, described the fluid flow in the interstitial space with chemical reaction, thermal 
conductivity of the solid particles as well as conjugate heat transfer and radiation. Full problem statement can 
be found in [3]. 

The combustion wave propagates upstream with velocity of ~0.01 mm/s. During that fragments of the 
flame front oscillates with frequency of ~50 Hz. Figure 1a shows the temperature contour at the case when 
the macroscopic wave reaches center section of the domain. 

 
Fig.1. Temperature distribution (a) and flame front behavior in pore channel (b).  

At pore scale the flame front propagation is a repeatable process of mixture ignition, upstream flame 
propagation, thermal quenching and filling the channel with fresh mixture. These stages are similar with the 
unstable flames with repetitive extinction and ignition (FREI), observed in microchannels with external 
heating [4]. Considering the significant tortuosity of the pore channels with temperature gradient as a result 
of heat recuperation mechanism, the mechanisms are identical. In contrast to straight channels that flame 
front fragments in adjacent connected channels can influence each other hydrodynamically (pulsations of the 
pressure and flow rate) and thermally. In microchannels some transitional regimes without full flame 
extinction have been observed. In this study small oscillations with frequency from 150–300 Hz have been 
predicted numerically for the case with small particles diameter of 1.5–2 mm.  
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One of the features of the synthesis of ceramic materials in the combustion mode of gasless powder 
compacts is the melting and spreading of one or more components of a heterogeneous system in a matrix of 

refractory components and reaction products [1]. The thermocapillary mechanism of melt flow is due to the 

action of surface tension forces in a porous medium. "Abnormal" dependences of the combustion rate on the 
particle size of titanium for Ti+Si and Ti+Fe powder systems have been experimentally obtained [2-3]. The 

convective mechanism of mixing of system components takes place along with a diffusion and capillary 

mass transfer. The melting of the reagent and the wetting of the refractory component of the mixture by the 
melt increases the heat release rate and raises the temperature in the combustion front.  

In this work, we consider a combustion mathematical model for a binary mixture, one of the 

components of which is a fusible metal. Let a system under consideration be formed by three interpenetrating 

continua – high-melting reagent А, low-melting reagent B, and pores. The reaction scheme can be 

represented as 1 2st A(solid) st B(solid,liquid) P(solid)  , where st1 and st2 stand for respective 

stoichiometric coefficients. The mathematical model of the combustion process is described in the work [4]. 
In this work, we take into account the change in the reaction rate with the appearance of a liquid phase.  

The typical dynamics of porosity formation in non-stationary combustion mode is shown in Figure 1. 

The main goal of solving the problem was to calculate the burning rate of the binary mixture A + B, as the 
main integral characteristic of high-temperature synthesis.  

 

 

Fig.1. Distributions of porosity in non-stationary combustion mode with an excess of component B (initial porosity – m0= 0.4).  

The calculated dependences of the burning rate on the initial porosity are in qualitative agreement with 

the experimental data.  

REFERENCES 

[1] A.I. Kirdyashkin, V.D. Kitler, V.G. Salamatov, R.A. Yusupov, Yu.M. Maksimov, “Specific features of structural dynamics of high-temperature 

metallothermal processes with the FeO-Al-Al2O3 system as an example”, Combust. Explos. Shock Waves., vol. 44, no. 1, pp. 71–75, 2008. 

[2] Yu.M. Maksimov, A.I. Kirdyashkin, M.Kh. Ziatdinov, V.D. Kitler, “Interphase convection in the contact interaction of metals under non-
isothermal conditions”, Combust. Explos. Shock Waves., vol. 36, no. 4, pp. 462–469, 2000. 

[3] A.I. Kirdyashkin, V.D. Kitler, V.G. Salamatov, R.A.Yusupov, Yu.M. Maksimov, ‘Capillary hydrodynamic phenomena in gas-free combustion”, 

Combust. Explos. Shock Waves., vol. 43, no. 6, pp. 645–653, 2007. 

[4] O.V. Lapshin, V.G. Prokof’ev, “Combustion of gasless systems: thermocapillary convection of metal melt”, Intern. J. of SHS,  vol.30, no. 3, pp. 
127-131, 2021.  

EFRE 2022: 5th International Conference on New Materials and High Technologies 
Combustion: fundamentals and applications 

–––––––––––––––––––––––––––––––––––––––––––––––   N2-O-024303   –––––––––––––––––––––––––––––––––––––––––––––––

510



A DEVOLATILIZATION PROCESS OF BROWN COAL DURING HEATING UNDER 

DIFFERENT CONDITIONS 

A. PONOMAREVA1,2, E. KOROSTYLEVA1, V. SITNIKOVA1 

1 Saint-Petersburg National Research University of Information Technologies, Mechanics and Optics, Saint-Petersburg, Russia 
2Far Eastern Federal University, Vladivostok, Russia 

 

The devolatilization process is referred to the release of gaseous fuel components during heating of solid 

fuels. This process is a key characteristic of the combustion of solid fuels [1]. The volatiles burn much more 

rapidly than the remaining char particles and therefore are important for flame ignition and stability and play 

an important role in gas pollution formation. On the other hand, at the same time the water evaporation occurs 

that can delay the ignition of solid fuel [2]. Moreover, the devolatilization process determines how much char 

remains to be burned as well as the physical characteristics of the resulting char, with subsequent impacts on 

the char combustion properties [1]. In this work, the methods of infrared spectroscopy of disturbed total 

internal reflection were used to study the change in the chemical structure of fine particles of brown coal during 

heat treatment in an air atmosphere and with a limited presence of air. Deconvolution methods for the IR 

spectra of samples made it possible to clarify information on the structure and chemical bonds in brown coal, 

including in the range of О–Н vibrations. 
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Fig.1. TG and DTG curves of brown coal samples in nitrogen-oxygen atmosphere (Numbers indicate the nitrogen/oxygen flow 

rates.).  

Non-isothermal thermogravimetry (TG) was applied for determining chemical kinetic parameters in coal 

combustion. Activation energy and the pre-exponential factor were determined considering first order 

Arrhenius' kinetics. The pyrolysis experiments for coal samples were performed on Thermo-Gravimetric 

Analyzer (TG 209 F1 Libra, NETZSCH). In a typical run, 5±0.2 mg samples were used to carry out 

experiments at the heating rates of 10, 15, 20 K/min in the temperature range of 25°C to 900°C in a N2 

atmosphere (99.99% pure) at a constant flow rate of 50 mL/min. Before each experiment, the sample was 

further ground to a smaller size to eliminate the influence of thermal effects on the TG measurements. In the 

combustion experiments synthetic air atmospheres were used. To investigate the oxidation process, 

measurements were carried out in an air atmosphere with different oxygen contents (0, 6, 10, 14, and 20%) at 

a heating rate of 10 K/min and at a constant flow rate of 50 mL/min. 

The study of changes in the chemical composition of coal particles during heat treatment is relevant and 

interesting for mathematical models’ development to describe the combustion of organic solid-phase fuels and 

multifuels systems. Moreover, it could be useful for a deeper understanding of the conditions for fabricating 

coal-based sorbents with improved properties. 

 
This work was supported financially by the Ministry of Science and Higher Education of the Russian Federation 
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UTILIZATION OF SYNGAS-FUELED ROTARY ENGINE FOR REMOTE POWER 

GENERATION* 

S.D. ZAMBALOV1 

1Tomsk Scientific Center SB RAS, Tomsk, Russian Federation 

 

Reciprocating internal combustion engines represent well-established technology of syngas utilization 

for decentralized energy generation [1,2]. In this study the possibilities of the rotary engine fueled by syngas, 

produced on a large scale from various feedstocks by mature technologies were investigated. The four 

technologies of syngas production were chosen in order to understand the suitability of syngas in rotary 

engines. The catalytic steam methane reforming (Syn 1) and non-catalytic partial oxidation (Syn 3) are 

considered since the natural gas is the dominant feedstock for the industrial production of syngas. The 

syngases produced from biomass (Syn 4) and coal (Syn 2) through gasification are also investigated. The 

three-dimensional simulation of working progress in the engine was based on the finite volume method. 

The temperature distribution in combustion chamber for different fuels at stoichiometric conditions was 

shown in Fig. 1. The common complex structure with asymmetric large-scale vortex near to the side housing 

of the engine (green lines) can be revealed. 

 

Fig.1. Temperature distributions in combustion chamber of rotary engine.  

It was shown that employment of syngas in the energy sector could provide a solid basis for a circular 

self-sustaining economy and have important social and economic implications. The rotary engine with Syn 1 

is expected to have high power characteristics due to high hydrogen concentration, as well as the possible 

NOX emission due to high combustion temperature. The engine performance fueled by Syn 2 is expected 

lower in comparison with Syn 1 fueling as a consequence of lower hydrogen content. Also, the carbon 

dioxide dilution can result in high CO2 emission compared to other syngas types. The syngases produced 

with an air gasifying agent are expected to provide similar power and emission characteristics. Nitrogen 

addition and lower H2 concentration in syngas produced from natural gas by non-catalytic partial oxidation 

and syngas produced by biomass gasification have an inhibiting effect on efficiency with a drastic decrease 

at lean conditions. 

The use of syngas in a rotary engine can be considered as a valid method of electricity, power and heat 

production. The choice of appropriate production technology depends on the local availability of resources 

without excessive transportation costs. Syngas power generation system can provide environmental 

sustainability to the industry and reduce the external demand of energy carriers. The results of this work can 

be useful for further optimization to work with various types of syngas. 
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ANALYSIS OF COMBUSTION, PERFORMANCE AND EMISSIONS OF SYNGAS-FUELED 

ROTARY ENGINE WITH DUAL INJECTION* 

S.D. ZAMBALOV1 

1Tomsk Scientific Center SB RAS, Tomsk, Russian Federation 

 

Synthesis gas (syngas) can be considered as a potential replacement of fossil fuels in transportation and 

energy production sector [1]. Reciprocating internal combustion engines represent well-known technology of 

syngas application. The promising technology for efficient utilization of syngas is dual injection that 

comprise advantages of port fuel injection and direct injection [2]. In this study syngas of 50% H2: 50% CO2 

by volume is considered as a main fuel for rotary engine. The three-dimensional simulation of the air-fuel 

mixture formation and combustion processes in the rotary engine was based on the finite volume method. 

The engine configuration with proposed fuel injection system was shown in Fig. 1. The location of the 

injector was adapted from research works devoted to investigation of the port fuel injections and direct 

injections in rotary engines [3,4] 

 

Fig.1. Rotary engine with dual injection system.  

The use of dual injection system in a rotary engine can be considered as an effective and efficient 

method to use syngas in rotary engine with spark ignition. The dual injection technology provide flexibility 

in the control of air-fuel mixture formation process. The results of this work can be useful for further 

optimization of the rotary engine. 
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Chemical Master Equation (CME) approach can be efficiently used to evaluate rate coefficients of 

elementary chemical reactions on the level of molecular dynamics [1]. However, conventional methods to 

handle this problem especially for multi-well systems remain rather empirical and are computationally 

demanding [2]. The conventional method leads to a coupled linear but highly dimensional systems of 

equations, which are employed to delineate estimations for elementary reactions rates [2,3]. 

In this study a quasi-spectral method to integrate single-, multi-well CMEs systems will be presented 

[3]. For given reactions system CMEs are integrated such that the evolution over the whole energy range of 

entire populations of the species involved can be determined. The latter can be used to define the rates of 

elementary reactions in a systematic manner. We present a method to estimate reaction rate constants by 

solving inverse problem for rates of a phenomenological model. The suggested approach is illustrated by the 

problem of the allene isomerization into propyne through cylcopropene. The comparison of the conventional 

method and the proposed method will be presented demonstrating performance and to validate the suggested 

approach to compute the chemical reaction rates. 

  

Fig.1. Left: Schematic potential energy diagram of the allene-propyne isomerization; Right: Comparison of the alyne decomposition 

rate for different pressures as function if the initial temperatures. 

Figure 1 on the left shows schematically the energy wells for allene, propyne and cylcopropene 

correspondingly. The reaction rates are computed by using the detailed solution of the CME [3,4]. The 

detailed solution of the species population over energies evolving in time [4] is then used to estimate the 

kinetic parameters of the phenomenological model. The latter is applied to describe the concentration (mass 

of the population) evolving in time. This way the results of the detailed evolution are fitted to the mode 

which is based on the mass action and Arrhenius laws. The rates of these elementary reactions are compared 

to experiments and shown on the right of Fig. 1. 
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Experimental studies of low stretched flames require the microgravity conditions due to the significant 

effect of natural convection on the flame. This restriction forces the use of expensive experimental facilities. 

In recent studies [1, 2], an experimental setup allowing to reduce the natural convection effect on flame was 

proposed and it makes possible study low stretched flames under normal gravity conditions. The 

countercurrent flames in these papers were stabilized inside a flat microchannel. In present study, we 

proposed an experimental setup to study a low stretched flame stabilized near heated wall. The aim of the 

work was to establish the effect of a heated wall on the normal speed and flame extinction limit. 

A lean (ϕ=0.6 and ϕ=0.7) methane-air stretched flames were investigated in experiment. The stretch 

rate was determined as the ratio of fresh mixture velocity at the burner outlet to the distance from the edge of 

the burner and heated wall. The average temperature along the heated wall was 1000±20 K and 1200±25 K, 

respectively. Location of the flame front was determined by averaging of blue signal peaks along the flame 

front line at a distance of ±1 cm from the burner's symmetry axis. For each experimental point, five images 

were taken, the data from which were averaged and the corresponding errors were determined. 

 

Fig.1. Dependency of flame location on stretch rate for different equivalence ratios and wall temperatures 

Fig. 1 shows the dependences of flame front location on stretch rate obtained from the experiment. The 

experimental data clearly shows that a decreasing the wall temperature leads to a narrowing of the flame 

extinction limit. In addition, the experiment shows a significant difference from works [3, 4], in which the 

distance between the flames tended to zero and there was a critical value of stretch rate at which the flames 

collapsed. One of the explanations of this phenomena may be the fact that the selected wall temperatures 

were “relatively” low, and thus an additional heat loss from the reaction zone appeared in the system, which 

led to early quenching. 
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COMPONENT* 
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The SHS process is one of the most economical technologies for producing porous Ni-Al alloys with a 

wide range of phase composition (NiAl÷Ni3Al) and transport pore size (0.01÷2mm). Such materials are of 

great practical interest when used in corrosion-resistant filters, catalysts, solid oxide fuel cells, and heat-

resistant radiation burners. The synthesis of the most coarsely porous alloys is carried out in the presence of 

fluid-forming components of the reaction system, such as CaCO3, Ca(OH)2. Fluid formers (F) 

simultaneously act as a melting point for refractory oxide impurities and as a system gas source. The detailed 

mechanism of action of the F-components has not been fully elucidated. 

In this work, a comprehensive study of the structural-thermal dynamics of the synthesis of materials 

during the propagation of the SHS wave in highly porous Ni-Al powder mixtures with an F-component was 

carried out. A wide range of experimental methods has been applied, including high-speed video filming 

with laser illumination, thermocouple and pyrometric measurements, quenching of reaction processes and 

physicochemical analysis of synthesis products. 

Using the example of the compositions (Ni+20wt%Al)+xCaCO3, the main features of the reaction 

* At x = 0, the formation of the target alloy proceeds through successive stages: 

1 – nucleation of primary alloy particles ( ≈ 0.1 mm) by means of liquid-phase reaction coalescence of 

powder components in the fixed preheating layer of the mixture ( ≈ 0.2 mm); 

2 - sintering of primary particles into a finely porous skeleton of the final product; 

** At x > 0, the preheating layer of the powder mixture passes into a pseudo-boiling state and expands 

to 2 mm. Pseudo-boiling of the system is stimulated by the primary particles of the alloy, which are 

generated in the upper part of the layer, move deep into the mixture and cause thermal gasification of the F-

component. The reason for particle motion is capillary drift associated with exothermic reactions on the 

particle surface. After incubation cycles lasting up to 1 s, explosive agglomeration of the mixture and 

primary particles periodically occurs with the formation of secondary alloy particles up to 2 mm in size. The 

latter are sintered into a large-pore skeleton. The internal structure of the material has characteristic cells 

formed by the boundaries of primary particles. In the course of explosive agglomeration, pulsed heating of 

particles is observed with the achievement of a temperature that can exceed the base combustion temperature 

by 250°C. With an increase in the concentration of the F-component and the initial porosity of the system, 

the amplitude of explosive heating and the size of the secondary particles of the alloy increase. 

The data obtained expand the existing understanding of the mechanisms of SHS, as well as complement 

the ways to control and modify the properties of the synthesized alloys for practical applications. 
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The study of hybrid rocket engines in the era of orbital and suborbital flights has become more relevant 

than ever. This type of engines has several advantages over liquid and solid propellant rocket engines. The 

main disadvantage of such motors is their low specific thrust impulse. The usage of the low-melting fuels with 

low viscosity is considered as a promising way to solve this problem. In this case the fuel droplets from the 

liquid layer formed on the solid fuel surface are involved into the oxidizer stream due to the near wall shear 

layer instability [1,2]. In this work, the influence of the liquid fuel droplets on the combustion characteristics 

of a diffusion flame stabilized in the boundary layer of a high-speed oxidizer flow is studied. As a result of 

numerical simulations, two-dimensional distributions of characteristics were obtained of the oxidizer and 

gaseous fuel, droplet sizes and their number concentrations. Depending on the position of the droplet and its 

size, the local temperature near it decreases in the range from ≈50 K to ≈ 800 K (Fig.1). 

 

Fig.1. Two-dimensional temperature distribution. Initial droplet size 200 µm.  

Depending on the size of the droplets, the characteristics of the system are changed. Thus, at small droplet 

sizes of ~50 μm, the liquid fuel evaporates completely. With an increase in the diameter of liquid fuel droplets, 

the evaporation fraction decreases and for droplets with a diameter of 100 μm, 150 μm, and 200 μm, it averages 

0.9, 0.76, and 0.63, respectively. 

If the ratio of the volume of droplets to the volume of gas in the system does not exceed 10-3, then the 

quantitative concentration of droplets does not affect the fraction of droplet evaporation. For example, for 150 

μm diameter droplets, the evaporation fraction for different number concentrations ranges from 0.76 to 0.77. 

The effect of liquid fuel droplets on the diffusion flame stabilized in a boundary layer of a high-speed 

oxidizer flow consists in a local decrease of the gas temperature near the droplets, which also leads to a global 

decrease in the temperature of the flame front, as well as to its narrowing. An additional influx of gaseous fuel, 

as a result of droplet evaporation, leads to an increase in the gas temperature in the area under the flame front. 
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DIFFUSIVE-THERMAL INSTABILITIES OF THE BURNER STABILIZED
METHANE-HYDROGEN AIR FLAMES

A.D. MOROSHKINA, V.V. MISLAVSKII, V.V. GUBERNOV

P.N. Lebedev Physical Institute RAS, Moscow, Russian Federation

In this work we report our recent results on the analysis of the diffusive-thermal instabilities of the burner
stabilized methane-hydrogen-air flames The investigation is undertaken by means of (a) the direct numerical
simulation  of  combustion  wave  dynamics  by  using  the  mathematical  model  with  the  detailed  reaction
mechanism and (b) experimental study of the chemiluminiscence and LIF of OH* radicals. The methodology
is described in detail in [1,2]. The typical configuration used in experiments is shown in figure 1.

Fig. 1. The scheme of experimental setup.
The results obtained by various approaches are compared and it is demonstrated that the difference between
the  numerical  data  calculated  with  different  reaction  mechanisms  is  greater  then  the  experimental
uncertainty, demonstrating that the proposed technique can be used to verify the reaction mechanisms. The
prospects of further work is discussed.
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In the paper, an optimization approach to determining global chemical reaction rate constants is proposed. 

This method allows to select reaction rate parameters (i.e. activation energy, preexponential factor, etc.) on the 

basis of experimental data or simulations with detailed reaction mechanisms. Computer program implementing 

proposed method was developed and the features of the application and operation of the optimization approach 

were investigated. 

Although the optimization method can be applied to any reacting system, in this paper the methane-air 

combustion is considered. Reaction mechanisms are compared by the laminar burning velocity of the premixed 

flames and the species concentration profiles of the counterflow diffusion flames. To determine the reaction 

rate constants of global mechanisms, we use an optimization algorithm, which consists in minimizing the 

deviation between the chosen flame characteristics obtained using a global mechanism and the reference values 

of these characteristics. Thus, in the case of one flame characteristic (e.g. laminar burning velocity) the 

following function is subject to minimization: 

Err = √∑ (Fi − FGRI−mech 3.0i
)2n

i  ,       (1) 

Where n is the number of different parameter values at which chosen characteristic was calculated, Fi and 

FGRI−mech 3.0i
 are the characteristic values for the i–th set of parameters calculated using global and detailed 

GRI-mech 3.0 [1] mechanisms, respectively. 

