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1. Equations of State
for Matter

On mechanical measurements
in high-energy-density physics
Fortov V E
Joint Institute for High Temperatures of the Russian Academy of Sciences,
Izhorskaya 13 Bldg 2, Moscow 125412, Russia
fortov@ihed.ras.ru

In this talk, actual methods and recent results of mechanical measurements in high-energy-density physics are reviewed.

A V Bushman and equation-of-state
problem
Lomonosov I V
Institute of Problems of Chemical Physics of the Russian Academy of Sciences,
Academician Semenov Avenue 1, Chernogolovka, Moscow Region 142432,
Russia
ivl143@yahoo.com

In thsi report, we’ll present some details of A V Bushman biography,
his scientific achievements and impact on equation-of-state (EOS)
problem. Principal results include developing of multi-phase EOS
for metals, their applications in numerical modeling of high-energydensity phenomena, systematization of reference shock-wave data.
The current state of art and development of Bushman’s approach
on EOS problem are discussed.
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Wide-range equations of state
for compounds at high dynamic
pressures
Khishchenko K V
Joint Institute for High Temperatures of the Russian Academy of Sciences,
Izhorskaya 13 Bldg 2, Moscow 125412, Russia
konst@ihed.ras.ru

An equation of state of matter over a wide range of pressures and
densities is needed for analysis and simulation of physical processes
under intense pulsed influences [1]. Accuracy of calculated results
is determined mainly by adequacy of description of thermodynamic
properties of materials in question. In the work, different approaches
to modeling of equations of state for compounds after Bushman [2]
are considered. A model of thermodynamic potential Helmholtz free
energy with taking into account polymorphic transformations, melting and evaporation is presented. Based on this model, equationof-state calculations are carried out for some alkali halides, oxides
and organic compounds in a broad region of the phase diagram.
Obtained results are compared with available data from dynamic
experiments at high pressures.
[1] Bushman A V, Fortov V E, Kanel’ G I and Ni A L 1993 Intense Dynamic
Loading of Condensed Matter (Washington: Taylor & Francis)
[2] Bushman A V, Lomonosov I V, Fortov V E, Khishchenko K V, Zhernokletov
M V and Sutulov Y N 1996 JETP 82 895–899
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Atomic number scaling of electron
spectra in semiclassical free atoms
Shpatakovskaya G V1,@ and Karpov V Ya2
1

Keldysh Institute of Applied Mathematics of the Russian Academy of
Sciences, Miusskaya Square 4, Moscow 125047, Russia
2
Bruk Institute for Electronic Control Machines, Vavilova 24, Moscow 119334,
Russia
@

shpagalya@yandex.ru

The atomic number scaling of the properties is known to be in the
Thomas–Fermi (TF) statistical model. It means that the semiconsistent potential by the model may be calculated through the single
function for all the elements. In the paper it is shown that one
electron spectra of the free atoms in the TF potental exhibit the
scaling properties too. The spectrum of the central potential with
Coulomb singularity has been analysed in [1, 2]. It has been there
shown that a screening of Coulomb potential leads to the energy
deviation from the s-level εnl − εn0 which quadratically depends on
the orbital momentum λ = l + 1/2 (here n is a principal quantum
number). We reveal the coefficients of the dependency have the
atomic number scaling property and so an energy level εnl may be
expressed through two “universal” functions (σ) and η(σ)
εnl = Z 4/3 (σn ) + Z 2/3 η(σn )λ2 ,

σn = πnZ −1/3 .

(1)

We compare equation (1) results with the Bohr–Zommerfeld quantization condition ones. In addition we use the different screening
functions: TF, Tietz [3] and Molier [4]. The comparison shows a
rather good fitting of equation (1) for whole spectrum excluding a
few upper levels.
This work was supported in part by the Russian Foundation for
Basic Research (project No. 14-01-00828).
[1]
[2]
[3]
[4]

Shpatakovskaya G V 2001 JETP Lett. 73 268–270
Shpatakovskaya G V 2012 Sov. Phys. Usp. 55 429–464
Tietz T 1983 Il Nuovo Cimento 1 955–956
Moliere G 1947 Naturforsch. 2A 133
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Complex structures of dense lithium:
Electronic origin
Degtyareva V F
Institute of Solid State Physics of the Russian Academy of Sciences,
Institutskaya Street 2, Chernogolovka, Moscow Region 142432, Russia
degtyar@issp.ac.ru

Lithium—the lightest alkali metal—exhibits unexpected structures
and electronic behavior at high pressures [1, 2]. As the heavier alkalis, Li is bcc at ambient pressure and transforms first to fcc (at
7.5 GPa). The post-fcc high-pressure form Li-cI16 (at 40–60 GPa) is
similar to Na-cI16 and related to more complex structures of heavy
alkalis Rb-oC52 and Cs-oC84. The other high pressure phases for Li
(oC88, oC40, oC24) found at pressures up to 130 GPa are specific
the only to Li. The different route of Li high-pressure structures
correlates with its special electronic configuration containing the
only 3 electrons (at 1s and 2s levels). Crystal structures for Li are
analyzed within the model of Fermi sphere–Brillouin zone interactions [3, 4]. Stability of post-fcc structures for Li can be supported
by Hume–Rothery arguments when new diffraction plains appear
close to the Fermi level and characterized by pseudogap formation
near the Fermi level decreasing the crystal energy. The filling of
Brillouin–Jones zones by electron states for a given structure defines the physical properties as optical reflectivity, electrical resistivity and superconductivity. A necessary condition to understand
complexity of structural and physical properties of Li above 60 GPa
is assuming the valence electrons band overlap with the upper core
electrons and increase the valence electron count under compression.
[1] Guillaume C L, Gregoryanz E, Degtyareva O, McMahon M I, Hanfland M,
Evans S, Guthrie M, Sinogeikin S V and Mao H K 2011 Nat. Phys. 7(3)
211–214
[2] Matsuoka T, Sakata M, Nakamoto Y, Takahama K, Ichimaru K, Mukai K
and Ohta K 2014 Phys. Rev. B 89(14) 144103
[3] Degtyareva V F 2006 Phys. Usp. 49(4) 369–388
[4] Degtyareva V F and Smirnova I S 2007 Z. Kristallogr. 222(12) 718–721
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Binodal layer and rarefaction shock
in retrograde adiabatic expansion
of warm dense matter in two-phase
region of non-congruent phase
transition
Iosilevskiy I L1,2,@ and Gryaznov V K3
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Remarkable feature of non-congruent phase transition (NCPT) is a
more complicated structure of two-phase boundaries. Non-standard
hydrodynamic behavior of warm dense matter (WDM) inside NCPT
region is under discussion. In contrast to ordinary van-der-Waalslike transitions, thermodynamic path of adiabatic WDM expansion
enters and leaves two-phase NCPT region at high enough entropies
within so-called retrograde scenario. Two remarkable events result
from this double crossing of phase boundaries when expansion is
going within equilibrium (not metastable!) regime: (i) the binodal
layer [1] (“plateau”) appears when adiabatically expanding WDM
enters two-phase region; (ii) rarefaction shock appears when matter
leaves this region.
Features and parameters of both the events are discussed on the base
of adiabatic expansion within two-phase NCPT region for chemically reacting WDM of high-temperature uranium–oxygen plasma
of products of extreme accident heating of uranium dioxide [2].
[1] Iosilevskiy I 2011 Physics of Extreme States of Matter—2011 (IPCP RAS)
p 99
[2] Iosilevskiy I et al. 2003 Contrib. Plasma Phys. 43 316
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Mechanical stability of solids
at negative pressures
Baidakov V G
Institute of Thermophysics of the Ural Branch of the Russian Academy of
Sciences, Amundsen Street 107a, Ekaterinburg 620016, Russia
baidakov@itp.uran.ru

Using Gibbs ideas of the thermodynamic stability of homogeneous
phases, we investigated the problem of the ultimate strength of an
elastic (isotropic or crystalline) solid.
The elastic constants of a Lennard-Jones fcc crystal loaded with a
hydrostatic pressure p have been calculated in molecular dynamics
experiments. The bulk modulus KT and the moduli of simple µ and
tetragonal µ0 shear have been determined. It is shown that in the
case of homogeneous deformations the loss of stability of a solid at
large negative pressures is connected with the bulk elasticity (KT =
0) and at the positive and moderately negative pressures, with shear
stresses (µ0 = 0). Inhomogeneous deformations in a solid, as distinct
from homogeneous, are characterized by the coefficient of unilateral
compression K̃T =KT + (4/3)µ. It is shown that at large negative
pressures this modulus has a finite value on the spinodal (KT = 0).
Thus, the boundary of essential instability of a solid here will be
located beyond the spinodal. It is shown that the phase decay of
a Lennard-Jones crystal at large stretches and temperatures higher
than that of the endpoint of the melting line proceeds by way of
formation and subsequent growth of liquid-phase nuclei, and lower,
by way of initiation and growth of pores. It has been found that
at the approach to the boundary of essential instability of a solid
phase critical nuclei attain a shape close to spherical. Since at large
negative pressures the shear moduli µ and µ0 on the spinodal of a
solid are positive, the work of formation of a critical nucleus here
is different from zero, and it becomes possible to penetrate beyond
the spinodal with retention of the activation mechanism of the phase
decay. The work has been performed with a financial support of the
Russian Science Foundation (project 14-19-00567).
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Nitrogen phase transformation under
quasi-isentropic compression up to
130 GPa
Ternovoi V Ya@ , Nikolaev D N, Kvitov S V and
Pyalling A A
Institute of Problems of Chemical Physics of the Russian Academy of Sciences,
Academician Semenov Avenue 1, Chernogolovka, Moscow Region 142432,
Russia
@
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The most dense states in matter are generated dynamically by
isentropic compression. This method is convenient to detect phase
transitions and allows the full overview of states from zero to highest
achievable pressure in one shot. The main increase of entropy in
multiple shock compression process is caused by first shock in the
investigated matter and depends on its intensity. The decrease of
this shock and the absence of following strong shocks provides an
opportunity to approach isentropic compression. A layered system
consisting of polystyrene foam and steel layers was used to approach
a compression path of nitrogen close to isentropic. Two ways
to compress liquid nitrogen up to pressure of 110 and 130 GPa
was elaborated. Optical self—emission and electrical conductivity
measurements of compressed nitrogen were recorded in experiments.
Modified Ross equation-of-state model for nitrogen was used in 1D
hydrodynamic simulation of experiment. The comparison of the
experimental records and results of hydrodynamic simulation made
possible to evaluate density level at the moment of sharp increase of
nitrogen conductivity. Density, pressure, temperature are following:
3.2 ± 0.1 g/cc, 75 GPa and 95 GPa, 3100 ± 200 K. These states are
near the expected model boundary of liquid-liquid phase transition
of molecular nitrogen–polymeric nitrogen
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In this work we present our calculations of the compression isentrope
of deuterium. We use a pseudopotential density-functional-theory
(DFT) code VASP [1] with the plane-augmented-wave pseudopotential (with the lowest cut-off radius of 0.42 Å) and generalizedgradient-approximation exchange-correlation functional. The quantum molecular dynamics approach which is based upon the Born–
Oppenheimer approximation is applied to calculate pressure and internal energy of dense deuterium plasma. The calculations were
made in the range of temperatures 293–105 K and densities 1–
3 g/cm3 . We use Zeldovich’s approach [2] to restore the isentrope by
two different ways and compare the results with experimental data
and other theories [3]. We did not find a density jump registered
experimentally [3]. However we found the sharp rise of electrical
conductivity in the range of densities 1–2 g/cm3 . We also discuss
temperature and structural transformation of deuterium along the
isentrope.
[1] Kresse G and Hafner J 1993 Phys. Rev. B 47 14251
[2] Chentsov A V and Levashov P R 2012 Contrib. Plasma Phys. 52 33–36
[3] Fortov V E, Ilkaev R I, Arinin V A, Burtzev V V, Golubev V A, Iosilevskiy
I L, Khrustalev V V, Mikhailov A L, Mochalov M A, Ternovoi V Y and
Zhernokletov M V 2007 Phys. Rev. Lett. 99 185001
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Thermodynamic, transport and optical properties of CH2 plasma
are important for the simulation of modern laser experiments [1]. We
use the method based on the quantum molecular dynamics, density
functional theory and the Kubo-Greenwood formula [2] to obtain
necessary properties.
The properties of CH2 plasma at Ti = Te = T were investigated in
our previous work [3]. The most interesting results were obtaned
for 5 kK ≤ T ≤ 10 kK: rapid growth of static electrical conductivity
σ1DC (T ) and falling heat capacity [Cv − Cvkini ](T ) (i.e. concave
[E − Eikin ](T )).
In this work we focus on CH2 plasma in the two-temperature
case Te ≥ Ti . The dependences of σ1DC and [E − Eikin ] on Ti
(5 kK ≤ Ti ≤ 10 kK) at fixed Te = 10 kK are close to the
temperature dependences at Ti = Te = T . Thus the dependences
σ1DC (T ) and [E − Eikin ](T ) at Ti = Te = T are mostly due to the
influence of Ti .
The peaks at radial distribution functions (RDF) curves show the
existence of chemical bonds at Ti = Te = 5 kK. These bonds destroy
rapidly as Ti grows and remain almost intact as Te grows.
Thus, the growth of σ1DC and [E − Eikin ] correlates with the decay
of chemical bonds at 5 kK ≤ Ti ≤ Te ≤ 10 kK.
This work was supported by the Ministry of Education and Science
of the Russian Federation, grant No. 3.522.2014/K.
[1] Povarnitsyn M E, Andreev N E, Levashov P R, Khishchenko K V, Kim D A,
Novikov V G and Rosmej O N 2013 Laser and Particle Beams 31 663–671
[2] Desjarlais M P, Kress J D and Collins L A 2002 Phys. Rev. E 66(2) 025401
[3] Knyazev D V and Levashov P R 2015 Phys. Plasmas 22 053303
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In this work we analyze the contribution of the inner-shell electrons
of Li and overlapping of pseudopotential cores to thermodynamic
properties of 7 LiD under compression using density functional theory and quantum molecular dynamics (VASP [1]). At zero temperature there is no noticeable influence of 1s electrons of Li on
pressure up to fivefold compression. However, shock compression
reveals significant difference in pressure in calculations with 1 or 3
valence electrons for Li at pressures higher than 200 GPa. This fact
can be explained by the weaker repulsion of Li ions with the frozen
inner shell rather than by the excitation of the inner-shell electrons.
We estimate conditions at which the one-electron pseudopotential
is inapplicable in the unordered phase. Also we obtain new data on
double shock compression of 7 LiD up to 1.2 TPa in good agreement
with available experiments.
[1] Kresse G and Hafner J 1993 Phys. Rev. B 47(1) 558–561
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Various quantum-statistical cell models with the approximation of
self-consistent field are widely used for development of equations
of state. The application of these approximations is even more
valid, the higher the temperature and the density of matter [1]. The
separate and important issue is obtaining of the equation of state
for the mixture. At that, the technique of determining the selfconsistent potentials for a mixture of simple substances proposed
by Orlov [2] is applied. For the cell-based models of matter, this
technique allows to make equal the chemical potentials those are
calculated separately for each component of the mixture.
In the work, calculated results are presented for Hugoniots of LiH
and LiD based on quantum-statistical models with different electronic and ionic parts. Three models of electronic part are considered: the Thomas–Fermi, the Thomas–Fermi with quantum and
exchange corrections and the Hartree–Fock–Slater models [1]. The
influence of the thermal motion and the interaction of ions is taken
into account in the framework of three models: the ideal gas, the
one-component plasma and the charged hard spheres. Calculations
are performed in the pressure range from 1 to 107 GPa. A comparison is done with results of other approaches and available data from
shock-wave experiments [4] for LiH and LiD.
[1] Bushman A V and Fortov V E 1983 Sov. Phys. Usp. 26(6) 465–496
[2] Orlov N Y 1986 Zh. Vychisl. Mat. Mat. Fiz. 26(8) 1215–1222
[3] Nikiforov A F, Novikov V G and Uvarov V B 2005 Quantum-Statistical
Models of Hot Dense Matter (Basel: Birkhäuser)
[4] Ragan III C E 1984 Phys. Rev. A 29(3) 1391–1402
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The equations of state (EoSs) under extreme conditions are of high
importance for variety of applications in modern physics. The most
promising approaches for construction of wide-range EoSs are based
on the density functional theory (DFT) [1]. Nowadays, however, it
is too difficult to perform such calculations at low densities and temperatures higher than several tens of eV. Hopefully, the region of validity of the well-known finite temperature Thomas–Fermi (FTTF)
model [2] begins from tens of eV at normal densities and expands
for higher temperatures and densities [3]. The properties of low density plasma can be also described well with the shell corrections [4].
To demonstrate linkage of models at temperatures between 10–100
eV we perform calculations of thermodynamic properties of metallic
plasma within FTTF and DFT approaches at normal densities. For
the low density plasma we compare FTTF with Saha model. Finally, the region of validity of FTTF with quantum, exchange and
shell corrections is presented in wide range of parameters.
[1] Desjarlais M P, Graziani F, Redmer R and Trickey S B 2014 Frontiers
and Challenges in Warm Dense Matter Lecture Notes in Computational
Science and Engineering (Springer) ISBN 9783319049120
[2] Feynman R P, Metropolis N and Teller E 1949 Phys. Rev. 75 1561–1573
[3] Dyachkov S and Levashov P 2014 Phys. Plasmas 21 052702
[4] Shpatakovskaya G V 2012 Phys. Usp. 55 429
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The Thomas-Fermi theory is widely used for calculation of equations
of state for matter in extreme conditions [1]. The model is usually
considered for the electrons in atomic spherical cell, but such approach is restricted for usage at normal conditions [2]. Approaches
based on density functional theory provide complete information for
the electronic structure of matter, but they are spatially restricted
due to complexity and cannot be used for large systems. In the
research [3] it was shown that the Thomas-Fermi theory can be
applied for the description of density of states of quasiparticles in
two-dimensional systems such as the surface of topological insulator
or graphene. In resent experimental research [4] it was also shown
that density of states is strongly influenced by the quasiparticle scattering on charged impurities. We investigate the applicability of the
Thomas-Fermi approach with exchange and scattering corrections,
perturbatively included in the density functional. Scattering on impurities calculated with the precise T-matrix method [5].
[1] Nikiforov A F, Novikov V G and Uvarov V B 2005 Quantum-Statistical
Models of Hot Dense Matter (Basel: Birkhäuser)
[2] Dyachkov S and Levashov P 2014 Physics of Plasmas (1994-present) 21
052702
[3] Rossi E and Das Sarma S 2008 Phys. Rev. Lett. 101(16) 166803
[4] Beidenkopf H, Roushan P, Seo J, Gorman L, Drozdov I, Hor Y S, Cava R J
and Yazdani A 2011 Nature Physics 7 939–943
[5] Lee W C, Wu C, Arovas D P and Zhang S C 2009 Phys. Rev. B 80(24)
245439
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The aim is to study the combined Thomas–Fermi model and based
on its basis multipole static polarizability of atoms and, possibly,
other particles of condensed matter, which are known potential distribution or electron density. The proposed model, first, used as
a unperturbed electron density approximated Slater functions of
the Hartree–Fock electronic distribution of atoms. Secondly, the
choice of the perturbed electron density in the present model is
based largely on the use of the results obtained in the framework
of quantum-mechanical perturbation theory [1], and quantum electrodynamics [2]. Angered potential ϕ(~r) depends on unperturbed
ϕ0 (~r) as follows [3]:


