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ABSTRACT

The report 51 p., 27 fig., 64 refer., 2 append.
NON-IDEAL PLASMA, COMPLEX PLASMA, EFFECTIVE POTENTIAL, STRUCTURAL PROPERTIES, THERMODYNAMIC PROPERTIES, COULOMAN LOGARITHM, ELECTRODYNAMIC PROPERTIES, TRANSPORTATION PROPERTIES.
The object of research is imperfect complex plasma.
The aim of the study is to develop effective models for the interaction of particles of non-ideal complex plasma (plasma of complex composition), to study the microscopic and structural properties of plasma, ionization equilibrium of plasma, thermodynamic properties, collisional and dynamic processes, electrodynamic and transport properties in plasmas of complex composition based on the developed models of particle interaction.
Research methods - dielectric constant function method, multipole expansion, Fourier method, iteration method, numerical methods for solving a system of integral equations and a system of nonlinear equations.
The novelty of the research - on the basis of new effective interaction potentials of particles, microscopic and structural properties, thermodynamic properties, electrodynamic and transport properties of nonideal complex plasma were calculated, collisional and dynamic processes were investigated.
Field of application - the results obtained can be used in the design of inertial thermonuclear fusion (ITF) installations, gas-phase nuclear reactors for spacecraft, as well as in technologies where the working medium is a non-ideal complex plasma.
Brief description of the results: the effective interaction potentials of the particles of a nonideal complex plasma are obtained and the corresponding pseudopotential (effective) models of the system are developed on their basis, equations are obtained that relate the distribution functions to the effective interaction potentials of the particles of the system and their solutions, the composition of the complex plasma is analyzed, the equations of state are obtained , internal energy, also obtained phases and scattering cross sections, Coulomb logarithm, characteristics of relaxation processes, obtained functions of dielectric response, coefficients of reflection, absorption, bremsstrahlung, stopping power of dense plasma of inertial thermonuclear fusion, obtained diffusion, electrical conductivity, thermal conductivity, viscosity and other characteristics imperfect complex plasma.
The project is carried out on the basis of ITEP KazNU named after Al-Farabi, located at Almaty, al-Farabi 71, in the laboratory "Mathematical modeling of processes in plasma", useful area is 65 m2.
Computer equipment is involved in the project: HP H4M15ES, IntelCore i3 3220, 2011, HP H4L63ES, IntelCore i5 3470, 2012, HP C5X66EA, IntelCore i5 3470, 2012- 3 pcs, printer LaserJet M1132 MFP, 2012. The equipment was purchased in 2014-2018. and works properly.
The results obtained were tested at prestigious international conferences and were published in domestic and international scientific journals with non-zero impact factors included in the international information resources Web of Knowledge (Thomson Reuters, USA) and the Scopus database (Elsevier, Netherlands).
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INTRODUCTION
In recent years, the study of the state of matter at high pressures and temperatures has attracted considerable attention of researchers. Research in the field of inertial thermonuclear fusion using heavy ion beams occupies a special place. The reason for this particular interest lies in the fact that with the reduction of reserves of natural fuel, thermonuclear fusion becomes one of the possible options for solving energy problems. The accelerators required for this operate in a number of laboratories around the world and are well known as the main experimental tool in research in nuclear physics, elementary particle physics, and dense plasma physics [1-3]. A large number of theoretical and experimental work is now being carried out to study the physical processes that determine the design of a thermonuclear target and the necessary parameters of the future driver. Calculation of the parameters of the driver of inertial synthesis with heavy ions requires an adequate and accurate quantitative description of the process of interaction of a beam of heavy ions with a dense plasma in a wide range of target parameters. The need for new theoretical and experimental data on the deceleration of heavy ions in a plasma with an electron density higher than necessary for an adequate qualitative description of the processes of interaction of heavy ion beams with a dense plasma in a wide range of parameters is a fundamental justification of the relevance of research in the field of ICF. The transport properties of dense nonideal plasma can be determined using molecular dynamics (MD) modeling [4-5]. However, calculations based on the MD method require large computing power and take a long time. The method of effective potentials with the correct choice of the model of interaction of particles makes it possible to calculate the transport properties directly, solving the problem of classical scattering in pair collisions without involving cumbersome and time-consuming calculations [6-9]. The lack of sufficiently accurate experimental data on the transport coefficients of superdense deuterium-tritium (DT) plasma requires an adequate theoretical description of the transport properties of dense plasma in a wide range of parameters. An accurate knowledge of the transfer coefficients of a dense DT plasma is important for a correct description of the processes occurring during ICF.
The study of the optical properties of plasma was also carried out using the method of molecular dynamics. The molecular dynamics (MD) method is based on solving the equation of motion for each plasma particle, taking into account its interaction with other particles. The use of semiclassical potentials (pseudopotentials) in MD makes it possible to simulate the properties of a nonideal semiclassical plasma, where the average electron spacing  is comparable to the de Broglie wavelength of electrons [10].
In previous reports for 2018 and 2019 (Inventory No. 0218RK00944, Inventory No. 0219RK00593), effective models of interaction of particles of non-ideal complex plasma (plasma of complex composition) were developed. The effective interaction potentials of particles of nonideal complex plasma (fully and partially ionized, dusty, plasma with a condensed dispersed phase) and the corresponding pseudopotential (effective) models of the system are obtained. The analysis of ionization equilibrium, microscopic and structural properties of nonideal complex plasma is carried out. On the basis of the developed effective models of particle interaction, the thermodynamic properties of a plasma of complex composition are investigated, equations of state and internal energy are obtained. Collisional and dynamic processes (phases and scattering cross sections, Coulomb logarithm, characteristics of relaxation processes) are also investigated. The Coulomb logarithm was obtained based on the effective interaction potential of particles for a two-temperature non-isothermal dense plasma of inertial thermonuclear fusion.
This report for 2020 analyzed the electrodynamic properties of a non-ideal plasma. The electrodynamic properties of a nonideal plasma are obtained: dielectric response functions, optical properties (reflection, absorption, bremsstrahlung). Also, the transport properties of a non-ideal complex plasma were investigated on the basis of the developed models of particle interaction, diffusion, electrical conductivity, thermal conductivity, viscosity and other characteristics of a non-ideal complex plasma were obtained.

1 Development of effective models of particle interaction and analysis of ionization equilibrium, microscopic and structural properties of non-ideal complex plasma

As part of the implementation of this project in the report for 2018 (Inventory No. 0218RK00944), effective models of interaction of particles of non-ideal complex plasma (plasma of complex composition) were developed, effective interaction potentials of particles of non-ideal complex plasma and the corresponding pseudopotential (effective) models of the system were obtained [11-13]. We also analyzed the ionization equilibrium of a non-ideal complex plasma, studied the composition and ionization equilibrium of a complex plasma, studied the degree of influence of electron-electron correlations on the static dielectric constant, charge screening phenomena and the interaction of plasma particles, analyzed the microscopic and structural properties of a non-ideal complex plasma, the equations connecting the distribution functions with the effective interaction potentials of the particles of the system and their solutions were obtained.