 

Fig.1. Normal flame velocity before (top) and after (bottom) optimization. 

The figure shows a graph of Ub(ϕ), where Ub - laminar burning velocity, ϕ - equivalence ratio. The 

selected characteristic is calculated with the determined values of the activation energy and the pre-exponential 

factor in the Arrhenius equation. These parameters are optimized by the algorithm. 

It can be concluded that optimization methods are applicable to solve the problems of determination of 

optimal reaction rate parameters of global mechanisms, providing the best fitting of chosen flame 

characteristic. Examples of optimization algorithm application for determination of reaction rate constants of 

one-, two- and four-step mechanisms are presented. The possibility of multi-aim parameters optimization by 

several characteristics was also investigated and confirmed. It was found that the solution does not have 

uniqueness, and this fact was confirmed using the brute force method. 
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In the last decade, there are a trend towards a transition to the ecofriendly technologies, more sparing to 

the environment. Examples of such promising technologies are the methods of lean hydrocarbon fuels burning 
and the transition to hydrogen power. Dilution of lean hydrocarbon fuels with hydrogen can increase 
flammability limits and efficiency, as well as reduce emissions. In this regard, the study of the combustion of 
lean gas mixtures with a low Lewis numbers is a relevant task. 

The present study is devoted to a numerical study of the combustion front propagation dynamics of a 
premixed gas mixture in straight channels, as well as of a spherical diffusion flame in the framework of a three-
dimensional reaction-diffusion models. In both cases, mixtures with a low Lewis numbers are considered. 
Numerical results shown that the combustion wave can be a continuous cellular front and sporadic flames (see 
Fig. 1). For the case of sporadic combustion wave consisting of sets of individual flame spots, a method for 
determining the propagation velocity of a flame front is proposed. The dependences of the propagation velocity 
of a sporadic combustion wave, the concentration of residual fuel, and the number of flame spots are obtained 
as functions of the channel size, mass flow rate, and radiative heat losses h. The continuous flame fronts are 
formed at small h whereas at large h it consists of separate cup-like flames. 
 

 
Fig.1. Isosurfaces of the concentration С=0.1 colored according to the gas temperature and illustrating the surface of the reaction 

front in straight channels: continuous cellular flame front (on the left) and sporadic combustion wave (on the right). 

Analysis of the numerical results shown the existence of a special transverse channel size D*, starting 
from which, as the channel size increases, the number of flame spots increases in proportion to the increase in 
the transverse channel size area. This critical diameter D* is proportional to the radiative heat loss intensity h 
which is characterized by the mixture equivalence ratio. Thus, the presence of a universal size of flame spots 
is shown, which for its existence requires a certain area around it filled with a fresh mixture. It is also 
numerically shown that the dynamics of combustion wave does not depend on the geometry of the channel 
inlet section and is determined by its area. Solution of this fundamental problem is important for the 
development of eco-friendly lean gas combustion technologies and energy saving. 
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The filtrational gas combustion in a chemically inert porous media allows create an intensive 

radiative heat fluxes compared with radiation from free flame. Other advantages of filtrational gas 

combustion burners over combustion systems with free flame are the higher burning rates, increased power 

dynamic range, extension of the lean flammability limits, and the low emissions of pollutants. The reviews 

on this interesting topic one can find in [1-8]. Extensive experimental and numerical works were carried out 

and are still underway, to explore the feasibility of porous burners with filtrational gas combustion for energy 

production and others applications. Porous radiation burners are promising for creating sources of thermal 

radiation with controlled power, spectrum and distribution of radiation density for contactless heating of 

workpieces or materials in industrial processes. The porous radiant burners potentially can be applied in 

those technical processes where electrical heat sources are used. It can significantly increase production 

efficiency due to the absence of the electricity generation stage from energy produced by combustion and the 

transmission electricity losses. Another advantage of porous radiant burners is the insensitivity to the 

electromagnetic interference and the absence of open flames, reduction of accidents when using lean 

mixtures, as well as stability of operation and protection from external influences, which is ensured by the 

gas combustion occurring inside the burner's porous body. 

Combustion in a porous cylindrical tube with axial injection of combustible mixture was studied. 

This configuration can be potentially used as new type of heater for the contactless heating of materials in 

industrial processes. The material under treatment is placed inside the cylindrical porous tube and is heating 

by radiative flux from the cylindrical tube wall.  The calculation  of combustion in a porous cylindrical 

burner is carried out within the framework of a two-temperature thermo-diffusion model [1,3] taking into 

account the gas filtration effects described by Darcy’s law. We represent combustion in a porous medium 

with a two-dimensional model that includes one-step Arrhenius type chemistry, radiative heat losses from the 

inner surface of hollow cylindrical burner, separate gas and solid energy equations and the transport of fuel 

concentration of the combustible lean mixture. Numerical modeling allowed to estimate the range of gas 

flow rates at which stable combustion regimes exist, to find the temperature distribution in the gas and the 

porous body, and to evaluate the radiation fluxes inside the reactor. It was shown that stable combustion can 

take place in a certain range of pressure drops and radiation heat losses on the inner surface. High levels of 

radiative heat fluxes and wide range of operation condition with stable combustion shown feasibility 

application of this type of porous burner for contactless treatment of different materials. 
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During the last decade, thin-shell radiant burners [1-3] made of porous SHS-intermetallics [4,5] have 

been developing in TSC SB RAS. There are exactly two options on how all the air needed for premixed lean 

combustion could inflow into the reaction zone: (i) the concept of forced air supply using an adjustable 

electrical blower, and (ii) the self-aspirating concept using a simple combination of single-hole nozzle 

injector and venturi-like mixing tube. The latter method is of interest because no electricity supply is 

required for IR heater operation. In the self-aspirating concept, the high-speed jet of fuel entrains the air 

directly into the burner by following the Bernoulli principle. A venturi geometry of pipe is required to mix a 

fuel jet with entrained air before the gas mixture reaches a combustion zone. Typically, a combination of 

proper nozzle parameters and geometry of venturi tube provides sufficient air-entrainment, especially at a 

low firing rate. However, this method of fresh mixture supply has never been described in the literature for 

radiant burners operated in the internal combustion mode. The experiments have proven that the self-

aspirating approach is suitable for the lean combustion of LPG and natural gas (Fig.1). My presentation will 

be focused on the first results and prospects of applying the self-aspirating concept for radiant burners 

operated in the internal combustion mode. 

 

 

Fig.1. Image of IR heater based on self-aspirated radiant burner operated in the internal combustion mode.  
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Mechanical activation (MA) of a reaction system is an effective method to control a chemical 

transformation. Despite the long-term practical use of MA, the consistent study of mechanochemical 

reactions was developed only in the 20th century. The reason for this is the complexity of the phenomenon, 

the study of which requires knowledge of the physics, chemistry, and mechanics of condensed matter. 

Another reason is the lack of reliable and accurate tools and techniques for the direct study of chemical 

reactions under conditions of intense dynamic loads. Therefore, most of the current knowledge about 

mechanochemical reactions has been obtained indirectly. At present, the mechanical method of activation of 

chemical transformations is used to stimulate various solid-phase reactions [1–5]. 

In this work, experimental results are presented that reflect the effect of the parameters of preliminary 

MA on the temperature-time characteristics of the synthesis of the Ni3Al intermetallic compound. 

It is shown that preliminary MA promotes an increase in the reactivity of the mixture due to the 

formation of a developed interfacial surface in it and an increase in the reserve of excess energy contained in 

structural defects. It was also found that the mild conditions of MA of the initial powder mixture in a low-

energy mill make it possible to avoid the effects of its deactivation. 
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FILTRATION COMBUSTION FURNACE FOR HEAT TREATMENT OF REFRACTORY 

CERAMICS* 

R.М. GABBASOV, А.I. KIRDYASHKIN, V.D. KITLER 
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At present, the development of high-temperature energy-efficient furnaces used for sintering operations 

is important to reduce the cost of production of products from refractory ceramic materials. In this work, the 

combustion of premixed fuel mixtures based on natural gas, air, and oxygen was experimentally studied in a 

prototype of a sintering furnace with the chamber of cylindrical shape which was filled with the packed bed 

of sphere ceramics. Temperature measurements were carried out using the thermocouple method and spectral 

pyrometry, which made it possible to provide an absolute error of less than 30 K. Combustion was studied in 

the range of specific natural gas flow rates from 7 to 107 nl•s 
– 1

/m
2
, fuel-to-oxidizer ratio from 0.40 to 3.30 , 

oxygen concentration in the oxidizer from 21 to 30 vol.%. In these ranges, temperature control is provided in 

the range of 1230 – 2220 K. The furnace allows the use of two combustion modes: (1) filtration combustion, 

when the narrow reaction front (combustion wave) freely propagates through the packed bed, (2) jet-

stabilized combustion when the reaction front is aerodynamically stabilized by inlet nozzles used for 

supplying the fresh mixture into the packed bed. In the filtration combustion mode, the motion of the 

combustion wave was recorded at a speed of up to 0.1 mm/s in both upstream and downstream directions. 

The temperature of the packed bed increases with specific fuel consumption, and depends strongly non-

linearly on the equivalence ratio. Forced gas-dynamic stabilization of the combustion wave near the flame 

trap makes it possible to increase the temperature of the packed bed by 100 – 300 K. 

Test sintering of powder samples from magnesium oxide, aluminum oxide, and MgAl2O4 spinel was 

carried out at a temperature of 2170 K. It has been established that sintering in the filtration combustion 

mode is effective for obtaining products with a characteristic size of up to 10 mm. This sintering mode can 

be used to produce ceramic abrasive particles, thermal insulating fills, or catalyst carriers. The jet-stabilized 

combustion mode is effective for sintering large-format products, while immersing powder samples inside 

the porous inert media saves fuel twice as compared with free placement of the sample in the volume of the 

high-temperature furnace chamber. The new furnace based on the principles of combustion of gas mixtures 

in porous inert media will expand the range of technical devices for economical high-temperature sintering 

of ceramic materials. 
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In this work, activation energy measurements have been carried out for various methane-air mixtures by 

thin-fiber pyrometry. The experimental installation is a flat porous burner from which a gas mixture flows, a 

filament of silicon carbide (d=15μm) is placed parallel to the plane of the burner, and a thermal imager OPTRIS 

PI is used to detect the temperature of the gas. According to the formula [1] 

𝑀 = 𝐴 exp (−
𝐸𝑎

2𝑅𝑇
),                                                                        (1) 

where 𝑀 – gas flow rate which was measured by Bronkhost Elflow controllers, 𝐸𝑎 – activation energy, 𝑇 – gas 

temperature. The temperature of the filament 𝑇𝑓 was recalculated to the gas temperature 𝑇𝑔 according to the 

formula [2] 

𝑇𝑔 = 𝑇𝑓 +
𝜀𝜎𝑇𝑓

4

ℎ𝑐
,                                                                            (2) 

where 𝜀 – emissivity, 𝜎 – Stefan-Boltzmann constant, ℎ𝑐 – the coefficient describing the heat exchange of the 

filament and the gas. 

The results of the experiment are compared with the numerical calculation made within the detailed 

reaction mechanism model GRI3.0 [3], and they are found to agree within the measurement error. 

 

Fig.1. Activation energy for different concentrations of methane in the mixture. Black dots are numerical calculations, white dots are 

experimental data. 

The data were also compared with the literature [4]. The prospects of further investigation are discussed. 
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FINE STRUCTURE OF THE SUPERALLOY COMPONENTS FORMED BY ELECTRON BEAM 

ADDITIVE MANUFACTURING* 

S.V. FORTUNA, D.A. GURIANOV, S.Y. NIKONOV 

Institute of Strength Physics and Materials Science SB RAS, Tomsk, Russia 

 

Superalloys of the second and subsequent generations [1] are used for manufacturing by casting with 

directed solidification of gas turbine engines working blades for aviation and power purposes [2]. At the 

same time, the currently widespread casting technologies with directional solidification are extremely 

resource-intensive in all practical aspects. Both in terms of the formation of a large proportion of virtually 

irrecoverable, or difficult to regenerate, waste of expensive materials. Also in terms of labor intensity with 

many technological transitions, equipment complexity, etc. 

In the near future, the development of the potentialities of intensively developing additive technologies 

may allow reducing the technology of turbojet engine blades with a single-crystal microstructure to several 

operations [2]. 

An analysis of the results of studies carried out by the team of this work authors showed that in the 

process of electron-beam additive technology (EBAM) from filaments in the form of superalloy rods [3], it is 

possible to form products with a directed columnar microstructure [4]. In this case, directional solidification 

occur exclusively antiparallel to the direction of the temperature gradient. As a rule, with an increase in the 

height of the additive product it changes its direction from normal to the plane of the surface of the cooled 

substrate to the co-directional printing trajectory in layers. To control the structure of the material of an 

additive product, it is necessary to understand the principles of solidification under conditions, 

multidirectional components of heat removal, as well as various values of linear energy (energy input per 

unit length) [5]. 

This paper presents the results of a qualitative and quantitative analysis of the fine structure, phase 

composition, and morphology of the structural elements of a complexly alloyed superalloy containing 

rhenium in the cast state, as well as in the material of an additive product formed by the EBAM method. 
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BRONZE BY WIRE-FEED ELECTRON BEAM ADDITIVE TECHNOLOGY * 
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  Institute of Strength Physics and Materials Science SB RAS, Tomsk, Russia 

 

Investigations of methods for obtaining bimetallic and functionally graded materials remain an urgent 

task of the last decade [1]. Such materials are in demand in various industries from medicine to astronautics, 

when it is necessary to provide in a single product the properties characteristic of different materials. One of 

the ways to achieve this task is welding or another method of obtaining integral joints of dissimilar materials. 

However, this approach produces at least three different zones in the material: the base metal, the heat-

affected zone and the fusion zone. These areas may differ in structural-phase composition and properties, 

which in turn leads to the formation of defects. Another way to obtain products from heterogeneous materials 

is the use of additive technologies. Since this approach involves growing the product layer-by-layer and each 

layer is periodically remelted and heat treated, the base metal area is absent as such, and most of the product 

is represented by the structure inherent in the heat affected area. 

One striking example of the need to obtain products from dissimilar materials is a rocket engine, in 

which the key structural elements are the copper liner, which provides thermal properties, and its jacket of 

nickel alloy, which is responsible for the strength of the product [2]. 

In the present work the products in the form of walls from the nickel-based superalloy Udimet 500
TM

 

(wt.%: 53Ni - 18Cr - 18Co - 4.0Mo - 2.9Ti - 2.9Al - 0. 006B) and the heat-resistant bronze CuCr1 (wt.%: 

0.08Fe - 0.7Cr - 99Cu - 0.3Zn) using wire-feed electron beam additive manufacturing (EBAM). These 

materials are heterogeneous but isomorphic, i.e., the matrix phase of each material has a FCC crystal lattice. 

In the course of the study, three strategies for printing bimetallic products were chosen. The first was at 

begin form a 3 cm high bronze wall and then deposit a 3 cm high nickel alloy wall on top of it. In the second 

approach, on the contrary, the nickel part was formed first and then the bronze part. In the third case, parallel 

formation of dissimilar materials took place: first a layer of nickel alloy was obtained and next to it a layer of 

bronze, then a second layer of nickel alloy and a second layer of bronze were deposited, and so on. General 

views of the obtained products are shown in Fig. 1. 

 

 

Fig.1. Ni-Cu bimetallic products obtained by EBAM. 

The product obtained by parallel formation of layers was found to be unsatisfactory because pores and 

voids up to 3 mm in size were present between the dissimilar materials. When forming a nickel wall and 

bronze on top of it, the bronze material spreads out excessively and loses its geometry, which is also a 

significant defect. And the most satisfactory was the product obtained using the first printing strategy. For 

example, no macro defects in the form of cracks and fractures were detected between the layers of nickel 

material and bronze. It is worth noting that in this work a sharp transition between heterogeneous materials 

was used in the formation of products. However, since nickel and copper have unlimited solubility with 

respect to each other, the formation of Ni-Cu solid solutions of different composition occurs throughout the 

first few layers of the nickel alloy, resulting in a gradient transition from one alloy to another. 
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FORMATION OF RESIDUAL STRESSES IN THE SURFACE LAYERS OF CORROSION-
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In this paper, the level of residual surface stresses of PH 15-5 steel samples manufactured using  

additive technology before and after heat treatment is analyzed. The research was carried out by layer-by-
layer electrochemical etching of stressed metal layers from the sample surface. As a result of the tests, the 
parameters of the distribution of surface technological residual stresses of the 1st kind (sign, magnitude, 
depth of occurrence) were obtained.In addition, it is shown that irradiation with high-current and pulsed 
electron beams affects the level of surface residual stresses and depends on the presence of post-processing 
operations with or without machining after growing samples by selective laser melting. 

 
Fig.1. The level of residual stresses before heat treatment after milling.  
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3D printing offers revolutionary prospects of “smart” technologies for the construction industry due to 

the following rationale. 3D printing, along with advances in Industry 4.0, has a high potential to lead to more 

efficient and sustainable construction because of the considerable advantages over conventional construction 

methods. Such advantages include formwork and mould-free manufacturing, increased geometrical freedom, 

improved safety in construction, reduction in construction waste, time, labour, and lower cost [1]. 

However, the introduction of 3DCP as a novel construction technology poses several challenges 

regarding material properties. Firstly, the printable material should be flowable enough to be pumped 

through the transporting system to the printing nozzle [2, 3]. Secondly, the printable material should secure 

quick structural build-up to retain the designed shape and to withstand its own weight as well as deposited 

layers on the top right after the extrusion [2-4]. Ordinary Portland cement (OPC) concrete to be printable 

requires a great number of additives, plasticizers, and stabilizing agents which increase its initial cost. 

Moreover, the production of OPC triggers stronger CO2 emissions (8% of global CO2 emissions) [5]. The 

global standards of the modern construction industry imply the commitments to abate greenhouse gas 

emissions and to decrease the energy-consuming process produced by OPC [5]. Therefore, current 3DCP 

technology needs to identify high-performing printable cementitious materials considering the need for 

controlled rheology, rapid hardening properties, and sustainable solutions. 

Geopolymers have been introduced as a promising alternative to OPC with a staggering 90% lower 

CO2 footprint. The distinctive advantage of a geopolymer over an OPC is that geopolymer cement can be 

synthesized at room temperature while OPC cement requires a four times higher amount of embodied energy 

for production [6]. Geopolymers are innovative solutions for industrial waste disposal of Russia and 

Kazakhstan's massive mining and metallurgical industries. The growing building industry in aforementioned 

countries has contributed to a rise in the production of construction materials by more than three times [7]. 

However, the implementation of industrial waste for the production of construction material remains 

negligibly low. 

Several types of geopolymer concrete based on industrial by-products in Kazakhstan are already 

developed from fly ash, GGBS and kaolin clay. The compressive strength for the developed Fly-ash/slag and 

kaolin-based geopolymers is between 40-60 MPa (Fig. 1), flexural strength between 8-10 MPa, freeze-thaw 

resistance 400-500 cycles, water-resistance, W12-16, and higher depending on the mix. 

Fig.1. Compression strength of Fly-ash/GGBS geopolymer concrete and Kaolin based geopolymer concrete 
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The work is devoted to the study of spherical particles produced by the methods of (i) electric explosion 
of wires (EEW) and (ii) a low-power discharge using a liquid anode (LA). The spherical particles themselves 
may be of practical interest for additive technologies and other applications. Currently, there are various 
methods for producing spherical particles [1], one of them is close to the liquid anode method, like the liquid 
cathode method, but has a higher discharge energy (electrical parameters of the described liquid cathode 
method [2]: 300-1000V, 100-300A). 

The commonality of the processes of the presented methods is the expansion of metal droplets and their 
rapid cooling in the environment (Fig. 1). In the two methods under consideration, the main difference is the 
difference in the discharge currents, so for the EEW method the discharge current was tens of kiloamperes at 
a discharge voltage of kilovolts (current density up to 108 A/m), and for LA method 150-300V, currents up 
to 0.6A (current density up to 103 A/m). There was also a difference in the scheme of the experiment, with 
EEW, the conductor was placed between two brass rods, which were the electrodes of a high-voltage battery, 
and a pulsed current was passed through it, with an LA, the wire was periodically lowered into the liquid 
anode until the formation of metal expansion from the electrode. 

 
Fig.1. The process of scattering of metal droplets (sparks) during EEW(1) and LA(2). 

In these processes, particles of an ideal spherical shape were mainly obtained (Fig. 2). But with EEW, 
more particles of non-ideal shape (with chips and deviations from sphericity) were obtained than with LA. 
On fig. 2 shows the results of experiments with a galvanized iron conductor, 0.8 mm in diameter, the 
electrolyte for LA was a solution of water with sodium chloride. The chemical composition of the particles 
in both cases was iron oxide. 

