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PREFACE 

 

The XIX INTERNATIONAL SCIENTIFIC CONFERENCE ELECTRONICS AND 

APPLIED PHYSICS (APHYS 2023) will be held October, 17-21, 2023, in the capital of Ukraine 

Kyiv. The famous scientific and cultural center of Europe welcomes over 75 delegates from different 

Universities and Scientific Centers of 5 countries of Europe, America and Asia. 

 

The intend of APHYS 2023 is to provide a forum where novel and relevant achievements in 

Applied Physics (RadioPhysics and Electronics) could be discussed, to bring together young 

scientists of different disciplines and foster their cooperation, to stimulate international research in 

the field of Applied Physics, development, fabrication and application of new physical ideas in the 

corresponding devices. It is too important now for Ukraine as a member of Bologna Process and as 

well as of European Community.  

 

The APHYS 2023 is organized by Faculty of RadioPhysics, Electronics and Computer 

Systems of Taras Shevchenko National University of Kyiv.  

 

The Conference technical program is divided into nine sessions; three invited lectures and 

more than 50 oral contributions will be presented, discussed and argued. 

 

We believe the APHYS 2023 will give a chance for students, postgraduate students, young 

professors and scientists to discuss their problems and give an impulse for the development of future 

research and success. 

 

We hope the delegates will enjoy the meeting. We hope also the participants and 

accompanying guests will enjoy visits to local places interests. 

 

The next INTERNATIONAL SCIENTIFIC CONFERENCE ELECTRONICS AND 

APPLIED PHYSICS will be held in Kyiv, from October 22 to 25, 2024. 

 

 

Dr. A. Netreba, 

Chairman of the Organizing Committee 

 

Dr. O. Nechyporuk, 

Vice-Chairman of the Organizing Committee 
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INTRODUCTION TO BASICS OF INTELLECTUAL PROPERTY:  

WHAT ONE NEEDS TO KNOW WHILE WORKING IN HIGH TECH? 

 

Dr. Alina Veligura 

Head of IP for Monitoring and Enterprise Informatics, 

Philips IP&S, Eindhoven, The Netherland 

 

In many fields of industry, Intellectual Property (IP) and especially patents are an essential part of business to 

obtain an advantage over competitors.  

Intellectual property is a product of intellectual labor or in simpler words: everything originating from your 

mind. There are five types of intellectual property, each of which is protectable by a corresponding Intellectual 

property right. 

Amongst these types of intellectual property, three of them are often more relevant to the activities in the high 

tech industry: 

1. Products of the original creative work (text, photo, software, etc.), which are protectable by a 

copyright; 

2. Know-how, which is protectable by a Trade Secret; and 

3. Technical inventions protectable by patent rights. 

When working on your own creative content, be it a preparation of the scientific manuscript or a presentation 

at the conference, one needs to be aware of making use of the content of others, be it a picture from the internet 

of a piece of the software code, without violation of their copyright. Additional attention should be paid to the 

usage of the open-source software and IP license conditions associated with it. In some instances, such a usage 

in one’s own software code may result in an obligation of making said software code or other IP originating 

from this development available to others. 

Separate attention should be given to the usage of an output from generative Artificial Intelligence (AI) models. 

This output may include copyrighted work of others, who have not given their permission to have their work 

being used in any way. Of course, one should not forget that entering confidential information as an input to 

the generative AI model (unless one is certain about confidential conditions of the AI model provider) would 

potentially make this information available to others. 

Another important IP right to high tech industry, and any industry in general, is the patent right protecting 

technical inventions. Patents are exclusive rights granted by the government to an inventor for their invention. 

Having a patent implies making a deal: the right to exclude others from exploiting the invention (during a 

limited period) versus the obligation to disclose the invention in detail to support technical progress. While 

specific details of invention’s eligibility to a patent protection may differ from one country to another, there is 

one main criterion which is the same in all countries: an invention shall be novel (not forming a part of the 

prior art). Invention not forming a part of the prior art means that nowhere in the world such an invention has 

been: (i) described in any document; or (ii) disclosed orally (for example, at the conference or workshop); or 

(iii) used in any way. Only after meeting a condition of novelty the invention can be further assessed on its 

patentability. 

Concluding with the basic introduction into most important IP aspects in high tech industry, be aware of IP 

ownership: “Who owns IP one creates?” and the fact that in majority of countries such an ownership is defined 

a labor agreement one’s employer, wherein unless specified otherwise, the employer owns products of the 

intellectual labor of their employees. 

To summarize, be aware of your IP rights and respect IP rights of others. 
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NONLINEAR DYNAMICS OF SKYRMION STRINGS 

Volodymyr P. Kravchuk 

Leibniz-Institut für Festkörper- und Werkstoffforschung, IFW Dresden, 01171 Dresden, Germany 

 e-mail: v.kravchuk@ifw-dresden.de 

 

The skyrmion core, percolating the volume of the magnet, forms a skyrmion string -- a topological Dirac-

string-like object. Here we analyze the nonlinear dynamics of a skyrmion string in a low-energy regime by 

means of the collective variables approach, which we generalized for the case of strings. Using the 

perturbative method of multiple scales (both in space and time), we show that the weakly nonlinear dynamics 

of the translational mode propagating along the string is captured by the focusing-type nonlinear Schrödinger 

equation. As a result, the basic “planar-wave” solution, which has the form of a helix-shaped wave, 

experiences modulational instability. The latter leads to the formation of cnoidal waves. Both types of cnoidal 

waves, dn- and cn-waves, as well as the separatrix soliton solution, are confirmed by micromagnetic 

simulations. Beyond the class of traveling-wave solutions, we found Ma-breather propagating along the string. 

Finally, we proposed a generalized approach that enables one to describe the nonlinear dynamics of the modes 

of different symmetries, e.g., radially symmetrical or elliptical. 

For more details see Refs. [1, 2]  

References 
[1] V.P. Kravchuk, Nonlinear dynamics of skyrmion strings. arXiv:2306.11866 (2023) [accepted for 

publication in Phys. Rrev. B]. 

[2] S. Okumura, V.P. Kravchuk, M. Garst, Instability of Magnetic Skyrmion Strings Induced by 

Longitudinal Spin Currents, Physical Review Letters, 131, 066702 (2023). 
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NON-DESTRUCTIVE TESTING OF MAO ALUMINA COATINGS  

USING SUB-THZ ELLIPSOMETRY 

Galuza A.A.*, Kolenov I.V.**, Vinnikov D.V.***, Mizrakhy S.V.**** 

*National Technical University “Kharkiv Polytechnic Institute”, 2 Kyrpychova St., Kharkiv 61002, Ukraine, 

 e-mail: alexey.galuza@gmail.com 

**Institute of Electrophysics and Radiation Technologies of the NAS of Ukraine, P.B. 8812, 28 

Chernyshevsky St., Kharkiv 61002, Ukraine,  

O.Ya. Usikov Institute for Radiophysics and Electronics of the NAS of Ukraine, 12, Ac. Proskura St., Kharkiv 

61085, Ukraine 

 e-mail: ivan.kolenov@gmail.com 

***National Science Center Kharkiv Institute of Physics and Technology, Kharkiv, Ukraine, 

email: vinniden@gmail.com 
****O.Ya. Usikov Institute for Radiophysics and Electronics of the NAS of Ukraine, 12, Ac. Proskura St., 

Kharkiv 61085, Ukraine 

emial: smizrakhy@hotmail.com 

 

The work is devoted to the possibility of using sub-terahertz ellipsometry for non-destructive testing of oxide 

coatings on the surface of aluminum (Al2O3 coating on an Al substrate) obtained by microarc oxidation. 

Reliable estimates are obtained for such coating parameters as thickness, structure, and composition. The 

applicability of various planar ellipsometric models for determining the coating parameters is considered. A 

piecewise ellipsometric model is proposed, which made it possible to determine the distribution of parameters 

over the coating surface. 

Introduction 

In recent years, the microarc oxidation (MAO) method has become increasingly popular, due to which it is 

possible to synthesize nanoceramic superhard corrosion-resistant composite layers on the surface of various 

products, including medical ones [1–3]. The structure and properties of the coating depend on many factors: 

thermal, physicochemical, hydrodynamic, etc. [1, 2]. Therefore, the development of the technological process 

for obtaining coatings with the desired set of properties (structure, coating thickness, roughness, porosity, etc.) 

can be quite laborious and requires express control of the coating state [3]. Typically, the following methods 

are used for these tasks: optical microscopy, scanning electron microscopy (SEM), X-ray diffraction analysis 

(XRD), etc. SEM and XRD methods are not express ones; optical microscopy is not very informative [1]. 

Ellipsometry is a non-destructive, high-precision, reproducible express method for studying the interface of 

media [4, 5]. The large wavelength of sub-terahertz ellipsometry makes it possible to consider the rough 

surface of MAO coatings as a homogeneous layer with some effective optical constants, which simplifies the 

processing of experimental data [6]. In this paper, we propose to use sub-terahertz ellipsometry as an express 

method for monitoring the properties of MAO coatings. 

Samples and research methods 

Al plates 57×25 mm in size and 1 mm thick were used as samples for research, which subjected the MAO 

treatment of various durations (1, 10, 20, and 30 min.). The cooling system maintained the electrolyte 

temperature not higher than 60°C. 

For ellipsometric studies, we used a quasi-optical terahertz ellipsometer assembled from elements based on a 

hollow dielectric beam guide and operating according to a scheme with a rotating analyzer. An avalanche-

transit diode with an operating wavelength of 2.14 mm, which is much larger than the size of the film 

roughness, was used as a radiation source. The setup used is described in detail in [7, 8]. As auxiliary methods, 

optical microscopy, scanning electron microscopy, and X-ray diffraction analysis were used. 

Results and discussion 

As a result of studying the samples of MAO coatings on aluminum plates with different processing times, it 

was shown that standard multilayer planar models do not allow for describing the results of an ellipsometric 

experiment correctly. It has been established that it is a consequence of the systematic (regular) non-uniformity 

of the thickness of the coating (in the middle of the sample, the film is thinner than at the edges). It is shown 

that this inhomogeneity correlates with the electric field distribution during MAO treatment. Therefore, for 

processing experimental data, a piecewise surface model was proposed, which made it possible to describe 

surface structures with a gradient of properties over the sample surface more adequately than standard planar 

models. However, the standard single-layer surface model makes it possible to determine the average thickness 

mailto:alexey.galuza@gmail.com
mailto:ivan.kolenov@gmail.com
mailto:vinniden@gmail.com
http://smizrakhy@hotmail.com
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of inhomogeneous coatings with sufficient accuracy. In this case, the deviation of the single-layer model from 

the experimental data can be a measure of the non-uniformity (primarily of the thickness gradient over the 

surface) of the coating. The correctness of the constructed model was confirmed by independent measurements 

of the thicknesses, composition, and structure of the resulting films. It is shown that the results of the 

ellipsometric experiment in the sub-terahertz range are practically insensitive to the parameters of the metal 

substrate, which eliminates the need to determine the optical constants of a particular metal substrate with high 

accuracy. Estimates of the optical constants of mullite in the sub-terahertz range were carried out and were 

n=3.44, k=0.53. 

Thus, we have shown that sub-terahertz multiangle ellipsometry is an effective method for non-destructive 

express-control of the MAO coatings parameters. This method is very sensitive to surface changes even in the 

very early stages of coating formation when other non-destructive methods (such as XRD) do not yet detect 

any changes. 

Acknowledgments 

This work was partly supported by the Simons Foundation, USA, Presidential Discretionary-Ukraine Support 

Grants (Award Number: 1030287). 
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FEATURES OF FOCUSING COMBINED MODES OF DIELECTRIC WAVEGUIDE RESONATOR  

Degtyarev Andrey∗, Dubinin Mykola∗, Maslov Vyacheslav∗, 

 Muntean Konstantin∗, Svystunov Oleg∗  

*V.N. Karazin Kharkiv National University, e-mail: mykola.dubinin@karazin.ua 

In the last decade there has been a significant growth in research related to the terahertz (THz) range of 

electromagnetic radiation [1]. To date, many terahertz laser sources have been developed ranging from 

milliwatt femtosecond laser-based generators to free electron lasers with average power of hundreds of watts 

[2]. However, the application of THz technologies has not reached its potential yet due to the lack of 

compact and powerful sources of THz radiation having wide spectral range. Therefore, both the development 

and study of lasers emitting in THz range are still hot topics [3]. Research on the selection and focusing of 

THz laser beams is also topical today. Analysis of the literature allows us to conclude that the fundamental 

and higher laser modes with linear, radial, and azimuthal polarizations have been studied in the known 

works. It is also known that waveguide gas lasers generate efficiently the combined modes that have a more 

complex spatial field distribution [4]. However, not enough attention has been paid to the study of combined 

regimes so far.  

This work is devoted to the study of higher-order combined modes generated by a THz laser whose resonator 

contains a hollow dielectric circular waveguide. The main attention was paid to the study of the spatial 

structure of radiation beams formed by combined modes TE0n+EH2n and EH-1n + EH3n (n = 1, 2, 3). Both the 

propagation of formed beams in free space and their moderate and sharp focusing by long- and short-focal 

distance lenses are considered. 

The vector theory of Rayleigh-Sommerfeld was used to model propagation in free space of laser beams 

excited by the modes of a quasi-optical waveguide resonator. Well-known methods of measuring the spatial-

energy characteristics of laser beams in the THz range for experimentally study were used. The setup 

contained a waveguide gas laser based on formic acid HCOOH vapor, which has strong emission lines in the 

THz range. The THz laser was optically pumped by a cw CO2 laser described in [5]. The optical resonator of 

the THz laser contained an input phase shifter and an output flat translucent mirror with a circular hollow 

dielectric waveguide placed between the mirrors [6]. The current configuration of the resonator favors the 

preferential formation and selection of combined laser modes. The spectrum of the generated laser modes is 

shown in Fig. 1. The radiation was registered by a pyroelectric photodetector equipped with a pinhole 

diaphragm of 0.2 mm diameter. 

 
Fig. 1. Mode spectrum of the HCOOH laser 

 

The generation power of the THz laser on the ЕH11q and TE01q+EH21q modes was  

3.6 mW, while the generation power for the EH-11q+EH31q and ЕH12q modes was 2.9 mW. The laser 

was set to the more powerful linearly polarized ТЕ01q+EH21q mode to study the sharp and moderate 
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focusing of the combined modes. The focal length of the short-focus lens was 36.36 mm and the long-

focus lens was 160 mm. The lens used in the experimental setup was mounted at 300 mm from the 

output mirror of the THz laser providing full coverage of the laser beam. The transverse distribution 

of the radiation of the studied mode was measured for both types of focusing - sharp and moderate.  

It is theoretically and experimentally found that the plane of the TE01q+ EH21q mode field 

intensity peak at moderate focusing is shifted from the lens focal plane by a distance zImax = 11.56  

in the direction of increasing the z coordinate. A similar shift of the peak intensity plane for the same 

mode at sharp focusing is only zImax = 1.48 . The transverse intensity distributions in the plane of the 

field intensity peak for the focused combined TE01q+ EH21q mode at moderate and sharp focusing are 

shown in Fig. 2. The figures show that in the region of the minimum size of the focused beams, the 

transverse intensity distribution of the TE01q+EH21q mode maintains its circular shape regardless of 

whether the focusing is moderate or sharp. The calculated and experimental distributions of the 

intensity of the focused mode TE01q+EH21q diverge slightly. This discrepancy in the intensity 

distributions can be explained by the influence of lens aberrations which were not considered in the 

calculation as well as by the insufficient resolution of the photodetector. 

 
Fig. 2. Calculated (I1) and experimental (I2) transverse distributions of the total field intensity of the ТЕ01q+ 

EH21q mode under moderate (a) and sharp (b) focusing. 

The experiment showed that the diameter of the focused ТЕ01q+ EH21q mode (FWHM) at 

moderate focusing (NA = 0.16) was 12.9  (notice that FWHM = 13.6  in calculations) while the 

same diameter at sharp focusing (NA = 0.68) was 2.2  (notice that FWHM = 2.55  in calculations).  
The physical features of the spatial-energy characteristics of THz laser beams with linear field polarization at 

sharp and moderate focusing in free space are analyzed theoretically and experimentally. The vector theory 

of Rayleigh-Sommerfeld was used to model propagation in free space of laser beams excited by the modes of 

a quasi-optical waveguide resonator. Well-known methods of measuring the spatial-energy characteristics of 

laser beams in the THz range for experimentally study were used. It is shown that the intensity of the total 

electric field of both combined TE0n+EH2n and  

EН-1n+EH3n modes (n = 1, 2, 3) is defined in the focal region by all three components and has a dip on the 

axis for both types of focusing. The central maxima of the field of these modes are significantly shifted from 

the geometric foci of the lenses used as the order n of these modes increases. The EН-11+EH31 mode has the 

smallest diameter (2.94 λ) of the focal spot in the region of maximum intensity with sharp focusing. The 

TE01+EH21 mode has the smallest diameter (13.65 λ) of the focal spot with moderate focusing.  
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PACKET QUANTIZATION OF THE ELECTROMAGNETIC FIELD 

Volodymyr Ovechko* 

*Faculty of RadioPhysics, Electronics and Computer Systems, Taras Shevchenko National University of 

Kyiv, Volodymyrska Str. 64/13, Kyiv 03127, Ukraine, email: ovs@univ.kiev.ua 

A method of packet representation of the electric field operator based on the use of a model of a quantum 

oscillator with an energy-limited parabolic potential is proposed. The energy of a photon is determined by its 

duration τ and the order of the elementary wave packet 

Introduction 
Significant practical improvements in devices for the generation and detection of single-photon optical 

signals led to the activation of the development of new areas of quantum optics: quantum computers, the latest 

information systems, quantum tomographs. At the same time, a modern experimental base was formed for the 

study of fundamental quantum phenomena: entangled quantum states, particle-wave properties of quantum 

objects, conditions for distinguishing classical and quantum properties, etc. A special place in this list is 

occupied by the carrier of the electromagnetic field - the photon. Its integral characteristics are well known 

and have been used in quantum optics for more than 100 years, starting with the works of M. Planck, A. 

Einstein, and P. Dirac. However, the modern stage requires the study and application of more detailed 

structural characteristics of photons as quantum objects limited in time and space.                                                                                                                                                                                                           

The thesis that any physical object must be local cannot be doubted [1]. The use in Planck's formula for 

the energy of a frequency photon as a characteristic of a monochromatic (infinite) signal can be considered as 

an approximate limiting case. The problem is similar to that in classical physics: is the distribution of 

parameters of local objects correct on the basis of infinite harmonic functions? The answer is almost obvious: 

the basis functions must be defined in a limited domain. This work is devoted to the substantiation of such a 

series distribution for the field representation of photons. 

Theory 
Report plan: 1. A quantum oscillator with parabolic truncated potential (PTP). 2. Eigenfunctions and 

eigenenergies of a two-level quantum oscillator. 3. Basic functions of the two-level system: elementary wave  

packages. Conditional extremum problem. 4. Electromagnetic field operator. Coherent states. 5. The shape of 

the photon (spatial-temporal modes) and its energy formula. 

1. The question is to what extent the limitations of the potential for the creation of a two-level system 

affect the spectrum of self-energies 

                                   U ( x )  =   {

1

2
𝑚(𝜔𝑥)^2  ,   | 𝑥 |  ≤ 𝑎

1

2
𝑚(𝜔𝑎)^2  ,   | 𝑥 |  > 𝑎

                                                              ( 1 ) 

       2.   The first conclusion: the number of levels depends on U0. A particular two-level system will be in the 

range of cutoff energies  (3/2) ħω ≤ U0 ≤ (5/2) ħω. Second: an increase in the cutoff potential brings the 

eigenvalues of the energy closer to  ħω/2; 5 ħω/2  for even states and to  3 ħω/2; 7 ħω/2   for odd ones. 

Therefore, the amplitudes of the potentials can be considered optimal: U0 = 4 ħω/2; 5 ħω/2 .  Third: the energy 

of the ground state for these amplitudes is equal to ħω/2   as it should be. The structure of levels for U0 = ( 5/2 

) ħω   is shown in Fig. 1.  

3.     We have solved the variational problem for the conditional extremum. Let's write Fermi's "golden 

rule"  as    object function. Additional connections       

∫ fod(p)
1/2

-1/2
dp = 0                        (2) 

  

∫ fod
21/2

-1/2
(p)dp = 1                        (3) 

  

The justification of conditions (2 ) - (3 ), see  work [2]  (p = t / τ) . 
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Fig. 1. Dependencies of energy eigenvalues  Ei  on the cutoff  U0 of  the PTP: ε = 2 U0 / ħ w , p2 = E / ħ 

w                        

 Graphs of odd functions  of lower orders are shown in Fig. 2  

 

               Fig. 2. The optimal shape of the n’-th order odd pulse signal Sod(x)= fod (x) : x =𝜋 t / τ                     

4.  The quantum state of the electromagnetic field is considered coherent . Consider a one-dimensiona 

signal with linear polarization. Then   operator of the electric field                                                                                         

𝐸
^

(z,t)  =  φ(z,t)𝐴
^

  + e.c.= φ(z,t)𝐴
^

+φ*(z,t) 𝐴+
^

                    (4)                                                                                                                                                                                         

where 𝐴
^

  = ∫ 𝑑𝑘 𝑊(𝑘)𝑎(𝑘)  - the packet photon annihilation operator, 𝐴+
^

= ∫ 𝑑𝑘 𝑊(𝑘)𝑎+(𝑘)   - the packet 

photon creation operator, W (k) – Fourier spectrum of the elementary wave packets  fod(t), ω=kc 

                                                   φ(z, t)  =𝐴√
ℎ

2𝜏𝑉
(𝑛 + 𝜂) fod(z,t)                                  (5) 

                                < E > = < 𝛼 |ϕ(z, t) 𝐴
^

 +   ϕ ∗ (z, t)  𝐴+
^

| 𝛼 > = 2 φ(z, t) |α|Cos [θ]     (6) 

5. Numerical optimization of the probability of photon absorption by a two-level system excited by an 

EWP pulse determines the relation of the (ωτ)opt. parameter and  the order of the EWP  function n. It turned 

out to be linear, from where the photon energy is ε=(h/2τ)(n+1+2/π). In the limiting case n >>1, the formula 

takes the usual form ε= ħω .                                            
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Abstract: We demonstrate that for ultrathin ferromagnetic films, the contribution of the longitudinal relaxation 

to soliton damping is comparable to or stronger than any other traditional transversal mechanism, including 

spin pumping. This finding brings the longitudinal relaxation from being a rather exotic concept, which was 

thought to be negligible for majority of practically relevant cases, to an important ingredient to tailor dynamics 

of solitons for modern technology and fundamental physics. 

 

            The relaxation fundamentally determines the operation speed and energy efficiency of spintronic and 

spinorbitronic devices. The phenomenological theory of the magnetization dynamics was formulated in 1935. 

The famous Landau-Lifshitz equation in the original form or with Gilbert damping term conserves the 

magnetization length, allowing only its transversal evolution. Since then, the transversal picture of the 

magnetization relaxation has become overwhelmingly successful when describing linear magnetic excitations 

(spin waves) and motion of topologically protected magnetic excitations (magnetic solitons) including domain 

walls (DWs), bubbles, droplets and recently skyrmions. 

Still, in any magnetic system, the change of the magnetization length is allowed [1, 2]. For solitons, the 

change of the magnetization length, M, occurs due to anisotropic magnetic interactions. Arriving at a given 

location, solitons spend energy to create a deviation (dip) of the magnetization length by the longitudinal (with 

respect to the magnetization) component of the effective field (Fig. 1) 

                                          
Fig. 1. Longitudinal relaxation is related to the appearance of a dip in the magnetization length, at the location of a domain 

wall (DW). The dip follows the moving DW. This dip is in the range of 𝝌||𝑯𝑲, where 𝝌|| is the longitudinal magnetic 

susceptibility and 𝑯𝑲 is the anisotropy field. The dip follows the moving DW. In ultrathin films 𝝌||  is enhanced. 

 

The magnetization length at this location is restored as soon as the soliton moves away. The process of 

changing the magnetization length is irreversible and leads to the dissipation of energy. Investigations 

performed for bulk ferromagnets within the Landau-Lifshitz-Bar`yakhtar (LLBar) and the Landau-Lifshitz-

Bloch (LLB) equations for solitons without structural suppression of the magnetization (e.g. DWs) sufficiently 

far from the Curie temperature have not identified any significant contribution from the longitudinal relaxation 

[3,4]. In bulk materials, up-to now the only two examples are known, where the transversal relaxation picture 

failed to describe the dynamics of magnetic solitons properly. The longitudinal relaxation dominates the 

dynamics of solitons at temperatures close to the Curie temperature [5-7]. The motion of Bloch points (with 

strong structural suppression of the magnetization) is another example where the longitudinal dynamics is 

important for bulk ferromagnets even far from the Curie temperature [8]. 

Recently it was identified that the contribution of the so far neglected longitudinal relaxation to the 

damping of domain walls (without strong structural suppression of the magnetization length) in ultrathin (2D) 

easy-axis magnetic films sufficiently far from the Curie temperature is comparable or even stronger than any 

other transversal mechanism discussed before, including spin-pumping [9]. This enhancement is associated 
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with the Mermin-Wagner theorem and caused by a higher sensitivity of 2D ferromagnets to an effective field 

compared to their 3D counterparts.  