1.1 Development of effective models for the interaction of particles of non-ideal complex plasma (plasma of complex composition)
Let us dwell on a model using a dielectric function based on the non-Maxwellian distribution of ions to calculate the density of the induced charge around the test charge. The dielectric function is calculated by the formula [14,15]:


,                               (1.1)





here  is the mean value including the functions , ,









In equation (1.1) is the ratio of electronic and neutral temperatures,  is the wave vector in units of  (here  is the thermal velocity of atoms and  is the plasma frequency of ions), and  is the frequency of ion-neutral collisions in units of ion plasma frequency. Mach number  is defined as the ratio of the ion flow rate  at the speed of ion sound .


In k-space, the charge density (induced by the test charge ) can be expressed in terms of a dielectric function, then the induced charge density is computed in real space based on a numerical three-dimensional discrete Fourier transform (3D DFT) on a large cell with resolutions .



As a typical example, Figure 1.1 shows graphs of the dynamically screened potential, charge, and the density distribution of induced charges in the case of  In contrast to the potential of the wakefield, where there is a pronounced peak, here we see that the picture of the induced charge density has a completely different topological structure. The induced charge density changes monotonically. It is noteworthy that this observation contradicts the widely used picture of an ion cloud focused at some distance from the test charge. Instead, the picture of the induced density charge is like a candle flame. Accordingly, this leads to weaker screening at  and the appearance of a region at , where another similar charged test particle is attracted [16].

	[image: 1.png]

	Figure 1.1 - Electric potential (left) and induced charge density (right) around the test charge for We use cylindrical coordinates with ion flows in the positive z-direction, where the test charge is at the origin



1.2 Analysis of ionization equilibrium, microscopic and structural properties of non-ideal complex plasma
1.2.1 Analysis of ionization equilibrium of non-ideal complex plasma
This section presents the results of calculations of the composition of dense quasi-classical partially ionized plasma (D-T, lithium, lithium-hydrogen), consisting of electrons, ions, atoms and nuclei. One of the first models of ionization equilibrium for a low-density plasma in local thermodynamic equilibrium was obtained by Saha. The Saha system of equations for calculating the composition can be written as follows:





,   .           (1.2)





where  is the concentration of free electrons,  is the concentration of k-times ionized atoms, where k is the charge rate,  is the de Broglie wavelength,  is the ionization potential of atoms.
Calculation results for deuterium-tritium plasma for the relation D-T 70%-30% and for lithium plasma are shown in Figures 1.2-1.3. As the plasma temperature increases, the atoms ionize more easily and faster, and the plasma becomes fully ionized. At high temperatures, the concentration of atoms in the plasma decreases.
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	Figure 1.2 - Dependence of the degree of ionization D-T plasma on temperature
	Figure 1.3 - Dependence of the degree of ionization of lithium plasma on temperature



1.2.2 Microscopic and structural properties of nonideal complex plasma
The pseudopotential of the ion-ion interaction used in this subsection takes into account the effects of screening at large distances and the quantum mechanical effects of diffraction at small distances [17]:


                          (1.3)








where  is the Thomas-Fermi screening parameter,  is the plasma frequency,  is the Fermi velocity,  is the thermal de Broglie wavelength, also dimensionless parameters:  is the coupling parameters,  is the density parameter,  is the average distance between electrons,  is the Bohr radius.
The radial distribution functions of hydrogen plasma were investigated on the basis of the Ornstein-Zernike integral equation:


                                     (1.4)

in hypernetted chain approximation:


                                        (1.5)




where  is the full correlation function;  is the direct correlation function,  – potential for interaction. When calculating these equations, numerical methods are used using a combination of Fourier and iteration methods.
In Figures 1.4 a and b, ion-ion radial distribution functions are presented for different valuesof the density and coupling parameters. It can be seen from the figures that the difference between the results is more noticeable in denser plasma, which is explained by the fact that the quantum effects of diffraction, which weaken the interionic correlation, are more pronounced in the plasma, where the average interparticle distance is smaller. Also, the results for potential (1.3) differ more strongly at large values of the coupling parameter, since collective screening effects lead to a decrease in the potential, which can be interpreted as stronger ion localization due to the polarization of the surrounding electrons.

[image: ]
Figure 1.4 - Ion-ion radial distribution functions of hydrogen plasma 

2 Investigation of thermodynamic properties, collisional and dynamic processes of plasmas of complex composition based on the developed effective models of particle interaction

In the previous report for 2019 (Inventory No. 0219RK00593), the thermodynamic properties of plasma were investigated on the basis of the developed effective models of particle interaction, equations of state, internal energy, chemical potential, Hugoniot adiabats, the dependence of thermodynamic quantities on the parameters of density and system coupling were obtained. Collisional and dynamic processes in a complex plasma were also investigated, characteristics of collisional and dynamic processes were obtained (phases and cross sections of scattering, scattering lengths, effective radii of atomic impermeability, Coulomb logarithm, characteristics of relaxation processes, etc.), results of analysis of the effect of nonideality effect on dynamic properties of dense plasma.

2.1 Investigation of thermodynamic properties of complex plasma based on the developed effective models of particle interaction
Internal energy and pressure were calculated on the basis of radial distribution functions and interparticle interaction potentials using the following formulas:


,                       (2.1)

,                       (2.2)





where  is the particle interaction potential (1.3), g(r) is the radial distribution function,  is the number of particles in the system,  is the internal energy of ideal plasma,  is the ideal plasma pressure.


Figures 2.1 and 2.2 show the results for the correlation energy of hydrogen plasma and the pressure of the nonideal part of the equation of state for hydrogen plasma (the second terms in the right-hand sides of equations (2.1) and (2.2)) depending on the coupling parameter in comparison with the results based on the Yukawa potential. As seen from the figures, the difference between the results is noticeable at low densities, which is explained by the influence of quantum diffraction effects. With an increase in the coupling parameter at a fixed density value, the temperature begins to decrease, the interaction of particles in the system intensifies, which leads to an increase in absolute value of the values , .

[image: ]
Figure 2.1 - Correlation energy and equation of state of hydrogen plasma

The obtained thermodynamic characteristics were used to solve the Hugoniot equation, which relates the density and pressure of the gas ahead of the shock front with the density and pressure of the plasma behind the wave [18]:


,                                   (2.3)



where , , E0=-15.886 eV/atom, V0 is the gas volume, V is the plasma volume.
This equation was solved numerically. The results obtained were used to calculate the pressure of a partially ionized hydrogen plasma. Figure 2.2 compares the calculation results and is in good agreement with the data of other authors.

[image: ]
Blue triangles - data of Dick and Curley (1980) [19], green squares - data of Nellis (1983) [20], red circles - results of Sano [21], black dotted line - theoretical prediction of Curley's model [22], black dotted line - dotted line - molecular dynamics modeling [23], solid black line - linear mixed model [24], black dotted line - this work

Figure 2.2 - Pressure of a partially ionized hydrogen plasma

2.2 Investigation of collisional and dynamic processes in complex plasma
2.2.1 Scattering of an electron by a helium atom in dense plasma
In this work, we used the screened Hartree-Fock (HF) potential [25], modified to take into account electron correlations and presented in the following form:


                   (2.4)

          (2.5)


    (2.6)








where   is the coefficient depending on the density of the exchange-correlation free energy of electrons,  is the inverse shielding length,  is the chemical potential in units of ,  is the Fermi integral of  order.
Using the method of multipole expansion [26] with allowance for corrections due to electron correlations, the following formula was obtained for the polarization interaction of an atom with an electron in a quantum plasma:


                                 (2.7)

(2.8)


where  is the atomic polarization coefficient and cutoff radius, respectively.