λ
ϕ(~r) ∝ ϕ0 (~r)exp −
.
ϕ0 (~r)
However, this choice of the perturbing potential cannot be unambiguously regarded as going beyond the scope of the Thomas–
Fermi method, as the minimization of the energy functional by Ritz
method involves a fairly wide in the choice of trial functions, which
of course does not exclude the need to physically clear rationale
for this choice. The calculations of the static multipole polarizability for atoms with closed electron shells show good accuracy of the
model. This work was supported in the framework of the base part
of a government assignment issued by the RF Ministry of Education
and Science to KBSU for years 2014–2016 (project 2014/54-2228).
[1] Landau L D and Lifshitz E M 1989 Quantum Mechanics
[2] Berestetskiy V B, Lifshitz E D and Pitaevskii L P 1980 Quantum Electrodynamics
[3] Kyarov A Kh and Savintsev A P 2014 Izv. KBSU 4(1) 98
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Condensed matter physics is one of the most active and versatile
branches of modern physics that have developed in the beginning
of the discovery of quantum mechanics. It deals with problems
concerning the properties of materials ranging from the fundamental
needs of technological applications. Where the electron’s moving in
atoms and molecules don’t obey to the classical Newton’s motion
equation. So, there are many good reasons to address the quantum
mechanical theory beyond its historical significance. In this case, the
movement of electrons is given by the Schrödinger equation which
has two forms. In the first form, the time explicitly appears, and so
describes how the wave function of a particle will evolve in time. The
second form is the equation in which the time dependence has been
removed and hence is known as the time independent Schrödinger
equation and is found to describe, what the allowed energies are of
the particle.
It is always challenging to solve the Schrödinger equation even
the solution could be analytical or numerical. In this paper, we
will describe how the time independent Schrödinger equation can
be solved analytically using the approach of a particle moving in
periodic delta potential [1,2] as a new way to find analytical solutions
of this equation.
[1] Vlasov V Z 1962 Izbrannyye Trudy vol 1 (Moscow: Izdatelstvo Akademii
Nauk SSSR)
[2] Mikhailov B K 1980 Plastiny i Obolochki s Raznymi Parametrami
(Leningrad: LGU)
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To describe the material subjected to shock-wave action, the equation of state in the form of Mie–Grüneisen is used. If the shock wave
is of low intensity, then the Grüneisen coefficient is assumed to be
constant and equal to γ0 —the Grüneisen coefficient under standard
conditions. If the shock wave is strong, then the formula

γ ≈ γ0

ρ0
ρ

l
,

(1)

is used.
Analysis of data given in the literature shows that with an increase
in the intensity of shock-wave loads, the magnitude of the Grüneisen
factor decreases. However, if the Grüneisen factor is described by (1)
at large porosities and pressure, then it will increase in comparison
with the normal value γ0 .
With the growth in loads, when the relative influence of thermal
pressure increases in such a way that the matter density begins to
decrease and turns out to be less than ρT 0 , the density dependence of
the Grüneisen factor this paper proposes to describe by the equation

γ ≈ γ0

ρ0
ρ

−l
,

(2)

where the exponent l has the same value as in (1).
Besides relation (2) the Grüneisen coefficient logarithmic dependence of the density, and the Grüneisen coefficient dependence of
the loading pressure are also considered.
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Within the framework of the Mie–Grüneisen model, based on Molodets’ version of the Grüneisen function [4], the present work
describes the construction of the thermodynamic equation of state
for the solid phase in the Debye approximation with the minimum
number of parameters, where the “cold” pressures and energy are
obtained in an analytical form from the generalized form of the
Grüneisen function.
The expression obtained for the Grüneisen function allows one to
find the equation for the zero isotherm and to analytically calculate
the value for the “cold” components of pressure and internal energy
and, hence, the thermodynamic expression of state for the solid
phase with the thermal oscillations of the crystalline lattice are
described by the Debye approximation.
To derive this equation, one has to know only six constants: specific
volume V0 , volume expansion function β, isothermal Kt or adiabatic
Ks modulus of volume compression, heat capacity at constant
pressure cP or at constant volume cV , Debye temperature Θ, and
electronic heat capacity cVe .
Two-dimensional problems of the high-velocity impact of the model
reactor blocks of a nuclear powerplant onto the Earth surface were
solved numerically on the basis of the elastoplastic model and with
the use of the constructed equation of state [2].
[1] Molodets A M 1997 Doklady Physics 42(4) 173–175
[2] Kraus E I and Shabalin I I 2013 Frattura ed Integrita Strutturale 24 138–150
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The results of numerical experiments on modeling of shock wave
loading of solid and porous heterogeneous materials on the example
of molybdenum and alloy including molybdenum in its composition
as a component are presented. The model TEC (thermodynamic
equilibrium components) is based on the assumption that all components of the material under shock-wave loading are in thermodynamic equilibrium. The equation of state of the Mie–Grüneisen
type with allowance for the dependence of the Grüneisen coefficient
on temperature is used for condensed phases [1, 2]. Model TEC allows us to describe thermodynamic parameters of molybdenum in a
wide range of pressure and porosity in shock-wave compression and
adiabatic unloading. Computational results are compared with the
well-known experimental results obtained by different authors.The
model parameters that allowed to reliably describe the thermodynamic parameters of pure molybdenum under shock-wave loading,
were used for modelling molybdenum alloys with materials such as
titanium, rhenium, uranium. It is shown that the proposed model
can adequately describe the shock-wave loading of the considered
alloys. The model permits the shock-wave loading of alloys with
molybdenum in their composition to be described reliably solely by
using species parameters.
[1] Kinelovskii S A and Maevskii K K 2013 J. Appl. Mech. Tech. Phys. 54(4)
524–530
[2] Kinelovskii S A and Maevskii K K 2014 High Temp. 52(6) 821–829
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Thermodynamics of high-molecular organic compounds and especially metastable chemical compounds, both being energy-saturated
materials, turns out to be a poorly studied area despite its practical
importance. Theoretical determination of relationships characterizing behavior of solid energy-saturated materials runs into difficulties
as they belong to molecular crystals and molecules constituting a
crystal have great many internal degrees of freedom. The paper analyzes experimental data on the hydrostatic and shock-wave compression of the energy-saturated material. The Mie–Grüneisen–Debye
semi-empirical equation of state based on the Helmholtz potential is
used to describe thermodynamic properties of metastable molecular
crystals without phase transitions taken into account. The equation
of state describes experimental data on isothermal compression of a
molecular crystal with the above data given by the powder diffraction analysis using diamond anvils. An expression for the Hugoniot
curve satisfactorily describes the data on shock compression of the
material having different initial porosity. The proposed equation
of state is expected to give higher-accuracy description of thermodynamic properties of the energy-saturated material in numerical
simulation of shock-wave and detonation processes.
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To increase resistance of diamond to high-temperature heating is an
important issue for its use as diamond anvils, laser mirrors and windows. To solve this problem, the mechanism of high-temperature
destruction of diamond should be determined. The mechanism presented below were obtained from experimental observations and MD
simulation. To eliminate the influence of the chemical interaction,
diamond heating was produced from contact of graphite melt. Metallographic section study show that under a solidified drop subsurface bubbles and the crushed diamond, bonded by non-diamond
carbon exists as initial and finished stages of destruction. Wedgeshaped inclusions in the diamond particles contained martensitic
graphite. On the specifics of graphite structure it was found that
diamond is under pressure 5–10 GPa. Structure similar to “crushed
glass”, which are specific for fracture failure there was found. The
amorphous carbon, containing discontinuities indicates the melting
of the diamond and cavitation under extension of liquid. According
to MD, diamond does not melt when stretched to less than 60 GPa.
It cannot be obtained in experiment and, therefore, only compressed
diamond melts. The following mechanism has been proposed. Diamond graphitization in local regions (bubbles) leads to increase in
carbon volume and pressure on a diamond appears. Due to decrease
in thermal conductivity the diamond is superheated and highly compressed diamond is melted. The melting causes relaxation of mechanical stresses in unfused diamond and “ground glass” structure
occurs. Interference or reflection of compression waves from boundaries of fluid leads to negative stress and disintegration of liquid as
a result of nucleation, growth and merging of discontinuities. Proposed high-temperature mechanism is significantly different from
low-temperature mechanism of brittle fracture of dielectrics.
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Utilisation ammunitions with high explosives and the obtaining nanodiamond as result detonation synthesis have given new motivation
for search areas their application. Nanodiamonds have next attractive properties: high density (3.51 g/cc), ultra high thermal conductivity and high dielectric properties. Use as fillers of nanodiamonds
will allow to regulate heat conductivity, density, a thermal capacity
and dielectric properties. In this work the stability of nanodiamond
powder have been researched by method synchronous thermal analysis. Experiments have been conducted at atmospheric pressure
of argon. Nanodiamond powder were heated in the closed crucible
(Al2 O3 ) in a temperature range of 30–1500 ◦ C. After heat treatment,
the samples have been researched by x-ray diffraction and electron
microscopy. As a result of this work it have been found that temperature stability of part of nanodiamonds exceeds 1500 ◦ C. This is
rather unusual results expiring noun literature data.
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Our previous experimental work was devoted to phase transitions in
liquid carbon (LC) under conditions of intense heat exchange with
a cold diamond substrate. LC quenching in this experiment led to
the formation of a new carbon phase with amorphous structure.
In this amorphous state carbyne–allotropic modification with sp
atoms—is detected. Investigation of the structure and properties
of the amorphous carbon will allow us defining areas of its possible
application. This task cannot be performed experimentally and
require molecular dynamics (MD). The quenching of LC by the
classical MD showed the presence of a certain amount of sp atoms
in the amorphous structure. But the amount of the sp atoms
is dependent on classic potential type. Probably this is due to
the complexity of the LC simulation with classical potentials. In
this work we are trying to determine which of classical potentials
describes LC most adequately. This will be achieved by comparing
the density and structure of LC, received with various classical
potentials with first-principle calculations. We used quantum MD
implemented in the VASP package. For classical MD calculations
the software LAMMPS and 4 classical potentials were used. We
calculated the density and distribution of chemical bonds in LC
at temperature 6000 K and pressures 1.2–17 GPa. It was found
that for the description of LC one needs to use different classical
potentials for different pressure ranges. In the next stage we plan to
study amorphous carbon properties in more detail. This work was
supported by RFBR (grants 16-08-01295, 13-08-01098).
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Two predictions are formulated by Norman and Starostin in1968.
The first one is “plasma phase transition”. The second prediction
is a fluid–fluid–solid triple point on the melting line at high temperatures. However they do not discuss the nature of the fluid–
fluid transition. Such a triple point is observed experimentally
first by Brazhkin et al for selenium in 1989. They point to the
semiconductor–metal nature of the transition.
An analysis is presented of the subsequent experimental works where
fluid-fluid phase transitions are observed at high temperatures with
triple points on the melting curve. Data are given for different
substances as Se, P, Sn, Bi, Te, S, Fe, Ce and some others. Viscosity drops point to the structural character of the transition,
whereas conductivity jumps remind of both semiconductor–metal
and plasma nature. The slope of the phase equilibrium dependencies of pressure on temperature and the consequent change of the
specific volume, which follows from the Clapeyron–Clausius equation, are discussed. P (V, T ) surfaces are presented and discussed for
the phase transitions considered in the vicinity of the triple points.
The cases of abnormal P (T ) dependencies on lines of phase equilibrium are in the focus of discussion. In particular, a P (V, T ) surface
is presented when both fluid–fluid and melting P (T ) lines are abnormal. Particular attention is paid to warm dense hydrogen and
deuterium, where remarkable contradictions exist between data of
different authors. The possible connection of the P (V, T ) surface
peculiarities with the experimental data uncertainties is outlined.
The work is supported by the Russian Science Foundation (grant
No. 14-50-00124).
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Molecular-dynamics (MD) simulations of the non-equilibrium melting of aluminum are performed both with and without accounting of
the electronic subsystem. A continuum model of melting is purposed
basing on the obtained MD results, in which the current phase state
is described in terms of fields of concentration and size of melting
sites. Growth equation for melting areas is derived from the heat
fluxes analysis. Nucleation equation for melting sites is formulated
basing on the thermofluctuational approach. The method of determination of the model coefficients with using the MD simulation
results is purposed. The continuum model is applied to the problem of the non-equilibrium melting of aluminum within the energy
absorption area of the high-current electron beam.
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Modern methods of research of structure of substances with high
pressures [1], allowed to find not simple behavior of simple metals.
For example, it is the abnormal character of curves of melting
Tm (P ).
We used the software package of LmtART-7 [2] for finding of phonon
and electron spectrum, and also—for finding of a total energy of
interaction of electrons with sodium nuclei. Interaction potential on
the basis of qualitative methods of the theory of a chemical bond
is offered. This potential depends on characteristics of a complex
lattice. It also depends on number of atoms in an elementary cell
and contains small number of free parameters. We use the calculated
values of a total energy for finding of these parameters.
For the description of liquid metal at high pressures the model
according to which liquid consists of clusters with a quasicrystal
order and defective intercluster boundary is used. Expressions for
free energy and Gibbs’ potential are presented. The curve of melting
and jumps of volume and entropy of Na depending on pressure from
equality of potentials of Gibbs on interphase boundary are obtained.
Comparison with experiment is made.
The work carried out within the state order No. 0389-2014-0006 and
under the partial financial support of the RFBR (project No. 16-0800466) and the Ural Branch of RAS within the UB RAS fundamental
research program “Matter at high energy densities” (project No. 151-2-8).
[1] McMahon M I 2015 Phil. Trans. R. Soc. A 26(6) 20130158
[2] Savrasov S Y 1996 Phys. Rev. B 54(23) 16470–16486
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Melting temperature of graphite and nature of liquid carbon remains a subject of permanent discussions in the literature for many
decades. The main reason of this inconsistency is the extremely
high melting temperature of graphite making it the most refractory
material. The important aspect of this work is to study the nature
of the cusp on the thermogram in the melting region. Unlike to
other materials, the heating rate in liquid is higher than in solid
state. Understanding this phenomenon may help to investigate the
changes of thermal conductivity between solid carbon and liquid
in wide pressure range. The melting thermogram was obtained for
isotropic graphite at pressures 0.5–6 kbar.
Another important aspect of this study is crystallization of liquid
carbon. Visualization of liquid phase was made by high-speed camera. To reduce the influence of thermal radiation, the interference
filter was mounted in the camera optics and the sample surface was
lighted by diode laser with optical power 100 W. Analysis of solidified liquid carbon and vapor condensate was made by scanning
electron microscope. At high pressures were observed the vaporliquid-solid mechanism of crystallization. In some experiments, we
obtain the analog of nanowhiskers. Solidified liquid carbon whiskers
differ from classical crystals because of different velocities of growth
but they have the analogous proportions of length and diameter and
the analogous mechanism of growth.
The drops of recrystallized carbon were obtained in different medium
pressures, heating rate and cooling rate. At the cooling stage, laser
power is not zero, the sample heated by 100–300 W for 10–15 ms to
decrease the cooling rate. It helps us to realize slow crystallization
mode.
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Direct measurements of thermophysical properties of graphite and
liquid carbon have been made recently in our laboratory [1]. Those
results were used here to estimate location and the slope of the
melting curve of graphite in the pressure-temperature plane. It is
shown that the slope of the melting curve based on the results [1]
differs essentially from those of other literature experimental data.
Reasons for the discrepancy are discussed. An attempt was made to
determine location of the maximum in the dependence of the melting
temperature on pressure because this feature may be related to a
first order liquid I—liquid II phase transition in liquid carbon.
[1] Kondratyev A M, Korobenko V N and Rakhel A D Submitted to Carbon
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Experimental data on graphite melting temperature Tm still remain
controversial despite the long history of investigation [1]. The results
of several experimental works cover the wide span from 3800 to
5000 K that is an essentially larger uncertainty than the errors
of individual experiments. Despite sophisticated theoretical and
modeling efforts this question has not been resolved yet. In this talk,
based on molecular dynamics (MD) and the accurate interatomic
potential for carbon, we report our new results [2–4] on the kinetics
of graphite melting (aspects of defect formation, single graphene
layer melting and rates of liquid nucleation). We determine by
thermodynamic integration the value of Tm ≈ 3650 K. Our MD
results show an unexpectedly weak kinetics of the melting front
propagation in graphite that is several orders slower than that in
metals. We demonstrate that at heating rates higher than 105 106 K/s graphite can be superheated 500-1000 K above Tm at the
microsecond timescale. It allows us to explain the long-standing
discrepancy in the experimental data on Tm . Besides, we discuss
the pressure dependence of the Tm and the influence of the MD
interatomic model choice.
[1]
[2]
[3]
[4]

Savvatimskiy A I 2005 Carbon 43 1115–1142
Orekhov N D and Stegailov V V 2015 Dokl. Phys. 60 109–113
Orekhov N D and Stegailov V V 2015 Carbon 87 358–364
Orekhov N D and Stegailov V V 2015 J. Phys.: Conf. Series 653 012090
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The melting of face-centered cubic (fcc) and body-centered cubic
(bcc) crystal lattices was studied analytically and numerically for
the systems with various isotropic interaction potentials, namely
for the systems with inverse-power-law and Yukawa interaction
potentials. The comparison of the obtained results with existing
data is presented.
The new approximation for the determination of equilibrium melting curves of the systems is proposed. The suggested approximation
takes into account the influence of nonlinearity (anharmonicity) of
the pair interaction forces and allows to correctly predict the conditions of the melting of the systems with various isotropic interaction
potentials, unlike the known empirical and half-empirical approximations. Characteristic frequencies and energies of crystal lattices
were estimated within the framework of the nearest-neighbour approximation, and the amplitudes of the oscillations of particles in
the nodes of the lattice were evaluated with the help of Lindemann
parameter on the melting lines of the systems under study.
Notice that the scope of proposed approach is not limited by considered potentials. The presented model may be easily adapted for a
wide range of systems with isotropic repulsive potentials and may be
useful for estimations of solid-liquid phase curves and fcc–bcc–liquid
triple point.
This work was supported by the Russian Foundation for Basic
Research (grant No. 16-08-00594), by the Ministry of Education
and Science of the Russian Federation and by the Presidium of the
Russian Academy of Sciences.
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The report describes the method of constructing scale equation of
state in variables density and temperature. This method is based on
the Benedek hypothesis. According to this hypothesis, the behavior
of the isochoric heat capacity CV and the coefficient of isothermal
compressibility KT at the critical and near-critical isochore are
described by the same power laws:
T − TX (ρ)
X=A
Tc

−χ

,

(1)

where X = Cv , χ = α and X = KT , χ = γ. It is shown that from
Schofield–Litster–Ho linear model (LM) follows that the singular
component of the chemical potential has the form
∆µ = ϕ0 ∆ρ(Cv /T )−γ/α + ϕ2 (∆ρ)3 (Cv /T )(2β−γ)/α .

(2)

On the other hand, from phenomenological Migdal theory of the
critical point, it follows that ∆µ can be represented in the form
(2β−γ)/γ

∆µ = ϕ1 KT−1 + ϕ3 KT

.