 
Fig.2. Spherical particles of iron oxide photographed through a Phenom ProX electron microscope obtained with EEW(1) and LA(2). 

The diameter of the resulting spherical particles with EEW and LA is 15-150 µm, this range is of 
interest for use in additive technologies. From the point of view of practical implementation, the LA method 
seems to be simpler, not only in comparison with the EEW, but also with other currently existing methods 
for obtaining spherical particles. As part of experiments with the LA method, it has been shown that it can be 
used to obtain spherical particles from various materials, such as stainless steel, titanium, while for tungsten 
and copper, the results are currently unsatisfactory due to the presence of a large number of non-spherical 
particles. 
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Magnesium alloys combine useful properties such as low density (Mg 1.73 g/cm3), excellent strength-to-

weight ratio, relatively large thermal and electrical conductivities, satisfactory formability, and excellent 

biocompatibility. These properties make magnesium alloys among the most used light-weight materials for 

automotive, aerospace, consumer electronic and sport goods, and biomedical implants. 

Magnesium has a very low standard reduction potential (-2.37 V vs SHE at 25°C) while commonly used 

magnesium alloys have corrosion potential Ecorr in 1M NaCl aqueous solution at 25°C in the range between  

-1.7 and -1.6 V vs SCE. Their corrosion resistance is a still a technological problem, especially when 

magnesium alloys are in galvanic contact with other metals. Microgalvanic corrosion of magnesium alloys is 

also an intrinsic problem related to the presence of secondary more noble phases within the solid solution. 

Moreover, corrosion resistance is particularly poor when they are exposed to aggressive environments, such 

as chlorides electrolytes. The issue of microgalvanic corrosion in magnesium alloys has been already addressed 

by treating the surface of the AM60B and AZ91D alloys by means of the low energy high current electron 

beam technique (LEHCEB) able to dissolve the Mg17Al12 intermetallic compound into the solid solution matrix 

and to change the surface composition by preferentially evaporating Mg in respect to Al from the irradiated 

surface. [1] 

Titanium has a positive effect on the corrosion resistance of magnesium alloys. Xu et al. co-deposited by 

magnetron sputtering Mg and Ti on glass slides with different compositions. Ti is a strong passivating element 

increasing the passivity of Mg as well and reducing its dissolution in saturated Mg(OH)2 solutions with and 

without addition of NaCl. [2] According to Liu et al., gradient composition structures obtained by Ti 

implantation in AZ91 alloys greatly improves the corrosion resistance. [3] Song et al. deposited Mg-Ti alloys 

by RF magnetron sputtering on quartz plates, and they found that the passivity of Mg-Ti alloy was enhanced 

and the corrosion rate decreased with the increase of Ti content. [4] 

In the present work we investigated the possibility to form surface alloys between titanium and the 

commercially used AM60B and AZ91D magnesium alloys by LEHCEB technique. A pretreatment with the 

LEHCEB was performed to prepare the surface of the alloys (15 kV, 10 pulses) and then thin films of Ti were 

deposited (100, 500 and 1000 nm) by DC magnetron sputtering. Surface alloying by LEHCEB between 

titanium films and AM60B and AZ91D alloys was investigated by varying the acceleration voltage (20 and 25 

kV) and number of pulses (5 and 10).  

The obtained surface alloys have been characterized in term of composition (EDS, XRD), morphology 

(SEM), Vickers instrumented microindentation and corrosion resistance. 
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Deposition of carbon-based coatings, such as Diamond-Like Carbon, is a highly effective procedure to 

further increase the useful lifespan and the performance of hard metals tools. However, considering the harsh 

service conditions in which industrial utensils are employed, DLC coatings are subjected to wear and this affect 

in turn their efficiency and cutting ability [1,2]. 

For this reason, tool reconditioning aimed at the reuse of the Co-cemented carbide substrates would 

guarantee a remarkable cost reduction for industries and a lower consumption of raw materials. Consequently, 

a successful technique for DLC decoating is required, which would allow the WC-Co surface to be re-

sharpened and coated again. Of course, the stripping process is deemed efficient only when the coating is fully 

removed without inflicting irreversible damages to the substrate. Even though DLC films have grown in 

popularity during the last decades, very little attention has been devoted to the issue of diamond-like carbon 

decoating. [3,4]  

In the present work, a Low-Energy High-Current Electron Beam has been used to remove two different 

type of DLC coatings: a-C:H and Ta-C (both 1.5 µm thick). In between the DLC and the Cr adhesion layer 

(100 nm), a-C:H samples also presented a W-C:H transition layer (1.2 µm). Moreover, a preliminary analysis 

on bare WC-Co (Co wt.%: 2.0 ± 0.4) has been done to investigate the effects of LEHCEB on Co-cemented 

carbides. The entire experimental procedure was assisted by a detailed computational simulation to predict and 

better understand overall results.  

The decoating process was done using a relatively low number of pulses, up to 20, with accelerating 

voltage of 20, 25 and 30 kV (associated energy density up to 5-6 J/cm2). The aim was to find the minimum 

energy threshold for a complete and uniform cleaning of WC-Co surface. On the other hand, uncoated samples 

were treated with a higher number of pulses, up to 40, at 15, 20 and 25 kV in order to assess the beneficial or 

detrimental effects of a prolonged LEHCEB irradiation. At the end, a combination of the two aforementioned 

treatments has been used to study the influence of electron beam treatment on the adhesion of a new DLC 

coating on cleaned WC-Co substrates. Then, concerning computational models, calculations on Co binder and 

Cr adhesion layer were focused on solid-liquid transitions and melt state properties. Simulation of WC was 

concentrated on depth thermal profiles and thermal stresses while DLC a-C:H and Ta-C were simulated mainly 

to evaluate the evaporation threshold and ablation rate. 
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The issues of microtexturing of working surfaces of critical engineering products made of difficult-to-

machine materials and composites, including those based on dielectric oxide and nitride ceramics, have been 
the subject of theoretical and experimental research by leading scientific groups. For the first time, a group of 
domestic scientists proposed a method for electrical discharge machining (EDM) of dielectric superhard 
materials in the mid-80s [1]. Since then, progress has been made in the field of surface modification of 
silicon nitride [2] and zirconium dioxide [3], while alumina remains a problematic material [4-5]. It is 
primarily due to the specific thermochemical properties of aluminum, which exhibits a high affinity for 
oxygen under normal conditions and forms dielectric compounds in the presence of hydrocarbons during the 
thermal decomposition of the oxide [6] such as Al4C3 (steady up to 1400 °C, but unstable to water, oxygen or 
hydrogen). 

Using a nickel-chromium coating applied by the PVD method [7,8] with a thickness of 10 – 15 µm and 
a SnO suspension of various concentrations fed directly into the processing zone is proposed to solve the 
problem of alumina's low machinability. The nickel-chromium coating was chosen due to the known affinity 
of nickel for aluminum to form conductive bonds [9]. The band gap of optically white tin oxide determines 
the choice of this dielectric powder to assist electrical discharge machining of dielectric ceramics. An 
analysis of the processing performance of alumina using techniques was carried out in an aqueous medium in 
the range of electric current pulse lengths of 1.0 – 2.7 µs and a pulse frequency of 10 – 30 kHz. 

A slot (kerf) in the dielectric ceramics to a depth of 49.74 – 95.20 µm was formed using a brass wire 
tool. Spectroscopy and scanning electron microscopy demonstrated the diffusion of the auxiliary electrode 
and assisting powder materials in the form of secondary material on the ceramic sample surfaces, which is 
explained by the predominant binding of Zn of brass to oxides and its precipitation [10]. In addition, there 
was a significant increase in the material removal rate at a particle concentration of 150 g/l for pulse 
frequency 25 – 30 kHz. The experiments proved the effectiveness of the proposed combined approach in 
machining alumina for a depth of up to 95.20 µm using a brass wire tool. The maximum material removal 
rate of 0.001 mm³/s and the minimum interelectrode gap correspond to stable processing and uniform density 
of electric discharges. It was achieved at an electric current pulse frequency of 30 kHz, the SnO-suspension 
concentration (granulometry - ⌀ 10 µm) 150 g/l water-based when using an assisted coating electrode of 10 – 
15 µm. The obtained data indicate that the developed method is superior to analogs by 2.12 times. 
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Application of ultrasonic (US) vibrations is one of the most spread methods for welding of 

thermoplastics. For doing so, high-frequency low-amplitude mechanical vibrations are applied to implement 

frictional heating of the contacting surfaces, which leads to their local melting and subsequent formation of a 

permanent joint. Ultrasonic welding allows joining both amorphous and semi-crystalline thermoplastic 

polymer materials without additional external heating [1, 2]. 

An advantage of the ultrasonic welding (USW) is a relatively high speed of joint formation process, 

since the welding proceeds during several thousand oscillatory cycles (from fractions to several seconds). In 

addition, mass production might be easily automated. Working frequencies of industrial technological US 

equipment vary from 10 to 75 kHz; however, the 20 +/- 4 kHz band is the most common operating frequency 

range. In doing so, the amplitude of the working tool vibration displacement ranges from 0.1 to 100 microns. 

Recently, various aspects of fabricating laminated thermoplastic based composites with the use of 

ultrasonic welding equipment have been actively discussed in R&D literature. The relevance of this approach 

is motivated by a possibility of long-range products fabrication by serial ultrasound-assisted action onto 

joined layers (parts). It was shown that an efficient approach for US-assisted joining of thermoplastic layers 

is the use of intermediate (consumable) films (the so-called Energy Director - ED). During the US-vibration 

exposure, the latter melts and a dense interlayer is formed. In doing so, the lapped plates, as a rule, of the 

same materials are joined (connected). In addition to films from the same materials, the EDs are fabricated 

from ones with lower melting points. The ED thickness and porosity are variables; moreover, reinforcing 

particles and fibers are additionally loaded, etc. Professor Irene Fernandez Villegas from the Delft University 

of Technology should be refereed as one of the most successful researchers in this area [3]. 

However, besides joining plates of the same thermoplastic materials, the use of ultrasonic vibrations can 

be a way of forming layered (laminated) composites, containing layers of reinforcing fabrics. At present, 

such layered composites based on thermoplastic binders are manufactured mostly by hot pressing of 

sequentially laid layers of polymers (including films) and fabric [4]. However, the use of prepregs 

(reinforcing fabric in a binder) can allow the formation of layered composites using ultrasound technologies. 

This issue is currently just briefly studied in the relevant literature. 

The paper is aimed at the study of lap joints formation of thermoplastic materials (in this case, high-

strength polyetheretherketone - PEEK) reinforced with carbon fiber fabric with the use of an ultrasonic 

welding machine. 

It was shown that ultrasonic welding of two PEEK plates without the use of the Energy Director did not 

ensure formation of a high strength lap joint. The introduction of the PEEK–CF prepreg layer between two 

PEEK plates did not stimulated the formation of a reliable lap joint with high LSS value. The reason was the 

low weight fraction of the binder in the prepreg (34%).  

The formation of a multilayer (laminated) PEEK–CF–PEEK composite might be realized when a 

prepreg is used as a central layer, while PEEK–film Energy Directors are placed between joined plates. It 

was shown that a PEEK film with a thickness of 250 μm might be efficiently used. During the tensile test, 

fracture occurred along the base material, while the lap joint maintained its structural integrity. 
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One of the possible approaches to enhance hardness of ductile aluminum alloys are different surface 

treatment, among them: laser welding deposition [1], thermal spraying [2], anodizing [3], and others. The 

cold spray method is a relatively new manufacturing process [4] during which particles do not reach the 

melting point and form a solid material due to the high kinetic energy of collision [5]. Present study is aimed 

to study the synthesized coatings from aluminum - alumina - carbon nanofibers (CNF) composite material 

using cold spray method. In our previous studies, binary composites (aluminum-carbon nanomaterial or 

alumina-carbon nanomaterial) were used while the present study considers a ternary system in the range of 

CNF concentrations of 0.5-1.5 wt. %. The investigation considers the process of preparation of the specified 

composite by ball milling as well as the process of synthesis of a solid object (coating) by cold spray method. 

It also should be noted that both the original aluminum powder and the substrate were made from the same 

alloy. Therefore, the present study is of high practical importance since the considered composites and 

synthesis regimes can be used to increase the surface properties of a particular aluminum alloy. Feedstock 

powder was prepared using planetary mill, that allowed a uniform distribution of CNFs on the aluminum 

particles’ surface (see Figure 1). 

 

 

Fig.1. Distribution of CNF on the surface of Al powder after mixing.  

 

The different combinations of hard alumina micron-sized particles and soft micron-sized aluminum 

particles as well as the hard nano-CNF lead to different morphology of the synthesized coatings. There are 

limits from both sides: low content of hard particles will not lead to sufficient improving of the surface 

mechanical properties, but too high content of alumina could not form the coating because of poor bonding 

and adhesion between brittle Al2O3 particles. The microstructure of samples synthesized by cold spray 

method are also affected by CNF content due to an increase in the bulk density of the feedstock powder, as 

well as high antifriction properties of carbon. CNF content of 1.5 wt. % led to 20 % increase in the 

microhardness of samples which is due to the mechanism of dispersive strengthening. 
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When implementing the technology of diffusion welding, there are applied various methods to 

intensify the process of formation of one-piece joints [1,2]. It is done in order to decrease a thermal 

deformation impact onto welded materials, to shorten the welding technology process cycle and to extend 

the nomenclature of welded materials.  

The following items are used as the main methods [1,2]: 

 - interfacial layers made of metallic foils, sputtered and galvanic films, superdispersed metallic powders;  

- cyclic changes of the process temperature and/or the welding pressure;  

- directing some ultrasonic oscillations into the contact zone;  

- placing the welded parts into an electrostatic field;  

- preliminary impact of ionizing emission, neutron, α-particle, γ-ray and electron irradiation onto the 

welded surfaces. 

In the recent years, the simplest in its performance technology and relevant with achieved results 

method has been the method of activation of the welded surfaces by the laser emission [3,5], especially 

when taking into account a relative cheapness of used equipment and technology processes applied to 

prepare and treat the surfaces. 

There was explored a possibility to lower the diffusion welding process temperature T (at the 

same welding pressure P and delay time t) of welded specimens of stainless steel 12Kh18N10T 

(2Х18Н10Т), the surfaces of which had preliminarily been under the laser treatment. When the laser 

treating, only the emission density E was changed in different modes (2.1 J/sm
2
, 3.2 J/sm

2 
and 4.3 J/sm

2
, 

220 µm spot diameter), and also the beam was scanned both in the same direction and in mutually 

perpendicular directions. The end faces of stainless steel specimens (30 mm height, 16 mm diameter) 

after a turning machining had Rz=1.2 µm. On completing the laser treatment, the Rz size of each 

specimen was measured by the “Profilograph – profilometer 252” instrument. The results demonstrated 

that as the E value increases, the height and form of microroughnesses change from 13.6 µm to 45.5 µm.  

 The carried out researches showed that the maximum strength of welded joints (σв = 10.8 

kgf/mm
2
) belonged to the specimens having Rz = 45.5 µm with a conical form of   microroughnesses with 

minimum angles of their apexes. The uniform strength of welded joints of steel 12Kh18N10T  

(12Х18Н10Т) with the preliminary laser treatment of welded surfaces with the emission density of 4.3 

J/sm
2
 can be obtained at T= 950°C. 
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Diffusion welding is the only bonding technology which allows obtaining qualitative one-piece 

joints of metallic materials with nonmetallic materials in various combinations [1,2]. In particular, it is 

applied to the bonding of aluminosilicate glass   S48-3 (С48-3) and molybdenic alloy TsM-2A  (ЦМ-2А), 

widely used in precision instrument-making industry, in electronic and electric devices.  

The main requirements for such devices (besides achievements of the strength of joint at the level of 

the strength of bonded materials) are:  

- provision of hermeticity of the joint at the level from 5•10
-12 

m
3
•Pa/s to 1•10

-10
 m

3
•Pa/s for all the 

operating period and also after thermocycling in the temperature range  from minus 65°C to  

+55°C;  
- value of residual thermal stress in the welded joint shall not be more than 10 MPa;  

- parts after welding shall not have changes of their geometric sizes. 

Diffusion welding of the parts made of the above materials may be carried out by two technology 

process schemes:  

1. Bond the glass with the alloy directly to each other. In this case, the qualitative joint is formed at 

the temperature  Т > 700°C, which is close to the temperature of glass softening (Тs = 810°C). But even at 

a minimum force of squeeze (P = 0.5 kgf/mm
2
), the glass begins to deform plastically. 

2. Apply an interfacial layer of 0.1 mm thickness aluminum foil in order to lower the welding 

process temperature. At that, of course, in the zone of joining will form intermetallic compounds of the 

Al-Mo system. As the welding temperature increases, there also increases the formation speed and 

amount of intermetallic compounds in the welded joint. Microfractures and nonsolid areas appear in the 

zone of intermetallic compounds formation. They have a negative impact upon the hermeticity of joint. 

Nevertheless, the diffusion welding mode with T=600°C, P>5 kgf/mm
2
 and t=30 min provides 

fulfillment of the announced requirements. It is connected with the fact that the applied welding pressure 

deforms plastically the intermetallic compounds and provides seizing with the main material. 

The same effect can be achieved if foils of titanium and aluminum are used as interfacial layers; at 

that, at first, a diffusion welding of the titanium foil with the molybdenic alloy is to be carried out, and 

then the aluminum foil is to be placed in between the welded titanium foil and the glass, and the diffusion 

welding is to be carried out with the above given parameters. 
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This study is a continuation of a series of works on the study of composite materials obtained by 

surfacing corrosion-resistant layers on a titanium base using an electron beam of the MeV range of electron 

energy released into the atmosphere. This method allows the surfacing of powder mixtures containing 

corrosion-resistant elements with very different melting points, in particular, from the series Ti, Ta, Nb, Zr, 

etc. Volumetric heating of the powder mixture of these elements makes it possible to avoid segregation 

during coating formation. The coating thickness is about 2 mm. As shown in previous publications [1,2], 

coatings of the Ti-Ta and Ti-Ta-Nb systems exhibit high resistance in especially aggressive corrosive 

environments, in particular, in concentrated (65%) boiling nitric acid. However, these coatings are not 

sufficiently stable in two other strong acids at boiling points: sulfuric and hydrochloric. Due to zirconium is 

more stable in mentioned acids than niobium, the including of it instead of niobium in the surfaced powder 

mixture allow to increase the corrosion resistance of surfaced layer [3, 4], but the resistance of it still quite 

not sufficient for industrial applications. Only a sharp increase in the alloying concentration in the Ti-Ta-Zr 

system made it possible to obtain an anti-corrosion layer that is quite efficient also in boiling sulfuric and 

hydrochloric acids. A high alloying concentration was achieved, in particular, due to the repeated surfacing 

of the initial powder mixture on the layer formed after the first surfacing. The composition of the deposited 

layer after the first surfacing was 31%Ta-12%Zr, Ti-rest, after the second - 48%Ta-20%Zr, Ti-rest. 

The authors used a method of weight control for corrosion resistance characterization. A number of 

coatings with gradually increasing alloying levels were tested. The results for the layer with the highest 

concentration compared to the titanium substrate materials, pure zirconium and pure tantalum, taken in the 

form of plates are shown in the table blow. 

Table. Corrosion resistance in the boiling acids of the most alloyed layer, titanium base material, 

commercially pure zirconium and tantalum, mm/year. 

Sample composition 65% HNO3 40% H2SO4 20% HCl 

ВТ1-0 0.191 1980 389 

48%Ta-20%Zr-32%Ti 0.006 0.071 0.191 

Zr 0.001 0.016 0.41 

Ta 0.000 0.001 0.000 

Conclusion. The use of a mixture of zirconium and tantalum in the formation of an anti-corrosion coating 

makes it possible to obtain a protective coating with maximum alloying. The corrosion resistance of the 

resulting coating is enough to use it for operation in boiling sulfuric and hydrochloric acids with sufficiently 

high concentrations. 
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Additive Manufacturing (AM) techniques allow producing metal implants with the suitable porosity, size, 

and complex geometric design. One of the most perspective powder bed AM techniques is Selective Electron 

Beam Melting (SEBM). Titanium and its alloys are widely used in bone replacement surgery due to their low 

weight, high strength, reduced elastic modulus and good biocompatibility [1]. However, the elastic modulus 

of most commonly used titanium alloys is still much higher than that of bone tissues causing a stress-shielding 

phenomenon, which can lead to implant loosening [2]. Niobium is a β-stabilizer of titanium and its addition 
reduces the elastic modulus of the alloys [3]. Compared to nickel Nb is a non-toxic biocompatible metal [3]. 

However, there are no established process settings for SEBM of Ti-Nb alloys, and corresponding parameters 

leading to adequate quality material should be selected for each material.   