The optical (total) potential is defined as the sum of the screened HF potential (2.4), the screened polarization potential (2.7), and the exchange potential , appearing due to the interaction of the scattering electron with the electrons of the atomic shell.
The phase shifts are calculated using the Calogero equation [27]:


      (2.9)






with the boundary condition  where k is the wave number, l shows the orbital quantum number,  denotes the type of particles involved in a binary collision (in our case, electron and helium),  and  is the Riccati-Bessel functions, and  is the pair interaction potential.






First, consider the case . The cutoff radius is set to  and the polarization coefficient is taken to be . Calculation results of scattering phase shifts  for the case  (excluding electronic imperfection) are presented in Figure 2.3. For the screened HF potential (2.4), polarization (2.7), and optical (total) potentials, the inclusion of the effect of quantum nonlocality leads to large values of the calculated phase shifts. At a small value of the wave number (the limit ) phase shifts satisfy the well-known Levinson theorem [28].

[image: ]

Calculations using (a) screened HF potentials, (b) screened polarization potentials, (c) screened optical (total) potentials with 



Figure 2.3 - Calculation results of scattering phase shifts  for the case 

2.2.2 Study of the Coulomb logarithm based on the effective potential in a dense plasma
In a rarefied plasma [29-30] the Coulomb logarithm is:


                                                          (2.10)





where . In [31] it was assumed that ,  is the de Broglie wavelength,  in the case of a nondegenerate plasma, it was assumed to be equal to the temperature, and in a degenerate plasma, to the Fermi energy. The de Broglie wavelength was also determined using temperature or Fermi energy. With ion structure factor:


,                                     (2.11)

Computer simulation makes it possible to obtain the value of the Coulomb logarithm for a strongly coupled plasma [32-33].
As is known, taking into account the collective screening effects in the interaction of plasma particles is necessary for a correct description of the static and dynamic properties of the plasma. In this work, a dense plasma is considered, for which it is also important to take into account quantum effects at small interparticle distances [34]. Further, when calculating the Coulomb logarithm in a weakly bound plasma, the effective potential obtained in [35] is used, which takes into account both quantum effects at small distances and the screening effect at large ones.
In this work, the Coulomb logarithm is determined using the scattering angle in the center-of-mass system for a pair Coulomb collision [36-37]:


                                                (2.12)

The scattering angle in the center of mass system is defined as:


                                     (2.13)




where  is the center-of-mass energy, . It is customary to take as the minimum targeting parameter .
Figure 2.4 shows the dependences of the Coulomb logarithm as a function of the electron concentration, taking into account the contribution of ions. Based on the results of numerical modeling, taking into account the contribution of ions, it can be concluded that the effect of ion correlation is negligible.



[image: ]

Figure 2.4 - Coulomb logarithm as a function of electron concentration at different temperatures, taking into account the contribution of ions. 1 - formula (2.10), 2 - formula (2.11), 
 is the results based on effective capacity


2.2.3 Relaxation characteristics of dense plasma



In this work, a dense two-temperature plasma of ICF is investigated: the temperatures of the plasma components are ; plasma density is , where  are the densities of electrons and ions, respectively.
The relaxation rate of the temperatures of electrons and ions, i.e. the rate of energy exchange, determined by the difference between the mean values of kinetic energies or temperatures [38-40]:



 ,    ,                                            (2.14)

.                                       (2.15)

Based on the calculation of the Coulomb logarithm, the relaxation times of temperatures in the plasma are obtained using the effective potential at different values of the density. Figures 2.5 and 2.6 show temperature relaxation at two different values of the initial ion temperature and plasma density.
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	Figure 2.5 - Temperature relaxation calculated based on the effective potential, Yukawa (Debye) potential and using the Landau-Spitzer theory
	Figure 2.6 - Temperature relaxation calculated on the basis of the effective potential, the Yukawa (Debye) potential and using the Landau-Spitzer theory




3 Analysis of electrodynamic properties of non-ideal plasma

3.1 Electrodynamic properties of non-ideal plasma
The semiclassical potential is used as the pair interaction potential [41]:


				(3.1)



where a and b are particle sorts,  is the particle charge and  is the characteristic length, associated with the uncertainty of the particle position (thermal de Broglie wavelength).
The thermal de Broglie wavelength of dense nonideal plasma has the following form:


 				(3.2)
where

		(3.3)



The number of particles in the MD simulation of hydrogen nonideal plasma was 5000. Periodic boundary conditions were used. Knowing the velocities of all particles at each moment of time allows one to calculate the generalized plasma susceptibility  [42], which is defined as the Fourier transform of the autocorrelation function of velocities and depends on the frequency . In turn, the generalized susceptibility is associated with the dynamic dielectric function:


					 (3.4)

Dynamic dielectric function allows you to find the reflectance:


					(3.5)

and absorption coefficient:


				(3.6)



Reflection coefficient  determines the fraction of reflected radiation and has a value less than one. The physical meaning of the absorption coefficient determines the exponential decay of the wave as it penetrates into the plasma,  [43].

Figure 3.1 shows the imaginary part of the dielectric function for various values of the nonideality parameter  and plasma density. With an increase in the nonideality parameter, an increase in the value of the imaginary part of the dielectric function is observed. With increasing frequency, the imaginary part of the dielectric function decreases and becomes less than 0.1 at frequencies higher than the plasma frequency. The imaginary part of the dielectric function is associated with the dissipation of energy in the plasma, as can be seen, the effects of damping of oscillations in the plasma are significant at frequencies below the plasma frequency and are not significant at frequencies above the plasma frequency.



Figure 3.2 shows the values of the real part of the dielectric function for different values of the nonideality parameter  at plasma density  As can be seen from the figure, the effects of nonideality lead to an increase in the real part of the dielectric function at frequencies below the plasma frequency. At frequencies higher than the plasma frequency, the real part of the dielectric function is described by the formula for an ideal plasma  and the effects of imperfection can be neglected.



Figure 3.3 shows the values of the absorption coefficient in units of  for different values of the nonideality parameter  and plasma density  It is seen that the absorption of an electromagnetic wave is effective at frequencies below the plasma frequency. It is interesting to note that an increase in the nonideality parameter leads to an increase in the collision frequency at frequencies above the plasma frequency.