Ultrathin ferromagnetic films support fast moving skyrmions. This paves the way to the realization 

of prospective racetrack memory concept, the performance of which is determined by the static and dynamic 

micromagnetic parameters. This memory is potentially more stable to external stimuli compared to widely 

used SSD memory. The necessity of having strong Dzyaloshinskii-Moriya interactions (DMI) and 

perpendicular magnetic anisotropy requires utilization of ultrathin magnetic (~1 nm) layers, which possess 

compromized quality that substantially enhances the magnetic damping for non-collinear magnetic textures.  

The finding [9] stimulates the investigation of nowdays technologically relevant skyrmions and 

merons. In this respect basing on the LLBar equations we generalize the Thiele equation for the case of the 

longitudinal relaxation. The local relaxation tensor for in the Thiele equation is expressed as follows 

𝐷𝑖𝑗 =
𝛼

𝛾𝑀
∫

𝜕𝐌

𝜕𝑥𝑖

𝜕𝐌

𝜕𝑥𝑗
𝑑𝑆 +

1

𝛾𝑀𝛼||
∫

𝜕𝑀

𝜕𝑥𝑖

𝜕𝑀

𝜕𝑥𝑗
𝑑𝑆                                                     (1) 

where   is the gyromagnetic ratio, 𝛼 is a local (Gilbert) transversal relaxation constant, 𝛼|| is a local 

longitudinal relaxation constant, 𝑀 = |𝐌| is a length of the magnetization vector. Correspondingly the first 
term in (1) is well known result of Thiele and the second term is a longitudinal contribution to the relaxation 
tensor. In this contribution, we will compare the impact of the longitudinal relaxation mechanism to its 
transversal counterparts on the motion of magnetic solitons. In particular, the longitudinal contribution 
increases with a decrease of the transversal relaxation (e.g., the Gilbert constant). 
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M. O. Popov*, H. L. Chumak* 

* Educational and Scientific Institute of High Technologies, Taras Shevchenko National University of 

Kyiv, Kyiv 01601, Ukraine, e-mail: maxim_popov@univ.kiev.ua, chumak_hryhorii@univ.kiev.ua 

 

This paper reports the experimental observation of the photoinduced changes in magnetic resonance 

frequencies of the single–crystal ferrite sample with chemical composition Y3Fe4.48Si0.52O12. The measurements 

have shown that at room temperature the registered frequency shift is mostly caused by the thermal action of 

IR radiation. However at liquid nitrogen temperature the observed effect may be safely attributed to the 

photoinduced variation of magnetocrystalline anisotropy field value, caused by optically activated hopping of 

conduction electrons between crystallographically equivalent octahedral positions. 

Introduction 

It is known that in silicon-doped iron-yttrium garnet (further denoted as Si:YIG) single-crystal specimens 

it is possible to affect the magnetic properties and magnetization configuration of the material by 

photomagnetic treatment [1,2]. That influence can be explained by using the concept of photoactivated jumps 

of the weakly coupled electrons between the Fe2+ ions in nonequivalent positions. Fe2+ ions appear in crystal 

lattice as a result of partial replacement of trivalent iron atoms in stoichiometric YIG by tetravalent silicon ions 

during doping and they preferably occupy octahedral crystallographic sites (four such sites per unit cell). The 

Fe2+ ions are strongly anisotropic and their contribution to the net magnetic anisotropy of a crystal is extremely 

large. If all the sites are populated with equal probability their total contribution to the magnetic anisotropy 

will compensate each other. If for some reason the population balance between different sites is broken, this 

causes appearance of a uniaxial magnetic anisotropy. The illumination of the sample with optical of near 

infrared radiation will cause a photostimulated transitions between different sites due to non-equal probability 

of photon absorption by electrons on atoms depending of the angle between local axis of symmetry and 

incoming light polarization [3].  

Our work is devoted to the experimental investigation of light irradiation effect on the magnetostatic 

modes resonance frequencies in disk-shaped specimen of single crystal Si:YIG at both room (300 K) and liquid 

nitrogen (77 K) temperatures. Since those frequencies depend on magnetocrystalline anisotropy field, and 

anisotropy field value is sensitive to optical radiation, this substantiates background for the new way to 

effectively tune the magnetic resonance frequencies by exposing the magnetic crystal to light.  

Experimental part. 

The sample under investigation was the disk made from Si:YIG with the chemical formula 

Y3Fe4.48Si0.52O12 cut in such way that disk surface normal corresponds to <110> crystallographic direction. The 

sample geometrical dimensions were D=2.5 mm, H=0.27 mm. The sample was positioned atop of the short-

circuited coplanar microstrip transmission line manufactured from the RT Duroid 5880 laminate (see Fig. 1).  

 
Fig.1 Schematics of experimental set-up for the investigation of optical irradiation influence on the 

magnetic resonance frequency. 

During the experiments the whole structure was subjected to the external bias magnetic field oriented in 

sample’s plane and directed along the transmission line. For the photomagnetic measurements, the disk was 

illuminated by a focused beam from the 808 nm infrared laser diode. For the cryogenic experiments the 

microstrip with sample were completely submerged in liquid nitrogen inside a thermo-isolated casing.  

The experimentally measures reflection characteristics for the Si:YIG sample measured at room 

temperature for different laser illumination power are presented on Fig. 2. Besides data for Si:YIG, this figure 

also contains results for the reference sample with the same dimensions but manufactured from undoped 
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polycrystalline YIG (Y3Fe5O12). Since pure YIG does not have measurable amounts of impurity atoms, it is 

not expected to show photomagnetic response. Comparison between black and red lines in Fig. 2b shows that 

Si:YIG demonstrates larger frequency shifts, which may be explained by the effect of photoinduced variation 

of magnetic anisotropy (which is absent in the reference sample). However, the difference between both cases 

in relatively small, suggesting that thermal heating is responsible for the large part of the net measured 

frequency change and photomagnetic phenomena accounts for just a fraction of it. 

  
Fig.2. a) Transmission characteristics of Si:YIG for fixed value of bias magnetic field and different laser 

diode power at room temperature; b) comparison between Si:YIG (black lines) and polycrystalline YIG (red 

lines). 

   
Fig.3. a) Transmission characteristics of Si:YIG for different laser diode power at liquid nitrogen 

temperature; b) optically induced magnetic resonance frequency shifts in Si:YIG at different values of bias 

magnetic field. 

On the contrary, in the case of liquid nitrogen, the reference sample (polycrystalline YIG) has 

demonstrated negligible frequency shift (10 MHz at most). Consequently, the registered optically induced 

frequency change is caused by the magnetooptical effect only. The experimentally measured frequency shift 

amounted to ≈150 MHz for the applied optical power of 75 mW. This phenomenon provides the background 

for an optically tunable magnetic devices which may be advantageous in comparison with traditional magnetic 

field tunable components. 
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Analytical model of a nonlinear spin wave (SW) [1] ultrafast propagating through one-dimensional 

antiferromagnetic magnonic crystal is proposed when the SW velocity exceeds the maximum velocity of linear 

SW in both antiferromagnets (AFMs) or at least in one of them. Both AFMs that comprise the magnonic crystal 

are assumed to be two-sublattice uniaxial ones. The Landau-Lifshitz equations have been used in the sigma 

model with account for the exchange bias between magnetic sublattices of both AFMs, the magnetic 

anisotropy, the magnetic dipole-dipole interaction and the Dzyaloshynskyi-Moriya interaction. The discrete 

sets of frequencies and velocities for the considered SW are obtained. The boundary conditions for the Néel 

vector on the interface between two AFMs are derived with the exchange bias between magnetic sublattices of 

both AFMs taken into account. These boundary conditions are applied for both fully uncompensated interface 

and fully compensated one for the illustration purposes. Analysis of the results show that the nonlinear SW is 

reflectionless, phase-coherent and possess a number of parameters that can be considered as degrees of 

freedom for encoding information. These findings open up new possibilities of digital data processing utilizing 

nonlinear SW propagating through antiferromagnetic magnonic crystal in supercritical mode. 

Analytical model 

Exact solution of Landau-Lifshitz equations are the basis of an analytical model of ultrafast propagation 

of nonlinear spin wave through one-dimensional antiferromagnetic magnonic crystal. The velocity of spin 

wave exceeds the maximum velocity of linear SW in both antiferromagnets (AFMs) or at least in one of them. 

 

 

Fig. 1. Antiferromagnetic magnonic crystal studied in the paper. 
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The effect of a pulsed magnetic field on tensile residual stresses in iron-nickel alloy EP-718 (Inconel 718 

analog) is investigated. Significant reduction of nearly 40% in residual stress levels is observed in the surface 

layer of specimens when a pulsed magnetic field is applied. Such patterns are associated with the 

magnetoplastic effect. 

Iron-nickel alloys are widely used in the aviation industry due to their high strength, resistance to high 

temperatures, oxidation and corrosion, and good machinability. The residual tensile stresses that occur in 

surfase layer of the parts during their manufacture and operation, as well as during heat and mechanical 

treatment, are an important factor affecting the strength and durability of constructions, as their high 

concentration leads to the formation of fatigue cracks. Moreover, the presence of residual stress limits the 

application of additive manufacturing products. To remove them, thermal [1, 2], mechanical and ultrasonic [3] 

methods are employed. The most widespread way to relieve residual stresses is heat treatment, which, despite 

several advantages, has significant drawbacks, such as high energy consumption for heating and structural 

changes, resulting in a loss of part strength characteristics. From this point of view, the use of a magnetic field 

is promising. In the laser remelting of Inconel 718 superalloy, the introduction of a transverse static magnetic 

field resulted in a notable reduction in the compressive residual stress of the remelted region, with the stress 

decreasing from 392.50 to 315.45 MPa under the effect of the 0.55 T magnetic field [4]. Consequently, the 

objective of this work is to study the effect of a pulsed magnetic field on tensile residual stresses in the iron-

nickel alloy EP-718. 

The prismatic specimens of EP-718 (Inconel 718 analog) alloy with dimensions of 59×10×1.9 mm3 were 

cut from a sheet produced using conventional technology (GOST 19903-74). The iron-nickel heat-resistant 

alloy belongs to the austenitic class, and, therefore, is paramagnetic at room temperature. 

 

Fig. 1. Residual stress distribution in the surface layer of the specimens 

The tensile residual stresses on the specimen surface were formed by grinding on a surface grinding 

machine and determined by the method of successive removal of metal thin layers by electrolytic polishing 

using PION-2 device. The electrolyte had the following composition: hydrofluoric acid - 2%; nitric acid - 30%; 

the rest - water. The deflection of the specimen was recorded by a self-recorder. The mass of the specimen 

before and after electropolishing was determined using an analytical balance of the ADV-200 type with an 

accuracy of 0.001 g. 
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To generate a pulsed magnetic field, the discharge of the capacitor battery of the electrohydro-pulse press 

model T1220 was used through a copper solenoid. The specimens were treated with a pulsed magnetic field 

repeatedly (10 pulses) in the mode of charging the capacitor battery to U=5 kV. According to calculations the 

value of the magnetic field induction of the solenoid, corresponding to this voltage, was 0.37 T. At the same 

time, the temperature of the specimens, measured using a chromel-copper thermocouple, did not change. 

The study's findings (Fig. 1) regarding the residual stress distribution in the surface layer of the specimens 

reveal that the application of a pulsed magnetic field leads to a decrease in the value of residual stresses at 

depths up to 20 μm from 334 MPa to 201 MPa by almost 40%. The reduction of residual stresses in a 

paramagnetic iron-nickel alloy is associated with the rearrangement of the dislocation structure under the 

influence of a magnetic field, i.e. magnetoplastic effect.  
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In this paper, the hydrodynamic instability of a non-relativistic electron beam moving along a 

semiconductor nanotube with dielectric filling has been investigated. The expressions for dispersion equation 

of coupled waves of the beam and eigenwaves of the structure under study as well as the increment of instability 

have been obtained. The numerical calculations show that the dependence of the increment value on the 

number of quanta of the magnetic flux inside the nanotube oscillates with the period equal to one quantum of 

the magnetic flux. This can be seen as a manifestation of the Aharonov-Bohm effect. 

Introduction 

The special feature of the conductive nanotubes is that the area of the electron movement in them is 

nonsimply connected. This leads to specific effects where the phase of the electron wave function plays the 

very important role. Such phenomena are the result of the Aharonov-Bohm effect (see [1] and references 

therein). In recent works [2]-[3], it has been first established that the spectrum of bulk-surface and surface 

eigenmodes of a semiconductor nanotube with dielectric filling placed in a coaxial constant magnetic field is 

quntized. This is manifested in oscillations of the number of dispersion branches with the change of the 

magnetic flux   in the nanotube. In Ref. [3], the analytical expression for the electron energy loss due to the 

excitation of eigenmodes under the Cherenkov resonance condition as well as the analytical expression for the 

increment of the kinetic instability for the flow of charged particles with the Maxwell distribution of velocities 

has been derived and numerically analysed. In the present work, we derive and numerically analyse the 

expressions for both the dispersion equation for the coupled waves of the beam and eigenmodes of the structure 

under study and the instability increment.  

Statement of the problem and main results 

  Consider a dielectric cylinder of radius c  occupying the space region c 0 ,  20  , and 

z  (the z -axis is directed along the cylinder axis). We suppose that the cylinder is made of a solid-state 

isotropic nonmagnetic material with real permittivity   and there is infinitely thin semiconductor layer on the 

lateral surface of the cylinder. This structure is placed in the vacuum in a DC magnetic field 
0H


 directed in 

parallel to its axis. A non-relativistic and monoenergetic tubular electron beam moves in the vacuum along the 

cylinder, the wall thickness of beam is the same as the distance between this wall and the nanotube surface. 

Both sizes are much smaller than the length of waves excited by the beam. The set of equations describing the 

interaction of the bunch and the eigenmodes of the studied structure is the system of Maxwell equations 

supplemented by the linearized continuity equation for the electrons of the bunch and the nanotube. On the 

surface of the nanotube, the continuity conditions are met for the tangential components of the electric field 

strength of the coupled waves. At the same time, the electric displacement vector and the tangential 

components of the magnetic field strength on the surface of the nanotube undergo jumps, caused by the 

presence of charges and currents on the surface. These charges and currents are associated with the electron 

beam and the conductive nanotube. The excitation of the structure eigenmodes by the beam occurs when the 

Cherenkov resonance condition is fulfilled. Following the method used in [2]-[3], we obtain the dispersion 
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equation for the coupled waves of the beam and the eigenwaves of the studied structure as well as the 

expression for the increment of the hydrodynamic instability. In Fig. 1, the dependences of the relative 

increment   of the hydrodynamic instability  (  is the frequency of the excited wave) and the number N  

of filled energy levels of the nanotube electrons on the muber 0=  of  the magnetic flux quanta through 

the nanotube  (here 0  is the magnetic flux quantum)  are presented. The excited wave is the 11EH  bulk-

surface wave [3]. 

 

Fig. 1. Dependences    on  (blue solid curve 1) and ( )N  (red dashed curve 2) 

It is evident from Fig. 1 that both the relative increment    and the value of N  oscillate with growth 

of   with a period equal to one magnetic flux quantum. It is noteworthy that the highest values of the increment 

occur with the largest number of N . This result is important to create nanoscale oscilators of electromagnetic 

radiation without a need to provide an additional feedback in the system. 
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The Mo(112) surface, which is unreconstructed and strongly anisotropic, can host a wide range of self-

assembled adsorbate structures with lateral periodicity along one direction in mesoscopic range. These 

structures were a subject of detailed experimental investigations for already several decades by the members 

of physical electronics department at the Institute of Physics of the National Academy of Sciences of Ukraine. 

Here we review the existing body of experimental data, including those obtained at other institutions, provide 

a comparizon with the results of theoretical investigations, summarize all discovered physical mechanisms of 

self-assembly and point out the importance of such studies for modern and perspective high-tech applications. 

Mo(112) as a playground for mesoscopic organization of adsorbates  

The Mo(112) surface consists of ridges and troughs running in the [11-1] direction. Such structure 

facilitates the adsorbate atoms’ anisotropic diffusion along this direction. In our recent works a number of 

adsorbates as diverse as Dy, Gd, Sr, Be, O were studied both as single adsorbates and co-adsorbed with each 

other on Mo(112), see [1-9] and references therein. These studies were performed experimentally by means of 

low energy electron diffraction (LEED), Auger electron spectroscopy (AES), contact potential difference 

(CPD) and theoretically by means of calculations within the framework of density functional theory (DFT). A 

number of ordered and unordered adsorbate phases were discovered, as well as phase transitions among them. 

The interactions among adatoms, which govern the formation of these phases are as following: direct 

interactions acting through the vacuum (exchange, van-der-Waals, electrostatic inter-dipole), indirect 

interactions acting due to the presence of the substrate (Friedel – through the substrate’s electron gas, elastic – 

due to the substrate’s outer layer deformation, electrostatic – due to the field between work function spots). A 

vivid manifestation of these interactions were some particularly outstanding adsorbate phases consisting of 1D 

atomic chains forming periodic arrays, thus corresponding to 1×n surface superstructures. The values of the 

integer n were found as high as 9, corresponding to lateral periodicities up to 2.5 nm. 

(Ce+O)/Mo(112) System 

In view of an ever increasing practical usage of rare earth metals in a wide variety of modern high-tech 

products (microchips, consumer electronics, nanocatalysts, high density energy storage, nanomedicine, etc) it 

was decided to continue the studies of rare earth adsorbates on Mo(112). The intriguing results obtained for 

Dy/Mo(112) and Gd/Mo(112) systems prompted a widening of this research effort, including further rare earth 

elements. A particular attention was payed to Ce – adsorbed individually or co-adsorbed with oxygen [10]. 

The (C+O)/Mo(112) has exceeded expectations displaying ordered structures (nanostripes phase) with 

extremely large (essentially mesosocpic) lateral periodicities between 6 and 11 nm, which, notably can be 

tuned by varying the amount of adsorbed Ce atoms. This phase is depicted schematically in Fig. 1, along with 

others appearing in the sequence of equillibrium surface structures as Ce coverage θ increases from 0 to 0.75 

(θ = cCe/cMo, cMo = 8.25 × 1014 cm−2). The entire sequence consists of the following stages: island growth at 

constant mesoscopic periodicity (first order phase transition), growth of mesoscopic periodicity, superperiodic 

singularity, contraction of the uniform 1st atomic layer of Ce along the direction of ridges and troughs and 

finally the relaxation of Ce film into a double layer structure.  
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Fig. 1. A schematic diagram of variousequillibrium states of Ce film on Mo(112) for coverages θ < 1. 
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The results of experimental investigation by means of ultra-high vacuum scanning tunneling microscopy 

/spectroscopy (STM) / (STS) of platinum-iridium alloy nanoclusters on an atomically clean Ge(111)-c(2×8) 

semiconductor substrate are reported. The obtained tunneling spectra in the normalized derivative 

representation show clear differences in an electronic structure between the pure germanium substrate and 

metallic nanoclusters, namely the presence and the absence of the band gap correspondingly. 

Introduction 

Germanium is an important semiconductor material for advanced nanoelectronic applications and is 

currently of great interest for spatially resolved electronic structure investigations. Scanning tunneling 

spectroscopy (STS) is an ultimate choice to conduct such investigations and had been employed to study the 

structure of both valence and conduction bands of the Ge(111) surface [1-2]. Also, using a scanning tunneling 

microscopy (STM) technique, it is possible not only to investigate but also create metallic nanostructures 

placed on atomically flat semiconductor surface with almost an atomic precission [3]. Therefore, the goal of 

the present work was to create such nanoclusters on the Ge(111)-c(2×8) atomically clean substrate and to study 

their electronic structure by means of STS.  

Experimental 

All experiments were performed in an ultra-high vacuum chamber with a base pressure of 3×10-10 mbar. 

A standard procedure applied for prepairing the Ge(111) surface in atomically clean state, which in  

thermodynamic equillibrium is reconstructed and characterized by the c(2×8) superstructure, was described 

elsewhere [4]. Metal nanoclusters were deposited at 300 K on such a substrate from the STM tip by means of 

a field evaporation technique as described in the previous work [3]. All STM images were obtained in the 

constant current mode. The STS measurements were performed by means of STM tip positioning above the 

location of interest on the sample’s surface, stabilizing the tip-sample separation as in the constant current 

mode for the tunneling current typically in the range from 0.1 to 1 nA, cutting off the STM feedback circuit, 

sweeping the tunneling voltage in the desired range and simultaneously registering the tunneling current with 

an analog-to-digital convertor (ADC) and finally reestablishing the feedback loop in order to promptly regain 

the control over the tip-sample separation. One tunneling spectrum was typically obtained within some fraction 

of a second. All STM and STS measurements were performed at 300 K. Any processing of the obtained spectra 

was performed digitally using the raw data recorded in computer memory. Most common processing included 

smoothing of the spectra by means of simple interpolation between nearest neighbor data points and 

differentiation, also using nearest neighbor finite differences.  

Results and Discussion 

Fig. 1 shows the typical STM images and STS results. In a) one can observe an area on the sample where 

the tip material (Pt0.8Ir0.2 alloy) was locally field evaporated on the surface. The deposited material has formed 

a clearly noticable metallic nanocluster of irregular shape and characteristic lateral size of several dozen nm 

and several nm in height. Panel b) is an atomically resolved STM image of a smaller area of the sample, which 

was not covered by the cluster, where one observes the typical atomic arrangement within the c(2×8) surface 

superstructure of the pure Ge(111). The tunneling spectra were obtained on top of the nanocluster in a) and 

over the clean germanium substrate in b). The corresponding I(V) curves are shown in panels c-d) and they 

depict a basic exponential dependence of tunneling current on tunneling voltage, as expected for the tunnel 

junction. Please note, that in order to keep the tunneling current within the dynamic range of the ADC the 

tunneling voltage had to be kept between -2500 mV and 2500 mV for the case of the metallic nanocluster, 

which is a narrower range than between -3000 mV and 3000 mV for the case of the pure semiconductor 

substrate. 
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Fig. 1. The results of STM/STS investigation of the Pt0.8Ir20 nanocluster on the Ge(111)-c(2×8) substrate. 

STM images: a) 62 nm × 62 nm area of the substrate containing the nanocluster of irregular shape, 

tunneling voltage applied to the sample Us = +2.0 V, tunneling current It = 0.3 nA; b) 12 nm × 12 nm area 

of atomically pure Ge(111)-c(2×8), Us = +2.0 V, It = 0.3 nA. Tunneling spectra: c) spectrum obtained on 

top of the nanocluster shown in image (a); d) spectrum obtained on the area shown in image (b). Normalized 

derivatives of the tunneling spectra: e) obtained from the spectrum shown in (c); f) obtained from the 

spectrum shown in (d).  

No spectral features are discernible on the unprocessed I(V) spectra in panels c-d), however they are 

vividly exposed at the normalized derivative plots, see panels e-f). These plots show a clear band gap in the 

case of pure Ge(111) and a clear metallic character in the case of an artificial metallic nanocluster. 
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Formation mechanisms of oxides on Si(001) surface with the adsorbed monolayer covering adsorbates in 

a wide range of expositions in the atmosphere of molecular oxygen are studied at room temperature. The 

oxygen sticking coefficient for the metal-coated surface at room temperature was calculated. The influence of 

the metal film on the oxidation rate of the silicon substrate has been studied. 

1. Introduction 

One of the key aspects of the interaction of metals with semiconductors is the interaction of oxygen with 

the interface between them. Oxide films formed as a result of this interaction can affect the electronic structure 

and physical properties of semiconductors. The study of the interaction of oxygen with the 

metal/semiconductor interface is an important area of research in nanoelectronics physics, as it can help to 

understand the processes occurring on the surface and deep within the semiconductor. 

Since such boundaries are commonly found in a variety of devices such as solar cells, transistors, diodes, 

etc., understanding the physical processes at them can improve the efficiency and functionality of such devices. 

In addition, research on these topics can help in the development of new materials for the production of 

electronic devices with high stability and efficiency. 

It should also be noted that very little information has been obtained about the interaction of the Metal/Si 

system with molecular oxygen. The purpose of this work is to study the rate of oxygen accumulation by the 

surface of Si (001) covered with metal monolayers. 

2. Experiment 

It is investigated experimentally mechanisms of creation of silicides and kinetics oxidations in systems 

Si(001)-Cr 1 monolayer (МL), Si(001)-Ti 1МL, Si(001)-Mn 1МL. The study of the system, which consists of 

a Si (001) substrate and a metal films on silicon surface, was performed in an ultra-high-vacuum installation 

using AES. More details on the conditions of the experiment can be found in [1].  

 

3. Results and discussion 

Formation mechanisms of oxides on Si(001) surface with the adsorbed monolayer covering adsorbates in 

a wide range of expositions in the atmosphere of molecular oxygen are studied at room temperature. 

 

To determine the rate of oxygen accumulation on the surface of Si (001) coated with Metal, the sticking 

coefficients of molecular oxygen were calculated. The calculation method is given in [2]. The thickness of the 

metal film on the surface of the sample was around 0.25 nm. Dependence of the molecular oxygen sticking 

coefficient on the exposure dose (on the logarithmic scale) are shown in Fig.1. It is clearly seen from Fig.1 

that the increase in the exposure of the sample in the atmosphere of molecular oxygen, the sticking coefficient 

of the molecular oxygen goes to 0. This is due to the increase in the thickness of the oxide film and the 

subsequent formation of saturated oxide.  
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Fig.1 Dependence of molecular oxygen sticking coefficients on exposure on a logarithmic scale Si (001) –

Metal 1ML  at room temperature: a) Si(001)-Cr 1 МL, b) Si(001)-Ti 1МL, c) Si(001)-Mn 1МL. 