In this study several samples were manufactured using a pre-alloyed Ti-42 wt.% Nb powder in ARCAM 

A2 EBM machine (GE Additive, Mölndal, Sweden) to find a suitable processing parameter window. 
Processing regimes with raster type scanning, different currents and scanning speeds with the same target layer 

thickness of 100 m and surface energy between 2.40 and 5.15 J/mm2 were used (Tab.1).  

Tab. 1. The EBM processing parameters for Ti-42 wt.% Nb alloy (Taniobis GmbH) 

Sample Nr Beam current, mA 
Scanning speed, 
mm/s 

Beam track 
spacing, Loff, mm 

 
Beam power, W 

Surface energy,     
Earea, J/mm2 

1 3.5 700 0.125  210 2.40 

2 4 700 0.100  240 3.43 

3 4 800 0.100  240 3.00 

4 4 900 0.100  240 2.67 

5 4-5 800 0.100  270 3.38 

6 5 700 0.100  300 4.29 

7 5 900 0.100  300 3.33 

8 7.5 700 0.125  450 5.14 

Regimes № 1, 4, 5, 6, 7 result in a lack of fusion between some of the consecutive layers, while regimes 

№ 2, 3, 8 yielded samples with good layer-to-layer fusion. The presence of pores with 2-15 µm size is typical 

for all samples. Optical microphotographs after chemical etching in Kroll’s solution at room temperature (1 ml 

45 % HF, 3 ml 65 % HNO3 and 46 ml H2O) showed grains with 50-150 µm size. The shape of the grains 
corresponds to the β-phase [4]. Elongated grains of the lath α-phase were not detected. 

The XRD patterns of the pre-alloyed Ti-42Nb precursor powder identified only the β-phase peaks (BCC 

structure, space group Im3̅m). However, the XRD analysis of the samples as-manufactured by SEBM reveals 

that the alloys consist mainly of β-phase and a small amount of metastable α′′-phase (orthorhombic structure, 
space group Cmcm). The martensitic α′′-phase transformation has been identified in some previous studies of 

Ti-Nb alloys [4–6]. The α′′-phase was most clearly detected in two samples, produced with a scanning speed 

of 700 mm/s and current of 4 and 7.5 mA. The appearance of the α-phase can be resulting from a slower 

cooling rate. The low scanning speed together with high surface energy results in a longer time melt-pool stays 

‘open’ and a decreased cooling rate [5].  
Authors acknowledge RSF grant no. 20-43-04430 for the financial support of the sample fabrication and 

investigation. 
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Triple carbides and nitrides, called MAX phases, form a new class of materials that has very specific 

properties, combining the properties of both metal alloys and ceramic materials [1, 2]. One of the most 

promising MAX phases is formed in the Ti-Al-C system. The materials of this system can be used as 

materials with high strength and deformation resistance, including cyclic loading [3]. The chemical etching 

of aluminum results in the formation of so-called MXenes, which, due to their nanolaminate structure, can be 

used in including for storage of electrical energy or hydrogen [4, 5]. Composites "metal - Ti3AlC2" are 

promising materials that combine the advantages of the metal enhanced by the features of the MAX phase. In 

this work, we studied Ti3AlC2/Cu composites obtained by mixing Ti3AlC2 powders and copper nanopowder. 

 
а 

 
b 

Fig.1. SEM pictures of Ti3AlC2 / Cu powder composite cross-sections after sintering at 800 °C and 1050 °C  

Bulk samples from the powder of the MAX phase Ti3AlC2 and Cu nanopowder were obtained by dry 

mixing and cold pressing with further vacuum sintering at different temperatures. A comprehensive 

structural-phase study was carried out using optical and electron microscopy techniques, as well as XRD and 

EDX analysis. This study allowed to describe the elemental and phase composition, as well as the 

morphology of both the initial powders and bulk samples. 

It was found that the structure of the composites changes with an increase in the sintering temperature, 

and phase changes also occur: titanium carbide begins to form along the perimeter of the MAX-phase 

particles. In addition, the MAX phases begin to delaminate, which is clearly seen in the micrographs of the 

samples. The use of copper nanopowder provides a higher density of compacts and a larger contact surface 

between copper particles and the MAX phase compared to composites with copper micropowder. 

REFERENCES 

[1] Authors, “Article title,” Abbreviated Journal Title, vol. , no. , pp. , Month year . 

[2] T. V. Koval, Le Hu Dung, “Investigation of plasma generation and current transmission of an intense low-energy electron beam,” Izv. Vyssh. 

Uchebn. Zaved. Fiz., vol. 57, no. 3/2, pp. 118–121, March 2014. 

[3] L.P. Zharkova, I.V. Romanchenko, M.A. Bolshakov, V.V. Postov, “Mitochondrial respiration inhibition after exposure to UWB pulses as a 

possible mechanism of antitumor action,” J. Phys. Conf. Ser., vol. 830, 2017. 

[4] Authors, Book Title, City: Publishing House, year. 

[5] Y. Korolev and G. Mesyats, Physics of Pulsed Breakdown in Gases. Yekaterinburg: UrB RAS, 1998. 

[6] Authors, “Article title,” Proc. Conf., City, Country, pp. , year. 

[7] M.S. Vorobyov, V.F. Tarasenko, E.Kh. Baksht, A.V. Kozyrev, N.N. Koval, S.Yu. Doroshkevich, “Energy spectrum of an electron beam 

outputted into ambient air on an electron accelerator with a grid plasma cathode ,” Proc. 20th Int. Conf. on High Current Electronics (ISHCE), 

Tomsk, Russia, pp. 209–213, 2018. 

                                                             
*
 The work was supported by a grant from the President of the Russian Federation for state support of young scientists No. МК-209.2022.4 

EFRE 2022: 5th International Conference on New Materials and High Technologies 
Welding, surfacing and additive manufacturing 

–––––––––––––––––––––––––––––––––––––––––––––––   N3-O-044101   –––––––––––––––––––––––––––––––––––––––––––––––

540



SYNTHESIS AND SINTERING OF THE W / CU PSEUDOALLOY
*
 

M.G. KRINITCYN 1, N.E. TOROPKOV 1, A.V. PERVIKOV 1, M.I. LERNER 1 

1Institute of Strength Physics and Materials Science SB RAS, Tomsk, Russia 

 

Over the past decade, the development and synthesis of bimetallic nanomaterials has attracted much 

attention due to their functionality, mechanical properties, catalytic activity, and other characteristics 

compared to monometallic nanomaterials [1]. Alloys W - Cu are widely used for the manufacture of heavy-

duty electrical contacts and electrodes [2]. Copper provides high conductivity, while tungsten provides 

mechanical strength, tribological resistance and hardness.  

Recently, there has been increased interest in W-Cu pseudoalloys due to their excellent temperature 

control properties and high microwave absorption capacity. Due to the mutual insolubility of the elements, it 

is difficult to form microscale composites of this system by solid-phase and liquid-phase sintering, or the 

formed composites have anisotropy of properties. Obtaining a nanopowder in the process of explosion, and 

not from mixtures of powders, makes it possible to obtain a structure with a uniform distribution of elements 

over the volume, which leads to isotropy of properties at the microlevel [3]. 

In the present study, bimetallic nanoparticles were obtained by electric explosion of two wires, one of 

which is W and the other is Cu. Wires of a certain diameter were chosen, so that the Cu content did not 

exceed 30%. The synthesized powders were passivated in the atmosphere to reduce their pyrophoricity. 

The powder is represented by both micro- and nanoparticles. In this case, the maximum size of 

microparticles is 10 μm, and the nanostructure as a whole is preserved. The study of the elemental 

composition shows the presence of tungsten and copper, the W:Cu ratio is 70:30 by weight. Oxygen is 

present in an amount of not more than 10 at.% on the surface of the particles. Its presence is associated with 

the passivation of the powder in air. The phase composition shows the presence of small amounts of tungsten 

oxide (identical to β-W), in addition to pure α-W and Cu. 

The pressed W-Cu powders were sintered at different temperatures. Initially, the samples have high 

porosity, which is associated with poor compressibility of the powders. The porosity of raw samples is at the 

level of 16% and begins to decrease with an increase in the sintering temperature. Above 900°C, a sharp 

shrinkage of the sample occurs, associated with the approach to the melting point of copper (Tmelt = 1085°C, 

T = 900°C = 0.83 Tmelt). When Tm is reached, the density reaches 98% and further growth stops. The 

established sintering modes indicate the need for sintering at a temperature not lower than 950 °C to increase 

the density of the samples. The experimentally obtained behavior of W-Cu powder shrinkage during 

sintering as a function of temperature is confirmed by literature data on this system [4]. 

The microhardness (HV 0.5/10) of the samples after sintering at 1000°C is 2.2 ± 0.2 GPa. The hardness 

of the composite is 1.95 GPa calculated according to the rule of mixtures: 

CuCuWW HnHnH   

 where HW and HCu are the theoretical hardness of W and Cu, respectively, nW and nCu are the 

proportional contents of W and Cu, respectively, nW + nCu = 1). The hardness of the obtained samples is 

higher than expected due to the presence of dispersed particles W in the material. The particle size W does 

not change after sintering due to the relatively low temperature of the process. 
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Titanium is the most suitable material for many medical products, such as implants, endoprostheses, 

plates for osteosynthesis and cranioplasty of skulls, as well as various fasteners (bridges, staples, screws, 

etc.) in traumatology and dentistry due to its good combination of physical, mechanical and biomedical 

properties [1–4]. At the same time, improving both strength and corrosion resistance of such products is an 

urgent task nowadays [5, 6]. The fact is that commercially pure titanium (CP Ti) possesses advanced inert 

and biocompatible characteristics, but it has some disadvantages as well, including reduced deformability 

and insufficient wear resistance [7]. In addition, the high melting point and reactivity of titanium to oxygen 

and nitrogen complicate its processing and treatment for improving functional properties. Thus, alloying 

titanium with various metals is the common method for this purpose, but it has some limitations because of 

incompatibilities with human bodies that greatly narrow the range of possible compositions. So, despite the 

widespread use of such titanium alloys as the TiNi intermetallic compounds, possessing the shape memory 

effect, the Ti-6Al-4V alloy, characterized by improved strength characteristics, and the Ti-Nb ones with 

relatively low elastic modulus [5], there are some issues due to the presence of toxic Ni, Al, V and Nb as 

their components. Therefore, there is a huge interest in alloying titanium with noble metals (such as silver, 

gold and platinum) for some dental applications for many years despite their high cost [8–11]. In addition to 

being non-toxic, they can also have anti-microbial and anti-inflammatory effects on human bodies (silver, as 

an instance) [12–17]. It should be noted that both mechanical properties and corrosion resistance must be 

improved in these cases [13, 14, 16], which determine the reliability and durability of such implants or 

prostheses. Consequently, titanium biomedical alloys with noble metals (first of all, with gold) have been 

studied in sufficient detail [12–17]. The influence of the Ti-Au alloy compositions on their microstructure, 

forming phases and mechanical properties has been reported for a fairly wide range of gold concentrations 

(up to 40%, by weight as a rule) [13, 14, 16] and even from 0 up to 100% [17]. Typically, their phase 

compositions have been determined on the basis of both equilibrium  Ti-Au state diagram (drawn by J.L. 

Murray [18])  and data, thermodynamically calculated using the CALPHAD method [19]. However, there 

are still some gaps in knowledge, which the authors of paper [17] have tried to fill by a detailed study of the 

Ti-Au alloys, connecting the phase diagram plots with Vickers hardness values. Two data arrays have been 

distinguished: high hardness levels of 6.50–7.80 GPa for the gold concentrations in the range of 22–34 wt.% 

and low ones of 2.64–2.83 GPa at its contents of 50–80 wt.%. The low hardness range is close to that for cast 

CP Ti, while the high hardness values are associated with the formation of the Ti3Au intermetallic 

compound. Respectively, these observed patterns enable  to use microhardness tests as an express method for 

identifying the formation of the Ti3Au phase in the Ti-Au alloys. 
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The influence of various current pulse shapes in small-scale resistance spot welding of the nickel alloy 

plates 0.2 mm thick on its microstructure-related properties of the joints are presented. The first mode was a 

rectangular current pulse, the second one included the preheating stage, which was supplemented by a 

prolonged down slope in the third case (Fig. 1a). 

  

Fig.1. The welding current pulse shapes (a); sheet-to-sheet dynamic resistance curves (b); the corresponding tensile test results for the 

welded joints (c) 

The mechanical properties of the welded joints were determined by tensile tests in accordance 

with [1, 2]. Vickers microhardness was measured along the diagonal axis of the nugget with a step between 

indentations of 50 μm. The microstructure was investigated using an optical microscope. Upon welding, the 

real current and voltage values were recorded using a digital oscilloscope. 

Two types of the dynamic resistance curves  were observed in the welding process (Fig. 1b). The 

optimal nugget sizes corresponded to a smooth decrease in the curves. Their sharp drop was recorded in the 

case of the metal expulsion. This result was consistent with the data reported by the authors [3], explained 

this phenomenon by the loss of the nugget material, shortening the current path. 

The preheating stage stabilized heat input due to preliminary microroughness deformation and fracture 

of oxide films [4, 5], causing the sound weld and an increase in its failure energy by 18% (Fig. 1c). With a 

rectangular current pulse, cracks appeared in the cross section of the nugget. High cooling rates had inhibited 

volumetric diffusion that resulted in a non-equilibrium microstructure of the core metal. In this case, alloying 

elements were unevenly distributed in the nugget volume, affecting its tensile properties [6]. The prolonged 

down slope of the current pulse had reduced the solidification rate of the molten nugget metal. As a result, 

deviations of its final microhardness values from their average levels were reduced by about two times and 

the joint tensile strength was significantly improved. 
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Titanium and its alloys are characterized by excellent mechanical and corrosion resistance properties that 

make them interesting for various applications such as in automotive and aerospace fields, and biomedical 

implants. [1] However, titanium is characterized by poor wear resistance restricting its application. There is 

the possibility to enhance such property by forming surface alloys of titanium with other metals.  

By combining magnetron sputtering deposition and Low Energy High Current Electron Beam (LEHCEB) 

it is possible to produce surface alloys with improved properties, by keeping the bulk properties unaltered. In 

this way the outermost micrometric layer can be characterized by higher microhardness, lower elastic modulus 

and lower friction coefficient. [2, 3] 

In the present work chemical etched and LEHCEB pretreated (20 kV and 5 pulses) c.p. Ti substrates were 

prepared, then thin films of Nb (100 nm), W (350 and 700 nm) or Ta (700 nm) were deposited by DC 

magnetron sputtering onto substrates. Finally, surface alloying was carried out by LEHCEB, by varying the 

acceleration voltage (25 and 30 kV) and the number of pulses (from 10 to 80), depending on the thermophysical 

properties of thin films metals.  

The surface alloys were characterized in terms of chemical and phase composition. Mechanical properties 

(Vickers microhardness and elastic modulus) were investigated as well friction coefficient through wear 

resistance tests, both on treated and untreated samples.   

 

 

Fig.1. Surface EDS map of the Al2O3 ball trace left on Ti-Nb wear tests on sample synthetized with 100 nm of deposited Nb 

and LEHCEB alloyed at 25 kV with 10 pulses.  
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Copper-niobium alloys are of great interest in the fields of high deformability, high conductivity, strain 

hardening and superconducting alloys [1, 2]. Niobium, due to the very limited solubility in copper, exhibits 
strong tendency towards segregation, leading to the impossibility of proper production of single-phase Cu-
Nb alloys via traditional methods [2]. On the other hand, Low Energy High Current Electron Beam 
(LEHCEB) gives the possibility to deliver enough energy in the form of electron beam pulses of 
microseconds, that allow melting and solidifying, at extremely high cooling rates layers, of few micrometres 
layers [3]. 

By combining in this way, elements are mixed together at the liquid state and the rapid solidification 
brings to the formation of non-equilibrium alloys [4]. This is an innovative route for vacuum surface 
treatment of materials. Coatings result being strongly adherent to substrates [5]. 

Cu-Nb surface alloys were realized by magnetron sputtering niobium thin films (thicknesses from 100 
to 500 nm) onto commercially pure copper. Samples were then irradiated with three electron beam pulses at 
different accelerating voltages (from 15 to 30 kV, resulting in energy density between 1.64 and 5.56 J/cm2). 
X-Ray Diffraction (XRD), surface topography and micro indentation data were used for characterization. 
Diffraction spectra highlighted non-equilibrium FCC solid solutions with 29.7 and 80.2 at % of copper, as 
well as BCC solid solutions with 77.3 and 47.4at% of niobium. Microhardness of Cu-Nb surface reached up 
to 450 HV, with a large increment with respect to copper substrate (120 HV). 

 
Fig.1. Non-equilibrium phase diagram of the niobium-copper system. At room temperature: SS1, solid solution of copper in niobium; 

SS2, solid solution of niobium in copper; central part, amorphous phase [6].  

Superimposed: phases obtained via LEHCEB. Black dot for BCC Nb-based and orange dot for FCC 
Cu-based alloys.  
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Additive manufacturing processes are characterized by very high temperature gradients and 

crystallization rates. These conditions lead to the formation of microstructural elements of a smaller size than 

in conventional casting processes, a multiple or more times. As applied to nickel-based superalloys, this 

opens up potential opportunities for developing methods for forming parts of the hot path of gas turbine 

plants with improved performance [1]. However, the high cracking susceptibility of PH superalloys is a 

problem for additive products. 

In the present work, additive products of a simplified form in the form of vertical walls from the second 

generation superalloy ZhS32 [2] were fabricated by means of electron beam additive manufacturing 

(EBAM). The influence of heat input [3] and the printing strategy on the given geometry of additive 

products, on the formation of macrodefects in the material of products, as well as on the sizes and 

morphology of microstructure elements was studied. The studies were carried out by means of optical and 

scanning electron microscopy. 

As an example, Figure 1 shows images of the microstructure of superalloy ZhS32 in the initial (cast) 

state, as well as the material of an additive product formed from bars of the same alloy on a substrate of 

austenitic steel SS316. It is clearly seen that the microstructure of the material of the additive product is 

represented by colonies of dendrites. In this case, the axes of the first-order dendrites are predominantly 

oriented along the direction of additive growth of the product (building direction - BD in Figure 1b) with an 

inclination of approximately 30 degrees towards the 3D printing trajectory (scanning trajectory - ST in 

Figure 1b). Note that the average distance between the axes of the first-order dendrites 1 in the material of 

the additive product is about 33 m, and in the cast state about 75 m. 
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(a) (b) 

Fig. 1. Microstructure of nickel-based superalloy ZhS32 in the as-cast state (а) and microstructure of material of 

product obtained by wire-feed EBAM (b) 
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Diamond is a promising material for quantum electronics and photonics due to its unique properties: 

hardness, high thermal conductivity, big value of charge carrier mobility (for both electrons and holes), good 

radiation stability. Also diamond can contain colour centers that are supposed to be used as room-

temperature qubits: NV, SiV, PbV, SnV etc., where V is a vacancy. 

In process of quantum calculations we need laser radiation to perform initialization and reading 

operations. If qubits are the part of diamond lattice, it is convenient to use laser that is also based on 

diamond. In the future fully diamond-based quantum computer can be created. 

In 2021 laser generation in diamond, containing NV-centers in the negative charge state (NV-), was 

observed for the first time ever [1]. The pulse energy was estimated as 10 nJ, the linewidth was about 15 nm 

at half maximum. In the current work we tried to improve the results and define the optimal impurity-defect 

composition of diamond sample. We managed to obtain radiation with more narrow line (approximately 6 

nm) and far bigger pulse energy – up to 50 µJ. 

NV--laser can be applied for operations with SiV qubits. In the future we plan to obtain laser generation 

on other centers, which will enable to operate NV- qubits. 
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Synthetic diamond is beginning to use in quantum technologies: sensing, computing and cryptography. 

The characteristics of diamond are such that they will allow diamond-based devices to operate at room and 

elevated temperatures, at high levels of radiation and in chemically aggressive environments. In addition to 

quantum technologies, diamond will get applications in radiation-resistant, high-temperature and power 

electronics and photonics. 

Optically active centers in diamond containing a vacancy and impurity atoms (N, N2, Si, Ge, etc.) are 

characterized by high photostability, absorption and luminescence spectra in the visible range, and 

characteristic luminescence times on the scale of tens of nanoseconds [1–3]. Most of the centers mentioned 

are relatively easy to create in a diamond sample in the process of diamond synthesis or during its post-growth 

radiation-thermal treatment. 

The recent demonstration of laser radiation at NV centers under optical pumping [4] opens up wide 

opportunities for creating injection diamond lasers and then integrated diamond lasers based on photoactive 

color centers. This, in turn, will make it possible to create compact integrated quantum magnetic field sensors, 

quantum processors based on the spin states of NV centers in diamond, etc. 

The report presents the results of studies of optical absorption, luminescence, excitation of spin states of 

photoactive centers, discusses the existing and possible applications of impurity-defect centers in diamond, 

photoactive in the green and red regions of the visible range, for problems of integrated optics, quantum 

communications and quantum computing. 
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Paper deals with the spectral study of the radiative recombination of free excitons in synthetic 

diamonds, irradiated by a beam of charged particles (electrons) in a temperature range from 70 to 500 K. 