Figure 3.4 shows the values of the reflection coefficient at density  and for different values of the nonideality parameter. As can be seen from the figure, an increase in the nonideality parameter at a constant density leads to a decrease in the value of the reflection coefficient. Thus, at a constant density, a decrease in temperature leads to a decrease in the reflectance value. This is due to the fact that less mobile plasma particles react less actively to an alternating field.
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Figure 3.1 - Imaginary part of the dielectric function at electron density 
	1 - at ; 2 - at ; 3 - at  


Figure 3.2 - The real part of the dielectric function at electron density 
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Figure 3.3 - Absorption coefficient in units of , at electron density 
	1 - at ; 2 - at ; 3 - at 

Figure 3.4 - Reflection coefficient at electron density 



In the course of the research carried out, the electrodynamic properties of non-ideal plasma were analyzed. The electrodynamic properties of a nonideal plasma are obtained: dielectric response functions, optical properties (reflection, absorption, bremsstrahlung).

3.2 Stopping power and bremsstrahlung of a dense plasma of inertial thermonuclear fusion
The basis of controlled thermonuclear fusion is to ensure the course of fusion reactions of light nuclei. Of greatest interest from this point of view are reactions involving hydrogen isotopes: deuterium and tritium (DT cycle). For thermonuclear combustion, part of the fusion energy must be invested in the fuel. In the case of diesel fuel reaction D+T→α (3.5 MeV) + n (14.1 MeV). In this reaction, a total energy of 17.6 MeV is distributed between [image: ]-particle with an energy of 3.54 MeV and a neutron with an energy of 14.1 MeV. To absorb energy [image: ]-particles (3.54 MeV), the size of the fuel must exceed its path length [image: ]. The effective mileage is determined by the formula [44]:

[image: ]                                                                    (3.7)

where [image: ] is the braking ability,[image: ] - initial particle energy.
Knowing the magnitude of the braking losses, it is possible to determine the parts of the absorbed energy by the ion and electron [45]:

[image: ]                                                (3.8)
[image: ]                                                  (3.9)

where [image: ] and [image: ] ionic and electronic components of alpha particle stopping power, [image: ] is the total stopping power:

[image: ]                                                            (3.10)

thus:

[image: ]                                                       (3.11)

In this work, the dynamic properties are obtained on the basis of the Coulomb logarithm using the effective potentials for the ICF plasma. Stopping power is defined as the average energy loss per unit path length of charged particles passing through matter due to Coulomb interactions with electrons or ions. Let's calculate the braking power in the approximation of a pair collision [46-47]:

[image: ]                                          (3.12)

here [image: ] is the energy in the center of mass of colliding particles; [image: ] is the test particle relative velocity; [image: ], [image: ] is the Coulomb logarithm. The Coulomb logarithm is determined using the scattering angle in the center-of-mass system in a pair Coulomb collision [48]:

[image: ]                                            (3.13)

Scattering angle [image: ] in the center of mass system is defined as:

[image: ]                                    (3.14)

where [image: ] is the reduced mass of particles of sort α and β. It is customary to take as the minimum targeting parameter [image: ], where [image: ]  is the thermal de Broglie wavelength. In formula (8) [image: ] is the particle interaction potential and [image: ] is determined from the equation:

[image: ]                                                  (3.15)

As is known, taking into account the collective screening effects in the interaction of plasma particles is necessary for a correct description of the static and dynamic properties of the plasma. In this work, a dense plasma is considered, for which it is also important to take into account quantum effects at small interparticle distances. Further, when calculating the Coulomb logarithm, we will use the effective potential, which takes into account both quantum effects at small distances and the screening effect at large distances [49]:


     (3.16)






here    where  is the screening parameter that takes into account both the contribution of electrons and ions, 
In this section of the report, we investigated the dynamic properties of dense plasma based on the Coulomb logarithm using the effective potential (3.16). In particular, intensive studies of ITS require more reliable information on dynamic characteristics, that is, on stopping power and temperature relaxation. Let us consider particles of a dense DT plasma interacting through the effective potential (3.16).
Figure 3.5 shows the stopping losses of the electronic and ionic components of the stopping power in a dense plasma at an electron density [image: ] at different temperatures. Plasma temperature from [image: ] to [image: ], and the electron density is [image: ], which is characteristic of the ICF plasma soon after ignition. The energy region lies between zero and energy of α-particles E0 = 3.54 MeV, obtained in the reaction of diesel fuel. In this case, most of the energy of α-particles are transferred to electrons. As shown in the figure, for an incident particle, energy losses due to electrons in plasma dominate over losses due to ions when the energy of the incident particle becomes large enough on the temperature scale. Based on the data obtained, the contributions of the energy absorbed by the ion Ei and electron Ee. The energy fractions transferred to electrons and ions are calculated by formulas (3.8) and (3.9), equal Ee = 3,38 MeV and Ei = 0,14 MeV, respectively. It is interesting to note that stopping power values around the maximum remain almost constant when the temperature doubles from 10 to 20 keV, and an increase in temperature from 40 to 60 keV leads to a significant decrease in stopping power around its maximum value.
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	Figure 3.5 - Braking losses of alpha particles at [image: ]
	Figure 3.6 - Stopping power of the projectile particles passing through the diesel fuel plasma, depending on the projectile energy, divided into ionic and electronic contributions



Figure 3.6 shows the stopping power obtained by us, the theory of the BPS and the model of the average atom (AA) [50]. The results obtained using the effective potential approach are closer to the Bean data (mean atom model), and not to the data from the BPS theory. This indicates the importance of electronic quantum effects that are taken into account in the model of the average atom (AA). The difference between the results obtained based on the effective potential and Bean's result is due to the effect of inelastic scattering, which is included because dense DT plasma was considered.
Figure 3.7 shows the range of α-particles Rα in micrometers for initial energy E0 = 3,54 MeV depending on electron temperature Te. Curves for different electron densities are indicated as follows: solid line [image: ]; dotted line [image: ]; dash-dotted line [image: ]. At the considered densities, the range of α-particles saturates after a sharp increase at lower temperatures. It is worth noting that less range of α- particles are better for efficient energy transfer from α-particles into plasma, which means that the initial energetic deposition of an α-particle into plasma is more efficient at higher plasma densities.

[image: ]
Figure 3.7 – Range of α- particles (in micrometers) versus electron temperature

Dynamic processes in dense DT plasma were studied on the basis of the effective interaction potential, taking into account quantum diffraction effects at small distances and screening at large ones. Although, the used model is reliable only at relatively low projectile velocities and an important region around the maximum stopping power is adequately described. Therefore, this allowed us to study the dependence of stopping power on plasma parameters. Deceleration in dense plasma has a nonmonotonic dependence on the plasma temperature. At T> 20 keV, the stopping power at low velocities decreases with an increase in the plasma temperature, and at 10 keV <T <20 keV, the stopping power does not change significantly due to temperature variation.
Electronic bremsstrahlung, i.e. the emission of photons during the scattering of electrons by ions is one of the main mechanisms of energy loss in plasma. The bremsstrahlung spectrum can also be used to determine the plasma temperature. These facts indicate the relevance of studying this process. It is obvious that the description of bremsstrahlung in a dense semiclassical plasma requires special consideration, since the influence of the surrounding particles leads to collective effects, and an increase in the plasma density leads to the manifestation of quantum effects. In this paper, we consider bremsstrahlung processes in a dense plasma of ICF based on the pseudopotential interaction model (3.16).
It is known that in the long-wavelength part of the bremsstrahlung spectrum, the cross section of this process is related to the elastic scattering cross section. Let us rewrite the Kasyanov and Starostin formula for the bremsstrahlung cross section:


,			(3.17)




where  is the incident electron energy,  is the emitted photon energy,  is the transport cross section for electron scattering.
Figures 3.8-3.9 show the results of calculations of the bremsstrahlung cross section depending on the energy for different values of the temperature and density of the system. It should be noted that this potential of interaction at small distances depends on the coupling parameter. With an increase in the coupling parameter, the interaction weakens, which leads to a decrease in the bremsstrahlung cross section, since the electron is accelerated weaker at small distances.
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	Figure 3.8 - Cross-section of bremsstrahlung at different temperatures
	Figure 3.9 - Cross-section of bremsstrahlung at different densities



4 Investigation of the transport properties of non-ideal complex plasma based on the developed models of particle interaction

Let us consider the particles of a dense DT plasma interacting by means of an effective potential [51-53]. The diffusion and viscosity coefficients of a dense plasma are related to the effective collision frequency:


                                                                       (4.1)


                                                                (4.2)




where  is the electron charge,  is the electron mass,  is the density of plasma particles, and


                                               (4.3)

the effective collision rate is directly proportional to the Coulomb logarithm. The Coulomb logarithm is determined using the scattering angle in the center-of-mass system in a pair Coulomb collision according to (4.7).


We introduce the following dimensionless values of the diffusion coefficients  and viscosity :


                                                            (4.4)

                                                           (4.5)

where


                                                           (4.6)


plasma frequency of ions with mass . In this work, for the considered diesel fuel mixture, we use [54]:


                                                        (4.7)


The diffusion and viscosity of the DT plasma for the density  and temperatures in the range from 2 to 10 eV using the Coulomb logarithm based on the effective potential, taking into account the quantum effects of diffraction at short distances and the screening effect at large ones. Figures 4.1 and 4.2 show comparisons of the calculated data on diffusion and viscosity in DT plasma with the theoretical results of other authors [55], calculated on the basis of the density functional theory at finite temperatures using the Kohn-Sham theorem in combination with molecular dynamics and density functional theory without the exchange term for describing the electronic component of the plasma (TFTMD). The results obtained are in good agreement with the results of quantum molecular dynamics (QMD) and TFTMD simulations at higher temperatures, and, therefore, we come to the conclusion that our method can be used in this mode. At low temperatures below 3 eV, a comparison with the QMD and TFTMD results shows a deterioration in the agreement, since at these temperatures the effect of nonideality becomes important. Compared to the results of QMD, the obtained data on viscosity are not as good as for diffusion, where the temperature dependence differs significantly, while the results obtained for the viscosity based on the effective potential are consistent with the results of the TFTMD simulation.
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Figure 4.1 - Diffusion of DT dense plasma depending on temperature at 
	
Figure 4.2 - Viscosity of DT dense plasma depending on temperature at 









Figures 4.3-4.4 show the diffusion and viscosity coefficients for a dense DT plasma, calculated using the Coulomb logarithm based on the effective potential, taking into account the quantum effect of diffraction at small distances and the screening effect at large distances, depending on the coupling parameter  at plasma density . The figures show comparisons of the calculated data on diffusion and viscosity depending on the coupling parameter in a DT plasma with the theoretical results of other authors calculated on the basis of MD and density functional theory without an exchange term for describing the electron component of the plasma (DFTMD) using the ABINIT package [56]. In MD, the quantum-mechanical approach for electrons is described using density functional theory without an exchange term after the introduction of the Born-Oppenheimer approximation. As for the TFTMD simulation, the orbital functional is obtained from the semiclassical development of the Mermin functional [57] and leads to the final expression for the Thomas-Fermi temperature for the kinetic part. The results obtained are in good agreement with the results of QMD and TFTMD simulation at the value , and therefore our method can be used in this mode. Figures 4.3-4.4 show that the results obtained on the basis of the effective potential are in good agreement with the results of other works in the weakly coupled limit , but differ at . Difference in case of  caused by imperfection and quantum effects.
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Figure 4.3 - Diffusion of dense plasma diesel fuel depending on the coupling parameter  at 
	

Figure 4.4 - Viscosity of DF of dense plasma depending on the coupling parameter  at 



Consider the thermal conductivity of a dense DT plasma, where particles interact according to the effective potential [51, p. 2]. The thermal conductivity coefficient is determined by the following formula:


                                                              (4.8)
For the convenience of calculations and comparison, we will dimensionless the thermal conductivity coefficient (4.11): 


                                                       (4.9)

One of the most important mechanisms of energy transfer in high-temperature plasmas is electronic heat conduction. Since the electron mass is small, and the temperature of the plasma corona of the target, which is an expanding plasma cloud, is high enough, the thermal conductivity of the plasma turns out to be quite high. Although the process of ordinary thermal conductivity in plasma has been studied well enough; in the plasma obtained by inertial synthesis, new phenomena occur, which lead to a significant complication of the heat conduction process. When the energy of the heating radiation is absorbed in the plasma, electrons with very high energies are formed. Since electrons have a fairly high mobility due to their low mass, plasma turns out to be a very good conductor of heat.

Figures 4.5-4.6 show the temperature dependence of thermal conductivity compared to the results obtained on the basis of the Hubbard-Spitzer [58-59], Li-Mora [60], Ishimaru [61-62] and MD method [63]. The results show that at very high temperatures, beyond the Fermi temperature, all models smoothly merge with the Hubbard-Spitzer thermal conductivity, which is proportional to . The results using the effective potential are in good agreement with the QMD results and with the Hubbard-Spitzer model up to the Fermi temperature.
Now let us estimate some characteristic values due to the propagation of the heat conduction wave. Consider heating the fuel to the synthesis temperature in the uncompressed state. It is necessary to try to heat the fuel to thermonuclear temperatures so quickly that the diesel fuel reaction has time to occur before the fuel scatter. This problem is based on the fact that the driver radiation energy can be absorbed only in the outer layers of the target, for example, laser radiation can penetrate only up to the critical density. Thus, the inner region of the target should be heated to thermonuclear temperatures due to other mechanisms. The so-called combined synthesis method can be used as the main heating mechanism. In this case, the required level is achieved first by laser radiation, ignition occurs by a secondary impact with heavy ions. The expansion time is determined by the penetration parameter of the thermal wave, which is generated by the laser radiation.
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	Figure 4.5 - Thermal conductivity of dense plasma as a function of temperature at ρ=10 g/cm3
	Figure 4.6 - Thermal conductivity of dense plasma as a function of temperature at ρ=80 g/cm3





Using the results obtained on the thermal conductivity of a dense DT plasma, it is possible to determine at what distance  the heat wave will propagate in the target in a time :


                                                      (4.10)

Since electrons are mobile, plasma is a good conductor of heat. This process will lead to the propagation of a heat wave, heating the fuel, and directed into the target. Figure 4.7 shows the penetration depth of the heat wave into the target based on the Coulomb logarithm using the effective potential, the generalized logarithm, and the Coulomb logarithm of QMD simulation [64]. Knowing the values of the penetration depth of the heat wave, it is possible to determine the time interval during which the reaction occurs, the so-called expansion time:


                                                                 (4.11)


where   is the ion sound velocity.
In general, for any ICF implementation scheme, it is very important how the retention time depends on the temperature of the compressing part of the tablet. The results obtained show (Figure 4.8) that the more imperfect the contracting part of the fuel at the initial stages, the longer the retention time. Within the framework of the used model, the effect of imperfection is taken into account by means of effective potential. It can be concluded that if the compressing plasma that appears at the initial stages of compression (ablator plasma) is imperfect, then the confinement time increases.