(3)

On the basis (1)–(3), scale function of the chemical potential h(x)
in variable density and temperature is calculated as
X
X
h(x) =
Ai (x + xi )γ +
Bi (x + xi )γ−2β .
(4)
It is shown that the function (4) has only two fitting parameter, and
the relative error δh = (hl (x) − h (x)) /hl (x) does not exceed 1%
(hl —LM scale function).
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In the report describes the method of constructing the fundamental
equation of state (EOS), based on a large-scale representation of the
hypothesis in the form of equation:
∆SX (1−α)/χ = ϕ0 + ϕ2 m2 ,

m = ∆ρX β/χ .

(1)

Here ∆S = (ρc Tc /pc ) [S (ρ, T ) − S0 (T )] /f (ω); S—the entropy;
f (ω)—the crossover function; ∆ρ = ω − 1; ω = ρ/ρc ; α, β, χ—the
critical indices; X—thermodynamic function having a singularity at
the critical point, which is characterized by the critical index (for
example, if X = KT χ = γ). The fundamental equation of state,
which follows from (1) has the form
ρ
ρ
F (ρ, T ) = Freg (ρ, T ) + f (ω) |∆ρ|δ+1 a (x) ,
pc
pc

(2)

where F (ρ, T )—the Helmholtz free energy; a (x)—the scale function. If in the equation (2) put f (ω) = 0, then equation (2) coincides with the equation of state in virial form. On the basis of
fundamental equation (2), equation of state of perfluoropropene is
designed, which in regular field of thermodynamic surface satisfies
all the requirements of the equations of state in virial form. The
equation of state (2) satisfies the scale hypothesis in the vicinity of
the critical point and with a small error reports experimental data of
equilibrium properties of perfluoropropene. For example, the maximum deviation of the density calculated by equation (2) from the
experimental data is 0.02% in a dense fluid and 6% in the vicinity
of the critical point. At the same time, the size of δρmax is 0.3%
in a dense fluid and 35% in the vicinity of the critical point for the
fundamental equation of state by Lemmon and Span (2006).
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The authors reviewed the method of constructing the fundamental
equation of state based on the representation of scale hypothesis in
the form of equation
∆SX (1−α)/χ = ϕ0 + ϕ1 m2 + ϕ3 X −∆/χ + ϕ4 X −∆/χ m2 ,

(1)

where m = ∆ρX β/χ , ∆S = (ρc Tc /pc ) [S (ρ, T ) − S0 (T )] /f (ω); S—
the entropy; f (ω)—the crossover function; ∆ρ = ω−1; ω = ρ/ρc ; α,
β, χ and ∆—the critical indexes; X–the thermodynamic function,
having a singularity at the critical point, which is characterized by
the critical index (for example, if X = KT , then χ = γ). The
fundamental equation of state, which follows from (1) has the form
h
i
F (ρ, T ) = Freg (ρ, T ) + f (ω) |∆ρ|δ+1 a0 (x) + u|∆ρ|∆/β a1 (x) ,
(2)
where F (ρ, T )—the Helmholtz free energy; ai (x) (i = 0, 1)—the
scale functions of F (∆0 = 0, ∆1 = ∆). The fundamental equation
of state (2) with scale functions approved by the example of the
thermodynamic description of the surface of R32. We calculated
the table of equilibrium properties of R32 in the state parameters:
temperature from 136.34 to 420 K and pressure up to 40 MPa. Also,
we calculated the detailed thermodynamic tables for the general
vicinity of the critical point. Calculations showed that the accuracy
of calculation of the equilibrium properties in the regular part of the
thermodynamic surface by equation does not yield to the proposed
equation (Tilner–Roth 1997), and in the critical region—Kiselev
crossover equation.
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On the basis of the proposed model of scale hypothesis, an expression
was obtained for the singular part of the entropy S:
∆S (ρ, T ) =

3 X
3
X



Xn(α−1−∆i )/χn ϕn−1,i + ϕn,i mn + ϕn+1,i m2n ,

n=1 i=0

(1)
mn = τpβ Xnβ/χn .

(2)

There τp = τ /x̃; x̃—the generalized scaled variable [1]; τ = T /Tc −1;
X—the thermodynamic function, having a singularity at the critical
point, which is characterized by the critical index (for example, if
X = CV , then χ = α). On the basis of (1), a scale function of the
free energy an (x̃) is calculated. The fundamental equation of state
of an argon is developed, which is based on functions an (x̃). This
equation allows taking into account the asymmetry of the liquid
relative to the critical isochore. We have calculated the table of
equilibrium properties of argon in a wide range of state parameters:
density to 3.35ρc , the temperature from the triple point to 1000 K.
It is shown that the error δCV in the description of experimental
data CV from Voronel et al (1965) and Anisimov et al (1975, 1978)
in the vicinity of the critical point does not exceed 10%. While the
δCV calculated by the crossover equation of state [2] from Voronel
et al (1965) exceeds 100%.
[1] Rykov V A 1986 Teplofiz. Vys. Temp. 25 345
[2] Rizi A and Abbaci A 2012 J. Mol. Liq. 171 64–70
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Some group of models F = F (t, D, C) is investigated in the report. These models are connected with thermodynamic properties,
F = (ρl , ρg , fs , fd . . .), including the densities, ρl , ρg , related to the
coexistence curve (CC), the order parameter, fs , and the coexistence
curve diameter, fd . F (t, D, C) models include critical characteristics, D = (α, β, Tc . . .), a relative temperature, t, coefficients, C, and
follow to the scaling theory of critical phenomena. These models of
properties are represented by equations of Wegner (1985), Anisimov et al (2006), Rabinovich and Sheludiak (1995), Shimanskaya
et al (1996), Bazaev, Abdulagatov et al (2007). One more model
F (t, D, C) is named as a combined model (CM) and proposed to
express properties F = (ρl , ρg , fs , fd ) in this work. It combines scaling, Fs , and regular, Fr , parts. Its description is given in [1] and [2].
CM model, fd = F (t, D, C), uses a leading component that includes
a characteristic D = 2β. This model is related to modern equations
of ST. CM models of F = (ρl , ρg , fs , fd ) are adopted to experimental
(ρl , ρg , t) data of several substances and compared with equations
mentioned earlier. For example some numerical results are got for
CM models of SF6 including CC diameter fd = F (t, D, C); elaborated models are compared with equations of Anisimov et al (2006),
Wagner [3] and others.
[1] Ustjuzhanin E E and Rykov V A 2011 Proceedings of NRU MPEI 6(1) 167–
179
[2] Rzoska S A 2006 Soft matter under exogenic impact. NATO Science series.
Part II vol 242 (The Netherlands: Springer)
[3] Wagner W 2001 Chem. Thermod. 34(1) 735–754
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The impossibility of exact calculation of thermodynamic properties
on the basis of molecular information compels to pass to model representations at two specified levels. Thus we consider as important
to be based on ideas of system approach according to which any
change in a form of the equation of state (EOS) follows and has to
be explained with changes in molecular model. Such view convinces
at least that the approach of authors of many low-parametrical vander-Waals type EOS is incorrect because changing the EOS form
and increasing number of parameters they keep molecular notions
of van-der-Waals (sense of two EOS parameters—a and b). This fact
forces the authors to design the EOS so that the critical factor of
compressibility (CFC) was more than the physical characteristic. It
is known that the “experimental” values of CFC belong to a narrow
interval 0.30–0.25. We did not meet explanations for this fact in
literature. However, the results obtained by us when realizing the
opportunities of the simplest molecular models–the interacting point
centers and spherical shells—and the new EOS constructed on their
basis allow to answer many questions including concerning observed
values of CFC. Recently it was succeeded to build hierarchy of the
different levels control parameters in the form of analytical formulas
connected with each other. Giving an interval of 0–0.5 for degree
of overlapping “atoms” in “molecule” and changing quantity of the
atoms, which determines the greatest linear extent of the object—2,
3, 4, . . . —having applied calculation formulas, we not simply have
obtained as a result the observed interval of CFC values, but also
have revealed the structure of this interval.
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Using the two-level molecular-statistical approach, a single state
equation for the crystal, liquid and gas have been obtained:


ω  Aω
ω 2 ∂A
θ 
− 2− 3
.
(1)
p = − ln 1 −
ω
υ
2υ
2υ
∂n θ,ω
Here θ = kT , υ = V /N is a molecular volume, ω is a microcell
volume, n = N/M is a concentration of molecules in the volume
V of system, which is divided into M microcells, M = V /ω is the
number of microcells, a volume of which is ω, A is an energy-entropy
parameter of model, calculated by solving the integral equation
for the potentials of average forces, which is an element of Rott’s
method of conditional distributions. The free energy of the system
in the F11 -approximation of conditional distributions corresponding
to equation (1) has the form
F = U − TS = θ

N
An
(n ln n + (1 − n) ln (1 − n)) − N
.
n
2

(2)

As a result, the free energy and the pressure in crystalline and
liquid states of the system for three temperatures, which are located
between the temperature of the triple point and temperature of the
critical point, were calculated.
67

Attachment and accommodation at
cluster growth in metal vapor
Lenev D Y1,2,@ and Norman G E1
1

Joint Institute for High Temperatures of the Russian Academy of Sciences,
Izhorskaya 13 Bldg 2, Moscow 125412, Russia
2
Moscow Institute of Physics and Technology, Institutskiy Pereulok 9,
Dolgoprudny, Moscow Region 141700, Russia
@

lenevdy@mail.ru

Attachment and thermal accommodation coefficients are calculated,
which are necessary to describe condensation kinetics in supercooled
vapors. Molecular dynamics (MD) method is applied as in [1, 2].
Smaller clusters and other temperatures are studied in [1]. In [2],
thermal accommodation coefficient for a flat surface and only one
temperature is calculated
A system of a spherical nucleus of liquid phase and a single incident
atom is studied. Finnis-Sinclair potential is used for describing interactions between atoms of the cluster. The incident atom interacts
with cluster atoms by the Lennard-Jones potential. Attachment coefficient is a fraction of MD runs, which results in sticking of the
incident atom to the cluster. Thermal accommodation coefficient
is equal to the ratio of the incident atom kinetic energy loss to the
difference between cluster and incident atom temperatures. 500 of
similar MD runs are repeated with velocities of the incident atom
distributed according to Maxwell for averaging. The coefficients are
obtained for 7 temperatures from 1200 to 4500K and cluster sizes
of 27, 113 and 339 atoms; incident atom temperature equals 300K.
Dependencies of the attachment coefficients on the impact parameter of the incident atom are calculated. Thermal accommodation
coefficients obtained are compared with [2] and experiment [3].
The work is supported by the RSF grant 14-50-00124.
[1] Insepov Z, Karataev E and Norman G 1991 Z.Phys. D Atoms, Molecules and
Clusters 20 449–451
[2] Daun K et al. 2013 J. Appl. Phys 8 409–420
[3] Eremin A, Gurentsov E and Priemchenko K 2013 J. of Nanoparticle Research
15(6) 1537–1553
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A few years ago we suggested a hypothesis that cohesive coupling of
atoms remains up to some small, but gas vicinity of the vapor-liquid
critical point and therefore the value of cohesive energy can use
for thermodynamic calculations of parameters of the critical point.
Critical point parameters and binodal were calculated practically
for all metals of the periodic table [1] with use of the Helmholtz free
energy, based on this hypothesis. In this study the problem for calculation of conductivity of metals in vicinity of critical point within
uniform physical model is considered (in a complex). Conductivity
is experimentally measured only for alkaline metals and mercury [2].
Available calculations of conductivity are made for alkali metal vapors and mercury for known composition of vapors along binodal,
i.e electron density and conductivity are calculated independently.
Being important value in itself, conductivity in a critical point supplements a traditional set of critical parameters and distinguishes
vapor-liquid transition in vapors of metals from traditional transitions. The conductivity at the critical point can be called the fourth
critical parameter. For calculation of conductivity it is necessary to
know the concentration of conductivity electrons. Some ways of
its calculation are considered. Conductivity is calculated using a
Rigel-Ioffe formula. Our calculations are qualitative agreed with experimental data for Cs and Rb. For other metals conductivity in
critical point is calculated in first. This study is performed with
financial support of the Program of basic researches of Presidium
of the Russian Academy of Sciences “Substance at the high energy
density”.
[1] Khomkin A L and Shumikhin A S 2015 JETP 148 597
[2] Franz G, Freyland W and Hensel F 1980 J. de Phys. 41(C8) 70
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Anomalous phase diagrams in subclass of simplified (non-associative
[1]) Coulomb models are under discussion. The common feature of
this subclass is absence on definition of individual correlations for
charges of opposite sign. It is e.g. modified OCP of ions on uniformly
compressible background of ideal fermi-gas of electrons {OCP(∼)},
or a superposition of two non-ideal OCP(∼) models of ions and
electrons etc. In contrast to the ordinary OCP model on noncompressible (rigid) background {OCP(#)} two new phase transitions with upper critical point, boiling and sublimation, appear in
OCP(∼) phase diagram [1, 2] in addition to the well-known Wigner
crystallization. The point is that the topology of phase diagram in
OCP(∼) becomes anomalous at high enough value of ionic charge
number Z [2, 3]. Namely, the only one unified crystal-fluid phase
transition without critical point exists as continuous superposition of
melting and sublimation in OCP(∼) at the interval (Z1 < Z < Z2 ).
The most remarkable is appearance of pseudocritical points at both
boundary values Z = Z1 ≈ 35.5 and Z = Z2 ≈ 40.0. It should be
stressed that critical isotherm is exactly cubic in both these pseudocritical points.
[1] Iosilevskiy I 1985 High Temp. 23 807 (Preprint arXiv:0901.3535)
[2] Iosilevskiy I L and Chigvintsev A Y 1992 Physics of Nonideal Plasmas ed Ebeling W and Forster A (Leipzig: Teubner) p 87 (Preprint
arXiv:physics/0612113)
[3] Iosilevskiy I L and Chigvintsev A Y 1998 Strongly Coupled Coulomb Systems
ed Kalman G and Blagoev K (New York: Plenum) p 135 (Preprint
arXiv:physics/0609064)
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Layered semiconductors A3 B6 (InSe, InS, GaSe, etc) and chalcogenides based on them such as CuInCh2 , (InCh)1−x (CuAsCh2 )x ,
Ch—chalcogenides, demonstrate a combination of interesting electrical, optical and other physical properties, and undergo baric and
temperature phase transitions. Some of them demonstrate negative
magnetoresistance (NMR) under high pressure at room temperatures. The causes of NMR in semiconductors at high pressures have
not been studied in detail. The aim is to investigate influence of
high pressure on the crystal structure of (InSe)0.5 (CuAsSe2 )0.5 , exhibiting NMR [2], at pressures up to 60 GPa. Crystal structure
was studied by high pressure Raman scattering spectroscopy and
synchrotron x-ray diffraction technologies. High pressure was applied to the samples using helium pressure medium in a diamond
anvil cells. With pressure increasing two structural transitions were
observed: from chalcopyrite structure to a cubic NaCl-type in the
range 8–10 GPa and from NaCl-type to the orthorhombic structure in the range 32–38 GPa, analogously to transitions in tetragonal CuInSe2 [2]. The observed noticeable changes in a behavior of
magnetoresistance and other electrical properties in these pressure
ranges are caused by structural transitions and due to a change of
electron structure.
This work was supported by the RFBR (project No. 16-02-00857).
The authors are grateful to Prof L S Dubrovinsky (Bayerisches
Geoinstitut, University Bayreuth) for the possibility to conduct high
pressure measurements.
[1] Melnikova N V et al. 2015 J. Phys.: Conf. Series 653 012098
[2] Bovornratanaraks T et al. 2010 J. Phys.: Condens. Mat. 22 355801
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This work is devoted to the study of the temperature dependence of
electrical properties of AgGe1+x As1−x (S + CNT)3 (x = 0.4, 0.5, 0.6)
materials with the addition of carbon nanotubes at temperatures
range from 10 to 300 K. The synthesis of materials and their
properties at room temperature described in detail in [1, 2].
Electric properties of the materials in the temperature range 10–
300 K was studied on ac in the frequency range where the sample
contacts with electrodes do not affect on measurement of samples
properties.
Temperature ranges in which there is a significant change in the
behavior of all investigated electric properties (real and imaginary
parts of the impedance, conductivity, permittivity) for all materials
were determined. On the temperature dependence of the real parts
of impedance maxima are observed for all three materials. Similar
behavior of ReZ was observed in materials from the system Cu-AgGe-As-Se [3], maxima on the curve of ReZ(T ) located in the near
of the temperature corresponding to the beginning of a significant
ion transport.
The study was supported by the Russian Foundation for Basic Research, project 16-32-00350 mol a and by the Foundation for Assistance to Small Innovative Enterprises in Science and Technology.
[1] Kurochka K V et al. 2014 J. Phys.: Conf. Series 500 192007
[2] Melnikova N V et al. 2015 Bull. Russ. Acad. Sci. Phys. 79 719–722
[3] Kheifets O L et al. 2012 Phys. Solid State 54 1562–1565
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This work is deal with the temperature dependence of electrical
properties of chalcogenide glasses Cu1−x Agx GeAsSe3 , 0.9 ≥ x ≥
0.7 at temperatures range from 300 to 400 K. These materials
are well known as mixed (ionic–electronic) conductors, with many
interesting properties both from theoretical and practical point of
view [1–4].
Temperature dependences of electric properties of the investigated
materials were studied on dc and ac (1 Hz–32 MHz). Time dependences of conductivity and frequency dependences of impedance
and complex conductivity were measured at all investigated temperatures.
With the temperature increasing the rise of the conductivity as
exponential function was observed both on dc and ac, and the type
of hodographs (semicircle at high-frequency part) are retained. The
activation energy and the relaxation time of carries for all studied
materials were estimated.
The study was supported by the Russian Foundation for Basic
Research, projects 16-02-00857-a and 16-32-00350 mol a.
[1] Melnikova N V et al. 2011 European Physical Journal. Web of Conferences
15 03004
[2] Zaikova V E et al. 2014 J. Phys.: Conf. Series 541 012104
[3] Zaikova V E et al. 2015 Fizicheskoe Obrazovanie v VUZah (Physics in Higher
Education) 21(1C) 82–84
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The main trend in the development of microelectronics is the miniaturization and increase performance of various devices. Compounds
of the system Ln2−x Srx Ni1−y My O4 (M = Cu, Co, Fe, Ni; Ln = La,
Nd, Sr, Ca) are promising for electrochemical structural elements
and microelectronic technologes [1, 2]. The study of these materials offers the prospects for the miniaturization of capacitive elements.The purpose of this study is to identify the impact of external factors—the concentration (0.2 < x, y < 0.8), temperature (10–
600 K), the frequency of the external electric field (10 µHz–32 MHz),
pressure (up to 30 GPa)—on the electrical properties of materials
Ln2−x Srx Ni1−y My O4 , synthesized by sol-gel method (SAF) and the
further use of thermobaric treatment for some samples, in terms of
fixed and variable electric field, establishing the presence of high
dielectric constant of these compounds. Analysis of the connection
between the structural parameters of materials with their dielectric properties revealed that the dielectric constant increases as the
deviation from the ideal structure.
Research supported by the RFBR grants No. 16-02-00857 and 1403-00103.
[1] Krohns S et al. 2009 Appl. Phys. Lett. 94 122903–122906
[2] Khandale A P et al. 2015 Sol. St. Ion. 276 127–135
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Shape memory alloys take place in a class of functional materials
by exhibiting a peculiar property called shape memory effect. This
property is characterized by the recoverability of two certain shapes
of material at different conditions. Shape memory effect is based
on a solid state phase transition, martensitic transformation, which
occurs with cooperative movements of atoms on cooling from high
temperature parent phase region. Martensitic transformation occurs
with lattice invariant shears which occur in {110}-type opposite
directions on the {110}-type planes of austenite matrix. The basic
processes are the twinning and detwinning in shape memory alloys.
Thermal induced martensite occurs as twinned martensite, and the
twinned structures turn into the detwinned structures by deforming
the material in the martensitic condition. The deformed material
recovers the original shape on heating over the austenite finish
temperature, and cycles between the deformed and original shapes
on cooling and heating, respectively, whereas the crystal structure
cycles between the twinned and ordered parent phase structures.
Copper based alloys exhibit this property in metastable β-phase
region, which has bcc-based structures at high temperature parent
phase field, and these structures martensiticaly turn into the layered
complex structures with lattice twinning on cooling. In the present
contribution, x-ray diffraction, transmission electron microscope and
differential scanning calorimeter (DSC) studies were carried out on
two copper based ternary alloys. The x-ray diffractograms taken in
a long time intervals from the aged specimens at room temperature
reveal the structural changes in diffusive manner.
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The solubility of molecular hydrogen in silicate glasses containing
magnesium (which is a parameter important for Geology and Earth
Geophysics), and in crystalline forsterite at a hydrogen pressure of
5.5 GPa and temperature 250 ◦ C was first studied by the method
of thermobaric quenching. The highest molar ratio X = H2 /f.u.
= 0.35 was obtained for the amorphous phase Mg0.6 SiO2.6 . The
solubility of hydrogen in the amorphous forsterite Mg2 SiO4 with
the maximal Mg content was slightly lower and amounted to X =
0.23. The hydrogen solubility in the crystalline forsterite under the
same conditions was lower by the order of magnitude and equal to
X = 0.035.
A comparison of hydrogen solubilities in the forsterite glass and in
the quartz glass at 5.5 GPa and 250 ◦ C shows that magnesium halves
the hydrogen content of the glass from X = 0.48 for SiO2 down to
X = 0.23 for Mg2 SiO4 . An investigation of the quenched samples
by Raman spectroscopy shows that hydrogen in the amorphous
Mg0.6 SiO2.6 is dissolved in the form of H2 molecules that manifests
itself by a band of stretching H-H vibrations at a frequency of
4180 cm−1 . The band of stretching vibrations of H2 molecules
dissolved in the crystalline forsterite is shifted to 4155 cm−1 . In
addition to this band, the Raman spectrum of the hydrogenated
forsterite shows a peak at 915 cm−1 . The most likely origin of such
a peak is vibrations of strong Mg-H bonds formed by a considerable
fraction of the dissolved hydrogen. The hydrogen in the crystalline
forsterite is therefore expected to exist both in the molecular and
atomic forms.
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In the question of boron carbide’s application as structural material probably most important point is its behavior under stress.
Partially, the series of phase transitions during shock-wave loading is still not well understood [1, 2]. We use quantum molecular
dynamics simulations to reveal the stability of boron carbide structure under non-hydrostatic stress. The simulations show that under
non-hydrostatic stress boron carbide exhibits two structural phase
transitions, which activation depends upon direction of deformation
and its value. The equation of state of quasi-hydrostatic loading
was obtained [3]. Above critical value of deformation normal to
three-atomic chain abrupt chain bending occurs, leading to change
in stress components. When activated locally, this structural change
can explain the series of phase transitions above 35 GPa during
shock-wave loading. The second structural transition is the disordering of the structure, leading to relaxation of non-hydrostatic
stress.
[1] Domnich V et al. 2011 J. Am. Ceram. Soc. 94(11) 3605–3628
[2] Grady D E 2015 J. Appl. Phys. 117 165904
[3] Korotaev P, Pokatashkin P and Yanilkin A 2016 Modelling Simul. Mater.
Sci. En. 24 015004
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Using the experimental setup for investigation of the thermophysical
properties of refractory carbides under high pressure and temperature a few experiments with the different materials were carried out.
Experiments with the eutectic composition of MoC–C have demonstrated that the installation allows obtaining data on the specific
enthalpy, heat capacity, electrical resistivity and thermal expansion
of various carbide-like systems. Our approach allows adjusting the
heating rate in a wide range from 106 to 108 K/s at a high static
pressure [1]. The high speed shadowgraphy allows measuring of the
dependence of linear expansion of the material during its heating
and melting. Dependences of the specific heat and enthalpy, electrical resistivity and specific expansion of the eutectic composition
MoC–C obtained in the experiments are in a reasonable accordance
with the available literature data for stoichiometric carbide Mo2 C.
Dependence of the electrical resistance which is untypical for other
carbides of refractory metals was experimentally confirmed [2], and
the value of the heat of fusion of this material was for the first time
obtained. Because of its absence the literature data for the eutectic
composition in the entire temperature range and, for the stoichiometric composition, near the melting point are of great interest.
[1] Senchenko V N et al. 2015 J. Phys.: Conf. Series 653 012100
[2] Samsonov G V and Sinel’nikova V S 1962 Poroshkov. Met. 10(4) 59–62
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An experimental setup allows one to investigate thermal properties
of refractory conductive materials in the pre-melting region and in
the liquid phase with high accuracy.
The experimental technique is based on rapid resistive self-heating
of the specimen up to the melting temperature in a short period of
time (25–600 µs) by passage of an electrical current pulse through
it. Thus, by measuring the surface temperature of the specimen
during the experiment, current and voltage between the potential
probes in the middle part of it one can determine the temperature
dependence of enthalpy and specific heat of material.
For the high-speed measurement of the specimen temperature a special four channel pyrometer was created. Temperature measurements are carried out in a narrow bandwidth of about 25 nm in the
wavelength range 650–1050 nm. The narrow spectral bandwidth of
a monochromatic provides a constancy of effective wavelength in a
wide temperature range of 1300–7000 K. The pyrometer target is a
circular area 0.3 mm in diameter. In order to provide a long-term
stability of measurements the photodiodes are placed inside the box
with a temperature keeping constant by means of a positive thermostat with an accuracy of 0.1 K. Pyrometer was calibrated in the
temperature range 1773–3273 K using high temperature blackbody
model. The relative error of the pyrometer calibration does not
exceed 0.25%.
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The thermodynamic (true) temperature determination from a thermal radiation spectrum in an isothermal system of n opaque heated
bodies is considered. All the bodies have the same thermodynamic
temperature and are in the diathermic environment. Since the
opaque bodies, it is convenient to consider radiation heat transfer
between the surfaces of these bodies. It is assumed that the emission
and reflection surfaces depending on the direction. An analysis of
the radiation heat transfer carried out via optical-geometric functions that characterize the transfer of radiation from one surface
element to another directly and as the result of multiple reflections
in the system. It is shown that for an isothermal system of emitting bodies this problem is identical to the definition of the true
temperature of a free-radiating body [1]. In this case, it should be
replaced the emissivity of the material freely-radiating object on the
effective emissivity. The relationship is obtained for the isothermal
system of opaque bodies, which relates a wavelength of maximum
spectral radiation of the system, the effective spectral emissivity of
the system and its thermodynamic temperature. In the particular case of a black or gray radiation, this relationship identically
the Wien displacement law. The ability to determine the thermodynamic temperature of the system with the help of the resulting
relationship is discussed.
This work was supported by the Presidium RAS (basic research
program “Investigation of matter at extreme states” headed by
V E Fortov).
[1] Rusin S P 2015 J. Phys.: Conf. Series 653 012102
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The investigations of the thermal conductivity of a metals in the
field of action of the centrifugal and vibration accelerations is a new
work which is important for aerospace engineering. The turbine
blades operate at centrifugal accelerations of 4000–10000 g and
vibration accelerations 100–1000 g and we can expect significant
thermoconductivity change in these conditions. In the work the
methods and devices for investigations of thermal conductivity of
materials in the field of centrifugal radial and district and vibration
accelerations have been developed. From the analysis of the results
of experimental investigations it may be stated that the thermal
conductivity of the heat-conductors increases significantly with an
increase of a rotation frequency or amplitude of oscillations (with an
increase of the electron drift velocity) compared to the steady state.
The obtained results are of practical importance for the assessment
of the thermal state of the rotating parts of aircraft engines and
other energy turbomachines.