This method of treatment is an example of nondestructive inspection technique of the crystal structure 

perfection of a synthetic sample. In addition, diamond, having a strong exciton cathodoluminescence, is a 

promising material for using it as a luminophore in a cathodoluminescent emitter.  

There are relatively few works devoted to the study of diamond luminescence at elevated temperature. 

For example, authors of [1, 2] studied the glow of diamond samples at elevated temperatures with 

electroluminescence. In [3, 4] the temperature dependences of the cathodoluminescence peaks of free 

excitons in CVD diamonds was investigated. But we didn’t found data on the behavior of luminescence at 

temperatures above 300 K.  

In our work we used HTHP diamond samples for luminescence investigations. Figure 1 shows non 

typical dependence of exciton peak intensity at 235 nm from temperature. 

 

Fig.1. Dependence of excitonic peak intensity at 235 nm from temperature.  

Knowledge and understanding of the behavior of exciton cathodoluminescence in diamond can 

become an impulse for the creation of a new type of ultraviolet emitter. 
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In the light of the creation of a diamond laser [1], an urgent task is to determine the characteristics of 

diamonds in order to determine the range in which such lasers can be created not in isolated cases. This work 

is aimed at creating superluminescence in diamond under the action of optical pumping by the second 

harmonic of an ND:YAG laser (λ=532nm). 

At a pump intensity above ~2.0 MW/cm2 in the spectral region of 700–760 nm, against the background 

of the spontaneous luminescence spectrum, a nonlinear increase in intensity was detected in the HPHT 

diamond sample upon pulsed excitation by an ND:YAG laser, and with a further increase in the pump 

intensity, this band turns into an intense a peak with a maximum at about 718 nm. The FWHM of this peak 

increased from 13 to 19 nm as the pump intensity increased from 2.7 to 46 MW/cm2. At high pump 

intensities, nonlinearities were found in the absorption and accumulation of NV centers in the excited state. 

Superluminescence was observed only in separate growth zones of the crystal. 

The calculation of the position of the photoluminescence band, carried out taking into account the 

intrinsic absorption spectrum of the crystal, is close to the experimental one. On fig. 1 against the 

background of the absorption spectrum shows the calculated emission spectra calculated at inversion 

densities N*(cm-3) = 1·1017; 2·1017; 2.5·1017cm-3 and medium length 1 cm. 

 

 

Fig.1. Absorption spectrum and calculated emission spectra. 
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Diamond is a very perspective material for photonic and optical applications due to its unique physical 

and chemical properties (e.g. high refractive index of diamond n=2.42). Despite the fact that doping with 

nitrogen doesn’t have a strong effect on the refractive index of diamond, it nevertheless changes by ~1%, that 

gives us the opportunity to use a structure consisting of a set of diamond layers with and without substitutional 

nitrogen as a photonic crystal [1].  

One-dimensional photonic crystal is a structure with periodic change of refractive indices in one direction 

[2]. In our work we have structure which consists of periodically alternating layers of undoped diamond and 

nitrogen-doped diamond layers. The main advantage of same structures is the ability to obtain almost 100% 

reflection in the range of the optical spectrum we are interested in. This property of one-dimensional photonic 

crystals makes them advantageous for use as laser resonators. 

In this paper, we used the finite element method to calculate the parameters of a diamond-based one-

dimensional photonic crystal of interest to us, including the values of the maximum possible reflection. 

 

Fig. 1 Reflection from simulation 

Fig. 1 shows a computed dependence graph of the reflection coefficient on the wavelength while different 

numbers of layers of the structure were used. The results were obtained for a different number of pairs (N=100, 

200, 500) of nitrogen-doped diamond layers (n=2.39) and undoped diamond layers (n=2.42) for the wavelength 

of interest (λ=532 nm). When calculating the thicknesses of the layers the Wulff-Bragg’s condition was used: 

 т2 , 

where Λ – period of the one-dimensional photonic crystal, λ – central wavelength, m – integer. 
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Cherenkov detectors based on the Cherenkov effect are widely used to detect high-energy electron 

fluxes. Since Cherenkov radiation occurs only at a certain energy of a charged particle, then due to particles 

with energies less than this energy, radiation caused by luminescence can be detected. The parasitic 

contribution of luminescence to the signal of a Cherenkov detector can be especially noticeable also in the 

case of registration of electrons with an energy of tens to hundreds of keV. One of the promising areas of the 

Cherenkov detector application is thermonuclear installations, in which it is necessary to control high-energy 

electron fluxes from energies of tens to hundreds of keV, which can adversely affect the operation of a 

thermonuclear installation, up to its complete failure. Another promising area is the detection of charged 

particles fluxes of the solar wind in near-Earth outer space, due to which the electronic equipment of space 

vehicles can fail, which also entails huge financial costs. In both cases, the registration of electron fluxes 

must be carried out in a wide temperature range, which can reach above 500 K. Therefore, special 

requirements are imposed on the material of the Cherenkov detector radiator. One of the most suitable 

materials for a radiator, which has a high temperature and radiation resistance, as well as conductivity when 

excited by an electron beam, is diamond. In addition, diamond has a low Cherenkov radiation threshold (~ 50 

keV), and transparency in the UV region of the spectrum (from 225 nm). 

In this work, the impurity-defect composition of various samples of synthetic diamonds was studied by 

spectroscopic methods. Based on these studies, the most suitable samples for registration of Cherenkov 

radiation were selected. A chamber was made with an induction heating system and registration system of 

the spectral characteristics of diamond samples radiation. The study of the spectral characteristics radiation 

was carried out under the influence of an electron beam with an energy of tens-hundreds of keV on the 

RADAN-220 and NORA pulsers with a sealed-off electron tube IMA3-150E in a wide temperature range. 
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PROPERTIES OF ULTRANANOCRYSTALLINE DIAMOND GROWN UNDER DIFFERENT 

DEPOSITION CONDITIONS* 

A.S. MITULINSKY1, S.A. LINNIK1, S.P. ZENKIN1, A.V. GAYDAYCHUK1 

1Tomsk Polytechnic University, Tomsk, Russia 

 

Diamond films have many industrial applications due to the combination of unique physical and 

chemical properties. One important concern of diamond films deposition is achieving a good adhesion to the 

substrate, which depends on residual stresses in the film after deposition. Other important concerns of 

deposition are achieving good mechanical properties comparable with a single-crystal diamond, as well as 

fine structure and surface parameters. Ultrananocrystalline diamond (UNCD) films have a grain size in the 

range of 5–10 nm and smooth surface in comparison with micro- and nanocrystalline diamond films. 

We synthesized UNCD films on Si substrates by hot filament chemical vapor deposition method with 

different methane concentrations (up to 24 vol. %) in the gas mixture and the deposition pressure at 20 Torr. 

To characterize obtained films we used Raman spectroscopy, XRD analysis, profilometer measurements, 

AFM to estimate surface roughness, nanoindentation tests were performed to obtain hardness and Young’s 

modulus. 

Figure 1 shows results of nanoindentation test and residual stress estimation. 

 
Fig.1. Data for (a) hardness and Young’s modulus, and (b) residual stress. 

Results from fig. 1. (a) shows that with increase in the methane concentration hardness and Young’s 

modulus decrease. Young’s modulus of a material correlates with a concentration of defects in it [1], and in 

this case grain boundary content acts as a defects. As can be seen from fig. 1 (b) with increase in the methane 

concentration, tensile stress increases. This is due to increase in non-diamond phase and grain boundary 

content, because accordingly to [2] increase in defect concentration leads to rise in tension stress. 

This research is planned to be one in the series of works devoted to application of UNCD coatings for 

cutting tools. 
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LIGHT-INDUCED OPTICAL EFFECTS ON PHOSPHORUS AND BORON DOPED DIAMONDS* 

K.N. BOLDYREV1,*, YU.YU. DIHTYAR1, V.N. DENISOV2 
1Institute of spectroscopy, Russian Academy of Sciences, Troitsk, Moscow, Russia  

2Technological Institute for Superhard and Novel Carbon Materials, Troitsk, Moscow, Russia 
 
Diamond is a material with many unique properties suitable for the different applications from power 

electronics to quantum computing. It has an ultra-wide band gap (5.47 eV), high electron and hole mobility, 
high thermal conductivity, high reflectivity, transparency from RF to UV radiation, and has compelling 
potential advantages over the most known analogs, such as the narrow-bandgap silicon (Si), in radiation-
resistant, high-power, and high-frequency electronics, as well as in deep-UV optoelectronics, synchrotron 
optics, quantum information, quantum sensing and extreme-environment applications [1]. As well a diamond 
is an excellent photoconductor, and this property can be used for UV detectors with ultra-high sensitivity [2]. 
It is known that p-type semiconducting diamond is synthesized by doping boron impurity. Phosphorus and 
nitrogen are impurities for n-type semiconducting diamond established at this moment. But nitrogen level is 
too deep in the bandgap for the applications (see figure), so phosphorus donor is the best candidate for the n-
type diamond. P-donors in a diamond can be used for quantum computing, spin-to-photon conversion, 
photonic memory, integrated single-photon sources, and all-optical switches because of the read-in/read-out 
is in the optical region showing extremely high decoherence time up to hours [3]. Earlier studies of the 
photoconductivity of the phosphorus-doped diamond, which made it possible to register several electronic 
transitions near 600 meV [4]. These studies gave hope for the presence of photochromic effects in P-doped 
diamonds, by analogy with such effects in silicon [5]. In addition, based on such effects, it is possible to 
create a technique for the optical monitoring of the quality and concentration of doping [5,6]. 

 
Fig.1. The energies of electroactive shallow impurities in the band gap of diamond. 

In this work, we report the detail studies of the light-induced effects of the large-sized HPHT-grown 
high-quality P-, B- and N-doped single-crystal diamonds by the high-resolution spectroscopy. We found a 
significant light-induced effect on the electronic transitions of phosphorus and boron. A strong intensity 
measurement in the absorption spectra is observed under the influence of external optical radiation. In 
addition, there was a redistribution of intensities in the absorption region of boron and phosphorus, by 
analogy with the dopant of boron and phosphorus in silicon [5,6]. Based on this effect, a method is proposed 
for determining the real concentration of boron and phosphorus in a diamond. 
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2Institute of Spectroscopy of the Russian Academy of Sciences, Troitsk, Russia 

 

Germanium-Vacancy (Ge-V) color center in diamond possesses a narrow band photoluminescence (PL) 

emission in orange spectral range interesting as a single-photon source for quantum optical technologies and 

thermometry, therefore, the development of methods for controllable doping of diamond with Ge is of high 

importance for such applications [1,2].  

Here, we report on the growth of various Ge-doped diamond materials using microwave plasma 

chemical vapor deposition (CVD, reactor ARDIS-100, 2.45 GHz) by adding the germane (GeH4) gas to CH4-

H2 mixtures. The obtained materials included epitaxial Ge-doped diamond layers, micro- and nanocrystalline 

diamond films (MCD and NCD, accordingly; see similar research for Si-V centers in [3]), and individual 

micro- and nanoparticles. The polycrystalline films and separate particles were deposited on Si and AlN 

substrates, the epitaxial diamond was grown on Ib and IIa HPHT diamond substrates. The results of our 

investigation of the Ge-V peak intensity at the wavelength of 602 nm in the PL spectra taken both at room 

and liquid helium (4 K) temperatures will be reported (for Ge-doped thick MCD film – see Fig. 1). The data 

on diamond morphology, growth rate, Raman spectra and Ge-V PL and optical absorption for all types of 

samples will be compared. 

In summary, the in situ doping of diamond with Ge from GeH4 gas added in microwave plasma is 

promising to be a convenient way to control Ge-V abundance and PL emission, similarly to the diamond 

doping from silane [3]. 

The work was supported by the Russian Science Foundation, Grant № 21-72-10153. 

 

Fig.1. PL spectra of CVD-grown Ge-doped 100 µm thick MCD film at room temperature (a) and at 4 K (b). 
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DIAMONDS* 
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Crystals with color centers are widely used in various fields of industry and science. They can be 

applied to optical quantum memory, quantum sensorics and quantum cryptography. Color centers are a 

defect in the crystal lattice that absorbs and/or radiates in the wavelength range outside the intrinsic 

absorption of the crystal. 

In this work, we studied the charge states changing of color centers in diamond, such as nitrogen (NV), 

silicon (SiV), germanium-vacancy (GeV) centers, after their irradiation with X-rays. 

The study of color centers in the X-rays was carried out on a Bruker IFS 125HR high-resolution Fourier 

spectrometer with a cryogenic attachment based on an X-ray tube BSV-30 with a copper anode, with a 

nominal power of 500 W and a characteristic radiation Cu Kα 8027 eV. The results of the research were 

absorption spectra obtained at a temperature of 5 K. The absorption method is a well-resolved structure of 

lines in the spectra, which makes it possible to quantify the concentration of color centers. 

The obtained spectra illustrate that after X-ray exposure, the absorption line intensities change at 

wavelengths of 946 nm (SiV0), 737 nm (SiV-), 575 nm (NV0), 637 nm (NV-) and 602 nm (GeV-), 

corresponding to color centers. In the sample with GeV, the appearance of new lines was observed, which 

can relate to GeV0 and/or GeV+ centers. A change in the SiV and NV centers was noted, the increase in the 

concentration of SiV0 is proportional to the decrease in SiV-. A more complex interaction is observed 

between NV0 and NV- because other charge states such as NV+, NV2+ or unknown states may be involved in 

the process as the appearance of new lines after irradiation was found. 

For samples with NV and SiV, changes in defect concentrations (x) were calculated using formula (1) 

from [1]. Calibration coefficients kzpl are given in [1] for SiV and [2] for NV, the integral intensity Izpl of 

absorption lines was calculated using the OPUS software. 

 
zpl zplI k x=  , (1) 

The result of research demonstrates that X-rays radiation can control the charge states of color centers 

in diamonds. 
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Fig.1. The changing of SiV0 and SiV– absorption spectra by X-Ray radiation.  
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Progress in modern physics of elementary particles is largely due to the level of experimental capabilities 

of detectors. One of the main problems of gas-discharge detectors is the development of self-sustaining gas 

discharges. The purpose of this research is to determine the most probable mechanism of erosion of a diamond-

like coating (DLC) of a flat anode by influence of a pulsed discharge in an Ar90(CO2)10 gas. 

The gas discharge was created by a pulsed voltage source with an output power of 0.8 MW at atmospheric 

pressure. Samples of two types were used: 1 – DLCpi (polyimide substrate) with a thickness of 200 nm and 

2 – DLCSi (silicon substrate) with a thickness of 166 nm.  

For DLCSi samples was observed a through gas discharge with rounded damage of the coating (Fig.1a). 

For DLCpi samples was observed a barrier gas discharge along the film-gas interface with oblong-shaped 

damage to the coating (Fig.1b). 

Heating and subsequent erosion of the DLC film are caused by the radiation of the discharge plasma 

channel in the first case and ohmic heating due to an electron current in the second case. It has been established, 

that the main contribution to the erosion of the DLC film by influence of discharge is made by the peeling of 

the film from the substrate due to different expansion coefficients, however, such alternative mechanisms as a 

thermoelastic wave due to the heating of the plasma channel, sputtering of film atoms by gas ions, and 

sublimation of the coating were also considered. 

The proposed mathematical model of erosion of a DLC coating under the influence of a barrier gas 

discharge is based on the non-stationary equations of deformation and thermal conductivity for a solid body 

was solved using the COMSOL Multiphysics package and predicts thermal stresses in the sample, induced by 

discharges of different power. Distribution of thermal stresses at different moments of time along the interface 

film and substrate is given on Fig.2. 
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Fig.1. Scanning electron microscopy (SEM) images with 

distributions of chemical elements along the scan line in the 

erosion zone after exposure to the plasma channel on DLC 

coatings on Pi (a) and Si/SiO2 (b) substrates 

Fig.2. Distribution of thermal stresses at 

different moments of time along the interface 

between the film and the Pi substrate 

Thus, it has been established that the main mechanism of erosion of a diamond-like coating by the 

influence of a pulsed barrier discharge is the peeling of the film from the substrate, and a numerical model has 

also been proposed that predicts the thermal stresses of the coating at specified discharge parameters.  

The authors of the article would like to thank the Joint Institute for Nuclear Research for financial support. 
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ATOMIC DEFECTS IN DIAMOND: PATTERNS OF FORMATION AND SUBSEQUENT 
TRANSFORMATION 

VIKTOR VINS 

VELMAN Ltd, Novosibirsk, Russian Federation 
 
Representative collections of laboratory-grown (HPHT/CVD) and natural diamonds have been studied. 

Mechanisms installed: 
- Generation and subsequent transformation of primary growth and radiation defects; 
- Transformations of intrinsic and impurity structural defects during annealing of diamonds of different 

genesis in the stability fields of diamond and graphite. 
Models for the transformation of atomic defects in the diamond structure are constructed, allowing to 

obtain promising environments for various ultra high tech applications. 
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EFFECT OF IRRADIATION AND HIGH TEMPERATURE ANNEALING WITHOUT
STABILIZING PRESSURE ON THE OPTICAL PROPERTIES OF HPHT SYNTHETIC

DIAMONDS

A. YELISSEYEV1, V. VINS2, Z. URMANTSEVA2

1V. S. Sobolev Institute of Geology and Mineralogy SB RAS, Novosibirsk 630090 Russia
2 Vellman Ltd, Novosibirsk 630058 Russia

The most common way to control the state of impurity centers in diamonds for a certain high-tech
application is ionizing irradiation followed by high-temperature annealing. Annealing at high pressure is
usually used to prevent graphitization. But recently, much attention has been paid to annealing at normal
(atmospheric) pressure, which reduces the risk of crystal destruction and simplifies (reduces the cost) of the
equipment used.

The HPHT synthetic  diamonds with nitrogen concentration ~300 ppm were grown in the  Fe-Ni-C
system.  A  0.4  mm  thick  plate  containing  colorless  area  (octahedral  sector,  type  Ia+Ib,  with  dominant
nitrogen A-centers) and yellow areas (cubic sectors, type Ib, C-centers) was cut and polished. This plate was
irradiated with fast 3 MeV electrons with dose up to 1018 e–/cm2 and heated at different temperatures (600,
900,  1200,  1500 and 1800°C) without  stabilizing  pressure.  The  changes in  optical  properties  occurring
during such processing were studied in  detail  using optical  (absorption and luminescence)  spectroscopy
including absorption Fourier  spectroscopy in the mid-IR. Attention was paid both to spatial  distribution
(mapping) and spectroscopic features.

It is shown that the color of the crystal at different stages is determined by vacancies, nitrogen (Si) and
nitrogen-vacancy centers (NV, N2V) in different charge states. The conditions of formation and the limits of
stability of these defects during annealing are determined. The state of these defects, as well as of nickel and
nitrogen-nickel centers, was monitored by photoluminescence (PL) spectra. The obtained data are compared
with the available information on the HPHT annealing.
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Diamond is a promising semiconductor, so at the moment it is used in such area as medicine, 

construction, optics and electrical engineering [1]. 

Paper deals with the study of cathodoluminescence of impurity-defect centers in diamond. The samples 

were irradiated using electron beam generated by NORA type accelerator. At a short treatment time, this 

type of radiation is an example of nondestructive inspection technique of crystal structure perfection.  

In this work, five samples of diamonds synthesized by the chemical vapor deposition (CVD) and high 

pressure, high temperature (HPHT) methods with different impurity defect compositions were used to study 

their cathodoluminescence. We registered spectra of samples cathodoluminescence in the temperature range 

from 72 K to 500 K, using optical spectrometers Ocean Optics HR2000 and HR4000, in the spectral range 

200-1100 nm and 200-300 nm, respectively. For example, Fig. 1 shows the spectra of diamond at different 

temperatures. 

 

 
Fig. 1. Exciton cathodoluminescence spectra of pure (N<10 ppm) diamond at different temperatures. 