It is established that manganese, titanium and chromium monolayer films, adsorbed on the Si(001) surface, 

at room temperature accelerate the process of silicon oxidation. It was found that titanium on Si(001) surface 

stimulates the oxidation of silicon surface not so effective as in the case of chromium films. This behavior of 

the sticking coefficient of indicates that in the system Metal/Si(001) there is an accumulation of oxygen. The 

oxidation of the sample is accompanied by characteristic changes in the Auger spectra.  

Conclusions 

As a result of the study of the Metal/Si(001) system, changes in the chemical properties of the surface were 

observed. The calculated of sticking coefficient and its behavior indicate the interaction of the test sample with 

molecular oxygen, as well as the possibility of the formation of some metal oxides at room temperature. 
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Films of composite materials PVC/AC-HNO3 15% were obtained by the method of thermal pressing of 

powders of polyvinyl chloride (PVC) and oxidated activated carbon (АС) in different mass ratios. TGA, TPD 

IR and TPD MS methods were used to determine the concentration and study the thermal stability of oxygen-

containing functional groups of AC. The morphology of AC was studied by the SEM method. When comparing 

the value of the EMW reflectance (S11) of the studied material, a significant dependence of the change in the 

EMW reflectance value on the concentration of the added AC is observed. 

High-frequency electromagnetic radiation and electromagnetic interference can threaten people's health 

and safety, as well as create serious problems for military and civilian facilities [1]. The rapid development of 

communication technologies, in addition to the benefits in human life, also led to the spread of strong 

electromagnetic pollution due to the use of electronic devices [2]. Therefore, the use, development and creation 

of practical and effective shielding materials becomes extremely important. Carbon materials are used as 

adsorbents, catalysts, catalyst carriers, they can also be used as an alternative to polymers in the processes of 

obtaining metal nanoparticles. In addition, carbon materials are widely used as fillers to create a wide class of 

composite materials for various applications, while their own microwave properties have been investigated 

very little [3]. At the same time, it is important to use such fillers to create composite materials that are capable 

of chemical modification. In the literature, there is not enough information on the effect of chemical 

modification of carbon materials on the ability to interact with electromagnetic radiation, which is important 

when creating materials with predetermined properties. The search for correlations between the composition 

of the carbon material, the nature and concentration of surface functional groups, its own physicochemical 

properties and the properties of the final product (composite material) is important for understanding the 

mechanisms of its interaction with electromagnetic radiation when creating materials with adjustable 

properties. 

The purpose of this work was to obtain composite materials (CM) based on polyvinyl chloride (PVC) and 

a carbon-containing filler and to study the effect of oxidation of the latter on the ability of the obtained CM to 

interact with electromagnetic radiation in the ultra-high-frequency range. 

Activated carbon made from apricot pits, the technology of which was developed at the Institute of 

Sorption and Problems of Endoecology of the National Academy of Sciences of Ukraine, with particle sizes 

of 0.5–1 mm, was used as the starting material. It has a large specific surface and a developed porous structure 

(Fig. 1). The main parameters of the initial samples of AC: sorption volume of pores by water VS = 0.41 cm3/g, 

specific surface area Ssp = 1350 m2/g. The initial treatment of carbon was carried out by deashing with the help 

of repeated washing with HCl solution (3%). Then the samples were washed with distilled water until the pH 

of the washing water was 5.5–6.0. Oxidation with nitric acid was carried out as follows: the original AC was 

boiled with a solution of nitric acid in a sand bath for 2 hours with a reflux condenser in the ratio: per 2 g of 

carbon - 60 ml of 15% HNO3, then the carbon was washed to neutral pH of washing water and air-dried in an 

oven at 120°C. The studies of the AC samples were carried out by thermogravimetric analysis (TGA) with IR 

spectroscopic registration of desorption products (TPD IR). The thermal stability was investigated in an argon 

atmosphere, at a flow rate of 50 ml min–1, using a heating rate of 10°С min–1 in the temperature range of 30–
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800°С. The thermal stability of AC samples was also studied by the TPD MS method, using the same heating 

rate and temperature range in which the studies were conducted as for the TGA method. The surface 

morphology was observed by scanning electron microscopy (SEM) using a Tescan Mira 3 LMU instrument 

with an acceleration voltage of 10 kV. To study the microwave properties, the microwave reflection (S11) and 

microwave losses (S21) were measured with a network analyzer (NA) consisting of generator and indicator 

blocks in the frequency range of X-band (8 – 12 GHz).  

 

Fig. 1. SEM images of initial (a,b) and oxidated (c, d) 

When studying the AC surface by the SEM method, it was established that the outer surface of the initial 

carbon granules contains mostly round channels of different depths with an average size of 20-30 μm, which 

are surrounded and/or contain a structure of smaller channels of 1-2 μm in size (Fig. 1 a, b). For the sample 

oxidated by nitric acid (Fig. 1 c, d), significant changes in surface morphology are observed - it becomes 

smoother, the shape of large channels changes, they lose their original round shape. The number of small holes 

in each large channel is significantly reduced, and in some cases they disappear completely. Therefore, 

oxidation with concentrated nitric acid is a rather aggressive method of modifying the surface layer of carbon 

materials, which leads to the destruction of the microporous structure of carbon. 

Using TGA, TPDIR and TPDMS methods, it was established that as a result of oxidation, various oxygen-

containing groups are formed on the carbon surface: carboxylic, anhydride, lactone, and phenolic groups, 

which are desorbed from the carbon surface in the form of CO and CO2. 

A series of samples of PVC/AC-HNO3 15% composite materials were obtained in the form of films by the 

method of thermal pressing of polyvinyl chloride (PVC) powders and activated carbon in different mass ratios 

(0.2-30 wt% of AC-HNO3 15%). First, carbon was ground in a mortar. Next, 0.2 g of PVC powder was mixed 

with the required amount of carbon. This mixture was ground by hand in an agate mortar to a relatively 

homogeneous state. Then it was poured into a mold on a polyamide substrate and 70 mg of dibutyl phthalate 

(plasticizer for PVC) was dripped. Then it was pressed at 175°C and a pressure of 10 MPa with a 1-minute 

holding time. All studied samples of pure and modified PVC had a thickness of 0.25 mm.  
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Table 

Reflection of EM waves S11 and losses S21 for PVC/АС-HNO3 15% composite material in the X-band. 

Sample S21, dB S11, dB 

Mean Min. Max. Mean Min. Max. 

PVC -0.2 -0.4 -0.1 -22.1 -23.1 -21.1 

PVC/AC-HNO3 0.2 wt%  -0.1 -0.2 -0.1 -22.2 -23.0 -21.5 

PVC/AC-HNO3 0.5 wt% -0.1 -0.2 -0.1 -21.9 -22.9 -20.9 

PVC/AC-HNO3 1.0 wt% -0.1 -0.2 -0.1 -21.6 -22.5 -20.6 

PVC/AC-HNO3 5.0 wt% -0.1 -0.1 0 -20.5 -21.4 -19.6 

PVC/AC-HNO3 10 wt%  -0.2 -0.2 -0.1 -18.9 -19.6 -18.3 

PVC/AC-HNO3 20 wt%  -0.7 -0.7 -0.6 -14.3 -14.7 -13.9 

PVC/AC-HNO3 30 wt% -1.0 -1.0 -0.9 -11.8 -12.2 -11.5 

When comparing the value of EMW transmission (S21) through the studied samples, no significant 

dependence of the change in EMW transmission value on the concentration of added AC is observed. The 

maximum change in the value of transmission (compared to the original PVC) belongs to the sample with 30% 

of AC and is 0.8dB. It can be argued that an increase in the concentration of AC leads to a decrease in 

transmittance, which can be justified by an increase in the specific conductivity of the material under study. It 

is important to note that the dependence of the amount of passage on the concentration is not monotonic for 

all studied concentrations of AC and at all frequencies of the X-band, which does not allow us to speak of a 

certain tendency of such dependence. When comparing the value of the EMW reflectance (S11) of the material 

under study, a significant dependence of the change in the EMW reflectance value on the concentration of the 

added AC is observed. The maximum change in the amount of reflection (compared to the original PVC) - 

10.3 dB belongs to the sample with 30% AC. It can be argued that an increase in the concentration of AC leads 

to an increase in the reflection value at a concentration of AC greater than 1%, which can be justified by an 

increase in the specific conductivity of the material under study. The maximum value of the reflection is 

reached at a concentration of AC of 30% is -11.8dB, and the reflection increases with an increase in the 

concentration of AC. Therefore, the dependence of the reflection value on the concentration is not monotonic 

for all investigated concentrations of AC. This is also confirmed by the values of the reflectance value for 

samples of 0.2 and 0.5%, whose graphs intersect at several points of the X-band. 

The obtained results of the study of the amount of EMW reflection from the material can be used for a 

given change in the reflection of PVC in the X- frequency band for concentrations of AC from 1 to 30%. The 

results demonstrate a noticeable effect of the AC in the composition of PVC on the microwave properties of 

the material for concentrations greater than 1%. 
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In the framework of Landauer-Datta-Lundstrom generalized transport model we obtained an analytical 

formula for the subthreshold swing in MOSFET with a source fabricated from a cold metal, where the electrons 

injected into the FET channel has no longer a “hot” Boltzmann “tail” in their energy distribution. It was 

demonstrated that for such a case the subthreshold swing becomes  lower at ambient conditions than the limit 

value  S  ln10 kT/e  60 mV per decade. This effect can be used  for the lowering of the voltage supply and 

for the further MOSFET scaling. 

 

Summary 
In the framework of Landauer-Datta-Lundstrom generalized transport model we obtained an analytical 

formula for the subthreshold swing in MOSFET with a source fabricated from a cold metal. 

The subthreshold swing S is a fundamental characteristic of MOSFET transistors. It shows how many 

times the gate voltage Vg must be increased in the subthreshold region in order to achieve an increase in the 

drain current Id by an order of magnitude: 
)(ln

10ln
d

g

Id

dV
S  [1]. At room temperature in a high-quality 

transistor with a large value of sub-gate capacitance, the threshold value of this parameter is equal to 

6010ln 
e

kT
S  mV/decade, where e is the electron charge, k is the Boltzmann constant, and T is the 

temperature in Kelvins. 

The importance of this parameter lies in the fact that its smallest threshold value determines the 

minimum possible operating voltage of the transistor supply(Fig.1).  Therefore, a decrease in S below the 

fundamental limit would theoretically open up great prospects for further reducing power consumption and 

scaling transistors. 

For this purpose, in particular, it was previously proposed to use the effect of negative capacitance in 

a ferroelectric that forms the gate dielectric layer. However, the futility of such attempts has been proven on 

the basis of fundamental thermodynamic principles and numerical calculations of real systems. 

Therefore, another, much more physical way to overcome the fundamental limit was proposed: to use 

a cold metal source for electron injection into the MOSFET channel, where, due to the small width of the 

valence band, the electrons injected into the channel no longer have a "hot" Boltzmann "tail" in their energy 

distribution[2-3]. Transistors with a monolayer sub-10-nanometer MoS2 channel and drain and source on the 

basis of NbS2 and TaS2 with a subthreshold swing below the fundamental limit have already been realized 

experimentally. However, a visual analytical model that would allow us to estimate the magnitude of the 

expected effect has not yet been created. 

Within the framework of the LDL formalism, we have derived an analytical expression for the 

subthreshold swing S, which implies that S is generally somewhat smaller than the fundamental limit, and the 

degree of its decrease is determined by the ratio of the energy kT (26 meV at room temperature) to the value 

of the energy interval between the top of the valence band of the source material and the value of the surface 

potential in the transistor channel. The formula can be used to estimate the magnitude of the effect under study 

in real state-of-the-art electronics systems. 
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Fig. 1. The output I–V curve of the MOSFET shows the relationship between the supply voltage Vdd 

(corresponding to the maximum current through the drain  ION) and the value of the subthreshold spread S. 

For the curve with S2 < S1 we have a decrease in Vdd
(2)< Vdd

(1).  

 
Fig. 2. Energy structure of the conduction channel in the direction perpendicular to the surface. 

 
Fig. 3. Capacitive equivalent circuit of a MOSFET transistor. 
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The adhesive properties of the broken surface layer of PZT piezoceramics were investigated. The adhesive 

strength of the broken surface layer of PZT piezoceramics was determined by the method of normal separation. 

The value of the film separation wark per unit area of contact with the broken surface layer of PZT 

piezoceramics was determined. The structure of microparticles of the broken surface layer was investigated 

by optical microscopy. 

Introduction 

The quality of work of piezoceramic transducers is largely determined by the condition of the surface of 

the piezoceramic samples, on the surface of which metal electrodes are applied. The presence on a surface of 

the PZT sumples the broken surface layer has a negative effect on the quality of metallization, which causes 

the deterioration of electrophysical characteristics of piezoelectric transducers. The surface broken layer occurs 

during mechanical treatment in the process of piezoceramic samples manufacturing, as well as a deviation 

from the technology of making piezoceramics [1]. Analysis of the physical characteristics of particles of this 

surface layer allows you to take into account their influence on the electrophysical parameters of piezoelectric 

material and adhesive properties of metal electrodes. 

The purpose of the work  

The purpose of the work is to investigate the broken surface layer of PZT piezoceramics and to determine 

its strength properties to improve the quality of metallization of the surface of piezoceramic samples. 

Methodology of investigation 

Studies of the broken surface layer were perfomed on industrial samples of PZT-36, PZT-19, PZTB-3 

(analogue of PZT-4). The separation of the surface layer was carried out with the help of a transparent sticky 

tape "Scotch". The method of normal separation was evaluated by the adhesive strength of the broken surface 

layer of the PZT piezoceramics. The microstructure of the surface broken layer was investigated by means of 

optical microscopy with microscope MIM-8 with a magnification of х100 to х600. 

Results and discussion 

The adhesive strength of the surface broken layer was determined. Its value was of σtension = 5 kPa. The 

obtained value of adhesive strength is much less than the mechanical strength of the tension strength of 

monolithic PZT piezoceramics, which is for PZTB-3 σtension = 21.6 MPa. This fact proves the need to remove 

the broken surface layer, which can significantly reduce the adhesive strength of the applied metal electrodes. 

Work of a film separation per unit area of contact, or adhesion energy, was determined by the formula 

[2]: 

),cos1( −=
b

F
W

sep

a  

where Fsep – the force of separation of the film from the base; b – the width of the film; θ – the angle of the 

film separation. 

The value of the separation force Fsep was determined experimentally and was 1.5 N at the width of the 

film b = 15 • 10-3 m. Then the values of the film separation work per unit area of contact are Wa = 102 J/m2. 

This value of the separation can be considered as the energy of adhesion of particles of a broken surface layer 

of PZT pesoceramics.  

The structure of the broken surface layer of PZT piezoceramics is a totality of microcrystallites grains 

of different sizes. The size of the grains ranges from 1-30 μm. The form of grains is mainly symmetrical - 

spherical and oval.  
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Conclusions 

The value of adhesive strength of the surface broken layer of PZT pesoceramics is σtension = 5 kPa. The 

obtained value of adhesive strength is much less than the mechanical strength of the tensile strength of the 

monolithic PZT piezoceramics, which proves the need to remove the surface of the broken layer to improve 

the adhesive contact with the electrode. The values of the film separation work per unit area of contact are Wa 

= 102 J/m2. The structure of the broken surface layer of PZT piezoceramics is a totality of microcrystallites 

grains of different sizes. The size of the grains ranges from 1-30 μm. The above method of research of the 

broken surface layer can be used to control the quality of processing of piezoceramic samples in the technology 

of piezoelectric transducers manufacturing.  
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In this work, composite polymer materials (CPM) based on polyurethane and carbon nanomaterials 

(CNM) as fillers were obtained. Carbon nanoparticles (СNP) and carbon nanotubes (CNT) were used as 

nanomaterials. CNP samples were synthesized by the solvothermal method using urea, citric acid, and 3-

(trifluoromethyl)aniline. Three types of CNP were synthesized and used as fillers: oxygen-, nitrogen-, and 

fluorine-containing ones. Carbon nanotubes were obtained by means of catalytic chemical vapor deposition, 

by pyrolysis of hydrocarbons on complex metal oxide catalysts. The radio-absorbing properties of the obtained 

CPM in the X-band were investigated. 

Wide use of polyurethane composition materials (PCM) is due to the fact that this class of polymers is 

characterized by a combination of high wear resistance, hardness and strength of the material with good 

elasticity and adhesion to various substrates [1]. Using monomers or oligomers of different chemical 

composition, molar mass, structure and functionality in the synthesis of polyurethanes, it is possible to create 

end products with properties that vary widely from soft and elastic materials to hard and brittle ones.  

Higher-order carbon nanostructures with transitional forms of carbon are used as nanosized polymer 

fillers: fullerenes, fullerites (fullerenes in the crystalline state), astralenes (fulleroid multilayer carbon 

nanoparticles), single- and multilayer nanotubes, nanofibers, nanocarbon blacks [2]. It is such composites with 

nano- and micro-sized filler particles that significantly increase the scattering effect of electromagnetic 

radiation compared to larger metal particles or other types of carbon materials as fillers. Similar composite 

systems can also be widely used in medicine, as composite pastes, electromagnetic and electronic engineering, 

etc. 

The purpose of this work was to obtain composite materials based on polyurethane (PUR) and carbon 

nanomaterials (CNM) as fillers and to study the interaction of the obtained PCM with electromagnetic radiation 

in the ultra-high-frequency range (X-band). 

In this paper, a polymer composition consisting of polyol (Laprol 3603-2-12), triisocyanate (TT-75) with 

a ratio of NCO/OH = 1.2 and the required amount of CNM (0.1 – 0.5 %wt.). Schematically, the reaction of 

polyurethane polymer formation can be represented: 

 

Carbon nanoparticles (CNP) samples were synthesized by the solvothermal method. The methodology of 

the synthesis is given in detail in the work [3].  

Carbon nanotubes (СNT) were obtained by catalytic chemical vapor deposition, by pyrolysis of 

hydrocarbons on complex metal oxide catalysts. Synthesis of CNT was carried out in equipment with a reactor 

with a volume of 30 dm3 and a yield of about 1.5 kg of product per day. According to the Ukrainian standard 

the average CNT diameter is 10-20 nm, the specific surface, which was determined by argon desorption, is 

200-400 m2/g, bulk density - within 20-40 g/dm3 [4].  

All samples were prepared in the same way in the form of films according to the following technology. 

For the maximum possible degree of dispersion of agglomerates of nanostructures, the method of ultrasonic 
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treatment of CNM with simultaneous functionalization of the surface of nanoparticles with a surface-active 

substance was used. First, carbon nanomaterials were dispersed in isopropyl alcohol with the addition of 1 

wt.% carboxymethylcellulose. Then the CNM were dried in a vacuum oven at 75°C. Next, CNM were 

dispersed in liquid polyol at a temperature of 80°C using ultrasound (22 kHz) for 10 minutes, and triisocyanate 

was added in the required quantitative ratios. Designation of samples: PUR - original polyurethane, CD3011- 

oxygen-containing CNP, CDN19-nitrogen- and CDF19-fluorine containing CNP. 

 

Fig. 1. The results of the microwave properties of the obtained composites 

When studying the reflection of electromagnetic signals from the studied materials (Fig. 1. a), it was found 

that for the CNT sample, the value of S11 in the microwave X-band is uniform and equals -6 dB. A better 

picture is observed for samples: CD3011, PUR, CDN19 and CDF19, for which S11 reaches -20 dB. It is worth 

noting that in the entire investigated X-band, the amount of reflection of electromagnetic radiation is almost 

independent of the frequency. When studying the absorption of electromagnetic radiation by the materials (Fig. 

1. b), it was established that only the CNT material containing carbon nanotubes exhibits significant absorption 

in the amount of approximately 5 dB or 3 times. For all other materials, absorption does not exceed 5%. The 

amount of absorption is also uniform in the entire studied frequency band. The measured voltage standing 

wave coefficient (VSWR) for all samples (except CNT) is of the order of 30 (Fig. 1. c). For the CNT sample, 

it has a pulsating character depending on the frequency of electromagnetic waves and varies from 1.6 to 20. 

This behavior of the VSWR value is related to the measurement method , during which conditions are 

established for the emergence of a standing wave, which leads to the appearance of similar pulsations. 
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GAS SENSOR BASED ON THE SPECTRAL SURFACE PLASMON RESONANCE EFFECT 

WITH COLORIMETRIC REGISTRATION 
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Abstract: An optoelectronic gas sensor was developed based on spectral surface plasmon resonance (SPR) in 

the chromatic mode. It utilized a thin silver film on the prism's base face in the Kretschmann geometry, 

enabling full visible spectral range SPR. Optical responses were colorimetrically registered using an RGB 

webcam, eliminating the need for mechanical parts for spectrum acquisition. A laboratory prototype was 

created and tested for the detection of various organic analyte vapors. The sensor's principle relies on refractive 

index changes in the surrounding medium, impacting spectral SPR parameters. Additionally, a comparison 

between pristine and modified silver films with a calixarene-sensitive layer was carried out. 

Index terms: spectral SPR, chromatic mode, white light source, optical gas sensor, silver film, colorimetric 

registration, R, G, B components, visible wavelengths range. 

 

INTRODUCTION 

Surface plasmon-polariton resonance (SPR) is a vital tool in sensor tech, detecting gas and 

biomolecule interactions on thin metal films. The common method involves SPR in Kretschmann geometry, 

varying the angle of incidence for p-polarized monochromatic light. Changing the medium's properties shifts 

the resonance angle. Instead of adjusting the angle, we control the reflection spectrum with different 

wavelengths. This work aimed to develop a gas molecule detection prototype using spectral SPR in a chromatic 

mode, registering R, G, B components of reflected light. 

 

OPTICAL SCHEME AND EXPERIMENTAL SETUP 

The used approach are based on the well-known expression describing the condition for the minimum 

of internal reflection in the Kretschmann geometry [1]: 

 
where θsp – angle of incidence of a p-polarized beam with a wavelength λ at which the plasmon 

resonance is observed, np – refractive index of the glass prism, m – real part of the dielectric function 

of the metal (negative), d – dielectric constant of the medium. As follows from above expression, 

such a change can be registered using SPR in two ways – either by changing the angle of incidence 

of light θsp, at which a minimum of resonance is observed, or by changing the wavelength λ of the 

incident light at a constant angle of incidence. 
As system parameters like prism refractive index, light source, film thickness, and environment remain 

constant, we determine the plasmon-polariton resonance angle. We achieve this using the freely available 

WinSpall 3.02 program [2]. In the spectral SPR setup (Figure 1), white light from a Cree XTE Star 3W LED 

enters through the glass prism's lateral facet. It then goes through a glass plate with a thin silver layer, separated 

by an immersion layer. A collimator makes the outgoing light slightly divergent. Finally, the spectrum passes 

through a p-polarizer before reaching the screen. 

 
Figure 1: Optical scheme for the implementation of spectral SPR in the Kretschmann geometry: WLS – white light 

source, CL – collimator, P – polarizer, A – analyzer. 

We tested isopropyl, ethyl, and butyl alcohol as organic analytes in a three-stage flow experiment. First, 

clean air established the equilibrium state. Then, we introduced saturated analyte vapors into the air, and 
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finally, we purged the cuvette with ambient air. Figure 2 illustrates a typical spectrogram of reflected light, 

with each point corresponding to R, G, and B parameters. 

 
Figure.2: Output spectrum of color bands of reflected light recorded by webcam Logitech C-170 at a resolution of 

640x360 pixels (green, blue, magenta and pink bands). 

 

RGB DATA PROCESSING TECHNIQUE 

The processing of the obtained color images was performed using software based on the high-level 

language MATLAB. In order to prevent the influence of light intensity fluctuations on the response ratios, the 

actual color component values R, G, and B were replaced with the cosine values of the angles αR, βG, γB of the 

color vector in the three-dimensional RGB space [3]: 

;cos;cos;cos
L

B

L

G

L

R
BGR ===    where 222 BGRL ++=    (2) 

where , ,  – are the angular positions of the color vector with respect to the R, G, B axes, respectively, and 

L is the absolute value of the color vector in the RGB space. The response signals of individual color 

components to the gas substance influence were taken as the difference between the corresponding cosines 

before and after the analyte exposure at the analyzed points of the spectrum. Then the integral response for all 

three components was calculated as the sum of squared differences of the corresponding cosine values. 

 

RESULTS 

Figure 3 shows the curves of integral responses for three investigated types of alcohols. 
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Figure.3. Integrated responses to saturated vapors of isopropanol, isobutyl, and ethanol. 

 

As seen from the figure, the averaged maximum responses were 0.1418 for ethanol, 0.1566 for isobutyl, 

and 0.5188 for isopropanol. These values correspond to 8%, 9%, and 29.9% of the theoretically maximum 

response, respectively. 
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 On the way toward individual gene medicine: observation of DNA hybridization at electrode surfaces 

modified with thiol-tethered oligonucleotide capture probes and co-assembled with short-chain thiol 

derivatives requires a careful design of the electrode/electrolyte interface as well as an understanding of the 

processes at the interface during DNA hybridization. The influence of the pretritment of nanostructured 

titanium oxide electrode surface potential, redox potential and the ionic strength of electrolyte, are shown to 

have a significant impact on the impedance spectra and makes it possible to reduce the detection limit of 

specific nucleic acid sequences to values below pM. 

 

Detection of specific sequences of nucleic acids of pathogens such as viruses and bacteria is very 

important for the early diagnosis of infectious diseases and the development of effective therapeutic strategies. 

Also actual are the use of DNA sensors in the field of monitoring human blood banks and the manufacture of 

medical drugs based on donor blood. Detection of specific DNA sequences in very low quantities may register 

the aerosol trail of individuals and can revolutionize criminalist examination protocols. 