81

Thermodynamic properties of
vanadium and cobalt argide ions,
VAr+ and CoAr+
Maltsev M A1,2,@ , Kulikov A N1 and Morozov I V1,2
1

Joint Institute for High Temperatures of the Russian Academy of Sciences,
Izhorskaya 13 Bldg 2, Moscow 125412, Russia
2
Moscow Institute of Physics and Technology, Institutskiy Pereulok 9,
Dolgoprudny, Moscow Region 141700, Russia
@

daerus21@yandex.ru

The compounds of 3d metals and the ions of argon Ar+ (metal
argides, MAr+ ) play essential role in the mass spectrometry with
argon plasma sources. At the same time their thermodynamical
properties are still not sufficiently studied. Rough estimations of
the internal partition functions of MAr+ has been made in [1] which
is needed to calculate the concentration ratio between metal and
metal argide ions in the plasma.
We performed more accurate calculations of the internal partition
functions for VAr+ and CoAr+ , for which the experimental measurements of molecular constants are available. The partition functions
and equilibrium constants were obtained for the temperatures up to
20 kK. The molecular constants were used to construct the potential
curves for the ground and excited states of the molecules. The onedimensional Schrodinger equation was solved using the Level code
(version 8.2) [2] to find the vibration-rotational levels of the electronic states for the specified potential. Different potential models
such as a simple Morse potential and the potential with the long
range electrostatic attraction [3] were used for comparison.
[1] Witte T M and Houk R S 2012 Spectrochim. Acta B 69 25–31
[2] Le Roy R J, Level code, http://leroy.uwaterloo.ca/programs/
[3] Bellert D and Breckenridge W H 2002 Chem. Rev. 102 1595–1622
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We consider the lattice gas approach to statistical mechanics of fluid
adsorbed on random surfaces with fluid–fluid and fluid–surface potentials. It was shown that effective Hamiltonian contains quenched
random interactions and random site fields. Their statistical features combine the properties of random geometry and fluid–fluid
pair interaction potential.
The first and the second terms in high-temperature expansion
lead to Scheider–Pytte Random Field Ising Model (RFIM) [1] and
Sherrington–Kirkpatrick (SK) Spin-Glass model [2] with infiniteranged independently distributed random interactions, respectively.
Equation of state and thermodynamic properties are evaluated using
replica theory procedure in replica symmetric ansatz.
On the other hand we consider the Random Field model in random
graph with finite connectivity instead of previous “infinite-ranged”
approximations. This model has been investigated using finite connectivity technique introduced in [3,4]. The replica symmetry ansatz
for the order function is expressed in terms of a two-dimensional
effective-field distribution, which is determined numerically.
[1]
[2]
[3]
[4]
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Different kinds of graphene-like samples were manufactured by
methane-hydrogen mixture deposition (CVD) on sapphire substrate.
Various pure carbon nanostructures such as pristine graphene,
graphyne, multilayer graphene and hydrogenated graphene e.g.
graphane were obtained. Structures identification have been done
by Raman spectrometry by comparison intensities of D, G, and 2D
peaks lying at frequencies 1350, 1580, 2690 cm−1 correspondingly.
Lattice dynamic namely phonon dispersion laws and density of state
were studied in the frame of analytical models [1] and program for
quantum-chemical simulation HyperChem. Electronic band structure and the influence of hydrogenation degree on the gap width
between valence and conductivity zones for graphene-like 2D lattices were studied by means of LCAO MO method [2]. Possible
superconductivity in multilayer graphane [3] and metal intercalated
multilayer graphene are discussed [4, 5].
[1]
[2]
[3]
[4]
[5]

Khokonov A K 2014 Bull. Russ. Acad. Sci. Phys. 78 762–765
Wallace P R 1947 Phys. Rev. 71 622
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Here we have presented the generalization of thermodynamics in
formalism of fractional derivatives [1]. The Boltzmann–Gibbs thermodynamics results are obtained for particular case, when the rate
of derivative of fractional order α = 1. We have obtained the oneparametric “fractal” state equation with second virial coefficient.
We have shown that transition from standard derivatives to derivatives of fractional order represents the technique of accounting of the
local non-equilibrium concept, when the thermodynamic process is
affected by fluctuations of the thermodynamic parameters [2]. As a
particular application of the “fractal” state equation we have considered P , V , T —properties of neon Ne (as single-component compound), three-component refrigerant R409B (freon) and calculated
compressibility factor, coefficients of van der Waals, entropy. Obtained results satisfactorily coincide with the experimental data of
other authors. The opportunity of application of the “fractal” state
equation for the extreme state research is discussed.
The work was partially supported by RFBR (16-08-00067a).
[1] Meilanov R P and Magomedov R A 2014 J. Eng. Phys. Thermophys. 87(6)
1521–1531
[2] Meilanov R P, Shabanova M R and Akhmedov E N 2015 Chaos Soliton.
Fract. (75) 29–33
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A neuromorphic adaptive method of information processing for
problems of brightness image segmentation (reconstruction) has
been developed. The method is based on controllable cluster synchronization in spatially two-dimensional oscillatory network model.
The modification Ginzburg–Landau oscillator is chosen as single
network oscillator. Oscillatory network performance imitates the
known phenomenon of synchronization-based dynamical binding,
that is presumably used by a number of the brain neural structures
during their performance. The developed oscillatory-network approach demonstrates the following capabilities: high quality segmentation of real grey-level and color images; selective image segmentation (exclusion of unnecessary information); solution of a problem
of visual scene segmentation—the problem of successive selection of
all spatially separated image fragments of almost equal brightness.
A model of a system of stochastic oscillators has been designed as
well. The initial results on modeling of classical analogy of mixed
quantum entangled state (that is usually considered as a resource of
one-way quantum computations) have been obtained [1].
[1] Kuzmina M G, Manykin E A and Grichuk E S 2013 Oscillatory neural
networks: in problems of parallel information processing (Boston: De
Gruyter)
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Viscous fluid flow in 2D channel with the sudden constriction and
expansion was investigated by means of numerical modeling. The
fluid motion was induced by pressure drop and simultaneous movement of pistons on each side of the narrow part of the channel. In
both cases attention was focused on regularities of transition from
axisymmetric flow pattern to the steady-state asymmetric flow in
the expansion zone of the channel. This bifurcation was found to
be caused due to the spontaneous symmetry breaking of dimension
of the lateral vortices and takes place at Reynolds numbers above a
certain critical value. The flow asymmetry appeared within a time
lag after beginning of flow. The delay was shown to increase with
approaching to the critical Reynolds number. Degree of flow asymmetry was described in terms of difference between dimensions of
the lateral vortices relative to their values in a symmetrical flow
mode. It was found that this characteristic is linearly dependent of
Reynolds number. Comparative study of pressure and piston driven
flows was carried out.
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Flow peculiarities of the Carreau–Yasuda power-law fluid past
anisotropic superhydrophobic (SH) representing array of parallel microgrooves were studied by means of numerical simulation. The fluid
is assumed does not penetrate into the groves of SH wall and results
in the effective slip. The origin of the slippage length is discussed.
We found that shearing of the non-Newtonian fluid results in formation of the low-viscous layer in the vicinity of SH wall which reduces
significantly the hydrodynamic resistance of a microchannel. The
effective slippage length of the Carreau–Yasuda fluid was shown to
be significantly larger than that of Newtonian fluid. If the SH texture is oriented at some angle to the channel axis, the stream lines
was found to deviate from the axis resulting in generation of the
transversal secondary flow thus contributing to the helicoidal flow.
The deviation angle of stream lines was found to decrease in the
case of the power-law fluid as compared with the Newtonian one.
The influence of SH texture and channel parameters to deviation
angle and slippage length of the Carreau–Yasuda power-law fluid
was investigated.
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In present the interest to nuclear matter hydrodynamics increases
[1]. Liquid drop model (LDM) successfully being used for semiempirical formulation of surface and Coulomb terms in BetheWeizsacker mass formula. LDM is foundation for 5D harmonic
oscillator collective nuclear model [2], which allows to interpret
vibration excitations of near-spherical nuclei. In the frame of
nuclear liquid drop model an analytical solution for the frequency
of capillary oscillations is obtained with taking into account the
damping due to viscosity and surrounding medium polarizability.
The model has been applied for estimation of even-even spherical
nuclei surface tension and viscosity. It has been shown [3, 4] that
energy shift of capillary oscillations of even-even spherical nuclei
due to viscous dissipation gives viscosities in the interval 4.2—7.6
MeV fm−2 c−1 for nuclei from Pd—106 to Hg—198. For non zero
temperatures the ratio of shear viscosity η to entropy density s is
estimated and compared with the limit η/s > 1/4π motivated by
AdS/CFT for quark-gluon plasma [5].
[1]
[2]
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At extreme pressures and temperatures common materials form new
dense phases with compacted atomic arrangements. By classical
molecular-dynamics simulation, we observe that fcc copper undergo
phase transformation to bcc structure. The transition occurs under shock wave loading at the pressures above 100 respectively, and
corresponding temperatures above 2000 K. We calculate phase diagram, show that at these pressures and low temperature fcc phase
of copper is still stable and discuss the thermodynamic reason for
phase transformation at high temperature shock wave regime.
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On the basis of the numerical simulation dynamic processes occurring in the high-speed impact of the two metal plates are investigated. The calculations showed the presence of the Rayleigh–Taylor
instability, growing at the impact boundary metals. The comparative characteristic of the metal deformation processes in the spatial
case with different equations of state is given.
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Modern supercomputers allow one to perform atomistic simulations
with more than 109 particles. This opens the possibility to study
different macroscopic properties and processes on the atomic level.
In particular, hydrodynamic instabilities, shock and detonation
waves, heat conductivity and diffusion may be studied by molecular
dynamics in a region with a characteristic size of several microns. On
the other hand, continuum mechanics simulations with an equation
of state (EOS) are required in the case of a bigger computational
domain. Obviously, thermodynamic properties given by the EOS
and a molecular dynamic potential should be consistent with each
other. This is especially important for hybrid approaches in which
both microscopic and macroscopic simulation is applied. In this
work we present the EOS of Al consistent with the embedded
atom potential [1]. This potential is in agreement with available
experimental data and first-principle calculations and can be used at
high pressures and moderate temperatures. The phase boundaries of
solid–liquid and liquid–gas transitions were calculated earlier by the
two-phase method [2]. We perform MD computations of different
thermodynamic properties in the isothermal and isobaric ensembles
on a triangular grid of points in each phase state and then interpolate
the results. The EOS is available in a tabular form.
[1] Zhakhovskii V V, Inogamov N A, Petrov Y V, Ashitkov S I and Nishihara
K 2009 Appl. Surf. Sci. 255 9592–9596
[2] Povarnitsyn M E, Fokin V B, Levashov P R and Itina T E 2015 Phys. Rev.
B 92 174104
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Under the action of high energy density fluxes the melting of metal is
probable and fracture starts in a liquid phase. However, the models
for description of fracture kinetics in such a conditions, reached just
for a short time, are hard to verify experimentally.
This work is aimed to study of metastable liquid metals under tension by means of atomistic simulations and to develop a model describing a tensile fracture of melts. Systems with various surface
tension are analysed: liquid Al, Fe, Mo. Nucleation rates are calculated from molecular dynamics simulations [1] basing on the average
lifetime of the metastable state until formation and growth of cavity.
The data on nucleation rate are approximated in the form of nucleation theory [2]. It is shown that correct description is achieved if
curvature dependence of surface tension (the Tolman’s correction)
is taken into account. Tolman’s length has a different value for different model systems. A correlation between the Tolman’s length
and the surface tension (on a plane boundary) is detected.
The overall model of fracture is based on nucleation and growth
approach. The spall strength could be calculated from these considerations using surface tension, viscosity and data on the equation
of state of melt. The obtained results for Mo and Al are consistent
with experimental data [3] and direct MD calculations at strain rates
≈ 1010 –1011 s−1 . Comparison with the estimates of spall strength
of Sn at low strain rates from [4] is discussed.
[1]
[2]
[3]
[4]