	

	


	Figure 4.7 - The depth of penetration of the heat wave into the target
	Figure 4.8 - Spread time of an ion in a DT plasma



In this chapter, a study of the transport characteristics in a dense DT plasma was carried out on the basis of a two-temperature effective interaction potential, which takes into account the quantum effects of diffraction at short distances and screening at large distances. The obtained results of the transfer coefficient for various plasma parameters agree with the theoretical results of other authors and the results of MD, QMD simulation. From which it follows that the transport properties of a dense plasma can be adequately expressed in terms of the Coulomb logarithm based on effective potentials. Thus, based on the transfer coefficients, it is possible to give recommendations for estimating the time of ion expansion in a DT plasma.


CONCLUSION

During the reporting period, the planned research work was completed in full according to the schedule.
Effective models of interaction of particles of non-ideal complex plasma have been developed. The analysis of ionization equilibrium, microscopic and structural properties of nonideal complex plasma is carried out. The degree of influence of electron-electron correlations on the static dielectric constant, the phenomenon of charge screening and the interaction of plasma particles are studied. Collisional and dynamic processes (phases and scattering cross sections, scattering lengths, effective atomic impermeability radii, Coulomb logarithm, characteristics of relaxation processes) are also investigated.
The electrodynamic properties of nonideal plasma were analyzed. The electrodynamic properties of non-ideal plasma are obtained: dielectric response functions, optical properties (reflection, absorption, bremsstrahlung).
The study of transport characteristics in dense DT plasma is carried out on the basis of a two-temperature effective interaction potential, which takes into account the quantum effects of diffraction at small distances and screening at large distances. The results obtained on the transfer coefficients for various plasma parameters are in agreement with the theoretical results of other authors, as well as the results of MD, QMD modeling. It follows from the results obtained that the transport properties of a dense plasma can be adequately expressed in terms of the Coulomb logarithm based on the effective potentials. Thus, the knowledge of the transfer coefficients allows one to give recommendations for estimating the time of ion expansion in a DT plasma.
Based on the material presented in this report, 26 publications have been published, of which 3 are articles in impact factor journals included in the international information resources Web of Knowledge (Thomson Reuters, USA) and the Scopus database (Elsevier, Netherland). The research results were tested at 6 International Conferences (16th International Conference on the Physics of Non-Ideal Plasmas, Sant-Malo, France, XV Russian Conference (with international participation) on the thermophysical properties of substances (RKTS-15), Moscow, Russia, International Scientific conference of students and young scientists "Farabi Alemi", Almaty, Kazakhstan, XXXIV ICPIG & ICRP-10, "Farabi Alemi-2019").
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APPENDIX B

Calendar Work plan for 2018-2020 yy.

	

	
Name of project objectives and implementation activities
	Timeline for compliance
	Expected results

	
	
	Begining
	Ending
	

	1

	Development of effective models for the interaction of particles of non-ideal complex plasma (plasma of complex composition)
	January 2018
	June
2018
	Effective models of interaction of particles of non-ideal complex plasma (plasma of complex composition) will be developed.
Effective interaction potentials of particles of a nonideal complex plasma (fully and partially ionized, metallic, dusty, plasma with a condensed dispersed phase) and the corresponding pseudopotential (effective) models of the system.

	2





	Analysis of ionization equilibrium, microscopic and structural properties of non-ideal complex plasma.
	July
2018
	December
2018
	Analysis of ionization equilibrium, microscopic and structural properties of non-ideal complex plasma will be made.
Equations connecting the distribution functions with the effective interaction potentials of the particles of the system and their solutions. Composition and ionization equilibrium of complex plasma. Degree of influence of electron-electron correlations on static dielectric constant, charge screening phenomena and interaction of plasma particles.
There will be published 1 (one) article in a peer-reviewed foreign scientific journal, indexed in databases Web of Science or Scopus with a non-zero impact factor, such as Contribution to Plasma Physics or Plasma Physics, as well as 1 (one) article in a peer-reviewed foreign journal.

	3





	Study of thermodynamic properties of plasma of complex composition based on the developed effective models of particle interaction.
	January 2019
	June
2019
	The thermodynamic properties of complex plasma will be investigated on the basis of the developed effective models of particle interaction.
Equations of state, internal energy, chemical potential, Hugoniot adiabats, dependence of thermodynamic quantities on the parameters of density and system coupling.

	4





	Investigation of collisional and dynamic processes in complex plasma.
	July
2019
	December
2019
	Collisional and dynamic processes in complex plasma will be investigated.
Characteristics of collisional and dynamic processes (phases and scattering cross sections, scattering lengths, effective atomic impermeability radii, Coulomb logarithm, characteristics of relaxation processes, etc.).
There will be published 1 (one) article in a peer-reviewed foreign scientific journal, indexed in databases Web of Science or Scopus with a non-zero impact factor, such as Contribution to Plasma Physics or Plasma Physics, as well as 1 (one) article in a peer-reviewed foreign journal.

	5






	Analysis of the electrodynamic properties of a nonideal plasma.
	January 2020
	June
2020
	An analysis of the electrodynamic properties of non-ideal plasma will be carried out.
Electrodynamic properties of the system: dielectric response functions, optical properties (reflection, absorption, bremsstrahlung). Stopping power of dense plasma of inertial thermonuclear fusion.

	6






	Investigation of the transport properties of non-ideal complex plasma based on the developed models of particle interaction.
	July
2020
	December
2020
	The transport properties of a nonideal complex plasma will be investigated on the basis of the developed models of particle interaction.
Diffusion, electrical conductivity, thermal conductivity, viscosity and other characteristics of non-ideal complex plasma. Comparison of the results with the available experimental data and theoretical conclusions of other authors.
There will be published 1 (one) article in a peer-reviewed foreign scientific journal, indexed in databases Web of Science or Scopus with a non-zero impact factor, such as Contribution to Plasma Physics or Plasma Physics.
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IMpunoxenue 1.22
k lorosopy Neffotr £4. 03. 2018 1.

Ha rPaHTOBOE (PUHAHCHPOBaHHE

TEXHUYECKAS CHEIIU®UKALIAS U
KAJIEHIAPHBIN ILIAH PABOT

ITo norosopy Ne I3 or 29 M/fma—— 2018 rona

Jo1epuee rocy1apcTBeHHoe NpeANPHsTHE HA NPaBe X03SiCTBEHHOr0 BeACHHsI
«HayuHo-Hcc/Ie10BATeNbCKHI HHCTHTYT SKCIIEPHMEHTAIbLHOM H TeopeTHYecKoi Gpu3nkm»
Pecny6.inKkancKkoro rocy1apcTBeHHOro NpeNpHSTHS HA NPABE X03SHCTBEHHOr0 BeICHHS

«Kasaxckuii HALHOHANLHBIN YHHBEPCHTET HM. aab-Dapatm» Munucrepcrsa 06pa3oBanus u
Hayku Pecny6imku Kazaxcran

1.1 Tlo npuoputery: HHdOpMALKOHHBIE, TeNEKOMMYHHKAIMOHHBIE H KOCMHHYECKHE
TEXHOJIOTHH, Hay4HbIE HCCIIENI0BAHHS B 06J1aCTH €CTECTBEHHBIX HAyK.