Therefore our research team develops hybridization DNA sensors based on the specific binding of target 

DNA with corresponding oligonucleotides-probes, previously immobilized on the sensor surface. For the 

formation of sensor signals, electrical impedance spectroscopy (EIS) is used.  

The standard way to increase the sensitivity of EIS is the use of electrodes with developed surfaces and 

optimized molecular surface coverage. A new low-cost technology for the production of porous nanostructured 

semiconductor electrodes is proposed [1], which may be the basis for the production of highly informative 

DNA sensors. Functionalization of such electrodes with a predetermined oligonucleotide provides selectivity 

of hybridization with the corresponding nucleotide sequence of DNA (target DNA). As a basis for such a 

sensor used porous film of anodically oxidized titanium with different morphology (nano-tubs with a depth of 

0.1 - 7 μm and a diameter of 30 - 60 nm). The technique of immobilization of oligonucleotides on the surface 

of porous titanium oxide with thiolated oligonucleotides and low molecular weight thiols has been optimized 

with hydrogen-reducing plasma additional treatment of the semiconductor surface before immobilization.  

Achieving dynamic equilibrium between a surface-charged nanostructured electrode and a bio-

electrolyte is very important for the technique since the analysis is based on the evolution of the EIS spectrum 

over time. Using traditional SSC hybridization buffers in contact with modified titanium oxide electrodes was 

difficult because of long-time surface charging. The use of buffered electrolytes based on Tris and NaCl is 

more efficient for EIS since the energy of the Fermi level of modified titanium oxide is close to the redox level 

of Tris in bio-electrolyte. 

Observation of oligonucleotide hybridization on molecular-semiconductor electrodes realized with 

oligonucleotide P1, which is complementary to modPh, on the surface of nanostructured titanium oxide with 

the immobilized modPh layer. The range of experimentally tested P1 concentrations was 0.1 - 100 nM in Tris- 

NaCl buffer solution. Peculiarities of interaction are investigated for immobilized probe oligonucleotide 

modPh with complementary (P1), partially complementary (BCRex14), and non-complementary (npt02) 

nucleic acid sequences. The use of such electrodes makes it possible to reduce the detection limit of specific 

nucleic acid sequences to values below pM. 
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The concept of developing learning machines that incorporate a systematic consideration of physical 

laws, along with structured prior knowledge about potential solutions, can be traced back to earlier research 

that identified a promising technique for effectively applying such prior knowledge. What sets Finite Element 

Neural Networks (FINNs) apart is their unique approach. Instead of solely relying on data and attempting to 

derive solutions by approximating sets of input-output pairs using a neural network, FINNs initially consider 

the underlying physical description of the problem, including partial or ordinary differential equations, in 

other words, the physics governing the problem. This approach places a strong emphasis on incorporating the 

physics of the problem, rather than solely relying on data-driven approximations. 

Introduction 

The uniqueness of PINNS lies in their primary consideration of the underlying physical interpretation 

of equations involving partial or ordinary derivatives, which encapsulates the physics governing the problem. 

Instead of attempting to derive a solution exclusively from data through neural network approximations (NS), 

PINNS models incorporate equations in partial/ordinary derivatives (UCP - PDE/ODU) and their 

initial/boundary conditions within the learning process, forming what can be described as "soft" networks that 

account for the physics of the problem through learning losses. 

In the realm of applying deep machine learning to create hybrid physical models, there are two main 

paradigms: 

• Physically Informed Neural Networks (PINNS). 

• Neural Networks with Physical Constraints (NSFO). 

PINNS models encompass equations involving partial/ordinary derivatives (UCP - PDE/ODU) and 

their initial/boundary conditions, treating them as integral components of the learning process, while NS with 

physical constraints, often referred to as NS "without data," introduce initial/boundary conditions ("hard" NC) 

through a user-defined architecture of the NS when incorporating the UCP into the learning loss functions. 

This soft-form approach is elaborated on in [3], where the term "Physics-Informed Neural Network" (PINN) 

was coined to describe this methodology. 

 

Proposed methodology and results 

 

A new method of using physical informed network for denoising medical images is proposed. To 

incorporate physical awareness into the loss function for medical images, the difference between original and 

reconstructed images can be used based on physical principles. One simple way to do this is to use a loss 

function that calculates the mean squared error (MSE) between the products of pixel intensities in the original 

and reconstructed images. 

Physical awareness in the context of medical image processing can be expressed through a constraint 

that is based on physical or biological knowledge about the objects that are represented in the image. In our 

case, physical awareness can be expressed through the law of conservation of energy. Mathematically, it is 

possible to describe the loss function considering physical awareness as follows: 

Let y represent the original image and ẏ the reconstructed image, both in matrix format, where each 

element is a pixel intensity. 

First, we calculate the mean squared error (MSE) between y and ẏ, which is the standard component 

of the loss function: 

𝑀𝑆𝐸 =
1

𝑁
∑ (𝑦[𝑖] − ẏ[𝑖])2

𝑁

𝑖=1
 

Where N is the number of pixels in the image. 
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Then we calculate the physical awareness using the difference between the products of pixel intensities 

on the original and restored images: 

𝑃ℎ𝑦𝑠𝐿𝑜𝑠𝑠 =
1

𝑁
∑ (𝑦[𝑖] ⋅ ẏ[𝑖])

𝑁

𝑖=1
 

This part of the loss function evaluates the extent to which physical information is preserved in the 

reconstructed image. It evaluates how well the reconstructed image preserves pixel values and their 

interactions. The physics weight factor is used to adjust the importance of physics awareness in the loss 

function. It indicates how important it is to preserve the physical structure of the image compared to 

conventional MSE. The larger the physics weight, the more weight is given to physics information. 

The overall loss function is calculated as a combination of MSE and physical awareness: 

𝑃 = 𝑀𝑆𝐸 + 𝑤 ⋅ 𝑃ℎ𝑦𝑠𝐿𝑜𝑠𝑠 

Where w is the physics weight. 

 

 
Graph 1. PSNR and SSIM for image denoising with autoencoder(a) and with changed loss-function 

Graph 1 (a, b) shows a qualitative assessment of the denoising results using a conventional autoencoder with 

MSE loss and with a modified loss function, respectively.  

 
Figure 1. An example of noise reduction. Restored, noisy, original images. 

 

Conclusions 

The primary objective was to achieve equivalent or superior results through the utilization of 

physically informed network when compared to a conventional autoencoder, all while diminishing the quantity 

of data required for training a new network. Consequently, it became possible to reduce the volume of training 

data by a factor of 5, while still attaining outcomes that align with those achieved by the autoencoder. 
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Self-focusing is an important physical phenomenon that is used in various modern optical systems and 

technologies, such as optical microscopy, laser material processing, and optical telecommunications. The 

study of self-focusing conditions contributes to a deeper understanding of the phenomena that occur when an 

optical field interacts with various media, including complex optical systems . In addition, the study of this 

phenomenon can contribute to the development of new methods and technologies that are used in various 

fields of science and technology.[1] 

Absolute saturation effect 
Self-focusing occurs when a high-intensity laser beam is introduced into the optical system, which changes 

the refractive index of the medium. This can lead to a decrease in the radius of curvature of the wave front, 

which, in turn, contributes to an increase in the intensity of the beam in the center of the focusing area. [2] It 

is also experimentally observed that self-focusing depends on the power of the exciting radiation and a number 

of other factors, however, in practice, a situation sometimes arises when the efficiency stops increasing or even 

decreases with further power increase. This effect was called the "absolute saturation effect". However, there 

are situations when the phenomenon of absolute saturation is not desirable and sometimes even harmful. 

Therefore, the purpose of this work is to consider the dependence of the initial radius of the laser beam on the 

phenomenon of self-focusing. 

 

The influence of the initial radius of the laser beam 

The change in the radius of the laser beam az during its propagation through the self-focusing medium can 

be described as follows (1): [3]  

                                    az
2= а0

2






+− 2

0

2/
2 )/()1 ( aazz ff


,   (1) 

The modified plane wave approximation was used to calculate the power of Stokes and laser waves at an 

arbitrary point of the medium with length L and at the exit from the medium at given input powers. During 

pulse pumping, the energy of pulses, laser LE  and Stokes sLE  radiation at the exit from the medium was 

calculated according to the formulas (2) :  

       


−

= dtPE LL 
,        



−

= dtPE sLsL
,               (2) 

For the calculation, the parameters typical for the reconstruction of the multimode radiation of a ruby laser in toluene 

were used: а0=113 mkm; af =5 mkm;  =649,3nm; s=746,3nm; Pcr=25 kW; n0=1,49052; L=25 cm; 

G=1,17cm/MW. [4] The Wolfram Mathematica program was used to construct the energy dependence. 

Figure 1 shows the resulting graph of the dependence of the energy of the Stokes pulse on the energy of the 

laser pulse. 
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Fig.1. Dependence of the energy of the Stokes sLE  pulse on the energy of the laser LE  pulse. 

With similar values of the parameters of the experiment, the radius of the initial beam was changed green 

120 mkm red 130 mkm Figure 2 shows a comparison of the obtained graphs. It can be observed that with an 

increase in the radius of the initial beam, the effect of absolute saturation is achieved at higher laser pulse 

energies.  

 

Fig.2. Вependence of energies with different initial radius (blue-113 mkm green-120 mkm red-130 mkm) 

The effect of "absolute saturation" is associated with the breakdown of the transformation of laser radiation 

into a Stokes component at instantaneous pump powers that exceed some fixed value at given parameters, and 

has nothing to do with pump depletion. Disruption is caused by excessively rigid self-focusing, which leads to 

a reduction in the length of the focal region.To prevent the effect of absolute saturation in self-focusing 

conditions, the method of increasing the initial diameter of the pump beam can be used: as the initial diameter 

of the pump beam increases, its instantaneous power is distributed over a larger area, which reduces the 

probability of the saturation effect 
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Portable electroencephalographic system for real-time signal recording is described. System may be used 

for detection and prediction of epileptic seizures. 

Introduction 

Electroencephalography is a common method of examining the functional state of the brain. The electrical 

activity of the brain reflects physiological processes in brain structures and the presence of pathological 

conditions of the central nervous system. Electroencephalography (EEG) is a method of studying brain activity 

by recording the electrical activity of brain cells recorded on the surface of the head. The research method is 

based on graphical recording of the received electrical signals and their interpretation [1]. 

In medicine, an electroencephalogram allows a specialist to see signs of various brain disorders and assess 

their nature.  EEG allows diagnosing any disorders that occur in the brain, that affect its functional activity and 

change the pattern of electrical potentials generated by it. Among the pathological conditions diagnosed by the 

EEG method are the following mental development disorders in children sleep disorders OR epilepsy. 

Brain interfaces are divided into invasive and non-invasive. Invasive ones are neuroimplants that are 

implanted directly into the brain, like Neuralink. Non-invasive interfaces are equipment that can be worn and 

used as ordinary wearable electronics. These are headsets, helmets, etc. that have evolved from equipment 

cabinets to mini headsets the size of regular headphones. However, the idea of a two-way communication 

between a computer and a person, which would allow transmitting and receiving signals directly to the brain, 

has not yet been properly implemented. 

EEG operation 

The Emotiv EPOC+ signal is measured using a monopolar output circuit, which is carried out by measuring 

the difference in potentials from one active point - from the electrode on the surface of the scalp over the 

corresponding brain area and another point, conditionally taken as indifferent. [2] 

From the Emotiv Epoc + encephalograph, the signal is transmitted to the Bluetooth chip, which is 

connected to the Raspberry pi Operating at a frequency of 2.4 Gigahertz, the Bluetooth chip allows for 

communication within 100 meters. The received signal is transmitted using the CyKit program to the local 

server. After that, the data is visualized in a browser. From the local server, you can receive a stream of raw 

data and write it to a file, or send it to other recognition or automatic diagnostic programs (Figure 1). 
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Fig. 1. Program flowchart 

 

During the expert evaluation, it was found that facial expressions have a great impact on the data results. 

This is clearly shown in the sensor signal (Figure 2). These artifacts can be filtered out by third-party programs, 

but this was not the purpose of our experiment. Also, dry sensors, displaced electrodes, interference from 

working devices - all this affects the EEG recording.  

 

Fig. 2. Data visualization through the browser 

The Epoc+ encephalograph can be used to create systems for the real-time processing of 

electroencephalographic data for the MS Windows operating system which is confirmed by the examples given 

in this paper. Together with Raspberry PI, running under the Linux operating system, it can be used after fixing 

Bluetooth problems. 
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The work is devoted to a detailed analysis of the composition of low-temperature, low-pressure plasma for 

agro-industrial purposes. The population temperature of excited electronic levels was determined according 

to the atomic spectra of Oxygen, the temperature of population of excited vibrational and rotational levels was 

determined according to the molecular spectra of the Nitrogen  second positive system, and the influence of 

the discharge parameters on the temperature change was shown. 

Plasma technology has found widespread applications in various aspects of seed enhancement, such as 

improving seed scarification, deactivating pathogens, and activating antioxidant systems. These applications 

have shown clear benefits for enhancing seed quality and seedling establishment in controlled settings like 

laboratories and greenhouses. Furthermore, optimal exposure to plasma can enhance a crop's ability to 

withstand stressors like drought, plant diseases, and oxidative stress by altering the seed surface environment 

through scarification and pathogen inactivation and by stimulating physiological processes like bolstering the 

antioxidant system and activating defense mechanisms in seeds. 

This innovative technology holds great promise for mitigating the negative impacts of environmental 

stressors on seed germination and seedling growth in agricultural production. However, it's worth noting that 

current understanding of the effects of plasma applications under stressful conditions is limited, as most studies 

have been conducted on a limited number of crops in controlled laboratory environments. Further research is 

needed to comprehensively assess the effectiveness of plasma treatments across a wide range of stressors, 

particularly in real-world field and greenhouse conditions. 

The experimental setup consists of two parts: a system for plasma generation and a spectrometer. The 

plasma generation system consists of electrodes, the iron container is the external electrode that is grounded. 

Inside is an electrode to which voltage is applied, which changes with the frequency of the processing chamber. 

The system is able to reduce the pressure with a pump, so measurements are made at values of 50 Pa and 100 

Pa. On this system, a radio frequency discharge is installed, which has the following characteristics: electric 

current 400 mA - 600 mA, voltage 1200 V. During the experiment, a different frequency of the plasma 

discharge is adjusted: 20 - 90 kHz. The introduction of light radiation into the spectrometer is carried out with 

the light guides. To work with the spectrometer, you need to connect it to the light source, connect it to the 

USB port of the computer and run the PSI-Line control program. The emission spectra of plasma radiation 

were measured at the experimental setup. Figure 1 shows the measured spectrum taking into account the 

background component and the sectoral sensitivity of the setup. Lines and bands were identified on the 

spectrum, where overlap with other spectral lines and bands is absent or minimal. 

Ornshtein's method was used to calculate the population temperature of the electronic levels of the 

measured spectra along the oxygen atomic lines (wavelengths 777 nm, 844 nm, and 926 nm). It was established 

that the temperature is of the order of Te=4000K±500K, is approximately the same within the margin of error 

and practically does not depend on the frequency and pressure in the specified values. 

To determine Tv, the spectra of N2 (C-B) were simulated in the Specair program in the range of 320–380 

nm for different temperatures of the population of excited vibrational levels at a fixed temperature of the 

rotational levels, and spectral intervals sensitive only to a change in one of the temperatures were determined, 

and calibration curves were constructed as a function temperature, according to the ratio of unchanged peaks 

to variable ones. Using the method of overlaying experimental data on the calibration curves, it was determined 

that the population temperature of the excited vibrational levels is Tv=4500K±500K and slightly increases 

with increasing pressure. 
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Fig. 1. Measured spectrum 

In a similar way, the spectra were constructed for different temperatures of the occupancy of the rotational 

levels at a fixed temperature of the vibrational levels. Using the method of superimposing experimental data 

on modeled curves, the population temperature of excited rotational levels was determined and it was 

established that the temperature of population of excited rotational levels is of the order of Tr ≈300K and 

weakly depends on the specified discharge parameters. In particular, the temperature decreases with a decrease 

in pressure. 

The obtained results make it possible to understand exactly what processes take place in the plasma-

forming gas and how they affect the efficiency in increasing seed germination. 
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W COMPOSITE MATERIALS 

A. Murmantsev1, A. Veklich1, V. Boretskij1 
1Taras Shevchenko National University of Kyiv, 63/13, Volodymyrska str., Kyiv 01601, Ukraine 

*murmantsev.aleksandr@gmail.com 

 

This work is a part of wide investigation of interaction of Cu-W composite materials with thermal electric 

arc discharge plasma. The emission of electric arc discharges plasma between pairs of composite Cu-W 

electrodes was investigated by optical emission spectroscopy. Electrodes manufactured of Cu-W50 vol.% 

composite materials by shock sintering technology at temperatures of 750, 850, 950 and 1050°C have been 

used. Previously determined plasma parameters, such as temperature and concentrations of metal atoms, were 

used to calculate the equilibrium composition of plasma with copper and tungsten vapour admixtures. 

Introduction 

Tungsten-copper composite materials find applications in the electrical and electronics industries, such as 

medium- and heavy-duty electrical contacts, electrodes for resistance welding and electric discharge 

machining, in the production of microelectronic circuit boards [1-3], etc. Despite their wide popularity and 

extensive use, there is still ongoing research aimed at enhancing the production technology of these materials. 

Previous research [4] revealed a connection between the erosion intensity of composite material components 

(copper and tungsten) and manufacturing technology, specifically the shock sintering temperature. However, 

such a conclusion has been drawn based on radial distributions of just atoms concentrations. 

This study focuses on calculating the equilibrium composition of each type of plasma under investigation 

to clarify the impact of shock sintering temperature, a technological parameter in composite material 

manufacturing, on the materials' resistance to thermal erosion caused by electric arc discharge. 

Experimental methods 

The vertically oriented free-burning arc was ignited in an air atmosphere between the end surfaces of 

uncooled composite electrodes manufactured on the basis of copper and tungsten (with a volume ratio of 1:1) 

by the shock sintering method at temperatures of 750, 850, 950, and 1050°C. Electrodes with a square cross-

section (5×5 mm) were used. The discharge gap in all experimental studies was 8 mm, the discharge current 

was kept constant at 3.5 A. The plasma of each type of discharges was investigated by means of optical 

emission spectroscopy [4]. The excitation temperature of copper atoms (which is equal to the plasma 

temperature under the assumption of local thermodynamic equilibrium) and concentrations of copper and 

tungsten atoms have been determined using the Boltzmann plot technique based on the absolute intensities of 

Cu I and W I spectral lines [5]. These parameters have been used to obtain the equlibrium compositions of 

discharge plasma between each type of Cu-W composite electrodes by system of equation presented in [6]. 

Results and Discussion 

The radial distributions of the equilibrium compositions of discharge plasma between each type of Cu-W 

composite electrodes are shown in Fig. 1. One can see that the highest concentretions of both copper and 

tungsten vapour admixtures is inherent to the plasma of electric arc discharge between electrodes that 

manufactured at temperature of 850°C. It is also observed that these concentrations decrease with increasing 

of shock sintering temperature, namely the plasma of arc discharge between composite materials sintered at a 

temperature of 1050°C exhibit the lowest concentrations of both copper and tungsten vapour admixtures. Thus 

it can be concluded that the Cu-W composite materials manufactured at the temperature of 1050°C exhibit the 

highest resistance to thermal action of electric arc discharge plasma and, consequently, erosion resistance. 

These results confirm the conclusions of previous work [4] that shock sintering temperature in composite 

material manufacturing affects the total content of metal vapour admixtures in plasma and, consequently, the 

erosion resistance of the materials. In addition, it is clearly observed, that in plasma of arc discharge between 

Cu-W electrodes manufactured at temperature of 1050°C the value of concentrations of copper and tungsten 
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atoms as well as ions are equal. It can be concluded that both components of the composite material, 

manufactured at 1050°C, evaporate and inject into the plasma in equal amounts. 

a b 

c

d 

Fig. 1. Radial distributions of equilibrium composition of plasma of electric arc discharges between Cu-

W composite electrodes manufactured at shock sintering temperature of (a) 750, (b) 850, (c) 950 and (d) 

1050°C 
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We present our study of the effect of an generated pump electric field on the amplification of the input 

electromagnetic signal by the parametric superheterodyne free electron laser. We found that this field 

significantly enhances the input signal growth increment in a wide range of the electron beam energy and 

input signal frequency. We believe that this advantage of the electrostatic undulator allows us to achive 

significant amplification of electromagnetic waves with frequencies from a few THz to at least several tens of 

THz. 

Introduction 

Free electron lasers (FELs) are devices that generate or amplify the electromagnetic waves over an 

extremly wide range of frequencies. THz FELs are one of the most important sources of the THz radiation 

which occupy many areas of human activity. But many of the powerful FELs require a lot of space to be placed, 

limiting their use in, for example, compact scientific or medical laboratories. Superheterodyne FEL with an 

electrostatic undulator [1] is one of promising technologies that makes it possible to solve this problem of 

existing THz FELs while maintaining their power at a sufficient level. 

Model 
The object of our research is the model of the amplification section of the FEL which you can see on the 

Fig. 1. This section mainly consists of the magnetic undulator 2 which creates periodic transverse magnetic 

field, and electrostatic undulator 3 which creates periodically reversible longitudinal electrostatic field. 

Electromagnetic signal as a planar wave travels in the amplification section passing through the relativistic 

electron beam (REB) 1. As is known, the interaction of the electromagnetic wave, REB, and a periodic 

magnetic field leads to the space charge waves (SCWs) excitation in the electron beam. Then the electrostatic 

undulator field stimulates the growth of SCWs [2] and thus we obtain powerful SCWs, the energy of which is 

transferred to the initial electromagnetic signal. 

Generated pump electric field is the electrostatic field generated by the REB in process of its interaction 

with the undulator external electric field [2]. This field enhances the total pump electric field by ~33% [2]. 

 

Fig. 1. Scheme of a superheterodyne parametric FEL with a longitudinal electrostatic undulator. Here 1 

– electron beam; 2 – magnetic undulator; 3 – electrostatic undulator 

Analysis 

Delving into our study of the generated pump electric field [2] we researched how this phenomena affects 

on the input electromagnetic signal and found a few significant effects. 

Firstly we reseached the behavior of the dependence of the input signal growth increment Г on the beam 

Lorentz factor 0 with (Fig. 2 a, curve 2) and without (Fig. 2 a, curve 1) the generated pump electric field under 
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certain system parameters. We see that generated electric field increases the input signal growth increment by 

28% at the 0=2.0 and by 10% at the 0=4.0. 

  
   a)               b) 

Fig. 2. Dependencies of the growth increment Г on: electron beam Lorentz factor 0 (a); input signal 

frequency 1 (b). Curve 1 defines the behavior of Г without the effect of the generated pump electric field; 

curve 2 – with the effect of the generated pump electric field. 

Secondly we found similar effect in the dependence of the input signal growth increment Г on the input 

signal frequency 1 with (Fig. 2 b, curve 2) and without (Fig. 2 b, curve 1) the generated pump electric field. 

In this case the generated pump electric field gradually increases the signal growth increment. At signal 

frequency 1=1.5 THz the increment Г with an effect of the generated pump electric field is by ~10% more 

than the signal growth increment without this effect.  

Conclusion 

Continuing our study of the generated pump electric field [2], we carried out a comparative analysis of the 

input signal growth increment when it is amplified with the participation of the electrostatic undulator field 

without and with an generated pump electric field. We found that the generated pump electric field enhances 

the overall growth increment and this occurs most effectively at a lower Lorentz factor of the electron beam 

(by 28% at 0=2.0 and the more, the smaller 0) (Fig. 2, a) and at a higher frequency of the input signal (by 

10% at 1=1.5 THz and the more, the more 1) (Fig. 2, b). 
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Abstract. The nucleation, growth and diffusion of clusters in cylindrical magnetron chamber are studied at 

different buffer gas pressures. It is shown that the concentration of metal atoms monotonically decreases 

with distance from the erosion zone, and the concentration of clusters has a maximum at a certain distance 

from the cathode. Cluster size distributions are obtained, which show an increase in the number of large 

clusters with increasing gas pressure. 

Introduction 

Metal nanoparticles to be useful for many applications such as antibacterial activities, fluorescence, 

catalysis, and plasmon-based sensor [1,2]. The unique physical, optical, and chemical properties of  

nanoparticles are originated from their very high surface-to-volume ratio and the number of atoms in the 

nanoscale size. Several synthesis techniques have been used to synthesize nanoparticle, including chemical 

reduction, green synthesis, laser ablation. However, most of them have always struggled with size and shape 

controllability as well as their aggregation. Therefore, further progress on applications of nanoparticles 

essentially relies upon the development in synthesis technique to solve such problems. 

Recently, in [3] it was reported on growth of metal nanoparticles, using direct current sputtering systems. 

The metal targets were sputtered onto ionic liquids to form self-assembly of metal nanoparticles on carbon 

supports in the liquid. This technique reduces the complexity of synthesis processes and facilitates control 

over size, shape, and aggregation of the nanoparticles.  The disadvantage of this method is the low 

productivity of nanoparticle formation, which requires additional research to increase it. 

The purpose of this work is to simulate the process of nucleation and growth of metal clusters, as well as 

their diffusion in a magnetron discharge chamber. 