Norman G E and Stegailov V V 2002 Dokl. Akad. Nauk 386 1
Deryagin B, Prochorov A and Tunitskiy N 1977 JETP 73 1831–1848
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Kanel G I, Savinih A S, Garkushin G V et al. 2015 JETP Lett. 102 615
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The motion of defects in the uranium lattice is important for the
study of radiation damage, because the mechanical and conductive
properties of the material change with the accumulation of such
defects.
The generally accepted model for temperature dependence of diffusion of defects is the Arrhenius equation D = D0 exp[−Ea /kB T ],
where Ea is a potential energy barrier and D0 is a frequency factor,
determining an effective frequency of jump attempts [1]. However,
there is some evidence that the Arrhenius law is not accurate at high
temperatures, when anharmonicity of atomic interactions can not be
neglected and makes a significant contribution to the formation and
migration energy of defects [2]. Researchers also discuss temperature effects on the vacancy formation volume and consecutive effects
on the mobility of vacancies [3].
This work shows that the molecular dynamics simulation of the motion of defects in bcc metals reveals the deviation from the Arrhenius
law. Temperature dependence of the migration energy is discussed,
and the new techniques for evaluation of the pre-exponential factor
are considered.
[1] Vineyard G H 1957 J. Phys. Chem. Solids 3 121–127
[2] Glensk A, Grabowski B, Hickel T and Neugebauer J 2014 Phys. Rev. X 4
121–127
[3] Valikova I V and Nazarov A 2009 Proc. Conf. “Thermodynamics and Transport Kinetics of Nanostructured Materials” pp 128–129
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The liquid-glass transition is one of the most interesting question of
the physics of amorphous state. Molecular dynamics study of shear
viscosity behavior of liquid aluminum is carried out. The embedded
atom method potential is used at the simulation of isobaric cooling
[1]. The viscosity is calculated using the Green–Kubo formula. In
the initial configuration atoms take a half the volume of simulation
box as a film, parallel to the XY plane.
The dependence of the shear viscosity coefficient on temperature is
obtained in the range 300–1200 K. In this paper, two different transition temperatures are detected. The first one corresponds to the
change of stress autocorrelation function (SACF) with components
along the Z direction. The function shows oscillating behavior. The
second one is characterized by “freezing” of SACF, ie, preservation
of shear stress in the XY plane. A comparison of the results with
the other numerical experiments is obtained [2]. Also, the kinematic
viscosity is compared with the experimental data [3] for the temperatures above the melting temperature. Simulations are performed
using the LAMMPS MD software [4].
[1] Daw, Murray S and Baskes M 1984 Phys. Rev. B 29 6443–6453
[2] Kolotova L N, Norman G E and Pisarev V V 2015 J. Non-Cryst. Solids. 429
98–103
[3] Beltyukov A L, Menshikova S G and Ladyanov V I 2015 J. Non-Cryst. Solids.
410 1–6
[4] Plimpton S 1995 J. Comp. Phys. 117 1
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Carbon compounds are very important part of everyday life. Therefore, the study of carbon structures is an interesting challenge for
researchers during many years. In this paper we make an attempt
to explore the details of carbon nucleation using computer simulation with molecular dynamics methods. That could predict thermodynamical conditions (pressure, temperature, density, etc) which
would be the most appropriate to obtain ordered carbon compounds
in an industrial scale.
Simulations were conducted with reactive potentials ReaxFF (Reactive Force Field) [1] and AIREBO [2]. Reactive nature of potentials
takes into account the breaking and the formation of bonds due to
the inclusion in the model short-range and long-range forces. Thus,
calculations have quantum mechanical precision without requiring
such computational resources as ab initio ones.
The influence of the interatomic potential on the nucleation of
ordered structures in the gas phase was analyzed on the base of
different seeds. Simulations are performed with program package
LAMMPS [3].
Work is supported by grant RSF 14-50-00124.
[1] Van Duin A C, Dasgupta S, Lorant F and Goddard W A 2001 The Journal
of Physical Chemistry A 105 9396–9409
[2] Stuart S J, Tutein A B and Harrison J A 2000 The Journal of chemical
physics 112 6472–6486
[3] Plimpton S, Crozier P and Thompson A 2007 Sandia National Laboratories
18
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With the use of the molecular dynamics simulations we consider
three different mechanisms of reduction of the tensile strength of a
material with inclusions in comparison with a pure material of matrix. The first mechanism is connected with a stress concentration
in matrix near a stiff and strong inclusion (Ti, Cu); in this case, the
fracture occurs inside the matrix and does not touch the inclusion.
The second mechanism acts in the case of a soft and weak inclusion (Mg); the fracture begins inside the inclusion and thereafter
propagates into the matrix.
The tensile strength of Al+Cu, Al+Ti and Al+Mg systems is
determined at varied strain rates (in the range from 0.1/ns to
30/ns at the temperature 300 K) and varied temperatures (in the
range from 300 K to 900 K at the strain rate 1/ns). The rate
sensitivity of strength of a material with inclusions is higher than
that for a material without inclusions. Temperature dependences
of tensile strength are qualitatively different for the systems Al+Ti
and Al+Mg.
We propose a continuum model of the nanocomposite fracture that
is based on the equations of nucleation and growth of voids; the
model takes into account the stress concentration around inclusions.
A comparison with the MD results shows that the continuum model
allows us to describe the rate and temperature dependences of
the nanocomposite strength at least for strain rates ≥ 0.1/ns. At
moderate strain rates, the strength values that are calculated with
the continuum model correspond to the experimental data for the
aluminum alloy 2024 with the second phase precipitates.
The work is supported by the Russian Science Foundation (Project
No. 14-11-00538).
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Ion diffusion in a liquid usually could be treated as a movement of
an ion cluster in a viscous media [1–4]. For small ions this leads to
a special feature: diffusion coefficient is either independent of the
ion size [4] or increases with it [2]. We found a different behavior
for small ions in liquid xenon.
Calculation of the dependence of an ion diffusion coefficient in a
liquid xenon on the ion size is carried out. Classical molecular
dynamics method is applied. Calculated dependence of the ion
diffusion coefficient on its radius has sharp maximum at the ion
radius 2 Å. It is placed between two stable ion cluster configurations.
This leads to the instability of both of them in a small region between
them. Consequently ion with radius near 2 Å could jump from one
configuration to another. This increases the diffusivity of the ion.
Diffusion coefficient in the area of stable ion clusters is in agreement
with the model [1]. According to this model there are no dependence
of diffusion coefficient on the ion radius.
The sharp maximum is in a good agreement with experimental
value [1] of O−
2 diffusion coefficient in liquid xenon.
The work is supported by the grant No. 14-50-00124 of the Russian
Science Foundation.
[1] Hilt O, Schmidt W F and Khrapak A G 1994 IEEE Trans. Dielectr. Electr.
Insul. 1 648–656
[2] Impey R W, Madden P A and McDonald I R 1983 J. Phys. Chem. 87 5071–
5083
[3] Mller K B, Rey R, Masia M and Hynes J T 2005 J. Chem. Phys. 122 13–16
[4] Lankin A V, Norman G E and Orekhov M A 2015 J. Phys.: Conf. Series
653 012155
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A new attempt to study properties of Zr-Nb structural alloys is
reported. For this purpose a new angular-dependent many-body
interatomic potential is constructed. The potential functions have
been fitted towards the ab initio data computed for a large set of
reference structures. Description of the fitting procedure is given
and its accuracy is discussed. It is shown that the structure and
properties of all Nb and Zr phases existing at the Zr-Nb phase
diagram are reproduced with a good accuracy. Especially it is worth
noting that the potential presented is appropriate for study of highpressure hexagonal ω-phase of Zr. In addition, created potential
allows to study Zr melting line that is important due to the lack of
the corresponding experimental data. Characteristics of the point
defects in α-Zr, β-Zr and Nb are also estimated and are proven
to correlate with the existing experimental and theoretical data. In
case of hcp structure the model reveal anisotropy of defects diffusion,
in agreement with previous calculations. The potential provides an
opportunity for simulation of Zr-Nb alloys based on α-Zr and β-Zr.
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Uranium has received a lot of attention due to its unique nuclear
properties and its various applications in nuclear industry. In
order to improve mechanical properties and corrosion resistance of
uranium at room temperature while maintaining the high density,
uranium is frequently alloyed with the other metals. Compared
with the other high density uranium alloys and compounds, the
low-enriched uranium alloys with 6–12wt.% of Mo have attracted a
great deal of attention and are recognized as the most prominent
candidates for advanced research and test reactors.
One should note that pure uranium has three different phases
depending on temperature and pressure. Therefore, structure of
uranium-based alloys (namely, U-Mo) can reflect features of different
uranium phases, depending on conditions. The structural properties
of body-centered cubic (BCC) and body-centered tetragonal (BCT)
phases of pure uranium and U-Mo alloys are studied using atomistic
simulations. The BCC lattice exhibits cubic symmetry only on the
scale of several interatomic spacings, and it is therefore more correct
to denote the high-temperature state of pure uranium and U-Mo
alloys as quasi-BCC. The local positions of uranium atoms in the
quasi-BCC phase correspond to the BCT structure. This fact is the
possible origin of the difficulties encountered in the description of
the BCC phase of pure uranium by ab initio methods that has been
a challenge for researchers for decades.
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It is known that fluorite type structures can show superionic transition at high temperatures. Since 1990 there were series of experiments and calculations that proved the existence of such transition
in some of these structures. One of characteristics of this process is
high growth of conductivity (both electric and heat).
There are certain difficulties in constructing the theory of superionic
transitions. There still remain a number of fundamental questions:
whether the superionic transition actually can be considered as a
phase transition, to which type this phase transition belongs, what
is the mechanism of this transformation, and what are the necessary
conditions for the observation of this transition (so far, there is no
evidence to suggest that the superionic transition can be observed
in all structures of the fluorite type).
In this work the results of the atomistic simulation of a superionic
transition and melting of stoichiometric UN2 , UO2 and TiH2 have
been presented. The first structure didn’t show superionic transition, while others did. The temperature dependences of defects
concentration in the anion sublattice and leaps of the heat capacity and isothermal compressibility have been calculated in UO2 and
TiH2 . To obtain phase diagrams all three systems were studied in
a wide range of temperatures and pressures. It has been shown
that the curve of the superionic transition in the P –T -diagram can
be described by the Ehrenfest equation. The possibility of describing the superionic transition within the framework of the theory of
second-order phase transitions has been discussed. The conditions
of the existence of superionic transition have been discussed.
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The negative effects of hydrogen on metals are strongly dependent
on the specific features of hydrogen diffusion in specific materials.
The dependence on hydrogen diffusion coefficient on material temperature and applied stress is of special value for the prediction of
degradation in industrial products with substantial residual stresses
(welded pipes, welds, bearing beams etc). In defectless bcc iron, hydrogen is known to reside at tetrahedral (T) sites. But under some
temperatures and strains the equilibrium position od hydrogen can
change from a tetrahedral to octahedral (O) site. This transition
depends on the diffusion barriers which control hydrogen transition
from a T-site either to the nearest neighbor T-site (T-S-T path), or
to a T-site by crossing an O-site (T-O-T path). The dependence of
the diffusion barriers on biaxial strains is of special interest in this
context. The paper presents molecular dynamics calculations with
EAM potential by Carter [1] for the dependence of the hydrogen
diffusion barriers on hydrogen biaxial strains in defectless bcc iron.
It has been shown that in a sample with dissolved hydrogen compressed above 7% and tensile 8% the diffusion barrier of the T-O-T
transition is lower than that of the T-S-T transition. This outcome
is indirectly confirmed by experiment [2] and was for the first time
observed in DFT calculations [1, 3]. It is a basis for further studies
into the diffusion hydrogen dissolved in deformed bcc iron.
[1] Hayward E and Fu C C 2013 Phys. Rev. B 87 174103
[2] Fujita F 1976 Trans. Jap. Inst. Met. 17 232–238
[3] Zhou H B, Jin S, Zhang Y, Lu G H and Liu F 2012 Phys. Rev. Lett. 109
135502
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Equations of state of inert gases and their mixtures in 3D volume
as well as on 2D surface of (0001) graphite have been obtained in
the frame of molecular dynamics method developed with account of
(3)
three-body interactions. The energy of three body interaction Φijk
is expressed through six algebraically independent polynomials of
the transformation group O(3) × S3 . Polynomials are comprised by
radius-vectors joining the particles rij = |ri −rj | [1]. In this work, we
used the LAMMPS program for multiprocessor MD computations
along with the original program of MD modeling [2].
We utilize the following approximation of three body potential


X  Q2 Q1 
3(rij rkj )(rik rjk )(rij rik )
C
(3)
− 3 + 3/2 1 +
Φijk =
I3
I16
I1
I
{ijk}

3

2 + r 2 , I = r 2 r 2 r 2 are invariants of use. The
where I1 = rij2 + rjk
3
ij jk ki
ki
second term corresponds to Axilrod–Teller polarization potential [3].
Simulation carried out with Kob–Andersen binary mixture of krypton and xenon has shown the effect of component-wise exfoliation for
evolution times exceeding significantly the times between individual
interactions. It has been shown, that noticeable effect of three body
interaction on values of critical pressures and temperatures takes
place for heavy inertial gases characterized by higher polarizability.