1.2 Tlo nommpuopurery: Hayunple wuccnefoBaHHS B OGJACTH €CTECTBEHHBIX HayK.
DyHjaMeHTATbHBIE M IPUKIIAHEIE HCCIE0BAHHE B 0671aCTH (U3HKH H aCTPOHOMHH.

1.3 Tlo Teme npoekta: Ne AP05134366 «MccnemoBaHue (yHIaMEHTANBHEIX CBOMCTB
HEHJIeaIbHOM KOMILIEKCHO# IJIa3MBI HA OCHOBE MOZEJIEH B3aMMO/ICHCTBHS YacTHI.

1.4 Obmas cymma npoexta: 60 000 000 (IECTHAECAT MHJLTHOHOB) TEHTe, B TOM YHCIE C
Pa3buBKO¥ 110 ro1aM, JUIsi BBINOJIHEHHS paboT COIMIACHO MyHKTY 3:

- 1a 2018 rox - B cymme 20 000 000 (1BaANATE MHJLTHOHOB) TEHTE;

- Ha 2019 rox - B cymme 20 000 000 (aBazuaTh MHTHOHOB) TEHTE;

- Ha 2020 rozx - B cymme 20 000 000 (aBazuaTh MHLTHOHOB) TEHTE.

2. Xapakmepucmuxa HayuHo-mexnu4ecKoi npodyKyuu no KeanuuUKayUoHHsIM
NPU3HAKAM U IKOHOMUYECKUE NOKa3amenu

2.1 HanpaBnienne paboTsl: (pu3HMKa MIa3Mbl.

2.2 O6nacTh IPUMEHEHHS: [UIA3MEHHbIE TEXHOJIOTHH.

2.3 KoHeuHblif pe3yisTar:

- 3a 2018 rox: paspaGoTka 3 (eKTHBHBIX MozeNell B3aHMO/IEHCTBHS YACTHL] HEHAEATBHOMH
KOMIUIEKCHOH T1a3Mbl (ILIa3Mbl CJIOKHOTO COCTaBa) H AHAIM3 HOHM3ALMOHHOTO DABHOBECHS,
MHKPOCKOIIHYECKHX M CTPYKTYPHBIX CBOWCTB HEHMJ€ATbHOH KOMIUIEKCHOM IUIasMbl; Byner
ony6nukoBana 1 ctaThs B oTeuecTBeHHOM KypHane 1 ctatbs B Web of Science nnm Scopus.

- 3a 2019 roa: wmccrenoBaHHE TEPMOAMHAMHYECKHX CBOWCTB H CTOJNKHOBHTENBHBIX H
AMHAMUYECKUX MPOLECCOB IJIa3Mbl CII0XKHOTO COCTaBa Ha OCHOBE Pa3paGOTAaHHBIX 3(h(EKTHBHBIX
Moesieii B3anMOZeHCTBHS yacTHy; ByayT ony6nukoBana 1 cTaTbs B 3apyGeiKHOM Hay4HOM JKypHase
u | cratbs B Web of Science unu Scopus.

- 3a 2020 rox: aHamM3 OJNEKTPOAMHAMHYECKHX CBOMCTB HEHICANBHOM IUIAa3Mbl H
HCCIIC/IOBAHHE  TPAHCHOPTHBIX CBOMCTB HEHJEAIPHOW KOMIUIEKCHOM IIa3MBl Ha OCHOBE
paspaboTaHHEIX MoJIeNeii B3auMo/ielicTBUs yacTul. Byner onyGmukosana 1 ctates B xypHane Web
of Science unu Scopus. .

2.4 TaTeHTOCIIOCOOHOCTB: HET.

2.5 HayuHo-TexHMYecKuii ypOBeHb (HOBH3HA): HCCIENOBAHHS 1O JIAHHOMY TIPOEKTY
NPEAmNonaraeTcss MpPOBECTH HAa OCHOBE HOBBIX O((EKTHBHBIX Mozesel B3aHMOAECHCTBHS
CTPYKTYPHBIX 3JIEMEHTOB HEH/ICAIbHOH KOMIUIEKCHOM I1a3MBL

2.6 Vcnons3oBaHue HaydHO-TEXHUYECKOH POYKIMH OCymecTBIIseTcs: MCoHuTeneM.

2.7 Buz HCTIONB30BaHHs Pe3yIIbTaTa HayqHOH | (WJIH) HayqHO-TEXHHYECKOH NeATeTbHOCTH:
my6uKanuH, BHEPEHHE B y4eOHBIH mporecc.
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3. Haumenosanue pabom, cpoxu ux peanuzayuu u pe3ynbmamst

Ludp | Hanmenosanne pa6oT | CpoK BHIOTHEHHS | OxxumaeMsIii pe3ysbsTat

3a/1aHu no JloroBopy u e P

51, 9Tana | OCHOBHBIE ITAIBI €10 oo

J_ BBINIOJIHEHHUSI

1 PazpaGorka Slusapy |Mions | Bynyt paspabotansr sdbexTHBHEE MOAEH
s pexTuBHBIX 2018 r. [2018r. |B3aMMOZEHCTBHS WaCTHI HeHAEATbHOM
Mozenen KOMIUICKCHOH IIa3Mbl (TUIa3Mbl CJIOKHOTO
B3aHUMOJICHCTBHS €ocTaBa).

YacTHIl HEHIeaTbHON OddexrusnbIe MOTEHIHAITBI
KOMIUIEKCHOH TIJIa3Mbl B3aUMOJICHCTBHS  YaCTHI  HEHIEATbHOM
(MIa3sMBl  CIIOXKHOTO KOMIUIEKCHOH MasMbl  (IIOJIHOCTBIO-
cocrasa). YaCTHYHO-HOHH30BAHHOM, METATHYECKOMH,
IBUICBOH, IUIa3Mbl C KOHJEHCHPOBAaHHOH
JucnepcHol $asoif) M cooTBeTCTBYIONIHE
TICEB/IONOTEHUHMANBHEIE  (3(peKTHBHEIE)
J_ MOJIEJTH CHCTEMBI.

2 Ananu3 Hrons | JTo 01 I-Me'r cleNaH aHalW3 HOHHM3aLHOHHOTO
HOHH3AIIHOHHOTO 2018 r. |HOs6ps |paBHOBecHs, MHKPOCKOITHYECKHX H
PaBHOBECHS, 2018 r. |CTPYKTYpHBIX  CBOMCTB  HeHAeaTbHOM
MHKPOCKOIIHYECKHX H KOMILIEKCHO# T/1a3MBl.