Model and simulation method 

In our model, the magnetron discharge chamber is a cylinder filled with argon under pressure p . From 

the cathode, which is a round titanium disc, atoms are emitted into the chamber as a result of ion 

bombardment. As shown in a number of studies, the cathode erosion zone is shaped like a ring.  If the 

concentration of metal atoms in the chamber exceeds the concentration of saturated vapor, clusters may 

form.  

The kinetic equation for the number density 
nf  of clusters containing n  atoms has the form [4] 

1 1 1( ) ( 1)n
n n n n ev n ev n

f
Nk f Nk f n f n f

t
 − − +


= − − + +


, 

where N  is the number density of free metallic atoms, 
nk  and ( )ev n are the rate constants attachment of 

atom to a cluster and evaporation of atoms from clusters consisting of n atoms. The rate of attachment has 

form 2/3

0nk k n=   within the framework of the liquid drop model, where 2

0

2
w

T
k r

m



= ,  T  is the gas 

temperature, m  is the mass of titanium atom, and 
wr  is the Wigner-Seitz radius of a bulk material. The 

evaporation rate can be determined through a constant rate of attachment of atoms based on the principle of 

detailed equilibrium: 
1 0( 1) ( )exp n

ev n satn k N T
T

 
 + − 

+ = − 
 

.  Here ( )satN T  is the concentration of saturated 

metal vapor at temperature T, 1/3

0n n  = − is the energy of connecting an atom in a cluster consisting 

of n atoms, 2 3A = , 
0  is the atom binding energy for the surface, A is the specific surface energy of the 

cluster. 

The spatial and temporal distributions of titanium atom density N and cluster number density 
nf  are 

described by the diffusion equations 
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Here D is the diffusion coefficient of titanium atoms in argon, 
nD  is the diffusion coefficient of clusters, 

containing n  atoms. The right parts in these equations describe the change in particle concentrations as a 

result of reactions with the formation of clusters, 
maxn  is the maximum number of types of clusters. 

 

Results and discussion 

We have simulated the diffusion of metal atoms in a magnetron discharge chamber, as well as the process 

of cluster formation and diffusion at buffer gas pressure 0.1 1p Torr= − . The flux density of titanium atoms 

from the erosion zone of the cathode was 14 2 1

0 10 сm s− − = . Sometime after the start of the injection of 

metal atoms, stationary distributions of their concentration and the concentration of clusters in space were 

established. 

Fig. 1 shows the spatial distribution of clusters containing five atoms after establishing a steady state 

under buffer gas pressure 0.5p Torr= . 

  

 

 

Fig.1. Spatial distribution of clusters (n=5) at 

0.5p Torr= .  

 

Fig.2. Distribution of clusters by size near the 

cathode erosion zone at different gas pressure.  

 

It can be seen that the maximum concentration of clusters is formed at some distance from the erosion 

zone on the cathode, which in our model corresponded to 0.01 0.02m r m  .  

Fig. 2 shows that as the gas pressure in the chamber increases, the number of large clusters increases. 
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A supercritical plasma layer transillumination by a strong electromagnetic wave simulation results is presented. 

Temporal changes in the profile of the standing electromagnetic wave formed by the incident beam has been studied. Was 

shown that the channel formation occurs in next stages: the formation of a spherical mirror, a conical pit, and then a 

narrow cylindrical channel. We can observe the flow of electrons leaving the barrier before the channel formation 

finishes, which requires further study regarding the existence of the informational transparency phenomenon. 

 

Transport of the various types of waves through plasma regions, which are opaque to them in the linear 

hydrodynamics model, have attracted interest for several decades [1]. In addition to the purely scientific aspects, such 

problems are also interesting for a number of applications: space communications development, radio physical plasma 

diagnostics methods, and others. These tasks are also relevant to the laser thermonuclear fusion problem. In our previous 

works [2-3] we performed plasma barrier transillumination simulation during interaction with a strong electromagnetic 

beam, accompanied by the channel formation with a reduced plasma density. This paper presents preliminary results 

concerning the change in the plasma electrons impulse during such transillumination. 

The simulation was performed by the particles in cells method using the PIConGPU software package [4]. In our 

previous study, we showed that transition from 2.5D to 3D simulation leads to a decrease in the scattering of the plasma 

barrier. And that plasma channel formation is possible even at 10 times lower amplitude of the incident electromagnetic 

wave in comparison with moderate wave in [2-3]. Here we are investigating new measures that can characterize the 

behavior of plasma, such as momentum projection. It will allow us to better investigate plasma motion, especially 

electrons’. Or creating a profile of the standing wave formed by the incident beam and its reflection off the barrier enables 

a better visualization of the beam-plasma interaction. 

The following simulation parameters were used: hydrogen fully ionized plasma was treated, density – 9·1012cm-3 

(electron plasma frequency – 18 GHz); plasma temperature – 0.5 eV (isothermal plasma); the plasma layer thickness – 

12.5 cm, radius – 21.5 cm; incident wave length – 3.33 cm (frequency – 9 GHz, i.e. plasma is opaque for this wave); pulse 

duration – 101 ns; pulse radius (at half maximum) – 5 cm; the maximum electric field amplitude is 0.964·MV/cm (4 times 

smaller than moderate wave in [2-3]). 

The simulation results are shown in figs. 1-2, differing in time points. Figures show the particle's impulse horizontal 

projection, density and electric field spatial distributions averaged in time over a 2 ns period. Time averaging allows us 

to observe standing electromagnetic waves and remove flickering for impulse visualization. 

Thanks to time averaging, studying the concentration distribution, we now eliminate Langmuir oscillations, 

considering only slow concentration changes induced by the pressure of the high-frequency field (Fig. 1). Furthermore, a 

minimum of concentration can be observed behind the concave edge of the plasma, which is not accompanied by either 

a local maximum in intensity or a constant field of a similar configuration. For ions, the momentum distribution is 

intuitive, but a more complex picture is observed for electrons. We see that despite the unfinished process of channel 

formation, an electrons flow is formed (Fig. 2). 

Simulation results analysis leads to the following conclusion. 

1. The transition to using time averaging allowed us to investigate the profile of a standing electromagnetic wave, 

as well as the behavior of electrons due to their high mobility. 

2. After the initial focusing of the electromagnetic wave, we observe how it forms a conical channel. At the apex of 

this cone, the amplitude significantly increases, after which the wave forms a cavity, which further develops into a narrow 

cylindrical channel. 

3. The presence of electrons moving from the barrier to the left before the channel formation suggests the possibility 

of informational transparency if there is some correlation between the characteristics of the incident wave and the 

electrons. 
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a

b 

Fig.1. Electrons’ density and electric field time averaged distributions, when an electromagnetic beam is falling on 

plasma, at the time points 23.3 ns (a) 63.8 ns (b) 

 
Fig.2. Electrons’ and ions’ impulse horizontal projection and density time averaged distributions, when an 

electromagnetic beam is falling on plasma, at the time point 63.8 ns 
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A new method was proposed for determining the region of plasma generation, based on the processing of 

experimental data on the plasma concentration in the volume of the discharge chamber. This method was 

applied to low pressure arc discharge. It was shown that the introduction of an additional electrode leads to 

a displacement of the plasma generation region towards the walls of the chamber, which helps to increase the 

uniformity of plasma concentration in the working volume. 

Experemental setup 
The most advanced methods of plasma modification of the surface of structural materials (for example, 

nitriding, oxidation) are based on the use of autonomous plasma arc sources [1]. Devices based on such 

discharges, in contrast to glow discharges, provide more flexible management of the technological parameters 

of the nitriding (oxidation) process, as well as significantly less ion sputtering of the processed materials, and 

allow the processing of products of complex shape with holes of different diameters. Also, an important feature 

of devices based on these discharges is energy efficiency, they allow the generation of bulk plasma with 

parameters (electron concentration in the plasma 1010÷5×1011 cm-3) that ensure acceptable rates of heating and 

surface cleaning in the process of ion-plasma processing of materials and products. 

A plasma generator based on an arc discharge consists of a vacuum chamber with a volume of up to 0.1 

m3, in the upper part of which a thermal emission hollow cathode is installed, the anode is located on the 

opposite side of the vacuum chamber. The plasma-forming gas argon is supplied through the hollow cathode, 

while providing its protection from the reactive gas entering directly into the working chamber. Gas supply of 

the installation and smooth adjustment of ballast and reactive gas pressure was carried out by needle injectors 

in the range of 10 ÷ 10-1 Pa. The discharge is powered by a low-voltage power supply unit (U = 35 ÷ 80 B, I = 

5 ÷ 30 A). By changing the discharge current, its power can be adjusted, reaching an electron concentration ne 

≈ 109 ÷ 1011 cm-3 at an electron temperature of 1.4 ÷ 3 eV. The plasma parameters are controlled by a probe 

that crosses the vacuum chamber between the anode and the cathode in the middle. 

But one of the significant disadvantage of plasma devices based on low-pressure arc discharge is the 

significant nonuniformity of the generated plasma. This leads to uneven surface treatment and/or reduction of 

the area that can be processed. To solve this problem, we placed an additional electrode between the cadode 

and the anode, which was under a cathod potential. In more detail the installation is described in [2]. 

Data processing and discussion 
In the stationary case, the distribution of plasma concentration n in the volume of the discharge chamber 

is described by the ambipolar diffusion equation 𝐷𝐴∆𝑛 =  −𝛾 , where DA is coefficent of ambpolar diffusion 

and γ is source term due to ionization. Considering the plasma concentration at a specific distance z from the 

cathode only as a function of the radius, we obtain the following equation 

 
𝑑2𝑛(𝑟)

𝑑𝑟2 +  
1

𝑟

𝑑𝑛(𝑟)

𝑑𝑟
= −𝑏(𝑟), (1) 

where term b(r) include both ionization source and plasama flow along the axis. It has a positive sign if the 

ionization rate exceeds the flux along the z-direction. 

So the value of plasma concentration should be solutions for some source function b(r). Therefore having 

experemental data for concentration we can solved reverse problem and find the source function. A set of step 

functions with three regions were chosen as possible source functions b(r). These functions has constant values 

b1, b2, and b3 for r < r1, r1 < r < r2, and r > r2 respectevly. Thus, by changing these five parameters, we can 

select a function for which the solution of equation (1) corresponds best to the experimental data. 

The figure 1 shows the obtained functions, as well as experimental and calculated values of plasma 

concentration for two cases: in the absence of an additional electrode, and in the presence of a conical 

additional electrode with an apex angle of 60 degrees. 
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In the case of the ebcence of electrode, the most suitable source function b actually has only two regions. 

In the first one with a radius of about 2.5 cm, the function has a reletively large positive value, which 

corresponds to intense plasma generation. In the rest of the volume, the function, while remaining positive, 

decreases by more than two orders of magnitude. This means that in this region, ionization is only slightly 

superior to transport processes in the axial direction. And indeed, in the absence of an additional electrode in 

the discharge, a thin luminous area is observed in the center of the chamber. 

With the introduction of an additional electrode with an angle of 60⁰, the picture changes dramatically. In 

this case, function b has a negative value at the center. This corresponds to a region in which there is a large 

movement of plasma in the axial direction to the anode. In the rest of the volume, function b becomes positive, 

and its value in the region closer to the center exceeds the value on the periphery by more than five times. This 

suggests that the main generation of plasma occurs in a wide ring around the center of the discharge chamber. 

This is visually confirmed by a wide luminous column (up to one third the radius of the chamber) in the 

presence of an additional electrode. Similar results are obtained for an electrode with an angle of 45⁰ and for a 

flat electrode. 

  
Fig. 1. Dependence of plasma concentration and the resulting source function as a function of radius. a) 

without additional electrod, b) with addidonal electrod with angle 60⁰. Circlуs – experemental data for 

concentration; solid line – calculated value of concentration; dashed line – obtained source finction b(r). 

Conclusions 
The proposed method for processing the results of plasma density measurements in the working volume 

of the discharge makes it possible to significantly presisly determine the region in which plasma generation 

occurs. The data obtained in this way are in good agreement with the observational results. 

The introduction of an additional electrode into the discharge chamber allows the plasma generation region 

to be shifted towards the chamber wall, which leads to the formation of a more uniform distribution of plasma 

concentration throughout the working volume. 
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A plasma-liquid system with the activation of H2O distillate and 0.1 M ferrocene solution in organic 

solvents (ethanol, acetonitrile) with a rotating gliding discharge plasma was studied. The research was 

conducted using various plasma-forming gases (air, Ar, N2, CO2). It was shown that the plasma of both the 

rotating gliding discharge and the plasma of the secondary discharge supported by the gliding discharge is 

non-isothermal. It was found that cyclopentadiene ligands of ferrocene disproportionate into saturated cyclic 

hydrocarbons (cyclopentane and pentane). Also, as a result of plasma chemical synthesis, aromatic 

compounds (benzene and its derivatives) are formed 

Experimental setup and tested substances 

 

An experimental setup with a rotating gliding discharge immersed in a liquid [1] is presented in Fig. 1. The 

plasma generator consists of a central electrode (cathode), an upper flange (anode) and a dielectric chamber 

with holes for tangential supply of the working gas. The central part of the anode has a conical shape with a 

hole in the center. The diameter of the hole is 3 mm. A rotating gliding discharge is ignited between the cathode 

and the anode. The distance between the cathode and the anode is 1 mm. A quartz tube is placed on the anode, 

into which the test liquid is poured. A flange is placed on top of the quartz tube, into which an annular 

secondary discharge electrode is mounted, which was immersed in liquid. As the working gas were used air, 

Ar, N2 or CO2, the flow amounted to 10 and 15 l/min. The gas was fed tangentially to the system axis. The 

system outlet was connected to the ventilation system. 

 

 
Fig. 1. Scheme of a setup with a rotating gliding discharge immersed in a liquid: 1 – high-voltage 

primary discharge electrode; 2 – grounding electrode; 3 – high-voltage secondary discharge electrode; 4 – 

gas inlet; 5 – quartz cylinder; 6 – dielectric; 7 – gas outlet; 8 – optical fiber; 9 – spectrometer; 10 – PC 

 

Electrophysical parameters of discharges 
 

Volt-ampere characteristics of discharges measured are presented for the primary and secondary discharges 

when the system is filled with distilled water, the volume of which was equal to 100 ml. 

The VAC of the primary discharge has a decreasing nature and, within the measurement error, does not 

depend on the gas flow rate. The VAC of the secondary discharge has a linear nature within the studied current 

range. 

In turn, the variable component of the current is a superposition of a sinusoidal component with a frequency 

of pulsations of the power source (100 Hz) and a sawtooth component with a frequency (3 kHz at G = 10 
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l/min) depending on the gas flow rate, which is characteristic of discharges with transverse blowing. Also, the 

shape of the sawtooth component is affected by the gas flow rate. 

 

Results of optical diagnostics 
 

The temperature of electron levels population (Т*е) is greater than the temperature of vibrational and 

rotational levels population (Tv, Tr). This indicates that the plasma of the rotating gliding discharge is non-

isothermal.  

In the mode of operation with a secondary discharge, The temperature of О І electron levels population T*e 
≈ 8000 K of the secondary discharge plasma at the primary discharge current Ір 

= 160 mA and air flow 10 l/min. The vibrational levels population temperature 

is higher than the N2 rotational levels population temperature. The ОН 

rotational levels population temperature is equal to ≈ 3000 K and is close to 

Tr(N2). That is, the secondary discharge plasma is also non-isothermal. 

 

Solutions treatment results 

 

As a result of the treatment of the obtained solutions with the immersed discharge system, the following 

conclusions can be drawn based on visual observations: 

1. The ammonium molybdate solution changed its color from transparent to blue with the formation of a 

blue precipitate, which indicates the recovery of molybdenum ions (Mo). 

2. The nickel chloride solution changed its color from light green to brown with the formation of a 

precipitate. 

3. The cobalt chloride solution color remained  original without the formation of a precipitate, that is, no 

recovery or hydrolysis reactions were recorded. 

4. Alcoholic solutions of organic compounds did not change their color as a result of plasma chemical 

synthesis, their composition was studied using nuclear magnetic resonance (NMR). 

As a result of plasma chemical synthesis in the nitrogen, water and ammonium molybdate system, the 

formation of molybdenum blue was recorded. This indicates the formation of a recovering agent in the reaction 

mixture (atomic hydrogen) and the recovery of Molybdenum (VI) ions to oxidation states (IV-V). 

 

Conclusions 
 

1. The plasma of a rotating gliding discharge immersed in a liquid and a secondary discharge supported 

by a rotating gliding discharge is non-isothermal.  

2. Population temperatures of vibrational and rotational levels for a nitrogen molecule N2 are the 

same within the margin of error ≈ 4,500 К.  

3. The electron levels population temperature amount to ≈ 8,000 K. 
4. The population temperature of the OH rotational levels and N2 rotational levels are the same within 

the measurement error.  

5. The ability to perform the redox of inorganic substances with a change in the metal's valency has been 

demonstrated. 

6. One-stage conversion of cyclopentadienyl ligands into aromatic hydrocarbons is performed, which is 

only possible in chemistry through a multi-step process. 
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The effect of the external magnetic field on the dynamics, structure, and parameters of pinching plasma 

flows generated by a magnetoplasma compressor was studied. The plasma stream has a complex structure, 

including clusters of concentric vortices and closed toroidal current structures observed throughout its 

lifetime. The presence of the external magnetic field in the MPC discharge channel improves compressive 

characteristics of the plasma flow. The formation of a current-sheet-like structure in the plasma stream has 

been detected. 

Introduction 

The generation of high-energy dense plasma streams is one of the critical issues in modern plasma physics. 

Such streams are vital for materials modification technologies, fusion research, spacecraft propulsion, etc. A 

magnetoplasma compressor (MPC) used in the present research is a quasistationary plasma device that 

generates powerful plasma streams with a pronounced pinching effect. The additional magnetic field in such 

plasmadynamic devices opens an opportunity to improve discharge characteristics and increase plasma 

parameters [1]. Quasistationary plasma devices with different external magnetic systems are widely used for 

testing of the materials performance and simulations of conditions at the divertor plates of fusion reactor ITER 

under transient events [2].  

We conduct experimental studies of the influence of an external longitudinal magnetic field in the 

discharge channel of the MPC on fundamental processes in compressive plasma flows. 

Experimental results 

The MPC described elsewhere [3-4] is installed inside a solenoid that produces an axial magnetic field of 

up to 0.4 T inside the accelerating channel. The inner diameter and the total length of the solenoid are 15 and 

17 cm, respectively. The MPC device operates in a regime with residual gas at different pressures. The 

complete system of the MPC with the solenoid is installed inside the vacuum vessel of 2 m in length and 40 

cm in diameter. The diagnostic system includes a Rogowski coil for discharge current measurements, voltage 

dividers, and a set of local magnetic and electric probes. Experiments have been carried out under the following 

experimental conditions: the residual working gas – Helium, at a pressure of 2 Torr; the discharge current of 

400 kA; the magnitude of the external longitudinal magnetic field inside the MPC channel of 0 and 0.24 T. 

The plasma stream has a complex structure, including clusters of concentric current vortices, closed 

toroidal currents, and the formation of enclosed equipotentials. During the application of an external magnetic 

field, the configuration of the enclosed equipotentials is shifted to a greater distance from the MPC output. The 

external magnetic field leads to an increase in the magnitude of the electric current in the plasma stream, 

changes its spatial distribution, and reduces the number of current vortices. The findings demonstrate that in 

the presence of an external magnetic field (0.24 T), the compression zone grows, its temperature increases 

sixfold, and the radial component of Ampere's force goes up at least threefold. These results make it possible 

to apply an external magnetic field in magnetoplasma compressors to improve the compressive properties of 

the flow, which is crucial for further development of plasma sources of extreme ultraviolet radiation for new-

generation lithography. 

A structure similar to a current sheet has been observed in the compressive plasma stream of the MPC for 

the first time. Two-dimensional distributions of the electric current isolines in the plasma stream show the 

sheet formation during the second halfperiod of the discharge current. Two groups of electrons with different 
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temperatures appear near the layer. Also, the current density, the temperature of the second group of electrons, 

and the ion saturation current reach a peak in close proximity to the sheet. The reversed direction of the drift 

velocity near the center of the plasma stream might be explained by the outflow of an electron beam from the 

layer. The formation of a current-sheet-like structure without an external magnetic field occurs later than with 

its application. This finding opens an opportunity for laboratory modeling of various processes, including 

astrophysical phenomena. 
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V.Ya. Chernyak*, S.S. Nedovesov*, V.V. Iukhymenko*, O.M. Tsymbaliuk*, S.V. Shulga**, K.V. 

Iukhymenko*, D.D. Tretiakov* 
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The paper presents the results of an experimental investigation into the parameters of atmospheric 

pressure secondary discharge plasma sustained by a low-power (~100 W) rotating gliding discharge in an air 

flow, under conditions where the volume of the current channel of the secondary discharge significantly 

exceeds that of the standalone discharge channel. Plasma parameters were determined using emission 

spectroscopy methods with the SpecAir program. The assessment of the electric field intensity in the secondary 

discharge plasma was based on variations in voltage drop across the secondary discharge as a function of 

changes in the discharge channel length through adjustments in the interelectrode distance. 

Installation scheme 
The installation scheme and description are presented in Figure.1. The current was measured through the 

voltage drop across the 50 Ohm resistors. The voltage was measured by a resistive divider (D) with a ratio of 

1:10000. Current setting resistor (ballast) 21.5 kΩ. 

 

Figure 1. Scheme of a setup with a rotating gliding discharge: 1 – high-voltage primary discharge 

electrode; 2 – grounding electrode; 3 – high-voltage secondary discharge electrode; 4 – gas inlet; 5 – quartz 

cylinder; 6 – dielectric; 7 – gas outlet; 8 – optical fiber; 9 – spectrometer; 10 – PC [1] 

Results and discussion 
The voltage-current characteristics of the discharge system, measured using oscilloscope, for both the 

primary and secondary discharges, are presented in Figure 2. 

As evident from the plots, the voltage-current characteristic (V-I curve) of the primary discharge exhibits 

a decreasing trend and is relatively insensitive to gas flow within the measurement error range. In the 

investigated current range, the V-I curve of the secondary discharge demonstrates a linear behavior. 

 

(a)                                                  (b) 

Figure 2. Typical oscillograms of current and voltage in the primary (a) and secondary (b) circuit, 

recorded on the installation at an air flow of 10 l/min, Ipo = 100 mA. 

All measured spectra are characterized by the presence of radiation of molecular bands OH (A-X), N2 (C-

B) and atomic lines of both the elemental components of the plasma-forming gas (O) and the components of 

the electrode material (the main components of stainless steel are Cr, Fe) [2]. 
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Figure 3. The dependence of plasma emission intensity (I) on wavelength (L) for SDRGD in the plasma 

system is shown. This was observed at a current of Ipo = 100 mA, Iso = 40 mA, and an air flow rate of 10 

L/min. The temperature of Tr(OH) = 2800 K. 

Typical oscillograms of currents and voltages in the RGD and SDRGD circuits, recorded on the setup for 

the activation of chemical transformations of gas-phase substances by secondary discharge plasma sustained 

by a rotating gliding discharge (Figure 2), respectively. 

Table 1 

h, mm RGD 

 

Tr(OH), K 

 

Tv(OH), K  Tr(N2), K Tv(N2), K  T*e(O), К  T*e(Cr), K 

5 Air 3800 - 4000 4000 - 5800 

The temperatures of population of rotational and vibrational levels of molecules and electronic levels of 

atoms determined in Table 1. Comparison of the obtained values of population temperatures of different 

excited levels indicates the non-equilibrium nature of the plasma of the rotating gliding discharge in the air 

flow, both submerged and not submerged in water (Tr < Tv < Te). It is also noticeable that submerging RGD 

in water leads to an increase in plasma non-equilibrium due to a decrease in Tr and an increase in T*e without 

a significant effect on Tv. 

 
Figure 4. Electron energy distribution function (EEDF). 

Conclusion 

It has been demonstrated that high-pressure plasma systems with a secondary discharge, sustained by a 

rotating gliding discharge, are capable of generating non-equilibrium plasma of significantly larger volume 

with a broader range of parameter adjustments compared to standalone discharge systems. This holds the 

potential for scaling up plasma-chemical processes. 
At atmospheric pressure, the kinetic temperature of the plasma T=Tr and according to the determined 

Tr≈T≈ 4000 K. Taking into account that at a higher gas flow rate in RGD than in SDRGD, the static pressure 

in the RGD flow is lower than in SDRGD and, accordingly, the electric field E/N>50 Td in RGD plasma. 
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The problem with a plasma cylinder and a cylindrical cavity is taken as a basis. The solution of the system 

of six differential equations is a differential equation with an operator and the square of the operator on the 

longitudinal complex amplitude of the electric field in the plasma. A differential equation of the fourth order. 

The coefficients for the operator and for the longitudinal complex amplitude of the electric field include the 

components of the dielectric permeability tensor.  Next, the substitution of the components of the dielectric 

permittivity tensor , which depend on the radius, is carried out. 