[1] Osipenko I A, Kukin O V, Gufan A Y and Gufan Y M 2013 Phys. Solid State
55 2405–2412
[2] Khokonov A K, Khokonov M K and Dottueva M V 2014 Bull. Russ. Acad.
Sci. Phys. 78 777–780
[3] Axilrod B M and Teller E 1943 J. Chem. Phys. 11 299–300
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Modern industry is strongly interested in rheological properties of
hydrocarbon liquids as main constituents of oils and fuels. The
calculation of the transport coefficients for monoatomic systems has
become a routine process [1], but in the case of complex liquids the
application of classical methods faces difficulties [2, 3].
The diffusion coefficient of n-triacontane (C30 H62 ) is calculated using Einstein–Smolukhovsky and Green–Kubo relations. We use
three different force fields: TraPPE-UA (united-atom) [4], DREIDING (all-atom) [1] and OPLS (all-atom, includes the Coulomb
interaction) [3], for making sure that obtained results are not artefacts of a particular model. The h∆r2 i(t) has a subdiffusive part
(h∆r2 i ∼ tα ), caused by molecular crowding at low temperatures.
Long-time asymptotes of hv(0)v(t)i are collated with the hydrodynamic tail t−3/2 demonstrated for atomic liquids [7]. The importance of these asymptotes are discussed. Parameters that provide
the compliance of Einstein–Smolukhovsky and Green–Kubo methods are analysed. Temperature effects on the diffusion process are
also treated. We compare results obtained using both equations with
experimental data. The application of modified Stokes–Einstein
equation for shear viscosity of polymers is presented.
The work is supported by the RSF grant 14-19-01295.
[1]
[2]
[3]
[4]
[5]
[6]
[7]
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Molecular dynamics simulations are used to calculate the phase diagram of methane+n-butane mixture. The TraPPE-UA [1], TraPPEEH [2] and OPLS-AA [3, 4] forcefield models are compared.
All forcefield models reproduce the existence of retrograde condensation at 330 K. The TraPPE family forcefields are better in terms
of reproducing the P-T-X-Y phase diagram of the binary mixture
while the OPLS-AA forcefield gives densities closer to the experimental values.
The shift of the phase diagram in porous space is estimated. The
example of slit pores with Mie potential is considered. 4 nm and
10 nm wide pores with two different sets of wall-molecule interaction
parameters are studied. It is shown that the solubility of methane in
butane does not change significantly in the pores, while the shift of
vapor composition is observed. The shifts are stronger in the 4 nm
pores than in the 10 nm pores. Such shifts in vapor composition lead
to the increase or decrease of the critical point of mixture, depending
on the wall-molecule interaction strength.
The work is supported by the Russian Science Foundation grant
No. 14-50-00124
[1] Martin M G and Siepmann J I 1998 The Journal of Physical Chemistry B
102 2569–2577
[2] Chen B and Siepmann J I 1999 The Journal of Physical Chemistry B 103
5370–5379
[3] Jorgensen W L, Maxwell D S and Tirado-Rives J 1996 Journal of the
American Chemical Society 118 11225–11236
[4] Siu S W I, Pluhackova K and Böckmann R A 2012 Journal of Chemical
Theory and Computation 8 1459–1470
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Non-congruent gas-liquid phase transition (NCPT) have been studied [1] in modified Coulomb model of a binary ionic mixture C(+6)
+ O(+8) on a uniformly compressible ideal electronic background
/BIM(∼)/. The features of NCPT in improved version of the
BIM(∼) model for mixture H(+1) + He(+2) on background of nonideal electronic fermi-gas are the subject of present study. Analytical fits [2] for Coulomb corrections to EoS of electronic and ionic
subsystems were used in present calculations within the Gibbs–
Guggenheim conditions of non-congruent phase equilibrium [3]. Parameters of critical point-line and pressure and temperature endpoint-lines were calculated on the entire range of proportions of
mixed ions 0 < X < 1. Strong “distillation” effect was found for
NCPT in present BIM(∼) model. Just similar distillation was obtained in variant of NCPT in dense nuslear matter [4]. Absence of
azeotropic compositions was revealed in studied variants of BIM(∼)
in contrast to explicit existence of azeotropic compositions for the
NCPT in chemically reacting plasmas and in astrophysical applications [4, 5].
[1]
[2]
[3]
[4]
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Obtaining the equation of a state (EOS) a multicomponent fluid
plays an important role in creation of theoretical model of calculation of thermodynamic parameters of multicomponent systems. In
this work the new effective two-fluid model based on the developed
EOS of two-component fluid [1] is presented. In this model division
of all components of mixture into two groups with close well-depth
parameters is supposed. Thus, multicomponent mixture is presented
in the form of an effective two-component fluid. This technique allows to avoid the mistake brought in calculation of thermodynamic
parameters of multicomponent mixture with different well-depth of
components of an effective one-fluid model [2]. The offered technique
was applied to calculations of parameters of a condition of ternary
mixture with various compositions of components in the range of
moderate pressure and temperatures. Also the corresponding calculations with use of an effective one-fluid model [3] were carried out.
Comparison of results of calculations with experimental data shows
higher precision offered in this work an effective two-fluid model,
than the vdW1f model. Research is executed at the expense of a
grant of the Russian Science Foundation (project No. 16-19-00188).
[1] Bogdanova Y A, Gubin S A, Victorov S B and Gubina T V 2015 High
Temperature 53(4) 481–490
[2] Bogdanova Y A, Gubin S A, Anikeev A A and Victorov S B 2015 Russian
Journal of Physical Chemistry A 89(5) 741–746
[3] Ree F H 1983 J. Chem. Phys. 78(1) 409–415
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The study results of filtration process of hydrocarbon mixtures of
methane series in porous medium are presented in this paper. Interest in the filtration problem of such mixtures is aroused by the
need to intensify production of heavy fractions of gas-condensate—
valuable hydrocarbons, consisting of methane and its higher homologues. Different flow regimes including oscillatory one are observed
during gas-condensate extraction under natural conditions [1]. The
reason for these oscillations have remained unclear. Our studies
have shown that there are multiple flow regimes under isothermal conditions for this type of mixtures depending on the initial
pressure, the kind of the mixture’s phase diagram and the permeability coefficients of the liquid and gas phases in the porous
medium. Use was made of binary mixture methane–n-pentane as
a model one. The critical pressure of the mixture is 18.5 MPa on
the isotherm T = 300 K, and its phase diagram has a broader retrograde area compared with earlier investigated mixtures of methane–
n-butane and methane–propane–n-butan [2]. The results of experimental studies of methane–n-pentane mixture filtration in porous
medium under isothermal conditions in pressure range typical for
gas-condensate reservoirs are presented.
This study has done within the program IV.4.14 of fundamental
research of DPEMEMCP RAS.
[1] Zaichenko V M, Maikov I L and Torchinskii V M 2013 High Temp. 51(6)
776–784
[2] Ismagilov R N 2014 Abstract of dissertation for the degree of candidate of
technical sciences (Moscow)
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Currently, a considerable part of the largest dry gas reservoirs
in Russia are found in stage of declining production, therefore
active exploitation of gas-condensate fields will begin in the coming
decades. There is a significant discrepancy between the project
and the actual value of condensate recovery factor while producing
reservoir of this type, which is caused by insufficient knowledge of
nonequilibrium filtration mechanisms of gas-condensate mixtures in
reservoir conditions [1].
A system of differential equations to describe filtration process
of two-phase multicomponent mixture for one-, two- and threedimensional cases is presented in this work. The solution of the
described system was made by finite-element method in the software package “FlexPDE”. Comparative distributions of velocities,
pressures, saturations and phase compositions of three-component
mixture along the reservoir model and in time in both cases of equilibrium and non-equilibrium filtration processes were obtained. Calculation results have shown that system deviation from thermodynamic equilibrium increases gas phase flow rate and reduces liquid
phase flow rate in filtration process of gas-condensate mixture.
This work was supported by the Russian Science Foundation
(project No. 14-50-00124).
[1] Khasanov M M and Bulgakova G T 2003 Nonequilibrium and non-liner effects
in media with complex rheology (Moscow, Igevsk: Institute of Computer
Research)
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To eliminate shortcomings of raw plant materials pelletizing process
with thermal treatment (low-temperature pyrolysis or torrefaction)
can be applied [1]. The paper presents a mathematical model of
energy-technological complex (ETC) for combined production of
heat, electricity and solid biofuels torrefied pellets [2]. According
to the structure the mathematical model consists of mathematical
models of main units of ETC and the relationships between them
and equations of energy and material balances. The equations
describe exhaust gass straining action through a porous medium
formed by pellets. Decomposition rate of biomass was calculated
by using of grossreaction diagram, which is responsible for the
disintegration of raw material [3]. A mathematical model has been
tested according to bench experiments on one reactor module. From
nomographs, designed for a particular configuration of ETC it is
possible to determine the basic characteristics of torrefied pellets
(rate of weight loss, calorific value and heat contents) specifying
only two parameters (temperature and torrefaction time). It is
shown that the addition of reactor for torrefaction to gas RIC
engine can improve the energy efficiency of power plant. This
work was supported by the Ministry of the Russian Federation for
Education and Science (project No. 14.607.21.0032, unique identifier
RFMEFI60714X0032).
[1] Kosov V V, Sinelshchikov V A, Sytchev G A and Zaichenko V M 2014 High
Temperature 52(6) 907–912
[2] Director L B, Zaichenko V M, Kosov V F and Kuzmina Y S 2016 Promishlennaya energetika (2)
[3] Maikov I L, Sinel’shchikov V A and Fedyuhin V 2010 Proceedings of the Fifth
Russian National Conference on Heat Transfer 3 262–264
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Experimental stand “Plast” is designed to investigate the case of
one-dimensional filtration process of hydrocarbon fluids at temperature and pressure conditions of actual reservoirs. The configuration
of the stand allows you to vary the pressure of the model mixture
in the range of 1.280 bar, temperature—in the range of 285–400 K,
to monitor the pressure distribution along the experimental section
(ES), to control the pressure drop at ES and the flow rate of model
mixture. Changing of described parameters makes it possible to
obtain different filtration regimes of multicomponent hydrocarbon
mixtures. The bypass line allows you to simulate a variety of physical impacts on the bottom-hole area, which alters the flow pattern
significantly.
An account of the gas-condensate mixture filtration features is
given. The techniques of two-phase filtration process simulation
of multicomponent hydrocarbon mixtures in porous medium are
presented.
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Izvekov O Y
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Unconventional resources of hydrocarbons attract attention of scientists from around the world. Oil shale formations are characterized
by significant organic content but ultra low permeability. The common way for modeling of oil production from the oil shale is the
model of dual porosity. In this work a new continual model wich
generalize the model of dual porosity, plasticity theory and damage
mechanics is proposed. The model takes into account such as the
well-known phenomenon as slip along natural fractures, change in
permeability of system of natural fractures due to dilatancy, development of secondary fractures in low permeability matrix due to
overpressure. For the study of common phenomenon in the oil shale
formation after drilling the problem of circular well in flat reservoir
was solved.
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Development of pore structure research methods is actual objective in both fundamental and applied studies. For meso- and microporous bodies adsorption-structural methods are mainly used.
They are based on measuring and analysis of adsorption isotherms.
Static measurement methods of pure gases and vapors adsorption
isotherms are considered “classic”. However, complicity of interpretation in a number of low temperature adsorption cases as well as
durability of measurement at facilities with micro weigh-scale cause
attempts to develop new approaches and research methods.
The purpose of this paper is to describe the operational principle and
some results received with the help of laboratory facilities created
by the authors for research of nanoporous materials, based on the
original adsorption dynamic method, called limited evaporation
technique (LET). Its distinguishing feature is that measurements
are carried out in dynamic regime, without defining or presetting
adsorbent vapors pressure.
Modernization of the method allowed increasing its sensitivity in a
zone of micropores with radius less than 1 nm. Detailed analysis in
this zone is very important for many applications. Testing of a new
design and opportunities of our device was held on activated carbon
produced from wood waste. The main pore size is concentrated in
the radius range 0.8–2 nm. These carbons are used in supercapacitors. Application of the LET allowed choosing optimum mode of
activation and creating carbons that possess very high specific electric capacity. This is one example of using LET while creating or
testing functional materials. LET allows making detailed analysis
of pore structure of different materials.
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A large-scale self-similar crystallized phase of the finite, gravitationally neutral universe (GNU)—a huge GNU-Ball—with spherical 2Dboundary, immersed into an endless empty 3D-space is considered.
The main principal assumptions of this universe model are: (1)
existence of stable elementary particles/antiparticles with the opposite gravitational charges (M+gr and M−gr ), which have the same
postive inertial mass Min = |M+gr | = |M−gr | > 0 and equally presented in the universe during all universe evolution epochs; (2) the
gravitational interaction between the masses of the opposite gravitational charges is repulsive; (3) the unbroken baryon-antibaryon
symmetry; (4) M+ and M− charges symmetry, valid for two equally
presented matter/antimatter GNU-components: (a) ordinary matter (OM)/ordinary antimatter (OAM), (b) dark matter (DM)/dark
antimatter (DAM). The GNU-Ball is weightless crystallized “dust”
of equally presented, mutually repulsive (OM+DM) clusters and
(OAM+DAM) “anticlusters” [1,2]. Newtonian GNU-hydrodynamic
gives the observable spatial flatness and ideal Hubble flow. The
GNU in the obtained large-scale self-similar crystallized phase preserves its observable flatness, excludes the cluster/anticluster annihilation and explains the observable large-scale GNU phenomena.
[1] Trigger S A and Gribov I A 2015 J. Phys.: Conf. Ser. 653 012121
[2] Trigger S A, Gribov I A and Rukhadze A A 2015 Bull. Lebedev Phys. Inst.
(12) 43–49
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Theoretical study of the excitation conditions of acoustic oscillations
arising from condensation of steam on liquid droplets has been
performed. We considered that the droplets are monodiperse and
have a spherical shape. The Lewis number was assumed to be equal
to unity. It was considered that specific heat capacity and thermal
conductivity coefficient of molecular vapor mixture do not depend
on temperature and concentration of the mixture components. The
flow was assumed one-dimensional. The formulas for frequencies
and the increment of the excitation of acoustic oscillations as well
as their amplitude have been obtained.
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Schemes of small energy systems become more complicated: cogeneration and trigeneration schemes, schemes with heat and electric
accumulators, hybrid circuits, including installations of renewable
energy. These complexes usually provide energy for residential and
social sector consumers, characterized by significant fluctuations of
daily and seasonal loads. All this creates considerable difficulties in
selecting the composition and characteristics of the equipment for
energy complexes, its operation mode and control algorithms.
Solving this problem needs development of general-purpose mathematical models of energy complexes and up-to-date calculation programs. The necessity of long rated period (1 year) usage with small
(1 hour) time step leads to great dimension of task and nonlinearity
of characteristics makes its solution even more complicated. When
using nonlinear optimization methods, the calculation time can be
decades of hours.
For solving the optimization problem of small power energy complexes was adapted a method of linear optimization—the simplex
method. The problem, formalized by system of balance equations
for energy flows and corresponding linearized models of energy facilities, is reduced to a linear programming problem. The objective
function being minimized is a linear functional, built on the criterion of energy supply cost. The constructed system of constraints
reflects the physical essence of the problem. To reduce the dimension of the problem we consider the conditions of decomposition
methods applicability. The results of comparative calculations for
energy complexes of various configurations are presented.
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Internet resources with an information about thermodynamic properties, R = (p, T, s . . .), of technologically important substances are
analyzed. Some functions and cloud templates for an Internet calculation of R properties of substances as well as the solutions of
some applied thermophysical problems are considered. The experience of the authors [1] shows that the task is relevant to search
for a software (SW) that makes it possible to adapt tabulated values of R = (p, T, s . . .) for a power plant (PP) design. The authors
developed a specific technology and used a number of tools for the
creation of SW that had a form of open interactive Internet (OI)
resources (“IT functions”, “cloud templates”). For example, OI resources were created and connected with such substances as H2 O,
air, CH4 , Pb, Bi, Na, K, U, C, Cr and D2 O. A website NRU MPEI
and a remote server were used. An important problem is the development and installation of SW in the form of OI resources those let
to a designer to calculate the values of energy criteria, Z = (Z1 —a
thermal efficiency, Z2 —a turbine power, Z3 —a heat input and other
parameters of the cycle), with a respect to PP. For example, we
have elaborated OI resource which is referred to as Code-1(Z, R, Y ),
where 1—a number of the code, Y = (yi )—a set of border values
including Y = (p1 , T1 ) those are the pressure and the temperature
at the inlet of the first turbine, R = (p, T . . .)—properties of the
working body at predetermined points of the cycle. “IT functions”
are involved in Code-1(Z, R, Y ) and connected with R properties.
A description of such OI resources is given in [1, 2].
[1] Ochkov V F and Ustjuzhanin E E 2015 High Temp. 3 56–63
[2] Ochkov V F and Ustjuzhanin E E 2010 Tr. Academenergo 9 23–29
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Brief overview will be presented of recent measurements of evolution
of elastic-plastic compression waves in metals, glasses and ceramics
under conditions of shock and gradient (shockless) loading. The
shape, parameters and decay of elastic precursor waves in metals
are controlled by the density of existing dislocations and by kinetics
of their multiplication. In particular, non-monotonic decay of the
elastic precursor wave in annealed vanadium, a change of kinetics of
high-rate plastic deformation and corresponding shape of elastic precursor wave in copper with approaching the melting temperature, a
deflection of evolution of elastic-plastic wave from self-similarity, unexpectedly large amplitudes of re-reflected wave at reverberation of
an elastic wave between the free surface and the plastic shock wave
are discussed in terms of specific features of the multiplication kinetics. In our experiments with shockless compression we have revealed
an apparent reverse dependence of recorded Hugoniot elastic limit
upon the compression rate which is explained by wave interactions
at the reflection of elastic-plastic compression wave from the sample
surface. A manifestation of stress relaxation at shock compression
of hard ceramics and glasses is also discussed. Financial support
from the Russian Science Foundation via grant No. 14-12-01127 is
gratefully acknowledged.
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The main goal of presented work was the need to increase the size of
shock wave, in comparison with 16 mm described in [1], for the purpose of experimental investigation of dynamic compression of gases.
Devices with high explosive (HE) mass 13 kg with fully cylindrical
geometry are proposed. Imploding conical detonation wave (DW)
in cylindrical HE charge with demanded cone angle is forced by controlled sequential initiation of charge along its side cylinder surface
by detonation distributor. Detonation products is used to launch
the copper liner toward the axis of device, dynamically forming the
conical shape of liner. Its impact with the cylindrical central body—
brass tube with polymethylmethacrylate (PMMA) filling—drives
the imploded conical shock wave in PMMA, leads to formation of
Mach configuration and the origin of flat Mach disk. One-stage device provides shock wave in PMMA with diameter of 20 mm and
velocity up to 20 km/s, and generates pressure up to 0.6 TPa in iron
sample. To increase the parameters of device, the two-stage generator was developed. The second stage liner, consisted of copper tube,
covered with HE layer, was introduced to increase the liner velocity
before impact. Together with decrease of the diameter of central
body up to 10 mm and with adjusted geometry of conical DW in
main HE charge, this led to increase of velocity of mach disk up to
30 km/s, allowing to reach 2 TPa in iron. The issues of influence of
geometry of conical DW on the growth of mach disk and the results
of numerical 2-D hydrodynamic simulation of experimental devices
with various geometry will be discussed, along with the first results
on Hugoniot measurements.
[1] Nikolaev D et al. 2014 J. Phys.: Conf. Series 500 014202
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We have performed numerical calculations and microstructure investigations of the defect structures and energy dissipation rate due
to the shock wave propagation in copper with different pressure
amplitudes, from 2 to 150 GPa. Various aspects of plasticity such
as the role of the equation of state, the strain hardening, the energy dissipation rate are investigated on the basis of the structural
models for dislocation plasticity and mechanical twinning. Calculations revealed that from the structural point of view the material
response on the external loading is considerably different in the case
of weak shock wave loading with pressure amplitude about several
Gigapascals from its response on loading by shock waves with pressure amplitude above 20 GPa. In order to verify our results, we
also compare them with new original experimental data of the differential scanning calorimetry. We discuss the fraction of the plastic
dissipation work, which is stored in the defect structure of material
at various amplitude of external loading.
This study was supported by grants of the Russian Foundation
for Basic Research (project No. 16-31-60051) and the Ministry of
Education and Science of the Russian Federation (competitive part
of State Task of NIR CSU No. 3.1334.2014/K).
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Accumulative roll-bonding (ARB) is one of the promising directions
in the field of bulk large metal bars with fine-grained structure. In
this case, the study of the similar materials over the wide range of
stain rate 10−5 to 105 s−1 to identify the mechanisms of deformation
and fracture and their correlation with the internal microstructure
is of interest. The processes of high strain rate and fracture caused
by the shock wave in such materials have not been studied. In this
work the samples were studied magnesium alloy AZ31 before and
after the accumulative roll-bonding. The alloy density is 1.77 g/cm3 .
Structural data were obtained by optical microscopy. As-received
samples before treatment had the uniform structure with a grain size
of 21 µm. Modification of magnesium alloy samples using ARB has
reduced the grain size to 4 µm. The samples were annealed at 400◦ C
for 24 hours after rolling. The plane shock waves in the samples
were generated by impacts of aluminum plates 2 and 0.45 mm in
thickness accelerated with explosion to a velocity of 630 ± 30 m/s.
Varying the thickness of the impactor allowed to change the strain
rate under fracture of magnesium alloy samples. The free surface
velocity histories were monitored with the VISAR. The obtained
values of the Hugoniot elastic limit and the dynamic strength in the
as-received samples and after ARB virtually are unchanged.
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The destruction of materials at pulse impact is carried out using a
limited set of loading schemes. The magnetic pulse method allows
studying material properties in samples with macro defects of mode
of cracks. One of the main features of this method is the possibility to create controlled pressure pulses in the microsecond duration
range with amplitude up to 2 GPa. The detailed technique is described in [1]. The stress state of all samples was analyzed using
ANSYS simulation software. Simulation results correspond to the
shock-wave loading mode. The criterion, which allows identifying
the material parameter (energy accumulation time) for determining
the formation of start conditions for the fracture, was formulated on
the basis of the thermodynamic approach [2]. The applicability of
this criterion for describing the fracture of samples upon spallation
loading scheme and samples with macro defects of mode of cracks
was shown. The growth of starting surface energy with increasing
load was revealed. The scale of the critical areas for energy accumulation was determined and the relation between the surface fracture
energy and the material parameter, such as the energy accumulation
time required for fracture, was revealed.
[1] Krivosheev S I 2005 Tech. Phys. 50 334–340
[2] Krivosheev S I, Korovkin N V, Slastenko V K and Magazinov S G 2015 Int.
J. Mech. 9 293–299
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Study of copper and aluminum ring samples was performed on magnetic pulse installation. It was used two developed by V A Morozov [1] loading techniques based on a high pulse current generator,
which reduced the period of the harmonic load of up to 100 ns. The
study of the fracture surfaces of aluminum revealed almost viscous
character of destruction at long loading pulses. In the case of short
pulses the quantity of fibers in the fracture surface is reduced and
cracks are observed, and also twins appear, which is surprising for
a material with high stacking fault energy. Also in the case of a
short-pulse loading dynamic recrystallization occurs with the emergence of new small grains. Dynamic recrystallization is observed in
the copper samples after loading, as well as the shear band.
[1] Morozov V A, Petrov Y V, Lukin A A, Atroshenko S A and Gribanov D A
2014 Tech. Phys. 59(9) 1338–1345
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Conducted the crimping of cylindrical parts made of stainless steel
and titanium by radially converging detonation wave. As a result
of crimping has occurred a coupling of cylinders through the plastic deformation of structural parts. The copling was followed by
a reduction of the external steel cylinder thickness (10%) at its
simultaneous lengthening. The x-ray diffraction analysis showed
that explosive loading of titanium-steel cylinders pair led to transition of a steel condition from single-phase austenic to the two-phase
(ferritic-austenic). The content of ferrite in the different areas of a
detail fluctuates from 56 to 100% vol. depending on loading value.
It is known that such transition is followed by volume increase on
4.57%. The parameter of austenite crystal lattice into all studied
sites exceeds the parameter of initial steel lattice. In addition, impact loading led to increasing in deformation of an austenite crystal
lattice. Growth of lattice micro distortions to 1.3–2.7 times in comparison with initial level is observed. The changes into titanium,
caused by crimping of cylinders, are expressed more weakly than
into steel. There is a compression of an elementary cell of titanium
crystal lattice for 1.4% in comparison with initial material. Optical surface analysis of the etched samples showed changes in the
shape of a grain titanium structure and the characteristic size of the
grains within the deformation detail defects. In the area of intensive
titanium deformation the group of grains elongated along the plastic shear, and the characteristic size decreased from 20 µm inside
the body part to ∼ 2 µm in the boundary layer. The structure of
stainless steel samples has significantly smaller changes.
125