 

The spectra of cathodoluminescence can be used to estimate not only quality of the crystal, but also the 

impurity-defective composition of test sample. 
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UNDER THE ACTION OF AN ELECTRON BEAM WITH AN ENERGY UP TO 300 KEV
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Various detectors are used to register high-energy charged particles, among which a detector operating 

on the basis of the Cherenkov effect can be distinguished [1, 2]. Unlike other types of detectors, Cherenkov 

detectors (CD) have a number of advantages and are widely used in such fields of science and technology as 

high energy physics, astrophysics and nuclear physics. As a rule, CD is used to register charged particles, in 

particular electrons, with an energy of tens to hundreds of MeV and higher. At such electron energies, the 

luminescence level of the medium (radiator) in which the Cherenkov radiation (CR) occurs is small, and in 

most cases it can be ignored. However, there are areas of CD application where it is necessary to register 

electron fluxes with an energy of tens to hundreds of keV, for example, in controlled thermonuclear fusion 

installations of the tokamak type. It is also known that high temperatures are reached during the operation of 

the tokamak, which imposes restrictions on the choice of CD radiator material. One of the promising materials 

of the CD radiator used in tokamaks, which has high temperature and radiation resistance, is diamond. In 

addition, the diamond has a relatively low threshold energy of the occurrence of the CR ~ 50 keV due to the 

high refractive index (n = 2.42), as well as transparency in the UV region of the spectrum, where the intensity 

of the CR is maximum. However, when exposed to an electron beam with an energy of tens to hundreds of 

keV, cathodoluminescence (CL) may occur in the radiator material in addition to the CR which will distort the 

signal of the Cherenkov detector. Therefore, to register electron beams with an energy of tens to hundreds of 

keV, it is important to know the contribution of CL to the luminescence spectrum of the CD radiator material. 

The aim of the work is to study the spectral characteristics of the radiation of diamond samples under the 

action of an electron beam with an energy of tens to hundreds of keV (up to 300 keV). 

The excitation of the radiation of various diamond samples was carried out using a NORA generator with 

a soldered IMA3-150E electron tube. The energy spectrum of the electron beam for this generator was in the 

range of 30-300 keV. 

The spectral characteristics of the luminescence of various diamond samples, as well as the impurity-

defect composition of these samples were studied by Raman spectroscopy. As a result of these studies, 

diamond samples were selected that are most suitable for the registration of CR. The calculated CR spectra 

were compared with the obtained experimental luminescence spectra of diamond samples under the action of 

an electron beam with an energy of up to 300 keV. 

It is shown that, when registering an CR in a diamond, it is necessary to take into account the contribution 

of CL to the signal of the Cherenkov detector when excited by an electron beam with an energy of up to 300 

keV. 
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Paper is devoted to the calculation of synthetic HPHT diamonds absorption spectra obtained at 

temperatures from 12 to 460 K. Variousе methods for determining the band gap for synthetic samples at a 

temperature of 12 K are also considered. The methods discussed in this paper allow us to more accurately 

determine the band gap of diamonds. 

We used 8 pure HPHT diamonds with concentration of N<10 ppm in our experiments. The transmission 

spectra of the samples were recorded on a helium cryostat at temperatures from 12 to 460 K by using optical 

spectrometer HR 4000 in spectral range 200-300 nm, and then the absorption values were calculated using 

following formula:  

 , (1) 

where T(λ) is the transmission coefficient, r(λ) is the reflection coefficient from one face, and α(λ) is the 

absorption index. Transmission of samples was obtained from cryostat experiments; reflection coefficient 

was calculated from [2]. 

We consider 5 methods [1] for determining the band gap values. Figure 1 shows a graph of the obtained 

results. 

 

Fig.1. Energy of the band gap determined by various methods  

The absorption spectra of pure diamonds (N<10 ppm) are obtained in the temperature range from 12K 

to 460K, and the band gap of such diamonds is determined to be 5.505 eV. 
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With the development of science in the field of quantum technologies, there was a need for a diamond 

laser. Recently, a diamond laser was invented with pumping from another laser [1]. The effect of 

electroluminescence will be useful when creating a diamond semiconductor laser and will facilitate its 

construction. 

The paper presents the effect of electroluminescence at a voltage of up to 100 V and a current of up to 

0.2 A with a frequency of 1 kHz. The experiment was carried out in geometry - the point is a plane. A 

negative charge was applied to the flat electrode and a positive charge was applied to the tip. 

Electroluminescence depends on the number of defects in the diamond structure. Since diamonds have 

sectoriality, the number of defects at different points differ. Therefore, electroluminescence does not occur at 

all points. When contacts come into contact with a diamond, a non-thermal glow occurs (Fig.1). 

Electroluminescence spectra were also taken. 

 

Fig.1. Electroluminescence in diamond. 
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Today, presence of diamonds as the main element in computing technologies and space industry plays 

an important role. In this regard, an urgent task is to create diamonds with identical properties. In this paper, 

we investigated changes of absorption spectra from temperature. The sample was placed in a vacuum 

chamber of cryostat on a substrate, which was cooled to 12 K and then heated to 470 K in 10 K increments. 

When the temperature of the diamond changed, transmission spectra were recorded. Absorption spectra 

were calculated from the transmission spectra according to formula (1), and the temperature dependences of 

SiV-center phonon wing change were determined [1]. 
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where d - thickness of diamond sample, T - transmission coefficient, R - reflection coefficient. 

Figure 1 shows the absorption spectra of a diamond sample with SiV-centers at temperatures of 12 K, 

300 K, 470 K, calculated by formula (1). 

 

Fig.1. Absorption spectra of a diamond sample with SiV-centers at temperatures of 12 K, 300 K, 470 K.  
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An NV center is an impurity-defect complex in diamond, the electronic levels of which experience a 
fine splitting into spin states, which is caused by different mutual orientations of their half-integer spins. 

When a tetravalent carbon atom is replaced by pentavalent nitrogen, an additional electron appears in the 

lattice, and when a neighboring vacancy is formed, four more electrons are released. So, three valence 
electrons of the nitrogen atom are covalently bonded to nearby carbon atoms, two to the vacancy. Often these 

five electrons attached to the center are joined by a sixth electron from another nitrogen atom. Thus, the 

center can be either neutral or negatively charged. It should be noted that the paramagnetic ground state of a 

center with a strong electron spin polarization is inherent only in the NV¯ form. The energy of the zero 
energy sublevel turns out to be less than the energies of sublevels -1 and 1 by 2.87 GHz. [1].  

In total, there are 4 bonds between the vacancy and neighboring atoms (including a nitrogen one) 

located at an angle of 109.5° relative to each other [2]. Having the magnitude of the signal of optically 
detected magnetic resonance (ODMR), it is possible to reconstruct the vector of the external magnetic field, 

taking into account its projection angle on the bonds with the vacancy [3]. 

The work is devoted to emulating the correlation of a projection of magnetic field vector on axes of 
nitrogen-vacancy center in diamond lattice with frequencies of optically detected magnetic resonance 

(ODMR).  

REFERENCES 

 

[1] Tsukanov, A.V. “NV centers in diamond. Part I: general information, manufacturing technology, structure of the animal” / 

A.V. Tsukanov // Microelectronics. - 2012. - T. 41. - No. 2. - S. 104-119. 

[2] E.P. Novokreshchenova, “Introduction to Crystal Chemistry of Semiconductors: Textbook”, Voronezh: FGBOU VPO 

"Voronezh State Technical University", 2012. 

[3] Neumann, P. “Excited-state spectroscopy of single NV defects in diamond using optically detected magnetic resonance” // 

P. Neumann, R. Kolesov , V. Jacques, J. Beck, J. Tisler, A. Batalov, L. Rogers, N.B. Manson, G. Balasubramanian, F. 

Jelezko, J. Wrachtrup // New J. Phys. - 2009. - V. 11. - P. 013017. 

 

 

EFRE 2022: 5th International Conference on New Materials and High Technologies 
Carbon materials in electronics and photonics 

–––––––––––––––––––––––––––––––––––––––––––––––   N4-P-022002   –––––––––––––––––––––––––––––––––––––––––––––––

565



PROCESS SIMULATION FORMATION OF ISOTROPIC SOLUTION OF CARBON NANOTUBES 

IN POLYMERS 

M.N. KOLCHEVSKAY1, F.F. KOMAROV1 

1A.N.Sevchenko Institute of Applied Physical Problems of Belarusian State University, Minsk, Belarus 

 

The use of carbon nanotubes (CNTs) as additives to the polymer matrix to create new functional 

composite materials is relevant. The potential for using CNTs as a builder is limited by the difficulties 

associated with uneven distribution of entangled CNTs during processing and poor interfacial interaction 

between CNTs and the polymer matrix. The nature of the uneven distribution problem for CNTs is different 

from that of other fillers such as spherical particles and carbon fibers because CNTs have a high aspect ratio 

(>1000) and therefore an extremely large surface area. In addition, commercialized CNTs are supplied in 

highly entangled structures, leading to dispersion difficulties. 

The program "NanTu" has been developed to calculate the distribution of CNTs by linear dimensions in 

a polymer matrix depending on the intensity and duration of mechanical and ultrasonic mixing. The program 

sets the probability of destruction of CNTs depending on the length of the nanotube. The initial data for the 

program is the size distribution function of CNTs. The output of the program is the distribution function of 

CNTs from the processing time. The developed program is used to evaluate the behavior of CNTs in solution 

during dispersion and optimize the process of preparing composite materials. The obtained results of 

calculations make it possible to study various mechanisms of CNT destruction. 

The algorithm of the program is as follows. At the first stage, the maximum and minimum lengths of 

nanotubes in solution are set, the length below which the nanotube does not break down, the range of sizes 

subject to destruction during processing, the discretization step of the nanotube sizes, and the size 

distribution function of the nanotubes. 

At the second stage, the distribution function of nanotubes is calculated for one time interval of solution 

processing. Successive launches of the program calculate subsequent distribution functions of nanotubes at 

the following time intervals. The program calculates three types of graphs - the dependence of the mass on 

the length of nanotubes, the distribution of the probability of destruction and the size distribution of 

nanotubes (Fig. 1). 

Figure shows the results of calculating the distribution of CNTs after three stages of processing 104 

identical nanotubes 1 µm long. The resolution probability distribution function has a maximum in the middle 

of the nanotube. The calculation results show the presence of a maximum in the region of 500 nm, which 

slowly grows with increasing processing steps. This is due to the successive destruction of the initial 

nanotubes 1 μm long and the increase in the number of nanotubes of other sizes during processing. 

The characteristics of composite materials significantly depend on the type and duration of preparation 

and processing. The developed software makes it possible to set the function of the probability of destruction 

of nanotubes, which will make it possible to create composite materials with desired properties.  

A)  B)  

C)  

Fig.1. Graphs of the dependence of the mass on the length of nanotubes (A), the distribution of the probability of destruction (B), the 

size distribution of nanotubes (C).  
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Studies of color centers, such as silicon vacancy (SiV) center in diamond are currently of high interest 

in view of applications in photonics, particularly, in quantum information technologies [1]. Changing the 
isotopes of impurities in crystals is a fruitful method of studying optically active defects. Particularly, 
analysis of phonon band positions in PL or absorption spectra, when isotope of diamond host lattice is 
changed, allows a discrimination of local vibration modes (LVM) and phonon modes. Collins et al.[2] 
observed isotope shifts for 12 different ZPL lines in 99% 13C HPHT diamond and identified LVM for some 
of the defects.  

 
Fig.1. Absorption spectra of SiV0 center in  diamonds enriched 12C-13C isotopes 

By playing with C and Si isotopes, it’s possible to observe a frequency shift in SiV center, which 
indicates the relation between the lattice structure of SiV ceter and its PL. Such possibility is important for 
various applications, especially in the field of quantum technologies. Moreover, the use of isotopically pure 
materials makes it possible to obtain the narrowest lines of SiV color centers [3]. Previously, line shift was 
investigated for SiV- color centers in diamonds enriched both in 28Si, 29Si, and 30Si isotopes [3] and in 12C 
and 13C isotopes [4]. 

Neutrally charged SiV0 (946 nm) exhibits excellent spin properties, with spin-lattice relaxation times 
(T1) approaching one minute and coherence times (T2) approaching one second [5], as well as excellent 
optical properties, with approximately 90% of its emission into the zero-phonon line and near-transform 
limited optical linewidths [5]. In spite of significant activity on the study of color centers in isotopically 
modified diamond [6], no data on SiV0 in 13C diamond, as well enriched by different Si isotopes was 
reported so far. Here, we report on isotopic shift effects in SiV0 centers for both carbon and silicon atoms. 
The present work describes the MPCVD-growth of single-crystal diamond layers with engineered isotope 
compositions: (1) 12C/13C with natural Si content, (b) 28Si/29Si/30Si with natural carbon content. The influence 
of isotope composition in these series of samples on SiV0 peak will be reported. Specifically, a large isotopic 
shift for 12C and 13C diamonds was observed (Fig. 1), while for the change of silicon isotopes almost no 
significant shift was registered. Potentially, the obtained results will have an impact for the prospects of 
using SiV0 centers in diamond as single-photon sources in quantum optical information technologies. 
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In the last few decades the technologies to produce high quality semiconductors materials have rabidly 

improved as the demand on them has increased which led the scientists to pay more attention to these 

materials and their properties. One of the most advanced photodetectors nowadays is the avalanche 

photodiodes due to their high performance and their operating conditions [1]. 

Since the demonstration of molecular beam epitaxy which widened the ability to establish more 

applications based on semiconductor materials, and after the big success of QDIP for infrared detection, a lot 

of attention has been paid to the quantum discoveries, this has stimulated the development of avalanche 

photodiode and its ability for single photon detection [2]. Small-sized and high-performance photonic 

devices were recently integrated thanks to a monolithic integration approach. Such achievements were 

obtained with the help of two group-IV materials: silicon (Si) and germanium (Ge) [3]. The use of group-IV 

materials seems optimal for the future needs of monolithic chip integration [4]. 

An ideal APD should possess high avalanche gain, low dark current, small bias voltage, and detect 

high-speed optical signals of up to 100 Gbit/s. Ge-APDs based on metal semiconductor metal (MSM) 

structure feature high avalanche gain at low bias voltage and are compatible with semiconductor silicon 

transistor processes. However, such MSM schemes suffer from limited avalanche gain, large dark current, 

and reduced receiver sensitivity. 

For Ge-APDs based on the separate absorption-charge-multiplication (SACM) structure, thanks to the 

confining carrier multiplication in intrinsic Si, devices benefit from low multiplication noise and impressive 

gain-bandwidth product (GBP) [5]. 

In this work, the avalanche photodiode were investigated, some calculations were done and highlighted. 

The results of these calculations will be shown and analyzed in order to widen our prospective in infrared 

detection area. 

This work discusses the behavior of avalanche photodiodes under certain conditions and emphasizes the 

dark current characteristics. First, we comprehensively study the opto-electrical properties of avalanche 

multilayer photodiodes of germanium with silicon quantum dots then we analyze the results with a lot of 

consideration to the dark current characteristics in several modes and under different conditions and 

parameters. 

 

REFERENCES 

[1] Hongmei Liu, Jianqi Zhang “Performance investigations of quantum dot infrared photodetectors”, Infrared Physics & Technology, vol 55, pp. 
320–325, 2012. 

[2] Douhan R.M.H., Kokhanenko A.P., Lozovoy K.A., “Performance analysis of multilayer Ge/Si photodetector with quantum dots”, Proceedings 
of SPIE. vol. 12086. pp. 120861X-1-120861X-7, 2021 

[3] zhnin I. I., Lozovoy K. A., Kokhanenko A. P., “Single photon avalanche diode detectors based on group IV materials”, Applied Nanoscience, 
vol. 12, pp. 253 263, 2022. 

[4] Benedikovic D., Virot, L., Aubin, G., “28 Gbps silicon-germanium heterostructure avalanche photodetectors”, Proceedings of SPIE. vol. 11283, 
pp. 112830Y-10, 2020. 

[5] Xiao Hu, Hongguang Zhang, Dingyi Wu, “High-performance germanium avalanche photodetector for 100 Gbit/s photonics receivers”, Optics 
Letters, vol. 46, pp. 3837-3840, 2021. 

                                                           
*
 The work was supported by Ministry of Science and Higher Education of the Russian Federation (state task No. 0721-2020-0048). 

EFRE 2022: 5th International Conference on New Materials and High Technologies 
Carbon materials in electronics and photonics 

–––––––––––––––––––––––––––––––––––––––––––––––   N4-P-052901   –––––––––––––––––––––––––––––––––––––––––––––––

568



ESIGN AND DEVELOPMENT OF AN OPTICAL FIBER LASER SYSTEM FOR THE 
CONTROLLABLE PROCESS OF GRAPHENE OXIDE THIN FILMS* 

D.L. CHESHEV, A. KAPUSCHAK, E.S. SHEREMET 

National research Tomsk Polytechnic University, Tomsk, Russian Federation 
 
Laser processing of thin films is a straightforward and suitable way to achieve new unexplored 

materials’ properties and build various structures. Nowadays, a branch of nanomaterial science is strongly 
connected with laser processing techniques that include the application of continuous and pulsed lasers [1]. 
In terms of graphene oxide (GO), the laser processing method allows obtaining unique properties such as 
turning an insulating GO into conductive reduced GO via a reduction process, caused by local heating. 
Herein, laser irradiation also provides precise control of the parameters of the GO reduction process such as 
the power of the laser beam, power density, exposure time, and wavelength. That’s why it is important to 
have an advanced laser system with a set of controllable parameters.  

In this work, we design and develop an optical fiber laser system for the controllable process of 
graphene oxide thin films on a large scale. Our goal is to realize a system with switchable laser modules and 
an optical fiber delivery system to facilitate laser beam travel from the source to a sample. Moreover, we also 
aim to integrate a multifunctional detection system to control a set of parameters, such as laser beam profile, 
laser power, power distribution, and pulse duration. 
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Recently, there has been a growing need for the installation of implants to monitor particular processes, 

stimulate cell growth or activity, or replace tissues. The use of remote monitoring using biodegradable 
materials would facilitate the work of doctors, simplify the lives of patients, and also have a beneficial effect 
on the environment. Remote monitoring would allow monitoring of the tissues around the implant and the 
condition of the implant itself. Reduced graphene oxide (rGO) is one of the promising carbon materials due 
to its distinctive properties: low cost, ease of production, and high conductivity. It is proposed to create 
electronic components based on laser-reduced graphene oxide and biodegradable polymers for monitoring 
the state of the implant. The study of the properties of rGO on biodegradable polymers made it possible to 
select laser reduction parameters and select the PLLA polymer for further study. The mechanical stability 
test suggests the formation of a composite of rGO and polymers. After chemical exposure, a change in 
conductivity is observed. The samples were shown to be non-toxic for fibroblast, which means they were 
found to be suitable for subsequent studies. Further, the electrical characterization and approaches to creating 
the electronic components have been investigated. This work paves the way for the creation of composites 
based on graphene-like materials and polymers that would be suitable for implantable electronics. 
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Ion-plasma nitriding is efficient and widely used technology that improves mechanical and performance 

properties of various structural materials [1, 2]. However, ion-plasma nitriding is a long process, which 

reduces its overall efficiency. Therefore, the intensification of ion nitriding seems a relevant task. 

It is known that diffusion of atoms in metals is greatly influenced by various structural defects - with 

the structural defects increase, the diffusion rate in the metal increases [3]. However, along with structural 

defects, diffusion is also affected by the size of the metal grain: the finer the grain, the higher the diffusion 

rate [4, 5]. Therefore, to increase the diffusion rate in metals, methods of plastic deformation have recently 

become increasingly widespread. 

This work is devoted to the study of the effect of plastic deformation during ion-plasma nitriding in the 

glow discharge on the wear resistance of the surface of HSS M2. The results of the study show that plastic 

deformation of the steel surface before ion-plasma nitriding increases the wear resistance of the surface of 

HSS M2 by 1.5 times compared to nitriding without magnetic field. 

 

Fig.1. Process schemes ion-plasma nitriding in the glow discharge. 

REFERENCES 

[1] T. Bell, Y. Sun, “Low-temperature plasma nitriding and carburising of austenitic stainless steels,” Heat Treatment of metals, no. 3, pp. 57-64, 
2002. 

[2] N. Yasumaru, “Low-temperature ion nitriding of austenitic stainless steels,” Materials Transactions, JIM, vol. 39, no. 10, pp. 1046-1052, 1998. 

[3] Bokshtejn B. S., Diffusion in metals, Moscow: Metallurgy, 1978. 

[4] Valiev R. Z., Zhilyaev A. P. and Langdon T. G., Bulk nanostructured materials. Fundamental and Applications, Hoboken: Wiley/TMS, 2014. 

[5] Valiev R. Z. and Aleksandrov I. V., Nanostrukturnye materialy, poluchennye intensivnoj plasticheskoj deformaciej, España: Universidad 
Complutense de Madrid, 2000. 

                                                           
* The work was supported by a grant in the form of subsidies in science from the budget of the Republic of Bashkortostan for state support of young 

scientists - postgraduate students and candidates of science (theme: AT-TM-04-21-GB). 