Differential equation with non-homogeneous coefficients 

 
The problem with a plasma cylinder and a cylindrical cavity is taken (the system with a plasma cylinder was 

also considered in [1]) as a basis. The system consists of three parts - the vacuum outside and inside the plasma 

cylinder and the plasma cylinder itself. The boundary conditions are determined by two transverse conductive 

walls that limit the sides of the plasma cylinder. The plasma cylinder is excited by a ring antenna. The ring 

current is taken into account in the crosslinking conditions. Next, we are interested in the plasma part of the 

system - the plasma cylinder. From Maxwell's equations (the plasma part of the system), after a substitution 

that satisfies the boundary conditions and gives a transition to complex amplitudes, a system of differential 

equations for complex amplitudes is obtained. The substitution is made in Maxwell's equation in the cylindrical 

coordinate system. After the substitution, which gives the transition to the complex amplitudes of the fields, a 

system of six differential equations for the complex amplitudes of the fields is obtained. The solution of the 

system of six differential equations is a differential equation with an operator and the square of the operator 

on the longitudinal complex amplitude of the electric field in the plasma. A differential equation of the fourth 

order. The coefficients for the operator and for the longitudinal complex amplitude of the electric field include 

the components of the dielectric permeability tensor. Next, the differential equation with the operator and the 

square of the operator on the longitudinal complex amplitude of the electric field is isolated. A differential 

equation of the fourth order. The coefficients of this equation with the operator and the square of the operator 

include the components of the dielectric permittivity tensor. Next, the substitution of the components of the 

dielectric permittivity tensor , which depend on the radius, is carried out. In these components of the dielectric 

permittivity tensor, the plasma frequency depends on the radius. The plasma frequency depends on the radius, 

because the plasma concentration depends on the radius. This (dependence of the plasma concentration on the 

radius) is a generalization of the problem with a plasma cylinder with a cylindrical cavity. Substitution of the 

components of the dielectric permeability tensor for the case of a zero electronic collision coefficient and for 

the case of a non-zero electronic collision frequency was carried out. In addition to substituting the components 

of the dielectric permittivity tensor into the equation with the operator and the square of the operator, the 

operator and the square of the operator were revealed. In this way, a fourth-order differential equation with 

inhomogeneous coefficients for the longitudinal complex amplitude of the electric field in the plasma was 

obtained. A differential equation with inhomogeneous coefficients, which is suitable for further application of 

the finite difference method for its solution. When its solution (a plasma cylinder problem with a cylindrical 

cavity) was the Bessel functions. The resulting differential equation with inhomogeneous coefficients is given 

below.. 

[((𝜔 + 𝑖𝜈𝑒)2 − 𝜔𝑐𝑒
2 )𝜔 − 𝜔𝑝𝑒
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2  
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− {[((𝜔 + 𝑖𝜈𝑒)2 − 𝜔𝑐𝑒
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Introduction 

The Internet of Things (IoT) has revolutionized various industries by enabling the remote monitoring and 

control of devices. However, it also presents numerous challenges, including issues related to security, 

coverage, scalability, interoperability, bandwidth, data storage, and remote maintenance. To address these 

challenges, blockchain technology offers several advantages such as shared ledgers, consensus protocols, 

cryptography, and smart contracts. Many researchers are studying how blockchain can be combined with IoT, 

showing a growing interest in this field. This paper offers an overview of the current landscape in optimizing 

blockchain for IoT solutions, with a specific focus on consensus mechanisms. 

The proposed model outlined in this study is based on an analysis of existing research and allows for the 

implementation of a hybrid model. This approach enhances energy efficiency while upholding high levels of 

security, reliability, and data integrity in IoT deployments. Importantly, it reduces reliance on centralized cloud 

providers. By combining Directed Acyclic Graph (DAG) consensus mechanisms at the IoT device level with 

Proof of Stake (PoS)/Delegated Proof of Stake (DPoS) and Zero-Knowledge (Zk)-Rollups, the system 

becomes more secure, reliable, and energy-efficient. 

Analysis criteria and results 

In the analysis, the following criteria were considered: 

• The capability to directly integrate blockchain network into IoT devices. 

• Designing an efficient IoT device architecture focusing on energy efficiency and security. 

• Establishing a genuinely decentralized IoT network. 

Table 1 – Compariative analysis of consensus mechanisms 

Consensus 

protocol 
Work principle 

IoT-

friendly 
Verdict 

Proof-of-

Work (PoW) 

Miners compete to solve complex 

mathematical puzzles to add new blocks 

to the blockchain. The first miner to solve 

the puzzle is rewarded with tokens. 

No 

Is not possible to embed into 

small devices as it has high 

resource consumption. Some 

projects like Ethereum agreed to 

switch to PoS. 

Proof-of-

Stake (PoS) 

Validators are chosen to add new blocks 

to the blockchain based on the amount of 

tokens they stake. Validators are 

rewarded with tokens for verifying new 

blocks. 

Partially 

Validators can be implemented as 

separate compute nodes while 

other parts may be implemented 

on IoT device.  

Delegated 

Proof-of-

Stake (DPoS) 

Participants vote for delegates to validate 

transactions and add new blocks to the 

blockchain. Delegates are rewarded with 

tokens for their work. 

Yes 

Delegation makes system less 

resource-hungry but validators 

still should be implemented as 

separate compute nodes. 
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Directed 

Acyclic 

Graph (DAG) 

DAG-based consensus protocols do not 

require miners or validators. Instead, 

transactions are verified and added to the 

blockchain in a continuous process. 

Yes 

Perfect mechanism for IoT 

devices. Drawback is that if 30% 

of network is vulnerable then it is 

possible to add new block by 

attacker and no smart contracts 

support. 

Practical 

Byzantine 

Fault 

Tolerance 

(PBFT) 

PBFT is a consensus algorithm that can 

tolerate Byzantine failures, where nodes 

may fail arbitrarily or even behave 

maliciously. PBFT is used in some 

blockchain networks, but it is less 

scalable than other consensus protocols. 

No 

It is good protocol for enterprise 

solutions. For IoT it may be used 

on IoT hubs that receive data 

from smaller IoT devices. 

Another crucial aspect involves a technology known as Zk-Rollups, enabling the construction of a multi-

layered blockchain network. In one layer, IoT devices are situated, some of which may have intermittent 

internet access. These devices form a local blockchain network, consolidating multiple transactions into a 

single transaction. This transaction is then sent to the main layer either simultaneously or at a later time. This 

process is feasible on the Ethereum network with the Proof of Stake (PoS) consensus mechanism. 

However, for optimal device-to-device communication, the Directed Acyclic Graph (DAG) consensus 

mechanism proves to be highly effective. It can be combined with Practical Byzantine Fault Tolerance (PBFT) 

or PoS/Delegated Proof of Stake (DPoS) at a higher level. In this approach, IoT devices ensure high security 

through encrypted connections and authentication, making them resistant to compromises. Local nodes within 

Layer2 handle data preprocessing with smart contracts, which is then sent in batches from Layer2 to Layer1 

using Zk-Rollups. Cloud-based and local nodes operate independently, ensuring data integrity through 

consensus protocols. 
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The paper presents data from air quality monitoring networks for the recognition of pollution types. Sensor 

modules ZPHS01B, PMS 7003, and BME 280 operating in outdoor conditions were used to monitor the 

impact of pollutants. A neural network was trained to classify two types of pollutants: combustion of tree 

leaves and electronic cigarette products. 

 

Introduction 

  With the constant growth of urban population and industrialization, the issue of air quality has 

become increasingly relevant and critical for ensuring the health of city dwellers. Air pollution affects not 

only physical health but also the state of the surrounding environment. Both state and public networks are 

established to monitor air quality [1]. 

State monitoring uses high-precision and expensive equipment measuring many parameters such as SO2, CO, 

O3, NO2, H2S, PM, radiation, and others. However, expanding such a network with good coverage is often 

costly, making it challenging for state authorities to scale such a network. Public networks address this 

problem, but they use less accurate equipment, often measuring a specific set of parameters such as PM2.5, 

PM10, humidity, and pressure. Gas concentrations such as CO2, VOC, and NO2 are less frequently 

measured. Combining state and public networks can enhance air quality monitoring. State monitoring data 

can be used to calibrate sensors in public networks, increasing the reliability of public network data and 

providing broader overall monitoring coverage. 

Pollution data is presented in values that may not always be understandable for the average user. By 

themselves, the values of the level of pollution do not provide an answer to the question of the source of 

pollution. People are usually interested in identifying the possible sources of pollution. In this context, there 

is a need for new approaches to monitoring, specifically the classification of types of air pollutants. Previous 

work [2] successfully used a neural network to recognize two pollutants in binary formats, such as flux pairs 

and alcohol combustion products. The method showed prospects for using a neural network for pollutant 

recognition (classification) using low-cost sensors, although these studies were conducted in laboratory 

conditions. 

This work explores the possibilities of applying low-cost sensors and artificial neural networks to create a 

classification of anthropogenic outdoor pollution. For this, a 22-liter box with two holes and built-in fans was 

used, in which the sensors are placed, as shown in Fig. 1. Pollutants were introduced into the setup, which 

was located in the inner courtyard of the Faculty of Radio Physics, Electronics, and Computer Systems. 

Sensor modules, such as ZPHS01B, were used for monitoring the impact of pollutants, measuring 

concentrations of various air components, including PM2.5, CO2, CH2O, TVOC, O3, CO, NO2, as well as 

temperature and relative air humidity [4]. Calibrated sensors PMS 7003 [5] and BME280 [6] were also used 

to measure PM1, PM2.5, PM10, and temperature with relative humidity, respectively. The HiLink 7688-

based platform was used for data collection, processing, and transmission. 

Sensor data were recorded every two seconds, independently for each sensor. For further data consolidation 

into a single array, time averaging over a 5-second interval was applied. A pause was made before each 

experiment, waiting for the readings to return to a steady state to avoid influencing the next series of 

experiments. There were two pollutants in total, namely combustion products from tree leaves and electronic 

cigarette products. Five measurements were made for each pollutant, with a combustion time of 

approximately 15 seconds for each. 
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Fig. 1 Block scheme of experimental setup 
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The results of experimental studies of diffuse components of sea waves obtained during GPS and «Transit» 

satellite setting over the sea surface are presented. The experiments and model calculations carried out 

confirm the conclusion about the need to use satellite radiation in different frequency bands to expand the 

scale of the disturbances under study. 

The study of the extent of sea waves is important both for practical needs (e.g. flight safety over the sea) 

and for the development of physical theory of processes occurring over the sea surface.In addition to local 

measurements of wave strength, radiation from satellites has recently been used for this purpose. In this case, 

the dominant method is radar one, which uses sea reflections in nadir surface sounding. Alternatively, a 

different approach can also be applied, where the diffuse component of the signal reflected from the surface 

when propagating at grazing angles is the main physical characteristic for the measurements. 

Model 

The characteristics of the diffuse component are described by a statistical model [1,2], corresponding to the 

Rayleigh concept for rough surfaces. In this model, the type of characteristics depends on the roughness 

parameter sinhq =    , where 
h is the standard deviation of sea wave heights from the average level,  is 

the radio wavelength, and  is the grazing angle. The diffuse component graph based on this model [2] can 

be represented as a polynomial that relates the relative intensity of the diffuse component 
 
to the roughness 

parameter sinhq =     [3]: 

 
( )

( )

2 3 4

0

0.794 108.3 1094 3042 , if 0.137

0.4, if 0.137

dq q q q q q

q q


 = = + − + 



 = 

 (1) 

where ( ) ( ) ( )d rs D  =    is the diffuse scattering coefficient; ( )rs  – the standard deviation of received 

signal; ( )D  – current average signal value; ( )0  – reflection coefficient of a smooth surface. 

Using formulas (1), the function ( )q was calculated depending on the variables included in the parameter

q , i.e. from 
h ,  and  . For the calculation, wavelengths were selected corresponding to the radio bands of 

navigation satellites of the 1- st and 2- nd generations - «Transit» ( = 0.75 m) and GPS (  = 0.19 m), in which 

the experiments were carried out. It follows from the calculations that there is a specific “saturation” of the 

diffuse component characteristics with increasing waves, and it is more peculiar of the shorter wavelength 

range. Therefore, the short wavelength of the source is a limiting factor for diagnosing strong wave values. To 

expand the range of measured values, it is necessary, in accordance with the Rayleigh criterion, to supplement 

the HF radiation with lower frequency radiation. This is confirmed by the results of experiments with satellites 

emitting in different frequency bands. 

Experiment 

Experiments on «Transit» and GPS satellite setting over the sea were carried out in the eastern part of 

Crimea at different periods. The main focus of the experiments in all series was the joint study of satellite 

signals and signals on stationary over-the-horizon near-water paths under conditions of different tropospheric 
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refraction [4]. Additional processing of experimental material is aimed at determining the characteristics of 

satellite signals associated with sea waves. This paper compares the characteristics of signals from the GPS 

and «Transit» systems obtained under approximately similar conditions (from calm to moderate waves). 

The fluctuation component was isolated from the complete signal and its further processing was carried out 

using the moving average and moving standard deviation methods. As a result, the relative intensity of the 

diffuse component for GPS and «Transit» is determined. Additional computer modeling was carried out, 

assuming a Rayleigh distribution of the diffuse component, confirming the conclusions of the full-scale 

experiment. 

Comparison of experimental characteristics with calculated ones makes it possible to determine the degree 

of sea waves in a particular experiment. Thus, from Figure 1a it follows that in the GPS experiment 

corresponding to dashed lines (calm), the waves were about 
h ~ 0.02 m, and in the experiment corresponding 

to solid curve (rough) 
h ~ 0.18 m, i.e., there is a sufficient contrast between the characteristics in calm and 

rough conditions. For similar characteristics obtained in the «Transit» experiment (Fig. 1b), the contrast is less; 

the important thing is that they are at the very beginning of the scale, so such a system is suitable for measuring 

stronger wave values.Thus, the model calculations performed and the experimental studies carried out show 

the possibility of expanding the range of measuring the degree of sea waves from satellite signals emitting at 

low elevation angles, using the characteristics of the diffuse component in different frequency ranges. The 

considered technique can be used for diagnosing waves in the coastal zone as a complement to standard 

meteorological measurements. 

 
Fig. 1. Comparison of diffuse reflection coefficients obtained in experiments on GPS (a) and «Transit» 

(b) satellite setting over sea surface, with model calculations (dashed lines - calm, solid lines - moderate 

waves) 
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Modified “bipolar” LC-oscillator was used as source of stochastic noise-like carrier for informational 

digital signal with amplitude shift keying (ASK) at Very Low Frequency radio band (30 kHz). Scheme of simple 

direct gain receiver for VLF ASK with noise-like carrier proposed and simulated.  

Previously in [1] LC oscillator with stochastic oscillation noise modes used as carrier source in receiver of 

range of “Very Low radio Frequencies” (VLF) (3…30) kHz [2], which modulated by amplitude shift keying 

(ASK) by 4 bit or 5 bit digital informational packages. Simulated in NI Multisim scheme demonstrated stable 

digital data transmission up to 2 kbits per second at near 30 kHz noise-like carrier. Observed spectrum width 

of such signal is primarily determined by the spectrum of the noise-like carrier and not directly by 

informational signal. But this signal still may be received by rather simple direct gain receiver scheme (Fig.1), 

as informational signal restored to logical levels on NAND Schmitt triggers CD4093BD digital logic elements. 

 

Fig. 1. NI Multisim 13 simulated scheme of direct gain receiver for VLF range with scheme of digital levels 

of informational signal restoration (elements U3C, U4C, U5C – CD4093BD). Control points: (1) input signal; 

(2) – amplified and detected signal; (3) – signal after first logical element U3C with restored logical levels after 

some high frequency noise R22C12 filter; (4)– output digital signal 
 

In current work, in compare with [1], to the receiver added selective parallel oscillating circuit 

L4L3C13R26R27R28, which has the same resonance frequency as in similar circuit of transmitter output 

block. Resistor R26 is mostly optional and may be changed for regulation of quality of the oscillating circuit. 

Bipolar transistors Q7 and Q8 used at such scheme work as non-linear amplifier with high input impedance 

and amplitude detector. Resistor R30 reduces the interconnection between transmitter and receiver, 

symbolizing the transmission medium between antennas. Maximum experimental value of R30 on which this 

receiver is still operational is 18 kΩ because some minimal amplitude of input signal needed (Fig.1(1), 

Fig.2(1)). Also, some optimization of filters R20C11 and R22C12 regulate duty cycle of output pulses as 

maximum signal rate of the circuit. 
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Fig. 2. Oscillograms from control points of scheme of direct direct gain ASK receiver for VLF range (Fig.1) 

simulated in NI Multisim 13 (R30 = 5 kΩ ): (1) input signal; (2) – amplified and detected signal; (3) – signal 

after first logical element U3C with restored logical levels after some high frequency noise R22C12 filter; (4)– 

output digital signal. 

 

. An obvious disadvantage of this scheme (Fig. 1) is that the informational signal transmitted by the first 

packages after the signal came to the receiver’s input circuit may be distorted due to certain transient processes 

in it (Fig.2(2 – 4)). Only the following packages pass completely [1]. This is the result of non-optimal (too 

low) start voltage on collector of transistor Q9 and the first logical element U3C starts to work just when DC 

voltage on circuit R20C11 as on collector of Q9 from detection of the signal reached appropriate value near 

+3…+3.5V. Such start voltage may be reached too at R21 > 125 MΩ. 
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Analythis for main aspects of unmanned aerial vehicles (UAV) usages in 5G wireless networks to research 

the possible enchantment mobile broadband. Enhanced mobile broadband (eMBB) with bandwidth-

consuming, ultra-reliable low-latency communication (URLLC) and massive machine-type communications 

(mMTC). UAV main requirements as a desirable candidate to substitute or complement terrestrial cellular 

networks. Our future project is to improve data traffic control for UAV in 5G. 

UAV main advantages 
As a desirable candidate to substitute or complement terrestrial cellular networks, UAV communications 

exhibit major attributes as follows[1]:  

Line-of-Sight Links: UAVs operating autonomously in the sky have a heigh potential to establish 

connections with ground users through line-of-sight (LoS) links. This capability greatly enhances the reliability 

of transmissions over extended distances. Furthermore, UAVs can adapt their hovering positions to ensure the 

continuity and quality of these links. 

Dynamic Deployment Ability:  In contrast to stationary ground-based infrastructure, UAVs offer the 

advantage of dynamic deployment in response to real-time demands. This adaptability makes UAV networks 

more resilient to changing environmental conditions. Moreover, since aerial Base Stations (BSs) provided by 

UAVs eliminate the need for land rental costs, they eliminate the requirement for erecting towers and laying 

cables. 

UAV-Based Swarm Networks: A collection of UAVs has the capacity to form scalable multi-UAV 

networks, providing pervasive connectivity to ground users. This is made possible by the exceptional flexibility 

and rapid provisioning capabilities of multi-UAV networks. They represent a viable solution for swiftly and 

efficiently restoring and expanding communication services[2]. 

Three main categories of UAV usages in 5G wireless networks  
According to International Mobile Telecommunications 2020 (IMT-2020), 5G networks are expected to 

support a diverse variety of use cases in three main pillar categories[3]: Enhanced mobile broadband (eMBB), 

Ultra-reliable and low-latency communications (URLLC), Massive machine-type communications (mMTC). 

eMBB - is designed to support data-intensive applications like virtual and augmented reality (V/AR) that 

demand high data rates over broad coverage areas. eMBB represents a natural progression from 4G/LTE 

networks and will offer greater data rates and system capacity compared to current mobile broadband 

services[4]. While ensuring moderate reliability, such as acceptable packet error rates (PERs), eMBB is 

expected to enable peak data rates of up to 10 Gbits/s within 5G networks. This capability is well-suited for 

high-data-rate UAV communication applications, including real-time video streaming and data relay[5]. 

URLLC - is perfect for mission-critical applications like remote surgery, autonomous vehicles, and the 

Tactile Internet, where both ultra-high reliability and minimal delays are essential[6-7]. 

mMTC - is geared towards providing connectivity for an extensive array of power-limited devices with 

varying traffic profiles, as seen in the industrial Internet of Things (IoT). In this context, UAV-enabled mobile 

data collectors can play a valuable role by moving in close proximity to IoT devices to gather data, thus 

minimizing their transmit energy consumption[5]. 
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UAV may play a central role in providing network service recovery in a disaster-stricken region, enhancing 

public safety networks, or handling other emergency situations when URLLC is required. In particular, UAV-

aided eMBB can be regarded as an important complement to the 5G cellular networks. So in conclusion, UAVs 

are identified as an important component of 5G/B5G wireless technologies[2]. 

Futures work 
Three categories of UAV technologies can be used in our research for improving data traffic control for 

UAV in 5G. 

eMBB aspect of 5G can help ensure that UAVs have access to high-speed, high-capacity connections. This 

would enable smoother video streaming, faster data transfers, and improved overall communication quality 

between the UAV and the gNB 

URLLC is crucial for applications where low latency and high reliability are paramount, such as remote 

drone piloting and autonomous UAV operations. By optimizing data traffic control between UAVs and gNBs 

in real-time, latency can be reduced and ensure that commands and data are transmitted with the utmost 

reliability. This is particularly important for tasks that require rapid response, like emergency services, 

surveillance, or critical infrastructure inspection. 

While UAVs may not individually represent massive machine-type communications, they can be part of a 

broader network of connected devices and sensors. The efficient management of data traffic between UAVs 

and gNBs can help integrate UAVs into the mMTC aspect of 5G, enabling them to seamlessly communicate 

with other devices and systems. This could be especially useful when multiple UAVs are deployed for 

collaborative task or when UAVs are used for collecting data from a large number of sensors or IoT devices. 

In conclusion all this technologies could be used in our future researches as main aspects of possible 

enchantment mobile broadband and improving data traffic control for UAV in 5G, since UAV are potential 

direction of mobile network within 5G. 
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The Tonga volcano is located in the southern part of the Pacific Ocean in Polynesia (geographic 

coordinates: 20.54° S, 175.38° W). Its activity increased sharply on January 15, 2022. Five explosions were 

observed in the time interval 04:00–05:00 UT. The most intense explosion was at 04:15 UT. It caused 

registered disturbances in all subsystems of the Earth–atmosphere–ionosphere–magnetosphere system. The 

results of the analysis of the large-scale geomagnetic field disturbances caused by the explosion of the volcano 

are presented. 

Introduction 

The Tonga volcano is located in the ocean at a depth of about 200 m. The volcanic eruption continued 

from approximately 04:00 UT to 16:00 UT. During this time, 2.9 Gt of eruption products were thrown into the 

atmosphere. Their volume reached 1.9 km3. The productivity of the volcano was 67 kt/s or 44 thousand m3/s. 

The maximum height of ejections reached 58 km, which is the main feature of the Tonga volcano. According 

to estimates [1–3], the thermal energy of the volcano was 3.9·1018 J, and the power was 91 TW. In terms of its 

energy, the Tonga volcano was inferior only to the volcanoes Krakatoa (5·1019 J) and Pinatubo (2·1019 J), but the 

height of the ejections of these volcanoes did not exceed 37–43 km and 40–47 km, respectively. At this time, 

a number of authors described the results of observations of geomagnetic field variations caused by the explosion 

of the Tonga volcano. At the same time, the main attention was paid to the analysis of quasi-periodic processes, 

disturbance of the neutral wind system, ionospheric currents at the heights of the dynamo region of the 

atmosphere. An urgent task is a more detailed analysis of the magnetic effect of the Tonga volcano using data 

from the Intermagnet network magnetic stations. The purpose of this work is to analyze the large-scale 

disturbances of the geomagnetic field caused by the powerful explosion of the Tonga volcano.  

Discussion 

The X-, Y- and Z-components of the geomagnetic field were subject to analysis. The time resolution was 

1 min, the error did not exceed 1 nT. Temporal variations of the geomagnetic field level from January 12 to 

January 18, 2022 were analyzed. January 13 and January 17, 2022, which were used as reference days, were 

the most magnetically quiet days. In total, 17 stations were processed: PPT (French Polynesia), EYR (New 

Zealand), CNB (Australia), CTA (Australia), MCQ (Australia), HON (United States), ASP (Australia), KDU 

(Australia), IPM (Chile), GNG (Australia), LRM (Australia), KAK (Japan), KNY (Japan), MMB (Japan), SHU 

(United States), DLT (Vietnam), CKI (Australia). It is important that these stations were located on different 

sides and at different distances from the volcano. As an example, let us present the temporal variations of the 

geomagnetic field level accompanying the explosion of the Tonga volcano at the PPT station (distance from 

the volcano is 2730 km). On the reference days of January 13 and January 17, 2022, in the time interval  

03:00–17:00 UT, the X-component level values fluctuated approximately from –12 to –5 nT (Fig. 1). The level 

of the Y-component increased from –(7–10) to 3–5 nT from 03:00 UT to 05:00 UT. Then it fluctuated within  

2–3 nT, gradually decreasing from ~0 to –(20–25) nT. On the day of the volcano explosion, the non-

monotonicity of the component level increased, and the fluctuations of their level increased significantly. The 

trend of all components decreased significantly. The level of the X-component increased from –20 to 10 nT, 

the Y-component decreased from 10 to –25 nT, and the Z-component decreased from 3 to –10 nT. In addition, 

six groups of disturbances with delay times ∆t1 ≈ 16 min, ∆t2 ≈ 37 min, ∆t3 ≈ 50 min, ∆t4 ≈ 96 min, ∆t5 ≈ 150 

min and ∆t6 ≈ 235 min were observed (Fig. 1). The largest (up to 10 nT) disturbances took place after 14:00 

UT. However, they were caused more by a magnetic substorm than by a volcanic eruption. 
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Fig. 1. Temporal variations of the X-, Y-, and Z-components at the PPT station on the day of the volcano 

explosion and on reference days. The vertical line marks the moment of the most powerful explosion. Arrows 

indicate possible moments of magnetic field reaction 

Main Results 

As a result of the analysis of time variations of the geomagnetic field X-, Y- and Z-components, registered 

at stations located at a distance of ~2000–8000 km from the epicenter of the Tonga volcano explosion, it was 

established that the geomagnetic effect was of a global nature. Six groups of geomagnetic field component 

disturbances that could have been caused by a volcanic explosion were identified. Speeds close to ~4 km/s and 

1.5 km/s are characteristic of MHD waves. The speed close to ~1 km/s, is characteristic of an explosive wave. 