Numerical simulation of wave
formation mechanism in explosive
welding
Sultanov V G@ and Shutov A V
Institute of Problems of Chemical Physics of the Russian Academy of Sciences,
Academician Semenov Avenue 1, Chernogolovka, Moscow Region 142432,
Russia
@

sultan@ficp.ac.ru

In the work, the results of the direct numerical simulation of wave
formation in explosive welding are presented. The elastic-plastic
model of media motion [1], wide-range equations of state for metals [2], the equation of state of explosives, explosion products and
kinetics of decomposition of explosive substances [3] were used in
two-dimensional numerical simulations.
Effect of different boundary conditions (no-slip and full slip) between
plates on the nature of the wave formation was investigated.
It was shown that in case of no-slip condition the wave formation
is described by Kudinov–Koroteev mechanism [4]. In the case of
full slip, the wave formation mechanism is similar to the Kudinov–
Koroteev mechanism, but has a number of features.
[1] Abouziarov M, Aiso H and Takahashi T 2004 Series from Research Institute
of Mathematics of Kyoto University. Mathematical Analysis in Fluid and
Gas Dynamics (1353) 192–201
[2] Fortov V E, Khishchenko K V et al. 1998 Nucl. Instrum. Meth. Phys. Res.
A 415 604–608
[3] Kanel G I, Razorenov S V and Fortov V E 2004 Shock-Wave Phenomena
and the Properties of Condensed Matter (Springer)
[4] Kudinov V M and Koroteev A Y 1978 Svarka vzryvom v metalurgii (Explosive
Welding in Metallurgy) (Metalurgiya)

126

The study of the defect structures
evolution in metals during the
gigacyclic fatigue test
Vshivkov A N@ , Prokhorov A E and Plekhov O A
Institute of Continuous Media Mechanics of the Ural Branch of the Russian
Academy of Sciences, Academician Korolev Street 1, Perm 614013, Russia
@

vshivkov.a@icmm.ru

In this paper, the defect structures evolution of metals are studied
experimentally [1]. The ultrasonic testing machine USF-2000 was
used to carry out fatigue tests involving 106 − 1010 loading cycles.
The frequency of loading is 19.5 ± 0.5 kHz [2]. Based on the
experimental data, the Whler curve was obtained. For the analysis
of physical condition, the sensor was designed, which measure the
electric potential drop of the sample. This measuring method can
be applied to conductive materials such as metals. It was shown
that the significant changes in physical processes accompanying the
evolution of structural defects in the material were observed in the
final stages of the experiment. The applied measurement technique
allows us to exactly determine the time of fatigue crack initiation
below the surface of the sample, which cannot be monitored by
standard optic methods.
The work was supported by the projects of RFBR No. 16-31-00155
and No. 16-31-00130.
[1] Wang C, Wagner D, Wang Q and Bathias C 2012 International Journal of
Fatigue 45(12) 91–97
[2] Bathias C and Paris P 2005 Gigacycle fatigue in mechanical practice (New
York: Marcel Dekker Publisher Co.) ISBN 0-8247-2313-9
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Experiments on shock wave loading of liquids (glycerol, silicone oil
and transformer oil) with different layer thicknesses to determine
the relaxation and strength properties were carried out. Shock
wave loading was realized by using explosives [1]. Free surface
velocity profiles were measured by system VISAR. Types of velocity
profiles obtained in glycerol were different from the velocity profiles
obtained in transformer oils and silicone oils. The power laws of
stress amplitude and spall strength on the strain rate were found for
the compression fronts (range from 105 to 107 s−1 ) and rarefaction
fronts (range from 104 to 105 s−1 ). Spall strength of oils proved a
constant and weakly depends on the strain rate and temperature.
The power laws reflect the self-similarity nature of the mechanisms
of momentum transfer [2] and failure of liquid [3] that are observed
traditionally in solid [4] due to the mechanisms of defect induced
structural relaxation [5].
This work was supported by grants RFBR No. 16-31-00283, 14-0196012, 14-01-00842.
[1] Bogach A A and Utkin A V 2000 J. Appl. Mech. Tech. Phys. 41(4) 198–205
[2] Bazaron U B, Budaev O R, Deryagin O V and Lamajapova H D 1990 Dokl.
Akad. Nauk SSSR 315(3) 595–599
[3] Bannikova I A, Uvarov S V, Bayandin Y V and Naimark O B 2014 Tech.
Phys. Lett. 40(9) 766–768
[4] Bayandin Y V and Naimark O B 2004 Phys. Mesomech. 7(1) 305–308
[5] Naimark O B 1998 JETP Lett. 67(9) 714–721
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At the present time investigation of the behavior of natural materials
under explosive loading are relevant. This is due to the development
of the northern territories, the extraction of natural resources in the
Far North, etc. The objects of study were the river ice and natural
limestone. The practical significance of research due to the need
to increase production of oil and gas in permafrost regions, the
fight against ice jams, etc. Three years ago, it was organized by
a scientific mobile laboratory “Explosive destruction of the natural
materials” at the National Research Tomsk State University. The
main purpose of the laboratory is express analyzing of explosive
destruction of natural materials, including ice, limestone, granite,
coal, etc.
It was made full-scale experiments to undermine the snow-covered
ice, bar ice, sandwich ice and natural limestone. The experimental
results can be used only as a qualitative test for the numerical
simulation. In this paper has conducted a few full-scale experiments.
The first experiment was undermining river of ice of emulsion
explosives in water. The second experiments was undermining
limestone of various explosives (three types of explosives). It was
found a video of the experiment, the diameter of the blast lane and
the crater, estimated radius of debris cloud.
The reported study was partially supported by RFBR, research
project No. 16-38-00515.
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Despite the fact that the use of powders of copper and other metals as impedance medium for high pressure shock wave synthesis of
diamond was developed in the 1960ies [1] and is still an important
ingredient in the shock synthesis of refractory materials today [2],
the processes in the metal powder itself are still not well understood.
For this reason the behavior of the impedance powder was investigated at conditions and capsule geometries comparable with those
previously used for the succesful shock synthesis of the high pressure
form of silicon nitride [3]. Our planar impact experiments with copper powders compressed to comparable initial densities revealed a
great sensitivity of the microjetting processes on the degree of free
intergranular spaces. With hindsight it is found that the yield of
recovered high pressure phase was highest for those synthesis runs
with intense jetting. This improves the comparability between experiments, but reduces simultaneously the output on HP-phase.
[1] Cowan G R, Dunnington B W and Holtzman A H 1968 Process for synthesizing diamond
[2] Sekine T, He H, Kobayashi T, Kimoto K and Mitomo M 2002 Spinel type
sialon, spinel type silicon oxinitride and methods for producing their
powders
[3] Schlothauer T, Schwarz M R, Ovidiu M, Brendler E, Moeckel R, Kroke E
and Heide G 2012 Minerals as Advanced Materials II ed Krivovichev S V
(Berlin and Heidelberg: Springer Berlin Heidelberg) pp 375–388
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This presentation gives data on chemical composition, average density of the four basalt samples that were taken from the vicinity of
a natural meteorite crater. It also shows the set-ups of explosive experiments and the first results on shock compression for the rock in
weak and strong shock waves with amplitudes of 7.6–80 GPa. The
obtained results will be used for numerical modeling of the wave
processes in recovered samples of the same rock that were subjected
to low- and high-intensity explosive loading.
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Three silica polymorphs: quartz, cristobalite, and tridymite were
shock wave loaded by high temperature shock compression method
similar that used in [1]. According to the method the samples put
in copper recovery ampoules were shock compressed using planar
loading scheme. Shock waves were generated by aluminum plates
accelerated with detonation products of various explosives to several
km/s. Depending on using explosive and experimental setup pressure in samples were 14, 22, 28, 33, 37, and 50 GPa. After shock
wave experiment and recovering from the ampoule the samples were
purified with boiling acids. Then the samples were investigated by
the x-ray powder diffraction method. Diffraction patterns give evidence that quartz, cristobalite, and tridymite at shock compression
to 14–28 GPa undergo some structural transformation with partial amorphization, under higher pressure all three modifications of
silica amorphize almost completely. Structural transformation of
quartz is arisen from generation of crystal structure faults. Structural transformation of cristobalite and probably tridymite is most
likely phase transformation without changing coordination number
or radical crystal structure reconstruction.
[1] Yakushev V V, Zhukov A N, Utkin A V et al. 2015 Combustion Explosion
and Shock Waves 51(5) 603–610
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Coarse-grained Ti (c-Ti) and nanocrystalline titanium (nc-Ti) metal
was investigated up to 120 GPa using a flyer plate impact technique.
The metal flyer velocity was in the range of 2–3 km/s, and the shock
pressure was calculated to be 40–120 GPa. Electrical resistance
techniques were used to investigate the structural phase stability
of titanium in-situ. A shock recovery experiment for c-Ti and ncTi was performed by a flyer plate impact technique. The shocktreated samples were characterized by x-ray diffraction analysis,
optical microscopy and transmission electron microscopy.
The grain size of c-Ti is observed to undergo twenty-fold reduction.
The high-pressure experiments on nc-Ti samples do no show the
significant variation of the grain sizes. The electrical resistance
of c-Ti and nc-Ti samples has been measured under conditions of
step shock compression and following release wave. The history
of shockwave loading of titanium has been calculated using the
semiempirical equations of state. It has been shown that in the phase
of compression at a pressure of ∼ 80 GPa, the resistance of nc-Ti
titanium samples stepwise reversible changes just as for c-Ti. The
observed effect is interpreted as a consequence of the polymorphic
transition in shocked nc-Ti as well as for c-Ti earlier [1].
[1] Molodets A M and Golyshev A A 2014 Phys. Solid State 56(12) 2524–2529
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A shock recovery experiment for amorphous and crystalline boron
powder was performed by a flyer plate impact technique. The metal
flyer velocity was in the range of 2–3 km/s, and the shock pressure was calculated to be 40–120 GPa. The calculations were performed by the hydrocode with user created semiempirical equation
of state for amorphous and crystalline boron. The shock temperature and specific volume of shocked boron was calculated also. The
shock-treated samples were characterized by x-ray diffraction analysis, and studied by measuring the dynamic magnetic susceptibility. No changes of amorphous boron or unknown compounds are
observed up to shock pressure 40 GPa. X-ray diffraction analysis
reveals the presence of new structures in the recovered samples in
shock pressure 50–120 GPa. One of possible version is the transformation of elemental boron. The origination of reaction products
between the contacting ampoule metals and boron powder particle were also discussed. The shock wave induces a physicochemical
transformation not only in amorphous boron but also in crystalline
boron.
This work was supported by Rosatom contract H.4x.44.90.13.1112.
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Elementary boron is important material of nuclear power. Boron
exists in a crystalline and amorphous state. The phase diagram of
crystal boron has difficult structure, in the high pressures and temperatures area deficiency of experimental and settlement information on thermophysical properties is noted. As for amorphous boron,
experimental data about its thermohysical properties at high pressures are limited. The reached parameters of pressure and temperature of the sample allow to capture considerable area of the boron
phase diagram including area of high pressures and temperatures
(up to 150 GPa and 2000 K) with possibility of purposeful change
of a phase trajectory. In this work, experiments on shock wave loading of samples of amorphous boron up to the pressure 100 GPa with
simultaneous measurement of conductivity are made. Samples represented a flat disk with a diameter of 10 mm and 1 mm thick. It is
shown that with a pressure up to 15 GPa it is not found any changes
on dependence of resistance on pressure. However with pressure
over 15 GPa sharp reduction of resistance to 1 Ohm is recorded.
By means of the developed equation of state values of temperature
and density of boron under compression are calculated. Samples
of shocked amorphous boron subjected shock wave compression was
investigated by methods of x-ray diffraction for detection of possible
allotropic transformations of amorphous boron in shock waves.
This work was supported by Rosatom contract H.4x.44.90.13.1112
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Under certain conditions, metal-nonmetal transition occurs in the
expanded metals near critical point [1]. The critical point parameters of metals cannot be analyzed without considering their relation
to the metal–nonmetal transition. The transition metal-nonmetal
was studied for a limited number of metals. They are cesium, rubidium and mercury [2]. There are only theoretical works [3,4], and
limited number of works on the electrical explosion of metallic wires
and foils [5,6] for other metals. Study of thermodynamic parameters
of copper in near-critical point region of liquid-vapor phase transition and the predicted metal–nonmetal transition was carried out.
The measurements of electrical conductivity of copper after shock
compression and expansion in gas (helium) medium at different final
pressure were carried out. The electrical conductivity of expended
copper is 104 –106 times lower than the electrical conductivity of
copper under normal conditions. It was discovered, registration of
time dependence of electrical resistivity of the expanded metal provides of estimating their density in the near-critical point region of
liquid–vapor phase transition.
[1]
[2]
[3]
[4]