EFRE 2022: 16th International Conference on Modification of Materials with Particle Beams and Plasma Flows
Fundamentals of modification processes 

–––––––––––––––––––––––––––––––––––––––––––––––   C2-P-958101   –––––––––––––––––––––––––––––––––––––––––––––––    



 

Author Index 
 
Abadias G. 372 
Abashev R. 378, 379 
Abdullin E. 30 
Abdulmenova A. 355 
Abilkayr K. 348 
Abubakirov E. 65, 66 
Abuova F. 401 
Abyzova E. 570 
Abzaev Yu. 265 
Aduev B. 403 
Afanasiev A. 34 
Afanasyev N. 485 
Ageychenkov D. 324, 329, 351 
Akhmadeev Yu. 233, 290, 

299, 361, 
365, 366, 374 

Akhmetov F. 429 
Akilbekov A. 384, 401, 

416, 422, 
424, 440 

Akimov A. 102 
Akishev Yu. 141 
Akulinkin A. 457, 507 
Akulov D. 378 
Akylbekov A. 382 
Akylbekova A. 416 
Aleksandrov V. 40, 49 
Alekseev B. 383 
Alekseev N. 407 
Alekseev S. 160 
Alekseeva L. 425 
Alexeenko V. 85, 104, 122, 

131 
Alexenko V. 534 
Alhassan S. 359 
Ali M. 529 
Alibay T. 391 
Alichkin E. 98 
Alieva A. 245, 392 
Alimardanova F. 392 
Almaev A. 465 
Altakhov A. 555 
Aluker N. 399, 452 
Amosov A. 459, 460 
An tran M. 260 
Ananchenko D. 384, 385, 433 
Ananyev I. 91 

Anashkina N. 284 
Andreev M. 105 
Anikeeva V. 473 
Anishchenko S. 36, 100, 124 
Anshakov A. 214 
Antipov S. 244 
Antonov N. 216 
Aqzhalbekova A. 391 
Arbuzova S. 375 
Argunov G. 50, 86, 182, 

222 
Arkabaev U. 228 
Arslanov K. 323 
Artamonov A. 452 
Artyomov A. 118, 119 
Artyomov K. 552 
Arzhannikov A. 64 
Ashurbekov N. 139, 140 
Astashynski V. 267, 274, 292 
Astrelin V. 177 
Asylbaev A. 261 
Avramchik A. 483 
Avvakumov R. 268 
Azhazha I. 204, 246, 361 
Azhgikhin M. 318 
Babaev P. 429 
Babaeva N. 153 
Badamshin A. 277 
Badaraev A. 330 
Bagdasarov G. 45 
Baidin I. 154, 169, 172 
Baimukhanov Z. 384, 416 
Bak P. 102 
Bakeev I. 199, 285, 289, 

336 
Baklanova N. 478, 498 
Baksht E. 135, 136, 137, 

158, 159, 160 
Bakunin V. 71 
Bakytkyzy A. 398 
Balagurov A. 472 
Balezin M. 87, 120, 121, 

467 
Balzovsky E. 60, 62 
Bandurkin I. 34, 84 
Bannykh D. 498 
Barabin S. 249 

Barakhvostov S. 94 
Barengolts S. 58, 184 
Barmin V. 95 
Baryshevsky V. 36 
Baryshnikov V. 21 
Baryshnikov Yu. 530 
Basalai A. 292 
Basov G. 30 
Bataev I. 504 
Batrak N. 174 
Batrakov A. 462 
Batrakov K. 435 
Batyrbekov E. 125 
Baubekova G. 438 
Bazhukova I. 397 
Beketov I. 129 
Bekskaya E. 168 
Beliavskii S. 359 
Belomyttsev S. 133, 155 
Beloplotov D. 133, 134, 136, 

149, 155, 156, 
167 

Belousov V. 64 
Belov M. 367, 441, 444 
Belyaev M. 231 
Bestetti M. 531, 532, 544, 

545 
Bezukhov K. 226 
Bibik N. 267 
Bikhert Y. 441 
Birukov M. 212 
Bleykher G. 256, 345, 346, 

347 
Bobrikov I. 472 
Bocharnikova E. 380 
Bochkov D. 102 
Bochkov V. 102 
Bogachev A. 421 
Bogdanovich P. 100 
Bogdashov A. 68, 69 
Bogdevich D. 442 
Bokhan P. 91, 110, 150, 

152, 168, 170 
Bolatova Zh. 241, 490 
Bolbasov E. 570 
Boldyrev K. 473, 554, 555, 

556, 567 

572



 

Bolgaru K. 457, 507 
Bolotov A. 201 
Bolotov Ya. 154, 169 
Bolshakov M. 108 
Bolshanin A. 375 
Bondar A. 347 
Borodulin Z. 563 
Borovikova A. 243 
Boyangin E. 487, 523 
Boykov D. 48 
Branitskii A. 40 
Braverman B. 483 
Bryukhanova Yu. 343 
Bryukvina L. 268 
Bugaev A. 219, 220, 

221, 349, 360 
Bugay A. 439 
Bukharkin A. 101, 132, 217 
Bukhtiyarov A. 354 
Bukhtiyarov V. 8 
Bunin I. 284 
Buntov E. 307, 323 
Burachenko A. 383, 417, 

549, 552, 561 
Burkin E. 101 
Burmistrov D. 203 
Buslovich D. 534 
Butenko A. 74 
Butovskaya D. 414 
Butsykin S. 543 
Butyagin P. 375 
Buyanov Yu. 60 
Byakov A. 534 
Bychanok D. 74 
Bykov N. 218 
Bykov V. 514 
Bytsenko O. 455, 528 
Chaikovsky S. 46, 55, 56, 

185 
Chakin I. 23, 538 
Chashchin V. 551 
Chaykovsky S. 380 
Chazov V. 61 
Chebykin E. 258 
Chekalin S. 428, 430 
Chelishkov S. 268 
Chen L. 25 
Chepusov A. 466 
Cherdizov R. 41, 42, 53 

Cherenda N. 267, 292 
Cherepanov R. 463 
Cherepcov V. 23 
Cherepennikov Yu. 383 
Cherepkov V. 213 
Cherkasov A. 209, 349 
Chernishikhin S. 535 
Chernyavskiy A. 266 
Chernyshev A. 297 
Cheshev D. 569 
Chingina E. 94 
Chudinova Yu. 417 
Chumaevskii A. 527 
D'yachenko F. 370 
Dackevich S. 101 
Dai Dong 161, 162 
Danilov Yu. 66, 81 
Darian L. 126 
Dasheev D. 301 
Dats E. 521 
Datskevich S. 128 
Datsko I. 46, 55, 56 
Daulbekova A. 433 
Dauletbekova A. 382, 384, 398, 

416, 424, 440 
Daurenbekov D. 391 
Davlatalii abdunazar M. 451 
De alleluia A. 79 
Deichuly M. 61 
Dektyarev S. 229 
Demidenko M. 439 
Denisenko A. 65, 66 
Denisov G. 68, 69, 71 
Denisov V. 275, 356, 357, 

358, 363, 373, 
554 

Denisova J. 275, 363 
Denisova Yu. 373 
Derusova D. 92 
Devyatkina E. 475 
Devyatkov V. 24 
Dihtyar Yu. 554 
Dobretsova E. 555 
Dogadina E. 570 
Dolgova A. 285 
Domarov E. 23, 213 
Domarov P. 214 
Dormidonov A. 428, 430 
Dorofeeva M. 308, 350 

Dorofeeva T. 308, 350 
Doroshkevich S. 22, 37, 38, 99, 

210 
Dorozhko A. 294, 295 
Dosovitskiy G. 396 
Dou Liguang 147 
Douhan R. 568 
Dubov V. 396 
Dudina D. 469 
Dyachenko A. 89, 107, 248 
Dyakonov G. 326 
Efimov N. 200 
Efremov A. 60, 109 
Egorov I. 17, 31, 130, 

181, 435 
Egoshin D. 112 
Ekimova I. 375 
El basraoui O. 437 
El bounagui O. 437 
Elkin M. 543 
Emlin D. 319 
Emurlaev K. 504 
Erdonov M. 427 
Ershov A. 317, 319 
Esipov R. 288 
Evdokimov K. 330 
Evseeva S. 108 
Ezhov V. 210 
Fadeef S. 23 
Fadeev S. 213 
Faleev V. 214 
Farenbruh S. 129 
Fedin P. 249, 436 
Fedorischeva M. 321 
Fedorov S. 250, 250, 533 
Fedorova D. 112, 258 
Fedotov A. 72 
Fedotova J. 557 
Fedunin A. 118, 119 
Filatov I. 111 
Forat E. 406, 407 
Fortuna S. 526, 527, 546 
Frants O. 50, 182 
Franz O. 86 
Franz S. 545 
Frolov I. 40, 49 
Frolova V. 209, 223, 224, 

225, 314 
Fursenko R. 517, 520 

573



 

Gabbasov R. 516, 524 
Gachev I. 68, 69 
Gadzhiev M. 244 
Gafarov R. 239, 488 
Galimyanov I. 228 
Gao Yuan 147 
Gasilov V. 45, 48 
Gasparyan Yu. 245 
Gavrikov A. 208, 216 
Gavrilov N. 280, 317, 319 
Gavrilov V. 203 
Gaydaychuk A. 322, 553 
Gazatova N. 266 
Gazenaur E. 451 
Gazenaur N. 451 
Ge Guanghui 386 
Genin D. 547, 550 
Gerasimov A. 120, 466, 467 
Gerasimov M. 385 
Gerasimov R. 490 
Geraskevich A. 369 
Geyman V. 50, 86 
Ghyngazov S. 418, 419 
Giniyatova Sh. 382 
Ginzburg N. 64, 65, 68, 

70, 72, 75, 80 
Glotov S. 408, 409 
Glubokov N. 150, 170 
Golkobsky M. 213 
Golkovski M. 538 
Golkovsky M. 23 
Golosov M. 478 
Golovin I. 472 
Golovkov N. 103 
Golubenko Yu. 23, 213 
Golubewa L. 439 
Golubkov P. 306 
Goncharenko I. 114, 318, 340 
Gorbachev A. 34 
Gorbatov S. 244 
Gorbunov S. 20, 251, 429 
Gordienko E. 396 
Gordienko Yu. 125 
Gorlov E. 105 
Gostyukhina A. 108 
Goykhman M. 75 
Grabovetskaya G. 271 
Grabovskii E. 40 
Grabovsky E. 49 

Gradoboev A. 423 
Grenadyorov A. 266, 340 
Grigoreva T. 475 
Grigoryev S. 114 
Grinchuk P. 443 
Grishin Yu. 206 
Grishkov A. 37, 38, 133, 

155 
Gromkov A. 420 
Gromov A. 12, 75, 535, 

535 
Grubova I. 539 
Grudinin V. 320, 345, 346, 

347 
Gubaidulina T. 308, 350 
Gubernov V. 515, 518, 525 
Gugin P. 33, 91, 110, 

150, 152, 168, 
170, 202, 212, 
243 

Gumovskaya A. 241, 490 
Gurianov D. 526, 527, 546 
Gurinovich A. 36, 100, 124 
Gurnevich E. 63, 124 
Gusarova M. 74 
Gushenets V. 219, 221, 349, 

360 
Guznov Yu. 75 
Hamdy Kh. 533 
Han Ruoyu 206 
He Zihao 206 
Huang Bangdou 142 
Huseu S. 74 
Hvatov A. 218 
Ibrayeva A. 425, 440 
Ignatenko N. 420 
Ignatov D. 227 
Ilves V. 305, 394, 466, 

467 
Iminov K. 139, 140 
Iohim K. 470 
Iov I. 248 
Isakova A. 195 
Ishihara K. 263 
Ishii Yu. 263 
Isobello A. 292 
Issatov A. 445 
Itin V. 502, 503 
Ivanchik I. 538 
Ivanov A. 273, 476, 477 

Ivanov I. 244, 367, 441, 
443, 444 

Ivanov N. 268 
Ivanov V. 73 
Ivanov Yu. 260, 262, 265, 

278, 290, 299, 
333, 337, 352, 
361, 365, 366, 
442 

Ivanova A. 230, 256, 296, 
297 

Ivanova O. 463 
Janse van vuuren A. 425 
Japharova R. 392 
Jiang X. 338 
Jin K. 367, 441, 444 
Jin Shaohui 234, 235, 236 
Kachkin E. 459 
Kaigorodov A. 343, 505 
Kainarbay A. 391 
Kalashnikov M. 321, 527 
Kalinkin M. 378 
Kalyaskarov N. 228 
Kalygina V. 465 
Kalynov Yu. 84 
Kamaya M. 263 
Kambarova Zh. 446, 447 
Kamenetskikh A. 317, 319, 341 
Kamenskiy M. 69 
Kamynina O. 508 
Kandarov I. 310 
Kandaurov I. 177 
Kandidov V. 428, 430 
Kanshin I. 198, 200 
Kantarbay Y. 348, 449 
Kapuschak A. 569 
Karipbayev Zh. 395, 398, 400, 

424 
Karpovich E. 273 
Karpuk P. 396 
Kasatkina Y. 433 
Kashkarov E. 355 
Kasyanov V. 201 
Kazakov A. 16 
Kazakov E. 48, 402 
Kazhiyev Zh. 315, 316 
Kaziev A. 195, 196, 245, 

254, 311, 324, 
329, 351 

Kazyuchits N. 382 

574



 

Kebets A. 505 
Kellerman D. 378 
Kenbayev D. 424 
Khabarava A. 441 
Khamid Kh. 427 
Khaneft A. 410 
Kharkov M. 245, 311, 351 
Kharlov M. 324 
Khasenov M. 125 
Khaziakhmatova O. 266 
Khirianov T. 154, 169, 171 
Khirianova A. 154, 169, 171 
Khlusov I. 266 
Khohlova Yu. 107 
Kholodnaya G. 25, 28 
Khomich A. 421 
Khusainova A. 331, 332 
Kim A. 85 
Kim V. 152 
Kirdyashkin A. 516, 524 
Kirilkin N. 382 
Kiryakov A. 280, 381 
Kiryukhantsev-Korneev P. 458, 486 
Kiselev S. 432 
Kiseleva O. 465 
Kislenko S. 208 
Kitler V. 516, 524 
Kiyashko M. 443 
Kiziridi P. 18, 26 
Klauz A. 421 
Klimenov V. 543 
Klimov A. 76, 77, 285, 

289, 334, 336 
Klopotov A. 265 
Klopotov V. 265 
Knyazeva A. 302, 479, 499 
Kogut D. 213 
Koishybayeva Zh. 401, 422 
Kokhanenko A. 568 
Kokovin A. 163, 175, 176 
Koksharov A. 514 
Kokshenev V. 41, 42, 53, 54 
Kolchevskay M. 491, 566 
Koloberdin M. 367, 444 
Kolobov Y. 286 
Kolodko D. 195, 196, 

245, 254, 
324, 329, 351 

Komarova D. 276 

Kompanets V. 428 
Kondratenko A. 375 
Kondratiev N. 409 
Kondratiev S. 85, 104, 122, 

131 
Kondratieva N. 408 
Konev S. 433 
Konev V. 76, 95 
Kong Fei 143 
Konishchev M. 330 
Konovalov I. 105 
Kopaleishvili N. 174 
Kopbalina K. 446 
Koptyug A. 539 
Korchagin A. 23, 213 
Korneeva E. 425, 434, 440 
Korneva O. 256, 296, 297, 

298 
Kornienko V. 78 
Korobeshnikov N. 264 
Korobeynikov M. 418 
Korolev Y. 197, 222 
Korolev Yu. 50, 86, 102, 

182, 201 
Korostyleva E. 511 
Korsunsky A. 434 
Korusenko P. 353 
Koryukina E. 180, 188 
Korzhik M. 396 
Korznikova E. 328 
Koshelev V. 60, 61 
Kostyushin V. 203 
Kosyakov V. 517 
Kotlyar A. 125 
Koval N. 15, 210, 260, 

356, 357, 358, 
361, 366 

Koval O. 212 
Koval T. 260 
Koval' N. 365 
Kovalev I. 501, 508 
Kovalsky S. 22, 358 
Kovivchak V. 253 
Kozadaeva M. 539 
Kozhabayev Z. 125 
Kozhevnikov I. 287 
Kozhevnikov V. 144, 163, 164, 

175, 176 
Kozlov A. 436 

Kozlov B. 146, 165 
Kozlov G. 306 
Kozlovskiy A. 367, 441, 443, 

444 
Kozochkin M. 250 
Kozorez A. 565 
Kozyrev A. 113, 151, 163, 

175, 176, 182 
Krasnyuk V. 414 
Krinitcyn M. 540, 541 
Krivobokov V. 345 
Kropotkina E. 313 
Krotkevich D. 291, 431 
Kruglyakov M. 271 
Krupatin I. 434 
Krutikov V. 505 
Krygina D. 82 
Krylov A. 276, 445, 552, 

561 
Krysina O. 260, 312, 333, 

352, 361, 365, 
366 

Kryukov N. 459 
Kryukova O. 482, 483 
Kubusiro K. 263 
Kuftin A. 71 
Kuibeda R. 436 
Kuksanov N. 23, 213 
Kukushkina M. 311, 351 
Kulahava T. 439 
Kulevoy T. 249, 436 
Kulik U. 439 
Kunts O. 488 
Kuper K. 354 
Kurakhmedov A. 367, 441, 444 
Kurakin R. 530 
Kurakina N. 123, 309 
Kurapov G. 101, 217 
Kurbangadzhieva M. 140 
Kurilenkov Yu. 154, 169 
Kurmaev N. 41, 42, 54 
Kurzina I. 272, 374, 462 
Kutenkov O. 108 
Kutugin V. 529 
Kuzenov V. 174 
Kuzmina L. 451 
Kuzmitski A. 267, 274, 292 
Kuznetsov A. 428 
Kuznetsov V. 134, 135, 411 

575



 

Kuznetsova D. 396 
Kuznetsova T. 441 
Kvashnin V. 469 
Labetskaya N. 46, 55, 56 
Lalayan M. 74 
Landl N. 50, 86, 102, 

182, 197, 
201, 222 

Lapitskaya V. 441 
Lapshin O. 510, 523 
Laptev R. 431 
Lapteva O. 25, 28 
Laput O. 374 
Larionov K. 241 
Larionov S. 409 
Laskovnev A. 292 
Laukhin Ya. 49 
Lavrukhin M. 91, 110, 150, 

170 
Le X. 25 
Lecis N. 544 
Legan M. 469 
Lei Xinyu 234, 235, 236 
Lenskiy A. 115, 119, 126 
Leonenko D. 100, 124 
Leonov A. 275, 363, 373 
Leontyev A. 66, 81 
Lepakova O. 485, 501 
Lerner M. 541 
Leshcheva K. 69 
Leto Ch. 531 
Levanisov V. 22, 99 
Levashov E. 458, 486 
Levichev E. 8 
Levin O. 353 
Li Hongda 103 
Li Jiacong 147 
Li Jiangwei 147 
Li Zhiyu 234, 235, 236 
Li Zixuan 393 
Lidzhigoriaev S. 203 
Liedke O. 431 
Ligachev A. 286 
Linnik S. 322, 553 
Lipatov E. 548, 551, 552 
Lipchak A. 94 
Lisenkov V. 145, 195, 

254, 351 

Lisitsyn V. 395, 398, 400, 
413 

Lisitsyna L. 390, 395 
Liskov I. 404 
Litvinova L. 266 
Litvinova V. 408, 409 
Liu Y. 338 
Liushinskii A. 536, 537 
Liziakin G. 208, 216 
Login I. 146 
Loginov P. 486 
Loginov S. 51 
Logunov V. 126 
Lomaev M. 136, 138, 411 
Lomygin A. 431 
Lopatin I. 22, 233, 262, 

290, 299 
Loy N. 106 
Lozanov V. 478, 498 
Lozovoy K. 568 
Lu Xinpei 234, 235, 236 
Luasheva L. 417 
Lucchini huspek A. 531, 532 
Lvov O. 456, 484 
Lyakhov N. 475 
Lyga O. 564 
Lysenko E. 418, 419 
Mahkamov Sh. 426 
Maidan D. 460 
Makarova A. 380 
Makhadilov I. 90 
Makhanko D. 88, 165 
Makhkamov Sh. 427 
Maksimenko S. 74, 435, 439 
Maksimov A. 93, 129 
Maksimov Yu. 483 
Malakhinsky A. 90 
Malashchenko V. 266 
Malkin A. 65, 72, 75, 81 
Mamatova M. 382 
Mamedov N. 200 
Mamontov D. 261 
Mamontov Yu. 7, 145, 187, 

257, 269, 270 
Markov A. 368, 461, 464, 

489, 493, 494, 
497 

Martemyanov S. 132 
Martyanov A. 555 

Martynenko Y. 125 
Martynov R. 241 
Maryin P. 500 
Maslov A. 325, 327 
Maslyaev M. 218 
Matitsev A. 323 
Matys V. 294, 295 
Mayer G. 380 
Mazanik A. 382 
Maznoy A. 506, 522 
Medvedev A. 343 
Medvedev N. 259, 429 
Medvedeva N. 378 
Meisner L. 369, 370, 371 
Meisner S. 371 
Melentiev S. 408, 409 
Melnik Yu. 237, 238 
Melnikov A. 215, 216 
Melnikov G. 420 
Menshakov A. 343 
Merson D. 459 
Mesyats G. 6, 7, 189 
Metel A. 237, 238 
Miao Long 206 
Mikhailov P. 93, 269, 270 
Milakhina E. 33, 170, 202, 