Atmospheric gravity waves have a speed of ~500 m/s. Disturbances with speeds of ~315 m/s and 200 m/s 

propagated due to Lamb waves and tsunamis. The amplitude of quasi-periodic disturbances of the geomagnetic 

field was estimated to be 1–10 nT. Such values are in good agreement with the observational results. Estimates 

of the value of aperiodic disturbances gave a value of 30–60 nT, which was also consistent with the results of 

measurementsWork by L. F. Chernogor and M. Yu. Holub was supported by the National Research Foundation 

of Ukraine for financial support (project 2020.02/0015). 
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The compositions, properties and features of the types of signal resource of a surveillance radar formed 

by a 3-level system of hierarchical cognitive control of the information content of its sensing modes and their 

information stability at the stages of reconnaissance of different classes of air targets in different areas of the 

viewing area and observation conditions are considered. This resource is based on the variety of construction 

and application of signal-code models of a periodic sequence of broadband unmodulated noise radio pulses 

with variable sequence parameters, additional randomization of its parameters and imparting increased 

infierence-protective properties. 

Introduction 

The cognitive control system forms, in the internal control circuits of its support subsystems with a 

situationally adaptive form of control, three types of radar signal resources with changing criteria and methods 

for synthesizing the forms and parameters of probing signals (PS) depending on the radar sensing mode, 

complex dynamic states of tactical situations (TS) target environment without interference and conflict 

situations (CS) in conditions of electronic suppression by the airborne RES complex. At the same time, the 

formulation and solution of the control problem uses the method of synthesizing the “signal shape - matched 

correlation processing” pair, taking into account the influence of the peculiarities of observation conditions in 

a particular problem area of the radar coverage area and the possibility of limited use of effective non-adaptive 

and adaptive means electronic masking (REM) and protection (REP), which built into the transmitting-

receiving path. 

Types of radar signal resource with changing criteria and methods for synthesizing the forms and 

parameters of sounding signals 

1. Support for the information content of radar sensing modes in a target environment without interference is 

provided by the type of signal resource {S}1 with a variety of forms and parameters of the considered burst PS 

for adapting current sensing modes to the state of the TS in problem sectors of the viewing area and improving 

the quality of its selection types. Optimization of the shape of a stochastic PS and its parameters is based on 

the effects of compression of complex pulses and bursts of them with matched correlation processing of echo 

signals reflected from air targets of different classes, redundancy of frequency-time parameters and the 

possibility of independent control of the parameters of the spectrum and temporal structure of the PS using 

discrete code sequences (DCS). The works [1, 2] consider the preferred methods of forming such mathematical 

signal-code models of the PS by changing the parameters of the noise pulse and using inter-period control of 

the types and parameters of time-pulse nonlinear modulation (TPM) of the time frequency structure of the 

burst by different DCSs with special correlation properties in depending on the needs of the sensing mode and 

the state of the TS [3]. When comparing ensembles of PS shapes, the differences in their dimensions, structural, 

correlation and interference-protection properties are taken into account. The ensemble construction of this 

type of resource of stochastic PS makes it possible to reduce the dimensions of the volume of the signal 

resource with various forms of PS and the possibility of their expansion, adaptive to changes in the states of 

the TS. They can serve as an alternative to the use of deterministic complex single discrete coded pulses and 

bursts of them in the sensing modes of a surveillance radar. For example, the properties of packets of complex 

pulses with different types of modulation and the use of DCS from various orthogonal ensembles of deterministic 

DCS can be equivalently represented by one packet of the considered form of stochastic PS. An important point in 

this regard is the possibility of a rapid transition from one form of the PS to another with a change in its non-energy 

parameters, such as the base and structure of the signal. 

2. Another type of generated signal resource {S}2 differs from the one discussed above in that it serves to 

simultaneously ensure the information content of radar sensing modes and the secrecy of their emissions in 
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the conditions of conducting electronic reconnaissance of emissions by the airborne RES complex. The use of 

the PS forms of the previous type of signal resource best (most fully) will respond to the threats of interception 

and analysis of emissions, if we additionally give it and combine such reconnaissance protective properties 

that would increase the covert of emissions, complicate or disrupt electronic reconnaissance of emissions from 

radar probing modes and ensure adequate electronic masking of them. The conditions, methods and means of 

ensuring energy and structural secrecy related to the forms and parameters of the PS, the structure of its 

processing and the ability to control them in problematic sectors of the radar coverage area are considered 

adequately by the threats of RTR interception and analysis of radiation from sensing modes and taking into 

account their features [4,5]. The use of unusual forms of stochastic probing signals will confuse the means of 

the RES complex, and their covert emission properties are a decisive factor in the justification their choice. 

3. This type of signal resource {S}3 differs from the first type of radar signal resource in that it serves to 

simultaneously ensure the information content and interference (noise) immunity of radar sensing modes in 

the conditions of RES by various types of active interference after the loss of secrecy of their emissions. The 

use of the first type of signaling resource will also respond to emerging threats, if we use the opportunity to 

further increase interference-resistant properties associated with improving selective properties of the PS, 

which together would make it difficult or disrupt the installation of dangerous types of interference to radar 

sensing modes and provide adequate electronic protection against them.  The conditions, methods and means 

of increasing reference (noise) immunity related to the forms and parameters of the PS, the structure of its 

processing and the ability to control them, taking into account the characteristics of the states of the TS and 

the CS  [4,6] in problem areas of the radar coverage area, are considered. It should be noted that the subsystem 

for supporting interference immunity of radar sensing modes is more complex. 

 

Thus, the peculiarity is that different types of radar signal resources with various forms of PS have different 

properties in providing the required indicators of information content and interference (noise) immunity of radar 

sensing modes. Therefore, the choice of a more effective type and parameters of a complex stochastic PS in 

reconnaissance of an air target and combating an airborne RES complex is a primary task in order to achieve certain 

structural, correlation and protection properties in accordance with the criteria under consideration. 
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A rationale is presented, an analysis of the properties is given, the features of the construction of the proposed 

3-level structure of a cognitive system for controlling types of signal resource are highlighted to simultaneous 

support the information content of radar sensing modes and their information stability at the stages of 

reconnaissance of various classes of air targets, as well as flexible restructuring of the radar structure in 

complex, fast and unpredictably changing tactical situations of the target environment and conflict situations in 

conditions of electronic suppression by active and information interference in problem sectors (areas) of the 

viewing area. 

Introduction 

From a systemic perspective, the objects and types of conflict interaction, sources of threats to the sensing 

modes of the surveillance radar and conflict impacts, as well as the uncertainty of its observation conditions [1-4] 

are considered in order to formalize the problem of cognitive control. The task of the cognitive control system is 

to develop a model of targeted operation of the radar to eliminate the discrepancy between the observed 

situation and the control goal, which selects the most advantageous strategy of following the tactical situation 

(TS) in the target environment and countering conflict situations (CS) created by the suppression strategy air 

complex RES. Its solution is sought based on the analysis of the changing environment and assessment of the 

effectiveness of radar actions in real time, using the possibilities of joint implementation in such a system of 

the functions of cognition, knowledge management and radar signal resource [3] within the framework of a 2-

way dynamic model of conflict interaction of radar sensing modes and RES complex systems. The report 

presents the rationale and diagrams of the proposed structure of a system of hierarchical cognitive control of 

surveillance radar sensing modes in a complex, rapidly and unpredictably changing TS and CS in a particular 

problem area of the viewing area with restrictions on the time for making and implementing management 

decisions and resource costs. 

Rationale of the structure of the cognitive control system for sensing modes of a surveillance radar 

     The proposed block diagram of a 3-level system for cognitive control of types of radar signal resource and 

the corresponding flexible restructuring of the radar structure is adequate to emerging threats and the effects 

of the interference-target environment and consists of the following support subsystems operating according 

to certain rules of sequential integration, belonging to hierarchical levels in ascending order: 

     - information content of radar sensing modes in complex various TS of the target environment without 

interference with changing criteria and methods for synthesizing the forms of the probing signal (PS) 

depending on the needs of the current radar sensing mode; 

     - at the same time the information content and increased secrecy of the radiation of radar sensing modes in 

complex different TS and conditions of tracking radar emissions by the RTR system with a change in criteria 

and methods for synthesizing the forms of PS depending on the current radar sensing mode and system threats 

(RTR system - ACSRES) of the RES complex; 

     - at the same time, information content and increased interference immunity of radar sensing modes for 

various TS and CS using active interference and interfering information influences with a change in criteria 

and methods for synthesizing PS forms depending on the current radar sensing mode and system threats 

(ACSRES – RES system) of the RES complex. 

The radar signal resource, correlation signal processing algorithms and radar structure restructuring 

algorithms consist of the types of signal resource and algorithms generated by the support subsystems of the  

cognitive control system. The task of cognitive control is implemented on the basis of combining a certain 

composition of the intellectual resource [3,5] and types of radar signal resource - the main tools of the subsystems 

supporting the cognitive control system in the process of radar observation by selecting (synthesis) the form of 

the PS with the necessary structural, correlation and interference-protective properties and constructing a control 

law for the corresponding restructuring of the radar structure and coordinating actions in its sensing modes. A 
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diagram of a typical structure for constructing support subsystems with the contours of internal and external 

construction is given, and an analysis of the properties and features of their construction is given.                                                         

The features are associated with elements of cognitive control in the information, control and executive 

means of these circuits, taking into account the content of the CS, the implementation of sequential spatial and 

temporal processing in the radar structure and the specific needs of the radar sensing modes. The system 

advantages and features of the use of stochastic periodic complex pulse probing signals are highlighted [6,7]. 

Their various burst forms are implemented in the circuits of internal reactive cognitive control of support 

subsystems.. These forms of the probing signal are more acceptable for practice and simultaneously provide 

information content of the sensing modes of the surveillance radar, increased energy and structural secrecy of 

their emissions, and increased their interference immunity after loss of secrecy in complex TS in the target 

environment and CS in conditions of RES with active interference.                

The role of information confrontation in a modern radar conflict [2,4], assigned to the contours of external 

cognitive control with a reflexive form of control of support subsystems for covert active control of the 

information and control system of the RES complex, is emphasized. At the same time, a targeted influence on 

the dynamic state of the CS is carried out with the effectiveness of the applied reflexive tactics of information 

impact management. On the other hand, the presence of conflict-type information influences on the control of 

radar sensing modes introduces into consideration such a tactical characteristic of the radar as its resistance to 

covert control by the electronic control complex under the conditions of specific various destabilizing forms of 

information influences. Setting, solving problems of information confrontation and their implementation is 

impossible outside of a cognitive control system, which makes the development of such a system especially 

relevant. 

 

The considered structure for constructing a control system expands the functionality of the radar in the 

conditions of a complex dynamic radar conflict, more fully takes into account the correspondence of the control 

objectives of the radar information content of the current radar sensing mode and its stability to the specific 

conditions of tactical and conflict situations in problem areas of the radar coverage area, and the methods used 

for solving problems management will allow for greater validity and efficiency of management decisions. 
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 The application limits of the undepleted pumping approximation for the modeling of distributed fiber Raman 

amplifier (FRA) in single-mode fibers based on silica glass are being considered. Due to results of the introduced 

criterion, it is proven the using possibility of analytical solutions of the nonlinear problem about the stimulated Raman 

interaction for modeling of the FRA designed to the operation in optical fiber telecommunication systems. Comparative 

analysis of the distributed amplification features in two widespread active fibers types, namely G.652 and TrueWaveRS 

are presented. It is shown despite the twice lower pump efficiency in the standard G.652 fiber, the application range of 

the weak signal model is significantly expanded, and such modeling results are expected to be reliable up to a pump 

power of 1660 mW, where the gain bandwidth reaches 26 THz (1.445 - 1.652 µm). 

 

 The modeling problem of the distributed FRA continuously was attracted a lot of attention of researchers and 

developers worked out the modern telecommunications for the past two decades and it is remains relevant today.  In 

particular, the dynamics of distributed Raman amplification due to the nonlinear power exchange between the pump and 

the signal is not yet fully explored [1] in the case of single-mode fibers (SMF). Furthermore, modeling such fundamental 

processes requires new approaches that are free from the limitations of existing methods for solving complex systems of 

differential equations [2], which involve singular points and have unstable solutions [3]. In our work, it is studied the 

application limits of an alternative and simplified model of nonlinear optical amplification in typical SMF and modeling 

results in such active fibers as G.652 and TrueWaveRS are presented. 

Our modeling is applied for the weak optical signal as it is based on well-known analytical solutions of the two 

coupled equations described the nonlinear Raman interaction using the undepleted pumping approximation [3]. So for 

co-propagating pump the distributed on/off gain coefficient for the Stokes signal with initial power of 𝑃𝑠(0) as function 

of fiber length L, denoted as 𝐺𝑜𝑛/𝑜𝑓𝑓(𝐿) = 𝑃𝑠(𝐿)/𝑃𝑠(0), will be described by a dynamic equation in the form: 

 𝐺𝑜𝑛/𝑜𝑓𝑓(𝐿) = exp(𝑔
𝑅

𝑃0𝐿𝑒𝑓𝑓 − 𝛼𝑠𝐿) , where 𝐿𝑒𝑓𝑓 = [1 − exp(−𝛼𝑝𝐿)]/𝛼𝑝, (1) 

here, 𝑃0 is represents the initial pumping power at its input into the active fiber, and other designations are described in 

the notes to Table 1. If one introduced the term of the critical signal power as 𝑃𝑠
𝑐𝑟 = (𝜔𝑠/𝜔𝑝)(𝛼𝑝/𝑔𝑅𝑚𝑎𝑥

), then the 

undepleted pumping approximation can be expressed in the form of following inequality: 

 𝑃𝑠 ≪ 𝑃𝑠
𝑐𝑟. (2) 

Therefore, the dynamics of distributed Raman amplification are adequately described by equation (1) if the signal 

power 𝑃𝑠 remains significantly below the critical power 𝑃𝑠
𝑐𝑟  and it should be considered as an important characteristic 

parameter for a specific fiber. In general, the fulfillment of inequality (2) serves as a criterion for the applicability of the 

weak-signal model for true description of the distributed FRA dynamics and its design possibilities based on relationships 

(1). 

It is shown the application of the weak signal model is suitable for simulation when the gain coefficient 𝐺𝑜𝑛/𝑜𝑓𝑓  

for a 1 mW signal does not exceed ~216 (23 dB) in standard G.652 fiber and ~76 (19 dB) in TrueWaveRS fiber using the 

direct pump scheme. The model parameters of the distributed FRA in TrueWaveRS and G.652 active fibers and some 

simulation results are presented in Table 1. The comparison of the attenuation (a) and transparency functions of 

TrueWaveRS and G.652 active fibers over the 4 telecommunication windows is illustrated on Fig. 1. It is shown at the 

critical pumping of 𝑃𝑝 = 1660 mW in G.652 fiber, the gain bandwidth extends to 26.01 THz (1.445 - 1.652 μm). 
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Table 1. Model parameters of the FRA for a 

monochromatic signal 𝑠 = 1,52 μm μm 

and single wavelength of 𝑝 = 1,425 μm  

at a pump source.  

Parameter Fiber type 

G.652 TrueWaveRS 

1 2 3 

 𝑃𝑠,  mW 1 1 

дБм 0 0 

 𝑃𝑠
𝑐𝑟, mW 215,9 75,8 

dBm 23,3 18,8 

  𝜔𝑠,  ТГц 197,4 197,4 

  𝛼𝑠,  
dB/km 

0,2 0,2 

km -1 0,046 0,046 

𝜔𝑝, THz 210,5 210,5 

 𝛼𝑝,  dB/ 

km 

0,4 0,26 

km -1 0,092 0,060 

𝐿𝑒𝑓𝑓, km  10,9 16,7 

 𝐿1 2⁄ ,  km 7,5 11,5 

𝑔𝑅𝑚𝑎𝑥,  
(W km)-1  0,4 0,74 

𝑃𝑡ℎ ,  mW 115,1 62,3 

dBm 20,6 17,9 

Notation: 𝑃𝑠, 𝑃𝑠
𝑐𝑟 are input and critical signal 

powers; 𝑃𝑡ℎ is pump threshold power for the 

net signal amplification at the maximum of 

the Raman gain profile 𝑔𝑅𝑚𝑎𝑥; 𝛼𝑠 and 𝛼𝑝 are 

optical attenuation coefficients at the Stokes 

signal frequency 𝜔𝑠 and pump frequency 𝜔𝑝, 

respectively; 𝐿𝑒𝑓𝑓 is effective length of the 

Raman amplification; 𝐿1 2⁄  is fiber length to 

half-power attenuation (3 dB) from the input 

signal power. 

 
Fig. 1 Optical attenuation (a) and transparency function (b) of 

TrueWaveRS and G.652 active optical fibers in the transparency 

telecom windows. 

In summary, the parameter of the critical signal power 𝑃𝑠
𝑐𝑟  for the arbitrary active Raman fiber was introduced in our 

work. It allows to verify in the quantitative form the applicability of the undepleted pumping model in design of FRA and 

its nonlinear components. By the direct calculations in such active fibers as TrueWaveRS and G.652, strict adherence to 

the specified criterion has been demonstrated, confirming the full suitability of the weak signal model for FRA 

improvement meat the practical requirements of the long-distance communication systems. 
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In order to implement telemedicine applications based on web architecture, a software module has been 

developed that can be embedded in the system of remote access to graphic and auxiliary text data contained 

in files of DICOM format. Performed testing showed an acceptable delay time of data processing of the 

diagnostic file exclusively on the server. 

Use of diagnostic data in telemedicine 

One of the relevant, including for Ukraine [1], ways to increase the effectiveness of medicine is the use of 

electronic communication means for medical needs, i.e. telemedicine. In modern society, the use of electronic 

communications is one of the factors of speeding up various types of business. One of the activity types that 

requires rapid processing of information is medical diagnostics. There are some directions in telemedicine that 

actively use remote access to the results of instrumental diagnostics. This allows providing teleconsultation, 

remote training of medical personnel and remote diagnostics. Note that for the needs of diagnostics and 

training, it is possible to use examinations with big number of frames or several examinations from database 

with metadata accompanying graphical data of each frame. 

The complex structure of diagnostic data requires the use of appropriate structuring of the file. One of the 

most widely used formats for storing and forwarding of graphic diagnostic data DICOM [2] use the data 

formatting in the form of a hierarchical list of tags. Most modern diagnostic devices support this format, but 

its use in remote mode requires the additional software using. Thus, for the implementation of telemedicine 

systems, there is a necessity to develop modules with such functionality. It is interesting to consider the 

implementation of DICOM data viewing tools based on client-server architecture (web technologies). At the 

same time, an additional functionality should be to ensure information security requirements, i.e. the ability to 

close access to some denied blocks of data contained in DICOM files. 

Application architecture 

It is proposed to implement access to diagnostic data in DICOM format through a browser without the use 

of plugins, i.e. exclusively on the basis of data preparation on the server. Accordingly the client side perform, 

only the visualization of graphics and meta-data from the file stored on the serve. For this purpose, the data 

from the file, which is reproduced on the client side as an image, must be converted into a graphic file of a 

format acceptable to the browser. Note what is desirable, when a client request requires only a change in 

rendering parameters for 16-bit grayscale images, the server must recalculate the body of the image without 

completely refreshing the page in the browser. Realization of such functionality can be done by AJAX [3]. 

Formatting of other (text) data from the file into a form acceptable for display in the browser must also be 

performed on the server. Such architecture provides the blocking of access denied tags in a more secure part 

of the system. 

The most resource-intensive part of data processing is the calculation of the image body. Accordingly, the 

use of the traditional for the server side coding script languages (PHP or Python) for this purpose is 

unacceptable. Thus, from the web processor to which the client addresses, it is necessary to forward a task to 

an additional software component (DICOM processor), which is implemented with faster technology. 

Microsoft.Net (language C#) was chosen, although data processing can be transferred to C++ to reach even 

greater speed. According to the proposed architecture, the DICOM processor is single-threaded. Full use of 

server hardware resources is provided by launching a separate process for each session. To exchange data 

between the components of the server side (for the command and the results of its execution), auxiliary files 

are used in a separate directory for each session. This allows you to scale the project. 
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Implementation of DICOM format data processing 

The DICOM specification defines that data is organized as a sequence of data elements (tags). A tag 

identifier is a pair of unsigned 16-bit numbers (the group number and the element number in the group). Groups 

in data sequence and tags within each group are ordered by ascending numbers. The tag identifier is assigned 

a certain content purpose. The next tag field is VR of character type and two-byte length. It specifies a data 

type from the list defined in this standard. Next comes, the VF field - the byte length of the tag data. If the VR 

field is present, this field is a 16-bit number and if VR is absent, it is a 32-bit number. 

A separate C# class was created to implement DICOM format file data preparation on the server, which 

performs structuring of file data in the form of a list, each element of which is an instance of a class whose 

structure includes all tag fields. The tag data entered into the program in this way is convenient for 

manipulation and selection from the list of data needed to render the image, but is not acceptable for display 

for the user, because text values are required instead of conditional codes stored in a file. Some dictionary can 

be used for transcoding. A separate method of this class is used to generate the text that is provided to the user. 

It creates a long string in which the data of the necessary tags is accumulated already in a form acceptable for 

viewing by the user. During forming this string, individual tags that should be blocked for viewing are not 

included. In this form, meta-data can be sent to the client side without the need for processing in the browser. 

Support for 8- and 16-bit grayscale images was provided for visualization of the graphic component of the 

DICOM file. In most cases, a series of examination images is saved as a group of files in a folder. But 

additionally, the standard supports multi-frame files, in which, with a common set of other tags, there is a 

combined graphic data tag, i.e. consecutively recorded in one data block all frames of examination. To support 

this format, the number of the active frame and its size are taken into account for calculation an offset. 

Test results 

The main task of the test was to evaluate the delay when making a request to the server to select a file or 

change the image playback parameters. At the same time, the most resource-intensive is the recalculation of 

graphic data. For testing, a computer with Windows 10 OS (21H2) and an Intel Core i5 10400 processor with 

a clock speed of 2.9/4.3 GHz was used. The parallelism of data processing (the number of processor threads) 

in this case does not matter, since the main software module is single-threaded. We will remind that within the 

framework of the architecture of this project, the use of server multi-core is implemented at the level of 

simultaneous service of several sessions. The web server (Apache 2.4.23) and the browser (Google Chrome 

114.0.5735.199) were running on the same computer. This excludes the delay of the network connection and 

the observed delay is determined only by the time of data processing on the server. 

The delay from start the request to the update in the browser window of the list of tags is not visually 

observed at all. The delay for updating the image when changing playback parameters does not exceed 0.1–

0.2 seconds, so, it does not cause much of a discomfort. Thus, the proposed two-level processing technology 

on the server of DICOM files does not significantly slow down the work. So, the software components 

developed in this work are acceptable for use in creating a system of teleconsultations or remote diagnostics. 
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Compact parabolic antenna feed system with separation of linear polarization signals has been developed 

on the base of orthomode transducer design. The device has a good level of matching of all ports and a 

potentially high level of isolation between ports for orthogonal polarization signals. The feed system is 

designed for use in the wearther radar. 

Introduction 
Many designs of signal splitters of the orthogonal polarization signals, linear and circular are known [1-

2]. Basically, these structures in the microwave range are divided into quasi-optical and waveguide devices. 

The presented work is based on the waveguide design which are usually called as “orthomode transducer” 

(OMT) [3]. The device described in this work was developed for use in the mm wave range, namely at 

frequencies of 34-36 GHz, where the wavelength in free space is 8.8-8.3 mm. The purpose of this report is to 

describe the development of a compact linear polarization splitter for C-band radio waves in the frequency 

band 7 – 7.3 GHz. Polarization splitter is the part of parabolic antenna feed that located in the parabola focus. 

Feed system must be compact in order to minimally obscure the antenna aperture.  

The principle of operation and design 
Since the goal of the work is to develop OMT for use at frequencies of 7 - 7.5 GHz, where the wavelength 

in free space is approximately 43 - 40 mm, simple scaling of the device described in [3] will lead to excessively 

large device sizes. And in order for the OMT to be an integral part of the parabolic antenna feed, it is necessary 

to minimize its dimensions. 

 

Fig. 1. Schematic diagram of the OMT design 

Let's consider the proposed scheme of OMT keeping most of the notations introduced in [3] (fig. 1).The 

main polarization waveguide mode of the main polarization H01 from the conical horn passes through the 

circular waveguide with a diameter d (Port1) into a square waveguide with dimensions aa. This waveguide 

mode almost does not interact with a longitudinal slot with dimensions a3b3t  cut in the middle of the wall 

of a square waveguide, due to the small size of b3 compared to the wavelength and the location of the slot 

along the currents on the waveguide wall. Behind the slot is a step that acts as a transformator for Н01 mode. 

in Port2. The cross-polarization waveguide mode H10 also enters the square waveguide from the circular 

waveguide, but passes through the slot to Port3. The step acts as a short circuit because the size b is chosen so 

that the H10 mode cannot propagate in the waveguide. Thanks to the short-circuit, there is an agreement 

between Port1 and Port3. Port2 and Port3 are standard waveguides with a cross-section aoutbout equal to 

28.512.6 mm 
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This layout of OMT turned out to be quite compact. In addition, the circular waveguide is connected to 

the square waveguide, and the distance to the slot of port 3 and to the step is chosen to achieve the maximum 

matching between Port1 and Port2 and Port3. The final optimization of the device dimensions in order to 

achieve a return loss level of no more than -20 dB on each of the ports in the 7-7.3 GHz frequency band was 

carried out using the COMSOL package. The main dimensions of the structure (Fig. 1) are as follows: a=26 

mm, b=16.1 mm, d=30 mm, a2=21.4 mm, b2=3.8 mm, a3=26 mm, b3=5.3 mm, t=1 mm, the total length of 

the square waveguide is 64.1 mm. With such dimensions, the combination of a conical horn with an OMT 

forms a compact irradiator of a parabolic antenna with separation of the linear polarization signals. This design 

provides for the output of signals of different polarizations on different sides of the parabolic antenna to the 

receiver. 