CTPYKTYPHBIX CBOWCTB VpaBHeHus,  CBA3BIBalOmME  (DYHKIHH
HEH/IeaTbHOH pacnpezieneHus c s dexTHBHEIME

KOMILJIEKCHOM IJIa3MEL.

TIOTEHIHATAMH  B3aHMOJEHCTBHS YaCTHI
CHCTeMBI, M HX pemenus. CocraB u
HOHH3ALMOHHOE  DPABHOBECHE  IUIA3MBI
CHIOKHOTO coctaBa. CTeneHb BIHSHHS
MEXKIJIEKTPOHHBIX KOppeJsnuii Ha
CTaTHYECKYIO JIMINIEKTPHYECKYIO
TPOHMLAEMOCTb, ABJICHHS SKPAaHHPOBKH
3aps/ia ¥ B3aUMOJIEHCTBHE YACTHIL IIA3MBI.
Byner omy6mmkosana 1 (omma) crates B
PeLEH3UpYyeMOM  3apy0ekKHOM —HaydHOM
H3/IaHUH, HHJIEKCHPYEeMOM B 6a3ax JaHHBIX
Web of Science wim Scopus ¢ HenyneBsM
HMIakT-(akTopoM, Takux kak Contribution
to Plasma Physics miu Physics of Plasmas,
a Taxxke 1 (071Ha) CTaThs B peLieH3UpyeMOM
3apy6exKHOM XKypHae.
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Hccnenosauune Tﬂﬂsapb Hions _rEyzxy'r HCCIIeZIOBAHBI TEPMOMHAMHYECKHE |
TepMonMHamMudeckux 2019, |2019r. |cBoficTBa MIa3MBI CIOKHOTO COCTAaBA Ha
CBOWCTB IUTa3MBI OCHOBE  pa3paGOTaHHBIX  3()(EKTHBHBIX
CJIOXKHOTO COCTaBa Ha Mozenel B3auMOIeHCTBHS JacTHIL.

OCHOBE VpaBHEHHS ~ COCTOSHHS,  BHYTPEHHSS
Ppa3paboTaHHBIX SHEprus, XUMHYECKHH NOTEHIHA,
s pexTHBHBIX anuabaTsl Ioronwo, 3aBHCHMOCTh
Mozeneii TEPMOJIHHAMHYECKHX BEJIHYHH or
B3aHMO/IEHCTBHS [1apamMeTPOB MJIOTHOCTH M CBA3H CHCTEMBIL.
YacTHIL.

Hccnenosaune Hions 1f[o 01 | BymyT mccieJoBaHBI CTOIKHOBHTEBHBIE
CTONKHOBHTENbHBIX H |2019T. |HOAGPS |IMHAMHYECKHE MPONECCH! B KOMILIEKCHOM
JMHAMHYECKHX 2019r. |mnasme.

TpoLeccoB B XapaKTEepHCTHKH ~ CTOJNKHOBHTENBHBIX M

KOMILIEKCHOH I1a3Mme.

NHHAMHYECKHX  mpomeccoB  (hassl  u
CEYEHHS PpACCEsHHMs, UIMHBI PACCESHHS,
3¢ exTHBHEIE pajHyChl HENPOHHIAEMOCTH
aTOMOB, KYJIOHOBCKHI norapudm,
XapaKTePHCTHKH PelaKcanHOHHBIX
npoueccoB W ap.). Pesynbrartel amammza
BIMAHAA  d(dekTa HemmeambHOCTH Ha
JMHAMHYECKHE CBOMCTBA IUIOTHOM M1a3MBI.
Bynmer onmy6mmkosana 1 (omma) crates B
PELCH3HPYEMOM  3apy0eXXHOM HaydHOM
H3JIaHHH, HHIEKCHPYEMOM B 6a3ax JaHHEIX
Web of Science nim Scopus ¢ HenyneBsM
HMIakT-}hakTopoM, Takux kak Contribution
to Plasma Physics wm Physics of Plasmas,
a Take 1 (01Ha) CTaThs B peLleH3UPyEMOM

3apy6esxHOM KypHate.
Anamz SuBaps |Hious |Byner NPOBENEH aHamm3
INEKTPOAHHAMHYeCKHX | 2020 . |2020T. |3/1eKTpOAMHAMHYECKHX CBOMCTB

CBOHCTB HEH/EaIbHOM
TUIa3MBL.

HEH/ICATbHOMN IIa3MBEI.
DJIEKTPOMHAMUYECKHE CBOKCTBA CHCTEMBI:

(GYHKUMH  IHO/EKTPHYECKOrO  OTKIHKa,
ONTHYECKHE CBOHCTBA (KO3 HIHEHTEI
OTP@XCHHS,  MOIJIOIICHHS, TOPMO3HOE
usnyyenue). TopMo3Has  crmocoGHOCTE
TUTOTHOM IIa3MBI HHEPIHOHHOTO

TEPMOSIEPHOTO CHHTE3a.
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6 Hccnenosanue Hions —|—Ilo 01 |Bymyt HCCJIEIOBAHBI TPaHCIIOPTHBIE
TPAHCIOPTHBIX 2020r. |HOsGpst |cBoHcTBA  HEHIEAIBHOH  KOMILIEKCHOM
CBOWCTB HEH/IeabHOMI 2020r. |mmasMpl Ha  OCHOBe pa3paboTaHHBIX

KOMIUIEKCHOH TU1a3MBI
Ha OCHOBe
pa3paboTaHHBIX
Mozaenei
B3aUMOJIEHCTBHS
YaCcTHIIL.

Mozienel B3aHMOIeHCTBHS YacTHIIL.

Nuddysns, 3JIEKTPONIPOBOHOCTS,
TEIVIONPOBOHOCTh, BS3KOCT H JpyrHe
XapaKTEPHCTHKH HEHJIeaTbHOH
KOMILIEKCHOIM TIa3MBL CpaBrenne
Pe3yIbTaToB c HMEIOIUMHCS
IKCIIEPUMEHTAJIbHBIMH JAaHHBIMH H
TEOPETHYECKUMH BBIBOJIaMH ApYTrux
aBTOPOB.

Bynmer omy6nukosana 1 (omma) crates B
PCIICH3HpYeMOM  3apyGeXHOM HaydHOM
H3/IaHMH, HHIEKCHPYeMOM B 6a3ax JaHHBIX
Web of Science un Scopus ¢ HeryneBsM
uMnakT-hakTopom, Takux kak Contribution
to Plasma Physics i Physics of Plasmas.

Ot 3aka3unka:

TIpencenarens

I'Y «Komuter Haykn Munucrepcrsa
obpazoBanus 1 Hayku PK»

Ot Hcnonuutens:

Jlupexkrop  JITTT  Ha «Hayuno-
HCCJIE/I0BATENBCKHM HHCTHTYT
9KCMIEPHMEHTAIbHOH H TEOPETHYECKOH (DH3HKHY
PITI ma IIBX «Kasaxckuif HanMOHATBHELH
HMEHH ans-Dapabu»
a o6pasoBaHus 1 Hayku PK

IXB

JlaBpumes O.A.

O3HakoMJIeH:
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