212, 243 
Miller A. 125 
Milman I. 379 
Milonov A. 301 
Minaev S. 515, 520 
Mineev K. 34 
Minekhanova A. 460 
Minin I. 492 
Minin O. 492 
Minin R. 12, 484 
Mironov V. 550 
Mislavskii V. 525 
Mitrofanov K. 49 
Mitrofanov S. 276, 445 
Mitulinsky A. 322, 553 
Mochalova V. 108 
Mokeev M. 300 
Mokrin S. 515 
Molchanov P. 63 
Molchanova A. 388 
Morini F. 531, 544 
Moroshkina A. 525 

576



 

Moskvin P. 15, 24, 114, 
260 

Movchan S. 557 
Mozgovoy A. 47 
Mukhamadeev V. 326 
Mukhamadiev V. 327 
Mukhametkaliyev T. 529 
Murachelli L. 545 
Murashov I. 123, 309 
Murzalinov D. 315, 316 
Mussakhanov D. 389, 400 
Mustafaev E. 237, 238 
Mustafin D. 441 
Mutali A. 425, 440 
Mutylin O. 186 
Muzyukin I. 29, 93, 269, 

270 
Myshkina A. 397 
Naidis G. 153 
Naing soe Thet 90 
Nakonechny G. 207, 242, 248 
Nalivaiko A. 535 
Nazarov A. 9, 310, 325, 

326, 327, 
328, 331, 332 

Nazarova A. 456, 484 
Nebogin S. 268 
Nefedtsev E. 281, 282 
Neiman A. 370 
Nekhoroshev V. 86, 197, 201, 

222, 230, 462 
Nekrasov E. 60 
Nepomnyashchikh A. 131 
Nesterov V. 359 
Nevmyvaka A. 502, 503 
Nie Mingqing 206 
Nikiforov D. 64 
Nikiforov S. 384, 385, 433 
Nikitin A. 421, 436 
Nikloaev A. 327 
Nikolaev A. 9, 220, 221, 

223, 224, 
225, 310, 
326, 360 

Nikolaev I. 264, 495 
Nikonenko A. 342 
Nikonenko E. 342 
Nikonov A. 207, 242, 248 
Nikonov S. 526, 527, 546 
Normurodov A. 426 

Novak E. 83 
Novikov V. 459 
Novoselov A. 469 
Novoselov K. 364 
Novozhilova Yu. 71 
Nurakhmetov T. 391 
Nurmukhametov D. 405 
O connell J. 425 
Obraztsov N. 123, 218, 309 
Ofitserova N. 397 
Oganyan G. 313 
Oginov A. 154, 169, 172 
Ogorodnikova O. 311 
Ohtani T. 263 
Oks E. 209, 219, 220, 

221, 223, 224, 
225, 289, 334, 
360, 369 

Oksengendler B. 280 
Okunkova A. 533 
Oleinik G. 40, 49 
Olejniczak A. 382 
Oleshko V. 393, 407 
Olkhovskaya O. 45, 48, 59 
Onischenko S. 281, 282 
Oparina Yu. 64, 67, 82 
Orekhov A. 486 
Oreshkin E. 55, 58, 157 
Oreshkin V. 46, 55, 56, 58, 

117, 118, 119, 
185 

Orlov M. 402 
Orlov N. 196 
Orlova K. 423 
Osharin I. 84 
Osipenko E. 166 
Osipov V. 380, 381 
Oskirco V. 114 
Oskirko V. 318, 340, 344 
Ostapenko M. 370 
Ostrikov E. 238 
Ostroverkhov E. 358 
Ovchinnikov V. 279 
Ozherelkov D. 535 
Ozur G. 18, 26, 281 
Paddubskaya A. 435 
Pak A. 241, 490 
Pakhnutova N. 463, 487 
Palacheva V. 472 

Palitsin A. 75 
Panarin V. 134, 135 
Panchenko A. 144, 164 
Panchenko Yu. 105 
Panin A. 75 
Panin S. 534 
Paperny V. 21, 268 
Paranin S. 505 
Parfenova E. 302 
Parkevich E. 154, 169, 171, 

172 
Parshin V. 75 
Pasternak D. 555 
Patrakov V. 98, 183 
Pavlov A. 112, 114, 252, 

258, 287, 340, 
344 

Pavlov S. 286, 291, 383 
Pecherskaya E. 306 
Pedos M. 98 
Peresedova D. 549, 560 
Pervikov A. 541 
Peskov N. 34, 64, 65, 67, 

84 
Pesterev E. 368, 464, 489, 

493, 494 
Petkun A. 61 
Petrakovsky V. 74 
Petrikova E. 260, 262, 278, 

290, 299, 312, 
333, 337, 352, 
361, 365, 366 

Petrov A. 233 
Petrov V. 18, 368, 464, 

489, 493, 494 
Petrova M. 432 
Petrova O. 353 
Petyukevich M. 337 
Pichugin N. 468 
Pikuz S. 203 
Piliptsou D. 338 
Pinchuk M. 89, 107, 248 
Platonenko A. 401 
Pletnev A. 369 
Plotnikov E. 570 
Pobol I. 295 
Pokrovsky A. 74 
Polisadov S. 450 
Polisadova E. 387, 424 
Polistchook V. 215 

577



 

Poloskov A. 17, 31, 130, 
181 

Polozov S. 74 
Polyakov I. 538 
Ponomarev A. 98 
Ponomarev D. 28, 272 
Ponomareva A. 511 
Ponyaev S. 530 
Poplavsky V. 294, 295 
Popov A. 398, 401, 424 
Popov S. 207, 242, 248 
Popov V. 207, 242 
Popova A. 549, 562 
Popova M. 473 
Popova N. 342 
Potemkin G. 286 
Potylitsyn A. 383 
Povalyaev P. 241, 490 
Poznyak I. 203 
Predkova E. 40 
Priputnev P. 186 
Prokhorov D. 508 
Prokofev V. 510 
Prokopenko E. 265 
Prokopenko N. 246, 260, 

312, 337, 
352, 361, 
365, 366 

Prosolov K. 330 
Protasov Yu. 252, 258 
Proyavin M. 64, 65 
Pruuel E. 354 
Pryanishnikov K. 249, 436 
Puchikin A. 105 
Pushina A. 203 
Pushkarev A. 32, 103, 450 
Pustovarov V. 307, 396, 

397, 432 
Pyatkov I. 27, 35, 191, 

217 
Rabadanov K. 139, 140 
Rabotkin S. 344, 362 
Radishevskaya N. 12, 456, 484 
Ragozhkin N. 442 
Rakhmetolla G. 449 
Ramazanov K. 9, 310, 325, 

331, 332 
Ratakhin N. 356, 357 
Reger A. 457, 507 

Remnev G. 25, 101, 191, 
217, 286, 291, 
435, 557 

Ren Chengyan 143 
Reshetnjak O. 40 
Retivov V. 396 
Ripenko V. 549, 552, 560, 

562 
Rodin Yu. 75 
Rodionov A. 154, 169 
Rodriguez R. 570 
Rogachev A. 338 
Rogozhkin S. 421, 436 
Rohmanenkov A. 200 
Romanchenko I. 95, 186 
Romanov V. 131 
Rostov V. 108 
Rouba A. 124 
Rousskikh A. 116, 117, 118, 

119, 185 
Rozental R. 66, 68, 81 
Rubtsov I. 354 
Rukin S. 97, 98, 183 
Russkikh P. 173 
Ryabchikov A. 229, 230, 232, 

296, 297, 298 
Ryabov V. 154, 169 
Ryazantsev S. 203 
Rybka D. 115, 119, 126 
Rybkin V. 476, 477 
Rygina M. 278, 290, 299, 

312 
Rykunov G. 195, 245 
Rymzhanov R. 251, 425, 429 
Ryskulov A. 367, 441, 444 
Ryzhkov S. 174 
Ryzhkov V. 35, 217, 291 
Sachkov V. 103 
Sadilkin A. 205 
Sadovnichii D. 402 
Sadykova B. 391 
Saidov R. 427 
Saifutdinov A. 178, 179 
Sakakibara T. 263 
Salaheldin K. 544 
Salamatov V. 501 
Salimon A. 434 
Salimov R. 23, 213 
Samarkhanov K. 125 

Samoylenko V. 538 
Samoylova A. 108 
Samsonov S. 68, 69, 83 
Sandalov E. 64 
Sapar A. 367, 441, 444 
Saulebekov A. 446, 447 
Saulebekova D. 447 
Savchuk M. 275, 358, 363, 

373 
Savilov A. 34, 64, 67, 82, 

83, 84 
Savkin K. 220, 221, 225, 

369 
Savostikov V. 373 
Savvin A. 547 
Sazonov R. 28 
Schitov N. 205, 211 
Schweigert I. 202, 212 
Sedov V. 555, 556, 567 
Sektarov E. 556 
Selesnev D. 249 
Seleznev A. 293 
Semeikina D. 542 
Semeniuk N. 163, 175, 182 
Semenov A. 213, 300 
Semenov E. 71 
Semenov V. 318, 344 
Semenova I. 300 
Semenova O. 473 
Semenovykh M. 303, 304 
Semin V. 369, 370 
Serba E. 207, 242, 248 
Serdobintsev A. 287 
Serebrennikov M. 17, 28, 31, 

130, 181 
Sereshchenko E. 520 
Sergeev A. 68, 70, 72 
Sergeev N. 245 
Sergeev V. 308, 350 
Serushkin S. 448 
Shakhsinov G. 139, 140 
Shamiyeva R. 391 
Shandrikov M. 209, 220, 221, 

349 
Shao Tao 142, 143, 147, 

148 
Sharkeev Yu. 330 
Sharova Yu. 57 
Sharypov K. 7, 80, 166 

578



 

Shchegolkov D. 81, 84 
Shchepanuk T. 258 
Shchepanyuk T. 252 
Shchukin A. 501 
Shekhovtsov V. 239, 255, 

283, 303, 
304, 488 

Shemyakin I. 50, 201 
Sheremet E. 569, 570 
Sheremet'ev K. 402 
Shevchenko G. 152 
Shevelev M. 383 
Sheveleva V. 274 
Shijian Zhang 25 
Shilenko A. 414 
Shin V. 15, 24 
Shipilova A. 362 
Shishlov A. 41, 42, 53 
Shklyaev V. 37, 38, 133, 

155 
Shkoda O. 480, 481, 

487, 501 
Shmakov A. 9, 356, 358, 

362 
Shmanay E. 557 
Shmelev D. 184, 185 
Sholomova A. 460 
Shpak V. 7, 80, 166 
Shpakov K. 154, 169, 172 
Shtang T. 385 
Shugurov V. 204, 246, 

352, 361, 
365, 366 

Shulepov M. 547, 550, 
563, 564 

Shulpekov A. 496 
Shunailov S. 7, 80, 166 
Shutov D. 476, 477 
Shvedov A. 74 
Shymanski V. 274 
Sidelev D. 320, 345, 

346, 347, 355 
Simonova A. 423 
Sinebryukhov V. 85 
Sinitsky S. 64 
Sirota D. 266 
Sitkevich A. 273 
Sivin D. 229, 256, 

296, 297, 298 
Sivkov D. 353 

Skakun V. 135 
Skirdin K. 529 
Sklizkov I. 261 
Skobelev I. 203 
Skosyrsky A. 373 
Skripnikova N. 239, 283, 303, 

304, 488 
Skripnyak V. 470, 470, 471, 

471 
Skuratov V. 382, 425, 434, 

440 
Slobodyan M. 291, 461, 464, 

543 
Smiaglikov I. 295 
Smirnov S. 60, 62 
Smirnov V. 208, 216 
Smirnova A. 48 
Smirnova K. 476, 477 
Smolyanskiy E. 291, 362 
Smyslova V. 396 
Snigirev A. 10 
Sobyanin K. 433 
Sohatsky A. 276, 425, 434 
Sokovnin S. 87, 120, 121, 

394, 466, 467 
Solis pinargote N. 90 
Solodovnikov A. 200 
Solomonov V. 380 
Solovyev A. 266, 318, 340, 

362 
Solovyov A. 464, 489, 493, 

494, 497 
Somov P. 434 
Sorokin D. 133, 134, 136, 

149, 155, 156, 
167, 221 

Sorokin S. 39, 52, 254 
Sosnin E. 134, 417 
Sosnin I. 459 
Sosnovskiy S. 103 
Spirin A. 505 
Spodobin V. 248 
Starodubov A. 287 
Statnik E. 434 
Stavitskaya K. 414 
Stepanjuk N. 367, 444 
Stepanov A. 25, 27, 271, 

435 
Stepanova E. 27, 271 
Stepanova O. 89, 107 

Steshenko I. 528 
Stotskiy A. 326 
Strelkova A. 390 
Strizhakov M. 402 
Studennikov A. 354 
Subbotin D. 207, 242, 248 
Suchikova Ya. 401 
Sukhotski A. 74 
Sulakshin S. 22, 99, 210 
Sulaymonov N. 426 
Sumnikov S. 472 
Surdo A. 378, 379 
Surmenev R. 539 
Surmeneva M. 539 
Surov A. 207, 218, 242, 

248 
Surzhikov A. 418, 419 
Sveridov V. 101 
Svetlova O. 466 
Syresin E. 74 
Syrtanov M. 355 
Sytchenko A. 458, 486 
Tahir N. 437 
Tarakanov V. 66, 177, 186, 

232 
Tarasenko V. 134, 135, 136, 

137, 144, 149, 
153, 156, 158, 
159, 160, 164, 
167, 411 

Tarbokov V. 286, 291, 297 
Tashmetov M. 426, 427 
Tavrunov D. 396 
Tchaikovskaya O. 380 
Tel'minov E. 550 
Telekh V. 112, 252, 258 
Ten K. 364 
Teresov A. 260, 262, 265, 

278, 337, 356, 
357, 358 

Tersov A. 312 
Teterev Yu. 445 
Thet Oo 313 
Tikhonov A. 244 
Tikhonov V. 244 
Tillaev T. 427 
Timoshenko K. 445 
Timoshenkov S. 98 
Tischenko V. 373 
Tishchenko V. 275, 363 

579



 

Titov A. 459 
Titova Yu. 460 
Tkachenko S. 40, 48, 49 
Tolekov D. 391 
Tolkachev O. 333 
Tolkachov O. 262, 352, 

365, 366 
Tonkonogov E. 123 
Toporkov D. 203 
Torba M. 22, 99, 210 
Toropkov N. 541 
Tran N. 387 
Tran Van Tu 336 
Tretnikov P. 317 
Trifonov S. 194 
Tsipilev V. 406, 407 
Tskhe V. 125 
Tsventoukh M. 44, 184 
Tsymbalov A. 465 
Tsyranov S. 96, 98 
Tsyrenov D. 300 
Tuleov A. 400 
Tulina A. 328, 332 
Tumarkin A. 195, 254, 

324, 351 
Turmyshev I. 94 
Tverdokhlebov K. 530 
Tverdokhlebov S. 272, 330, 500 
Tyapunova E. 288 
Tyunkov A. 247, 314, 

334, 335 
Udalova T. 474, 475 
Uglov S. 383 
Uglov V. 291, 292, 

367, 372, 
441, 443, 444 

Uimanov I. 145, 184, 
185, 187, 
189, 190, 
240, 257, 
269, 270 

Ukhina A. 469 
Ulmasov A. 488 
Umarova F. 426 
Urazbaev A. 217 
Urazbayev A. 191 
Urmantseva Z. 559 
Usmanov R. 215, 216 
Usseinov A. 401, 422 
Ustinov A. 265 

Utkin A. 478, 498 
Uvarin V. 111 
Vadchenko S. 508 
Vafin R. 261 
Vagaitsev S. 41 
Vagapov A. 280 
Vagapov S. 202 
Vagaytsev E. 115 
Vagaytsev S. 115 
Vakhrushev D. 296 
Valientina Kh. 443 
Valko N. 273, 442 
Valynets N. 435 
Van'kevich V. 55 
Vankevich V. 46, 56, 117 
Vardanyan E. 9, 310, 325, 

326, 327, 328, 
331, 332 

Vasenina I. 6, 374 
Vasil'ev S. 273 
Vasilev A. 288 
Vasiliev I. 419 
Veremei I. 372 
Vereshagin V. 529 
Vereshchagin A. 353 
Vershinina T. 434, 472 
Vetrova S. 216 
Vicenzo A. 545 
Victor K. 430 
Victorova I. 417 
Vikharev A. 34, 65, 67 
Vilkov M. 68, 70 
Vinogradov A. 353 
Vinogradov N. 135, 137, 158, 

159 
Vinogradsky N. 249 
Vins V. 558, 559 
Vizir A. 209 
Vlasov V. 418 
Volik A. 306 
Volkov A. 19, 20, 251, 

259, 412, 429 
Volkov L. 216 
Volkov N. 43, 94 
Volkov S. 85 
Volkova A. 539 
Volkovoynova L. 287 
Volokhova A. 272 
Volokitin O. 239 

Voloshin A. 379 
Volosova M. 238, 293, 533 
Vorobev D. 23, 213 
Vorobjeva L. 393 
Vorobyov M. 15, 22, 24, 37, 

38, 99, 210 
Voronina E. 346 
Voronkov R. 259 
Voronov A. 321 
Vosmerikov S. 475 
Vukolov A. 383 
Wang Jian 161 
Wang N. 206 
Wang Y. 25 
Xiao Jiangping 162 
Xu M. 25 
Yakovlev A. 406, 407 
Yakovlev E. 281, 282, 368, 

464, 489, 493, 
494 

Yakovlev I. 509 
Yakovlev V. 24, 424 
Yakovlev Y. 228 
Yalandin M. 7, 80, 166 
Yartsev V. 108 
Yelisseyev A. 559 
Yerezhepova S. 348, 449 
Yolchuyeva U. 392 
Yu X. 25 
Yudin A. 101, 127, 128 
Yurevich S. 74 
Yushkov G. 220, 223, 224, 

225 
Yushkov Yu. 247, 314, 334, 

335 
Zagulyaev D. 265 
Zaitsev K. 108 
Zakaryaeva M. 139 
Zakharov A. 318, 340, 344, 

519 
Zakrevsky D. 33, 91, 110, 

150, 152, 168, 
170, 202, 212, 
243 

Zaleski V. 74 
Zaloznaya E. 430 
Zaluzhnyi A. 421 
Zambalov S. 512, 513 
Zarubin A. 249 
Zaslavsky V. 64, 65, 72, 75 

580



 

Zatsepin A. 280, 307, 381 
Zayats S. 394, 505 
Zaytsev E. 505 
Zdodrovets M. 424 
Zdorovets M. 401, 425, 

441, 443 
Zelepugin S. 463, 487 
Zemskov Yu. 240, 257, 

269, 270 
Zeng Xin 148 
Zenin A. 285, 289, 336 
Zenkin S. 322, 553 
Zhaboedov A. 131 
Zhamaldinov F. 423 
Zhang Cheng 142, 143 
Zhang Hong 415 
Zhang Shijian 27 
Zhang Shuai 148 
Zhangylyssov K. 391 
Zharkov V. 105 

Zharova N. 119 
Zhelonkin Ya. 11 
Zherlitsyn A. 104, 113, 122, 

131 
Zhidkov M. 286 
Zhigalin A. 117 
Zhilgildinov Zh. 400 
Zhiligotov R. 123, 309 
Zhitlukhin A. 203 
Zholmagambetov N. 228 
Zhu Zhengxi 206 
Zhubaev A. 348, 449 
Zhulkov M. 266 
Zhumazhanova A. 440 
Zhunusbekov A. 384, 390, 391 
Zhuravlev M. 101, 128, 191, 

217 
Zhurkov M. 128 
Zigalin A. 116 
Ziiatdinova A. 436 

Zinchenko T. 306 
Zinovyev L. 228 
Zirenko T. 168 
Zlotski S. 367, 372, 441, 

444 
Zolotukhin D. 247, 314, 334, 

335, 339 
Zong Lijun 148 
Zotova I. 68, 70, 80 
Zubarev N. 7, 166, 231 
Zubareva O. 7, 231 
Zubavichus Ya. 354 
Zubkov V. 378 
Zuev A. 71 
Zuev M. 394 
Zur I. 557 
Zuza D. 462 
Zvonarev S. 384 

 
 

 

581



 

Scientific Edition 

 

 

 

 

 

8th International Congress  

on Energy Fluxes and Radiation Effects  

(EFRE 2022) 

 
Abstracts 

 

 

Published in author’s version 

 

 

 

Typesetting Shklyaev Valery 

 

 

 

 

Registered in TPU Publishing House  
Available at the TPU corporate portal in full accordance  

with the quality of the given make up page 

 
 