 

Fig. 2. Reflection and transmission coefficients vs frequency 

The calculated frequency characteristics of the reflection (S2,2, S3,3) and transmission (S1,2, S3,1) coefficients 

from Port1 to Port2 and Port3 for modes H01 and H10 are shown in fig. 2. The calculated reflection coefficients 

of Port1, Port2 and Port3 are less then -20dB in the frequency band 7-7.3 GHz . The isolation between Port 2 

and Port3 in the idealized model, which was investigated in the work, with the symmetrical arrangement of 

the port3 gap and the symmetrical connection of the circular waveguide to the square waveguide, is more than 

150 dB. In a real device, isolation will depend on manufacturing accuracy and is expected to be more than 40 

dB.  

Thus, in the presented work compact parabolic antenna feed system with separation of linear polarization 

signals was developed. The device has a good level of matching of all ports and a potentially high level of 

isolation between ports of orthogonal polarization signals. 
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In the work on the example of a plasma layer with a randomly distributed concentration in the volume, the 

simulation of the influence of the stochastic environment on the shape of a rectangular pulse was carried out. It is 

established that this nature of the environment affects the signal as a phase interference, that significantly distorts its 

shape. It is shown that such an interference does not add noise power to signal but converts its own power of the 

deterministic signal into noise power. In this case, SNR decrease faster than the variance of a randomly distributed 

parameter increases. 

Introduction 

The reliable transmission of information by channels of telecommunication in the spread of signals in the 

conditions of intensive interference caused by stochastic perturbations of the environment is until the end of an unresolved 

problem, which has remained relevant and now. These are, in particular, ground and satellite radio communication in the 

conditions of ionospheric breaks and high -rise nuclear explosions. It is the technical protection of information channels 

of any nature in conditions of active counteraction to a militaristic nature. This is a connection with space modules when 

they enter the atmosphere layers and interplanetary communication in the near future. In order to solve the individual 

components of this global problem, it is proposed to model the influence of plasma volume with a randomly distributed 

concentration on the spread of rectangular pulse through it.  

Physical model 

      A plasma volume with chaotically distributed concentration is chosen for the stochastic environment. Within 

this model, the stochastic environment is dispersed. The stochastic volume parameter is selected by the refraction of the 

electromagnetic wave, which is a function of frequency ( )  . A rectangular impulse is considered as a superposition of 

harmonic flat electromagnetic waves:
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plasma is considered in conditions of slight extinction. The impact of such an environment is to change the raising of the 

phase of each harmonic of a complex signal in each element of the plasma volume randomly. The final signal on the 

receiving aperture is formed as a total signal in the mode of multi -channel distribution through individual sections of 

plasma formation. In the general case, the phase assault in a small element of plasma, for which refractive index is 

considered homogeneous, looks like:  
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0 4 e en e m = [1] – plasma frequency; 
162 3.5 10a e en kT m −  [2] – the frequency of collisions of 

electrons with neutral atoms; , ,e ee m T – the charge, electron mass and temperature; an – the neutral atoms 

concentration; k – the Boltsman's constant. The plasma layer was viewed as thick. That is, when the signal spreads along 

a separate channel through the plasma, there is a cumulative accumulation of the random raid of the phase of each 

harmonic from each small element of the plasma along the wave vector. The final signal on the receiving aperture is 

formed as a total signal in the mode of multi -channel distribution through individual sections of plasma formation. The 

raid in each phase channel between the space between the plasma volume and the receiving aperture was calculated as a 
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deterministic value determined by the system geometry without disperse. 

The simulation model 

A three -dimensional array of dimension [M, N, L], where M = N = 100000 and L = 100, is ruled by the stochastic 

environment model. On the platform R it is an object array (…, c (M, N, L)). Each element of the array is an elementary 

volume of the environment. It retains the value of the concentration of plasma. 

The model of the receiving aperture is ruled by a two-dimensional array of dimension [R, c], where R = C = 100. 

On the platform R it is Matrix (0, R, C). The signal in the aperture is formed on the principle of superposition and is equal 

to the algebraic sum of the signals formed in each element of the aperture. The signal in the aperture element is formed 

as the geometric sum of the signals detained over each plasma volume. The delay in time of signals is proportional to the 

distance from the element of the plasma volume to the element.  

The initial step of the calculation procedure is the generation of a vector with a test signal. The next step is the 

formation of a vector of a distorted and detained signal that has passed through the current element of ionospheric plasma. 

This signal is added to the current element of iteration by all elements of the plasma volume, taking into account the 

distance between the volume element and the aperture element form a signal in the current element of the aperture. Similar 

calculations are made for all elements of the aperture. Having made the signals formed in all the elements of the aperture, 

they received the final signal. 

Results and discussion 

As a result of the studies, it was found that a stochastic environment on the signal form is quite strong. Thus, the 

size of the stochastic parameter is an order of magnitude less than the power of the deterministic signal, there is a loss of 

initial shape more than 10%.  Fig.1. represents the distorted stochastic environment signals. 

 
Fig.1. Distorted stochastic environment signals. 

Graph a) corresponds to an undistorted deterministic signal. The power of signals on the graphs b) -e) exceeds 

the noise of the stochastic parameter of 10, 5, 3 and 2 times-respectively. Graph f) corresponds to the case when the noise 

power of the stochastic parameter is equal to the power of the deterministic signal. Analysis of the average power of the 

distorted signal showed that it retains the average power of the output deterministic signal to 5%. 

Conclusions 

It is established that this nature of the environment affects the signal as a phase interference, that significantly 

distorts its shape. It is shown that such an interference does not add noise power to signal but converts its own power of 

the deterministic signal into noise power. In this case, SNR decrease faster than the variance of a randomly distributed 

parameter increases. 
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A vibration stand was created for the purpose of generating controlled angular disturbances for a studied array 

of 13 MEMS gyroscopes. The developed platform allows for assessing the impact of the noise component on the spectrum 

of the output signal of the measurement system. 

Introduction 

Using a gyroscope array consisting of several uniform and affordable MEMS gyroscopes has proven to be an effective 

method for reducing measurement errors and enhancing the navigation performance of inertial sensors by harnessing 

redundant information [1-2]. Unfortunately, using such sensors requires a thorough analysis of the resulting signal to 

identify various types of parasitic signal components, such as those arising from gyroscopic coupling, for instance [3]. 

This work is part of developing an image registration gyro stabilization system for vehicles such as automobiles and 

Unmanned Aerial Vehicles (UAVs). 

Experimental setup 

The output signals from 13 MEMS gyroscopes were simplified by calibrating each sensor and calculating the average 

of their simultaneous readings. This method allows for multiple measurements of a physical quantity with the aim of 

reducing measurement errors. To replicate real-world conditions for testing the use of such an inertial navigation device 

with the sensor array, a brushless DC (BLDC) outrunner motor was integrated. This motor generated vibrations and 

angular disturbances by cyclically accelerating and decelerating its outer shaft. 

The STM32F407VET6 microcontroller is utilized as the core of the data acquisition system, which gathers data from 

13 gyroscope sensors using the SPI interface that is clocked at 10 MHz. Once the controller has polled each sensor, it 

transmits the data to the PC via the COM interface before initiating a new data collection cycle. Data is collected at a 

frequency of 1.33 kHz from each LSM6DS3 sensor from ST Semiconductor. This frequency is selected to ensure optimal 

performance of the data collection system. Each sensor is set to a resolution of ±125 degrees per second (DPS), and data 

recording is carried out from three sensor axes. The data collection is divided into 16 sessions, each lasting 60 seconds. 

To minimize the impact of additional high-frequency vibrations that may occur during the experiment, the sensor array 

and the source of vibrations are firmly mounted on a polypropylene foam plate. The sensor array is designed for use in 

image registration gyro stabilizers, and the vibrations are generated at a frequency of 80Hz, which is close to the 

oscillation frequency of internal combustion engine movements in vehicles. The axis of the rotational process of the 

vibration motor is parallel to the Z-axis of each sensor in the array, and this axis is perpendicular to the plane of the sensor. 

 Results and Discussions  

After performing several experiments, 16 datasets were obtained. These datasets contain information about the ordinal 

number of each measurement cycle to verify the integrity of the acquired data. Additionally, they contain data on angular 

acceleration values from each sensor in the array in the format Z-Y-X, represented in integer format. This integer format 

was chosen to optimize the computational resources of the microcontroller in the data collection system and achieve 

maximum speed. The measurement results were converted into degrees per second (DPS) on a PC by recalculating the 

collected data from the data collection system. 

 
Fig. 1. The readings of individual gyroscopes from the averaged value. 
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Analyzing the curves depicted in Fig. 1, it's important to note that the high correlation of disturbances along the Y-axis with 

the Z-axis. 

 
 Fig. 2. Frequency components of the received signal. 

 

After examining the frequency components of the signals recorded during the experiment displayed in Fig. 2, it is clear that 

the most prominent frequency components are present at around 40Hz and 80Hz. These components maintain their shape and 

magnitude even after averaging the readings from the entire sensor array. Nevertheless, the motor disturbance was applied only 

to the Z-axis, one can observe in Fig. 2 disturbance impact on both the X and Y axes. Such behaviour can be caused by two 

possible reasons: uncertainty between axis arrangement between sensors, as well as, the gyroscopic coupling effect between 

the axes of each sensor. The averaging of sensors data significantly decreases the values of signals for X and Y axes. Especially 

for the higher harmonics (more than 160 Hz). But the signals on 40, 80 and 120 Hz remain prominent. Such behavior after data 

averaging leads us to assume that it can be explained by gyroscopic coupling effect.  
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The results of the analysis of temporal variations of the geomagnetic field at the Lviv, Belsk, Surlari, and 

Hurbanovo stations, which accompanied the fall and explosion of the cosmic body, are described. The value  

of the variations was units of nanotesla. 

Introduction 
A space object entered the atmosphere over Kyiv region, Ukraine on April 19, 2023 at 18:57:20 UTC.  

The author [1–3] called it the Kyiv meteoroid. There was a cascading destruction of the body, which was 

accompanied by five thermal explosions of large fragments, in the height range of 38–28 km. According to 

International Meteor Organisation [4] coordinates of the most powerful explosion are: 49.5°N, 29.9°E. The 

speed of the meteoroid was equal to 29 km/s. According to the author’s estimations [1–3], the glow energy 

reached 25.22.5 GJ, and the initial kinetic energy was 0.090.01 kt TNT  37535 GJ. With a body weight 

of 0.890.09 t, the volume was close to 0.250.025 m3, and its size did not exceed 793 cm. The angle of 

inclination of the trajectory to the horizon was 32°. Preliminary results of research of the Kyiv meteoroid are 

briefly published in works [5, 6]. 

The author [1–3] performed a complex simulation of the main physical effects in all geospheres caused by 

the fall and explosion of a meteoroid. In [1], the energetics of processes, mechanical, optical, and gas-dynamic 

effects are analyzed. An estimate of thermodynamic and plasma effects, as well as turbulence effects, is given 

in [2]. The work [3] is devoted to the evaluation of magnetic, electric, electromagnetic, ionospheric and seismic 

effects, as well as the effects of acoustic-gravitational waves. In particular, it is shown that the fall and 

explosion of the meteoroid should have been accompanied by the generation of aperiodic and quasi-periodic 

variations of the geomagnetic field with a magnitude of several nanoteslas. 

Analysis Results 
To find the reaction of the geomagnetic field to the fall and explosion of the Kyiv meteoroid, the temporal 

dependences of the variations of the X-, Y- and Z-components of the geomagnetic field, registered at the stations 

closest to the trajectory of the space body. The measurements recording from the stations such as Lviv 

(49.9000°N, 23.7500°E), Belsk (51.8360°N, 20.7890°E), Surlari (44.6800°N, 26.2500°E), Gurbanovo 

(47.8730°N, 18.1900°E) were used. At the same time, the distances from Kyiv to Lviv, and from Kyiv to other 

observation sites were 486 km, 695 km, 716 km, 940 km respectively. The time resolution was 1 min, and the 

amplitude resolution was 1 nT. 

An example of wave variations of the level of the X-component on the days of the meteoroid fall and  

on the reference days is shown in Fig. 1. It can be seen that after the explosion of the Kyiv meteoroid, there 

was a bay-like decrease in the level per unit of nanotesla, as well as quasi-periodic variations with an amplitude 

of about 1 nT and a period of 3–15 min. Note that variations in the levels of Y- and Z-components were 

expressed less clearly. 

Main Results 
The reaction of the geomagnetic field to the fall and explosion of the Kyiv meteoroid was revealed. The 

largest variations, which reached nanotesla units, were observed in the X-component (from North to South).  

In addition to the bay-shaped decrease in the level, there were quasi-periodic disturbances with an amplitude 

of about 1 nT of the geomagnetic field level. In general, the results of the observations corresponded to the 

theoretical estimates of the magnitude of the effect. 
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Fig. 1. Temporal variations of the level of the X-component of the geomagnetic field at the Lviv, Belsk, 

Surlari, and Gurbanovo on reference days and on the day of the meteoroid explosion.  

The vertical lines indicate of the time moment explosion of meteoroid 
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research program of the Ministry of Education and Science of Ukraine (research projects #0121U109881, and 

#0122U001476). 
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The ionospheric response to the Soyuz and Proton rocket launches 2000 km away from the observation 

site during geospace storms, confirmed by the Doppler method, consisted of the generation of several groups 

of disturbances with a different horizontal apparent speeds. 

Introduction 
Ionospheric effects accompanying launches and flights of large rockets have been studied for about 60 

years. The effects manifest themselves in all subsystems of the Earth–atmosphere–ionosphere–magnetosphere 

(EAIM) system and are highly diverse [1, 2]. The parameters of the effects significantly depend on the state 

of the Sun–interplanetary medium–magnetosphere–ionosphere–atmosphere–Earth (SIMMIAE) system, 

atmospheric and space weather, geographic coordinates of cosmodromes and observation means, type of rockets, 

their trajectory and type of fuel, etc. The scientific significance of studying the EAIM system reaction to rocket 

launches and flights lies in the fact that they contribute to a better understanding of the subsystems interaction in 

this system, the mechanisms of generation and transport of disturbances up to global distances. The practical 

significance of the research lies in the impact of disturbances from rocket launches and flights on the environment, 

the ecological situation in the EAIM system, the characteristics of radio waves of different ranges and, finally, 

on the performance characteristics of telecommunications, radio navigation, radio astronomy and remote radio 

sensing. The EAIM and SIMMIAE systems are often found to be disturbed. The strongest and most significant 

source of global disturbances are geospace storms [3]. Geospace storms significantly complicate the search for 

the ionospheric response to spacecraft launches. The aim of this study is to describe the results of long-term 

observations of the ionospheric processes that accompanied rocket launches and flights during geospace storms 

in the 2009–2021 period. 

Space Weather State. Methods and Techniques 
The state of space weather was described by the Kp, Dst, F10.7 and W indices. Kp-index took values from 

4– to 7–. Observational data on the ionospheric state prior to, during, and after the launch of the Soyuz and 

Proton rockets for 6–12 hours were used to analyze the measurements. The rockets were launched at different 

times of the day under significantly different geomagnetic activity, and therefore different ionospheric state. 

Observations were carried out at the Radiophysical Observatory of the V. N. Karazin Kharkiv National 

University. The Doppler radar for vertical sounding was used for measurements. The Doppler shift resolution 

is about 17 mHz. Frequencies of 3.2 and 4.2 MHz were used. The smaller one is effective in studying dynamic 

processes in the E and F1 layers, and the larger one is effective in the F1 and F2 layers. The number of the 

Soyuz rocket launches is 81, and of the Proton rocket launches is 53. The application of the Fourier transform 

to the time variations of the beats of the received and reference signals over a time interval of 60 s made it 

possible to construct the time dependences of the Doppler spectra (DS) in the range from –1 Hz to +1 Hz. The 

delay time ∆t of the possible ionospheric reaction to the rocket launch and flight was determined from the change 

in the nature of DS variations. 

Discussion 
Proton rocket launch on July 9, 2012. A very strong storm (Kpmax = 7–) had a significant impact on the 

nature of the DS variations (Fig. 1a). All this made it difficult to identify the ionospheric reaction to the rocket 

launch. It is possible that this reaction was observed 14, 45 and 79 min after the event, which corresponded to 

apparent speeds of 4.4 km/s, as well as 1000 and 540 m/s. The speed was estimated according to the relation  

vʹ = R/(∆t – ∆t0), where R is the distance between the disturbance generation region and the observation 

location, ∆t ≈ 5 min is the time during which the rocket reaches the disturbance generation region. 
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Soyuz rocket launch on December 15, 2015. The effects of a moderate storm (Kpmax = 5–) superimposed 

on the effects characteristic of the ionosphere in December (Fig. 1b). Changes in the nature of the DS time 

variations were observed approximately 11, 62, 103 and 150 min after the rocket launch, which corresponded 

to apparent speeds of about 6.7 km/s, as well as 700, 410 and 275 m/s. 

 

Fig. 1. (a) Time variations of the DS at 3.2 MHz, followed the Proton rocket launch in the evening on  

July 9, 2012 and (b) at 4.2 MHz, followed the Soyuz rocket launch in the daytime on December 15, 2015. 

Main Results 
Identification of the ionospheric response to the launch and flight of a large rocket 2000 km away from 

the observation site during the geospace storm by the Doppler method is usually possible at Kpmax ≤ 5, and at 

its larger values is very complicated or even impossible. In a number of cases, even though Kpmax = 4 the 
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determination of the ionospheric response is complicated. To increase the detection reliability of the response 

to the launch and flight of a rocket, the Doppler radar has to operate on a number of frequencies in the frequency 

range from 1.5–2 to 4–6 MHz. The existence of several groups of horizontal apparent speeds of disturbance 

propagation is confirmed: 1.7–3 km/s and more, 700–1000 m/s, 300–700 m/s, 150–260 m/s. 

Work by L. F. Chernogor and Y. H. Zhdanko was supported by the National Research Foundation of 

Ukraine for financial support (project 2020.02/0015, «Theoretical and experimental studies of global 

perturbations of natural and man-made origin in the Earth–Atmosphere–Ionosphere system»). 
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For the researchers, a review of the existing multi-fractal analysis methods applied in different branches 

of modern applied physics is proposed. For each multi-fractal analysis method, some actual references 

allowing to study the method and to develope corresponding numerical realization are given. 

Introduction 
According to the non-linear and the system paradigms, many processes generated in open, non-linear, 

dynamical systems under influence of a powerful source of energy release are appeared to be short-time, ultra-

wideband, non-linear and fractal. In the paper [1] published one year ago, we have introduced a short review 

of the existing mono-fractal analysis methods, which can be useful and quitly applicable for solving of the 

applied physics problems, where there are a lot of such processes and such systems. To investigate their fractal 

properties more extended, the multi-fractal analysis methods should be applied. Unfortunately, similar the 

mono-fractal analysis methods, these methods are often appeared to be quite unknown for the most part of 

researchers too.  

The purpose of this work is to present the multi-fractal analysis methods to the researchers. Due to volume 

limitations of this paper, the number of references for each method is strictly limited.  

Multi-Fractal Analysis Methods 
Multi-fractal analysis of the signals and processes is based on calculation of the set of numerical 

characteristics, namely the spectrum of generalyzed dimensions, which are known as the Renyi dimensions 

too, the scaling exponent, which is known as the mass index too, the multi-fractal spectrum function, which is 

known as the Hausdorf’s multi-fractal spectrum, the singularities spectrum or the scaling spectrum too, and 

some other (see, for example, [2, 3]).  

Now there are over ten multi-fractal analysis methods, which are regularly applied, in particular, in the 

applied physics (see, for example, [4]). Today there are the Wavelet Transform Modulus Maxima (WTMM) 

method [5 – 7], the Wavelet Coefficients method [8], the the Wavelet Leaders Method [8, 9], the multi-fractal 

detrended fluctuation analysis (MF DFA) [10], the generalyzed Hurst exponent method [11, 12], the multi-

fractal regime detecting method [13], the weighted generalyzed Hurst exponent method [14], the local method 

of the second moment [15], the method based on the Cohen’s class non-linear transforms [16, 17], the multi-

fractal diffusion entropy analysis (MF DEA) [18], the Large deviation multifractal spectrum method [19], the 

Cumulative Mass Method, which is known as The “Sandbox” Method too [20], the the multi-fractal Detrended 

Moving Average (MFDMA) method [21] and other.  

Besides methods listed above, there are the methods, which unite the multi-fractal and cross-correlations 

analyses [22], for example, Detrended Cross-Correlation Analysis (DCCA) та Multi-Fractal Detrended Cross-

Correlation Analysis (MF-DXA). Most likely, it is already difficult to call them methods of multifractal 

analysis, but they allow to evaluate the cross-correlation of two signals using detrending and multifractal 

properties. 

In the review paper [4], much more extended set of references and descriptions for the multifractal analysis 

methods listed above can be found. 
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STUDY OF ORIENTATIONAL MOTION OF PROTONS ALONG THE C-AXES IN HEXAGONAL 
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The paper calculates the potentials of interaction between positively charged particles and the c-axes in 

crystals with a hexagonal structure (specifically, in crystals of Be, Sc, Ti, Co, Zn, Y, Zr, Tc, Ru, Cd and La). 

The analysis was conducted using the approximation potentials Moliere, Firsov and Barrett. For protons with 

various Lorentz-factors, energy levels and their corresponding wave functions are computed by solving the 

Schrödinger equation in a cylindrical coordinate system using a quadratic approximation. Based on this data, 

radial distribution profiles are calculated for non-dispersive beams of protons moving at zero angles to the c-

axes in hexagonal channels, as well as spectral distributions of spontaneous radiation. 

 

Using the approximation potentials of Moliere and Firsov (see, for example, [1]), as well as the Barrett 

potential (see [2]) the potentials of interaction, denoted as ( ),U    between protons and the c-axes were 

computed in hexagonal crystals of Be, Sc, Ti, Co, Zn, Y, Zr, Tc, Ru, Cd and La in relative units x a = , 

y a =  (parameters a are given in [3]). It’s worth noting that the calculation using the Molière approximation 

have previously been carried out in [4]. 2D-interaction potentials in the - and -directions (see Fig. 1a) are 

presented in Fig. 1b, c, d for instance, for the case of the Zn crystal. 
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Fig. 1. (a) – schematic representation of hexagonal channel and the circular region where the quadratic approximation is 

applied; 2D-interaction potentials between a proton and the c-axes in Zn crystal along the -directions (solid curves) 

and -directions (dotted curves), computed using the Moliere approximations – (b), Firsov – (c), Barrett – (d) 

 

The results presented in Figure 1b, c, d indicate that the choice of approximation for the single-particle 

potential of crystal atom significantly affects the depth of the potential well. Obviously, these differences will 

substantially influence other characteristics of the orientational motion of protons, namely, the radial 

distribution of the proton wave function in the channel, the spectra of spontaneous emission, etc. 

The results of the calculations have shown that for all the investigated hexagonal crystals and for all 

approximations within the circular regions with relative radii 0 0 0,2a =   , the interaction potentials 

( ),U   , as seen from Fig. 1b, c, d are described quite accurately by quadratic functions ( ) 2
0V V =   (dashed 

curves). The values of the parameters V0 (in eV) are given in Table 1 in the numerators of the fractions. 

Additionally, Table 1 presents the minimum values of the Lorentz-factors min (see the denominators of 

fractions) of channeled protons, for which the function ( )V   can be used. It is worth noting that similar 

calculations were conducted in a previous work [5], which investigated the orientational motion of positrons 

in non-chiral nanotubes. 
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Table 1. Values of the approximation parameters V0 in the hexagonal crystals under study for the Moliere, 

Firsov and Barrett approximations, as well as the values of min 
 

Crystal Be Sc Ti Co Zn Y Zr Tc Ru Cd La 

0

min

V


 

M 38/44 52/18 75/11 123/9 100/12 47/11 70/8 116/8 125/9 45/27 40/19 

F 30/56 28/25 43/14 73/20 55/28 28/27 40/21 67/28 80/23 25/30 30/23 

B 42/55 28/40 43/34 80/23 63/17 13/74 24/47 58/19 61/26 7/150 8/120 

 

Further investigations were conducted taking into account the solution of the Schrödinger equation in 

potential ( )V   (see [6]). Using these solutions, as well as the numerical values from the table. 1, radial 

distributions, as well as spectral distributions of spontaneous emission, were determined (in relative units). Fig. 

2 illustrates these distributions using the example of a Zn crystal. 
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Fig. 2. Distributions using the Moliere (curves 1), Firsov (curves 2), Barrett (curves 3) approximations for a non-

dispersive proton beam with a Lorentz factor  = 30, moving in a Zn crystal at a zero angle to the c-axes: (a) – radial, 

(b) – spectral 

 

As seen from Fig. 2a, the radial distributions of protons are insensitive to the choice of approximation. 

However, for the spectral distributions (see Fig. 2b), there is a difference that can be experimentally verified. 
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