Likalter A A 1992 Sov. Phys. Usp. 35 591–605
Hensel F 1989 Phys. Scr. 25 283–289
Khomkin A L and Shumikhin A S 2014 JETP 118 72–79
Hess H, Schneidenbach H and Kloss A 1999 Int. J. Phys. Chem. Liq. 37
719–733
[5] Rakhel A D, Korobenko V N, Savvatimski A I and Fortov V E 2004 Int. J.
Thermophys. 25 1203–1214
[6] DeSilva A W and Rakhel A D 2005 Int. J. Thermophys. 26 1137–1149
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It is known that granular films of some superconductors exhibit
enhancement of the superconducting transition temperature Tc ,
compared to that in the bulk, when the grain size is small enough.
For example, in aluminum [1] this effect is about a double value
of Tc = 1.2 K for the bulk. Moreover, it has been found that the
films with comparable grain size evaporated at low temperatures
in oxygen-free ambience [1] and at room temperature in oxygen
atmosphere demonstrate similar enhancement of the Tc , which led
to a conclusion that the aluminum oxide itself does not participate
in the Tc -enhancement mechanism. The only role of oxygen has
been considered to conserve small aluminium grains with aluminium
oxide coating, thus stabilizing the fine-grain structure of the Al
films, which results in stabilization of the enhanced Tc [2]. In
this work, a mixture of Al and Al2 O3 has been subjected to a
shock-wave pressure of 170 kbar, followed by vacuum-encapsulating
and quenching of the product to liquid nitrogen. The ac magnetic
susceptibility measurements of the samples have revealed metastable
superconductivity with Tc = 37 K.
[1] Buckel W and Hilsch R 1954 Zeitschrift fur Physik 138 109–120
[2] Cohen R W and Abeles B 1968 Phys. Rev. 168 444–450
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The first activity on proton beam application to radiography was
started about 45 years ago. Existing proton radiography facilities in
USA (pRad in LANL), Russia (PUMA in ITEP) and Germany (prototype of PRIOR in GSI) clearly demonstrated the advantages of the
high-energy proton radiography method with magnetic optics compared to conventional x-ray techniques in the study of solid objects
and dense plasma, especially in dynamic experiments. Jointly constructed, by teams of scientists from GSI, ITEP, IPCP and LANL,
proton radiogrpahy setup PRIOR (proton microscope for FAIR) was
commissioning in 2014. In the first experiments at PRIOR with
3.6 GeV proton beam from SIS-18 accelerator at GSI a spatial resolution of 30 µm was achieved. The new project of 247 MeV proton
microscope is being developed by ITEP, INR and IPCP’s team. Such
setup is designed for investigation of density distribution for static
objects and shock-wave processes in dynamic objects with areal density of up to 5 g/cm2 . Developed project allows investigation the
phenomenon of anomalous compressibility for porous rubber and
docosane, compessibility of non-ideal plasma of Xe and Ar gases
under shock wave loading. Proton beam with energy of 247 MeV is
available at high-current linear accelerator of Moscow Meson Factory (MMF) in INR Troitsk, Russia. MMF accelerator designed
to operate at frequencies up to 100 Hz, which will additionally explore the slow-changing dynamic processes such as crystallization
and melting. The calculation of ion-optical scheme of setup and
Monte-Carlo modeling at GEANT for static object were performed.
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Series of experimental investigation of extreme states of matter
generated by shock–waves were performed at proton microscopy
facilities PUMA [1] at ITEP and PRIOR [2] at GSI. Reconstruction
of targets volume density from radiography images (areal density
distributions images) is important task at such experiments.
To solve the problem of reconstruction of volume density the recurrence algorithm of inverse Abel transform [3] was implemented
in Matlab. During the tests it was revealed that the algorithm
is very sensitive to noise in the original data. Application of the
multilevel tresholding algorithm [4] has increased the range of acceptable noise ratio from 4 to 30%. Deconvolution method based on
Lucy–Richardson algorithm was implemented to compensate blur
of images. Demonstarion of developed tools was performed with results of underwater electrical wire explosion experimente at PRIOR
facility at GSI and investigation of detonation of TNT at PUMA
facility at ITEP.
[1] Kantsyrev A V and Golubev A A 2014 IET 1 5–14
[2] Varentsov D V 2015 Commissioning of the prior prototype
[3] Herman G 1983 Fundamentals of Reconstructive Tomography: Image Reconstruction from Projections (Moscow: MIR)
[4] Smolentsev N 2005 Fundamentals of Wavelet Theory, Wavelets in Matlab
(Moscow: DMK)
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High-energy proton radiography is widely uses for investigation of
the internal structure of dense static and dynamic objects. The
advantage of the proton-radiographic studies in comparison with
usual x-ray radiography is a better penetrating power, better dynamic range and spatial resolution. Most impressive results in this
field were obtained on experimental setups, which operate on a
proton microscope scheme. At the meson facility of the Institute
for Nuclear Research (Troitsk), it is possible to create a protonradiographic setup operating on the energy of 247 MeV. The feature
of this project is the possibility to use the equipment previously used
for creating PUMA facility (ITEP, Moscow) [1]. Program for the
simulation was created with COSY Infinity code [2]. This program is
providing optimization of parameters of setup such as field of view,
magnetic fields, the relative position of the magnetic elements and
quality of proton radiographic image. In addition, calculations were
verified by Monte Carlo method with GEANT simulation of experiments with static objects. At new setup is planned to investigate
of the phenomenon of anomalous compressibility of porous rubber
and docosane [3], compressibility of nonideal plasma of Xe and Ar
gases under shock-wave loading.
[1] Kantsyrev A V, Golubev A A, Bogdanov A V, Demidov V S et al. 2014
Instrum. Exp. Tech. 57 1
[2] Makino K and Berz M 2005 Nucl. Instrum. Meth. A 558 3
[3] Zubareva A N, Sosikov V A and Utkin A V 2015 J. Phys.: Conf. Series 654
012035
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Carbon fibers are composite materials, which consist of fibers from
carbon with a diameter of 5–10 microns bonded with epoxy resin.
Main feature of these materials is strongly expressed anisotropy of
properties. The aim of this work is to investigate the shock compressibility of carbon fiber with different fibers orientation relatively
to the direction of shock waves propagation. The average density of
the samples was 1.55 g/cm3 . The sound speed transversally to the
fibers is equal to 3.0 km/s, and parallel is about 10 km/s. Shock
wave profiles were registered by a laser interferometer VISAR. In
each experiment the structure of compression pulse and the shock
wave velocity of carbon fiber were obtained. Pressure of shock compression was varied by changing of the thickness and the velocity of
projectiles. From the experiments Hugoniots of carbon fiber were
obtained for parallel and transverse orientation of the fibers in the
coordinates of the shock wave velocity D—particle velocity u. In the
investigated range of pressures at the transverse orientation of the
fibers experimental data are satisfactorily approximated by a linear
dependence of D = 1.70 + 2.3u, km/s. The Hugoniot for the parallel orientation is satisfactorily approximated by the dependence
D = 2.3 + 2.0u, km/s. Unlike the transverse orientation, in this
case a complex structure of the shock wave is observed—almost in
the entire pressure range two-wave configuration is recorded which
is most clearly expressed at low pressures. The velocity of propagation of disturbances along the carbon fibers is in several times higher
than the velocity of the shock wave, that results in the formation of
a precursor. The work is carried out with the financial support of
FAIR-Russia Research Center.
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New experimental data on the properties of porous materials under
shock-wave loading and spallation strength were obtained for samples prepared from matrix materials with different compressibility:
silicone rubber and epoxy resin. Porosity in samples was set up by
using glass microspheres with an average size of about 80 microns as
a filler. Free surface velocity profiles of samples under shock-wave
loading were registered with VISAR. Obtained velocity profiles had
a rather complex structure of the shock-wave front. A possible reason for that is the kinetics of pore collapse in studied heterogeneous
samples. Silicone rubber with microspheres showed itself as a material with the low value of damage threshold. Its calculated spall
strength is 15 MPa. The wave structure of epoxy resin with microspheres obtained in the experiments is qualitatively similar to the
results observed with rubber as a matrix material. Quantitative difference between them is due to the difference between shock-wave
properties of the matrices. In particular, the disappearance of the
first wave for rubber occurs at a pressure of about 1 GPa, which
is significantly earlier than for epoxy resin at a pressure of about
2 GPa. Hugoniots of studied samples were obtained by processing
the experimental results.
The work was supported by FRRC—FAIR-Russia Research Center.
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The development of macroparticles acceleration methods for highspeed impact simulation in a laboratory is an actual problem due
to increasing of space flights duration and necessity of providing
adequate spacecraft protection against micrometeoroid and space
debris impacts. This paper presents results of experimental study
of a two-stage light-gas magnetoplasma launcher for acceleration of a
macroparticle, in which a coaxial plasma accelerator creates a shock
wave in a high-pressure channel filled with light gas. Graphite and
steel spheres with diameter of 2.5–4 mm were used as a projectile
and were accelerated to the speed of 0.8–4.8 km/s. A launching
of particle occurred in vacuum. For projectile velocity control the
speed measuring method was developed. The error of this metod
does not exceed 5%. The process of projectile flight from the barrel
and the process of a particle collision with a target were registered
by use of high-speed camera. The results of projectile collision with
elements of meteoroid shielding are presented. In order to increase
the projectile velocity, the high-pressure channel should be filled
with hydrogen. However, we used helium in our experiments for
safety reasons. Therefore, we can expect that the range of mass
and velocity of the accelerated particles can be extended by use of
hydrogen as an accelerating gas.
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Equation-of-state experimental tasks of the LUCH laser facility and
role of optical diagnostics are described. Current state of the optical diagnostic system and objectives of the ongoing modernization
is discussed. The modernization includes constructing of active interferometric technique for measuring of shock velocity based on
line-imaging velocimeter type in addition to passive SOP method.
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Studying extreme states of matter exposed to intense pulsed loads
is rather complicated due to a number of setup features of the
experiment. The uniqueness of experiments and inability to repeat
them under identical conditions place heavy demands on output
data. An important scientific problem in the physics of extreme
states of matter, which is of great practical importance, is the
study of physical and mechanical properties of materials exposed to
intense dynamic loads, produced by powerful explosion shock waves,
hypervelocity impact or laser pulse. Most informative contactless
method in such experiments is Doppler interferometry, that allows to
carry out continuous surface velocity measurement.The description
and analysis of the possibilities of the main types of interferometric
velocity measuring devices used in physics, physics of shock waves
and extreme states of matter at the present time—PDV, VISAR,
ORVIS, Line-imaging velocimeter, etc. presented.
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The paper presents the diagnostic system for velocity measurements
of reflecting objects. The system is designed to measure speed in the
interval of 5 to 50 km/s. Powerful laser pulses expose the target and
generate shock waves inside it. The back side of target is illuminated
by probe laser beam at a wavelength of 660 nm. The diffused and
reflected probe light is collected by a lens and injected into the
optical system. Two Mach–Zehnder interferometers with different
reference delay etalons form a vernier measuring system. Also, the
system includes a passive channel that records glow luminescence
in the shock wave front. The spatial resolution of the measuring
system on the target is about 4 µm.
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An important scientific problem in high-energy-density physics is
the study of the physical and mechanical properties of materials exposed to intense dynamic loads. The uniqueness and complexity of
experiments place heavy demands on research methods. Doppler interferometry is the most widespread contactless method that allows
to carry out continuous surface velocity measurement. Quadraturedifferential VISAR systems are reliable and relatively inexpensive
devices providing sufficient accuracy and time resolution for most
experiments. Standard quadrature-differential interferometers are
designed for simultaneous measurement of the velocity of only one
point on an object. Moreover, due to limitations of photoregistration
device “missing” of interference periods can occur when observing
steep shock front.
To overcome this limitations vernier VISAR diagnostic system was
designed. This system is combination of optical and electronic
units interconnected by optical fibers. Two quadrature-differential
VISAR interferometer form a vernier system, that allows to obtain
exact parameters of shock front regardless of interference periods
“missing”. Each optical unit designed to produce independent analysis of up to 7 optical channels. Changeable delay etalons with different optical path length allows to extend systems dynamic range.
The basic operations with the interferometer may be performed remotely from a personal computer using special software.
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Electrothermal accelerator (ETA) uses high-voltage arc energy to
heat the actuating medium, it being made from low-molecular
weight material. Projectile acceleration is achieved by expansion of
the actuating medium. ETA structure, operating principle and some
results are presented in [1, 2]. Numerical method for calculating
interior ballistics uses Lagrangian coordinates there the conservation
of momentum is solved. A statement of the energy balance in
differential form reflects the second law of thermodynamics:
∂V
∂E
= − (P + Q)
+ B (t) .
∂t
∂t
The B-term symbolizes an energy input rate. In the case of ETA
B-case term is the energy of high-voltage arc in the discharge chamber. Lagrangian different grid and scheme for numerical calculation
were used as in [3]. Fully explicit scheme was employed. The solving
includes two stability conditions: Courant and shock (artificial viscosity Q). Numerical results were compared with the experimental
research for pressure in the ETA barrel. The research was conducted
under financial support of the Ministry of Education and Science of
Russia within the Russian President grant No. MK-5250.2016.8.
[1] Spitsin D D, Zikova T S, Vorobiev A A et al. 2013 Physics of Extreme States
of Matter—2013 (Moscow: JIHT RAS) pp 72–74
[2] Sakharov M V, Vorobiev A A, Utkin A V, Feldshtein V A and Komarov I S
2015 “Electromechanical Matters” Journal. Proceedings VNIIEM 144(1)
36–42
[3] Brode H L, Asano W, Plemmons M, Scantlin L and Stevenson A 1967 A
program for calculating radiation flow and hydrodynamics (Santa Monica:
The RAND Corporation)
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At work of pipeline systems, flow velocity decrease can take place in
the pipeline as a result of the pumps stop, the valves shutdown.
As a result, compression waves appear in the pipeline systems.
These waves can propagate in the pipeline system, leading to its
destruction. This phenomenon is called water hammer (water
hammer flow).
The most dangerous situations occur when the flow is stopped
quickly. Such urgent flow cutoff often takes place in an emergency situation when liquid hydrocarbons are being loaded into sea
tankers. To prevent environment pollution it is necessary to stop
the hydrocarbon loading urgently. The flow in this case is cut off
within few seconds.
To prevent an increase in pressure in a pipeline system during water
hammer flow, special protective systems (pressure relief systems)
are installed.
The approaches to systems of protection against water hammer
(pressure relief systems) modeling are described in this paper. A
model of certain pressure relief system is considered. It is shown
that in case of an increase in the intensity of hydrocarbons loading
at a sea tanker, presence of the pressure relief system allows to
organize safe mode of loading.
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Shock waves/compression waves (SW/CW) can have a negative
impact. Typically, the SW/CW attenuate during their propagation.
However, in practice, there are flows that are nearly one dimensional,
and there is not significant attenuation of SW/CW in such flows. In
this case, SW/CW can propagate over long distances (up to tens of
kilometers), maintaining its damage potential.
The most well-known example of weakly attenuated SW/CW propagation is water hammer flow in pipeline systems. This task can
be set and resolved quite accurately in one-dimensional formulation, and multidimensional effects, if any take place, are taken into
account as well.
This article presents a mathematical model and a numerical method
for solving the problem of water hammer flow in the branching pipe.
The problem is considered in the one-dimensional non-stationary
formulation including changing diameter of the pipeline and its
branches.
We have solved the problem of CW propagation in the complex
branching pipeline system. It was shown that in case of water
hammer flow the highest pressures in branches of the pipeline can
be achieved when asynchronous valve shut-down takes place, while
in previous studies only simultaneous shut down was considered.
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The interaction of the composite rarefaction wave in nuclear matter
with entropy nonuniformities is studied numerically. Gasdynamic
nonuniformities in an expanding fireball of the quark-gluon plasma
resulting from the secondary interaction of reaction products with
nucleons of colliding nuclei are assigned in calculations as initial
conditions: inside the fireball the pressure is supposed to be uniform, the distribution of the baryon number density is given by
n = n0 (1+α sin(kx) sin(ky)). The fireball expansion is characterized
by the thermodynamic anomalies associated with the quark-hadron
phase transition. Due to these anomalies the composite rarefaction
wave including the rarefaction shock as a component arises. The
behaviour of the rarefaction shock being the hadronization wave is
of special interest. It is shown that the reflection of the rarefaction wave in the quark-gluon phase from the symmetry axis (plane)
results in the formation of inner hadronization wave, which propagates from the center of the fireball to its periphery. Interference of
the hadronization wave with the entropy nonuniformities leads to
the spatial fragmentation of the two-phase region.
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Injection of oxidizer into the porous medium with reactive skeleton
is a part of advanced heavy oil production technologies, such as insitu combustion. The front of the oxidation reaction in the porous
medium is known to exhibit instabilities, which have multidimensional (fingering) or one-dimensional nature. In the latter case, the
reaction rates, phase saturations, pressure etc. are subjected to
quasi periodical oscillations. This kind of instability has been studied using the laboratory experiment [1]. The characteristic feature
of the instability under consideration is “cold’ mechanism of positive
feedback, which makes it possible for the low-temperature reactions.
In the present work the mathematical model of the reactive multiphase flow is formulated which takes into account the multiphase
transport, one-step chemical reaction, change of porosity and permeability due to the reaction. The development of the instability
and its dependence on the flow parameters are investigated.
[1] Zavyalov I N and Konyukhov A V 2014 Abstracts of the XXI Int. Conf.
“Hydrodynamic Instability and Turbulence” (Nezategius-2014) (Moscow
State University) pp 89–90
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The microscopic jets can be generated from the material with surface
corrugations under shock loading [1]. The space–time evolution
of such jets is difficult to obtain in experiment. However, the
process of jet formation can be observed in simulations by molecular
dynamics (MD) [2, 3] and hydrodynamics methods [4]. Because
jetting is accompanied by a dramatic deformation and fragmentation
of material, it can be effectively simulated by smoothed particle
hydrodynamics (SPH), which is a mesh-free Lagrangian method.
Here we study similarity between jets obtained in consistent MD
and SPH simulations. We demonstrate good agreement between
both methods for strong enough shocks: the scaling provides the
similar jet velocity profiles and mass distributions. However for
weaker shocks and small surface corrugations the scaling does not
work well. Both material strength and surface tension reduce ejecta
velocity at atomic scales, but their effect decreases with increase of
MD sample size leading to better agreement.
[1]
[2]
[3]
[4]

Buttler W T, Oro D M, Preston D L et al. 2012 J. Fluid Mech. 703 60–84
Durand O and Soulard L 2015 J. Appl. Phys. 117 165903
Shao J L, Wang P, He A M et al. 2013 J. Appl. Phys. 113 153501
Dimonte G, Terrones G, Cherne F J and Ramaprabhu P 2013 J. Appl. Phys.
113 024905
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High-speed impact or intensive irradiation generates in material a
compression pulse, which is a shock wave followed by a release wave.
Reflection of the compression pulse from a free surface of material
leads to formation of a tension wave propagating in the inverse
direction. Action of tensile stresses can results in the spall fracture.
If the free surface is not a flat one and has some protrusions or
troughs comparable in size with the compression pulse thickness, the
uniaxial strain state typical for flat shock waves is changed on a more
complex strain state at interaction with these surface relief elements.
As a result, a part of the compression pulse energy dissipates due
to an intensive plastic deformation in this surface layer. It leads
to a decrease of the tensile wave amplitude and, consequently, an
increase of the spallation threshold in terms of the incident shock
wave intensity. In this report, by an example of copper and by means
of molecular dynamics simulations, we investigate the influence of
the surface nanorelief on the spallation threshold under the action
of short compression pulses.
The work was supported by the grant from the Russian Science
Foundation (Project No. 14-11-00538).
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A continuum model of tensile fracture of solid metals is formulated
and verified within a wide range of strain rates and temperatures
using results of MD simulations and known experimental data. The
model considers as competitive processes the growth of voids of two
different shapes—the cylindrical cracks and spherical voids. Both
thermo-fluctuational nucleations of new voids and growth of the preexisting ones are considered. The model is applied to description of
the back-side spallation of metal targets exposed to the shock wave
loading initiated by high-speed impact and high-current electron irradiation; calculations are performed in both 1D and 2D cases. Results of comparison with known experimental back surface velocity
histories are presented. Influence of initial structural heterogeneities
of material, such as non-uniform dislocation density distribution,
presence of inclusions and pre-existing voids, is analyzed. The work
was supported by the grant from the Russian Science Foundation
(Project No. 14-11-00538).
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Destruction of metals occurs by two mechanisms: (i) the ductile
fracture realized by means of the nucleation, growth and coalescence
of voids; (ii) the brittle fracture realized by means of the formation
and growth of cracks as a dominant process [1]. Attention to
the plastic deformation near the voids and cracks is due to the
assumption of the dislocation stimulated growth of them [2]. A
two-level model of the dislocation-stimulated growth of nanopores in
aluminum is proposed in [3] in order to predict the critical pressure
of fracture. The nanopores growth is connected with the plastic
deformation in the region close to the pore leading to the atoms
rearrangement on the pore surface. It was decided to continue the
work and apply the proposed model [3] to the copper. In our report,
the results of molecular-dynamics simulations in comparison with
the continuum model are presented.
The work was supported by the grant from the Russian Science
Foundation (project No. 14-11-00538).
[1] Dodd B and Bai Y 1987 Ductile Fracture and Ductility (New York: Academic
Press)
[2] Fischer F D and Antretter T 2009 Int. J. Plast. 25 1989–1832
[3] Krasnikov V S and Mayer A E 2015 Int. J. Plast. 17 75–91
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In this report we present the results of molecular-dynamics (MD)
verification of the formula proposed in [1] for calculating the nucleation rate of nanopores in metals at negative pressure. Using
molecular dynamics the formation of pores in solid aluminum in an
extended state was studied. The sample lifetime was determined at a
temperature of 300 K and various pressures with taking into account
the statistical straggling. The calculations were performed using the
program LAMMPS [2] and the interatomic potential AL99 [3]. Sample contained 256000 aluminum atoms formed in a cubic body, the
temperature of 300 K was maintained constant by a thermostat, a
negative pressure is maintained by the barostat. Step of time integration was 0.001 ps, the system was traced for 400 ps. Several MD
trajectories were simulated different trajectories were set by varying
the initial velocity distribution of atoms. The dependence of nucleation rate on pressure was plotted according to the data of MD
simulations. The work was supported by the grant from the Russian
Science Foundation (project No. 14-11-00538).
[1] Mayer A E, Mayer P N, Krasnikov V S and Voronin D S 2015 J. Phys.:
Conf. Series 653 012093
[2] Plimpton S 1995 J. Comput. Phys. 117 1–19
[3] Mishin Y, Farkas D, Mehl M J and Papaconstantopoulos D A 1999 Phys.
Rev. B 59 3393

157

Numerical simulation of dynamic
failure and multi spall fracture in
metals
Bayandin Yu V@ , Saveleva N V and Naimark O B
Institute of Continuous Media Mechanics of the Ural Branch of the Russian
Academy of Sciences, Academician Korolev Street 1, Perm 614013, Russia
@

buv@icmm.ru

Dynamic behavior of metals under intensive loading is characterized
by intensive nucleation and growth of defects (microshears and
microcracks) both under shock-wave compression and unloading
conditions that may reduce to spallation and in some cases to
multiple spallation. Spall fracture in material produced by the
action of tensile stress in bulk of sample when two decompression
waves collide. For higher amplitudes of shockwave the initiation
of secondary spallation appears when intensity of residual wave
is enough. The purpose of present investigation is consists on
formulation of physical-mathematical model of dynamic behavior
of metals under shock compression loadings. Plate impact test is
considered. Wide range constitutive model based on the statistical
theory for solids with defect (microshears and microcracks) was
developed.
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Fractoluminescence of granite under plate impact was investigated.
Granite samples 50 mm long with crossection 100 × 50 mm2 were
loaded by 5 mm thick mild steel flyer at velocities upto 300 m/s.
Fractoluminescence was detected by Hamamatsu PMT placed at
300 mm from a lateral side of the specimen so we can register
luminescence events from all lateral surface faced to the PMT thus
we have no spatial resolution. Output from the photomultiplier
tube was recorded by Tektronix DP07254 digital oscilloscope. It
was found that luminescence lasts for tens of milliseconds while
compressive wave propagation time is 10 µs which is three orders
shorter. First pulse with sharp front is related to the impact event.
Next pulse starts at 80 µs after and lasts for 60 µs. It has a smooth
shape and can be related to the spall failure. Then, after 1ms we
have observed lots of weak short pulses same as we have observed in
our experiments on the split hopkinson bar [1]. But after 1ms the
granite target or its fragments can hit other metallic parts of the
experimental setup so we need further investidation of the nature of
these pulses.
[1] Davydova M Uvarov S and Chudinov V 2015 Appl. Mech. Mater. 784 468–
475
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The results of coordinated experimental and numerical studies of
destruction of materials and structures under impact. Numerical
simulation is carried out by the author finite element software
package EFES, allowing to simulate a three-dimensional setting
behavior of complex structures under dynamic loads. Investigated
the destruction of metallic and nonmetallic materials and structures
are in the speed range of interaction 50–3000 m/s. A comparison
with experimental data.
This work was partially supported by RFBR grants 16-31-00125,
16-38-00256.
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Results of the study on the operation of the reinforced concrete
and fiber-reinforced concrete with metal and non-metallic fiber reinforcement under short-term dynamic loading are presented in the
paper. Program of experimental and numerical studies was developed. Mathematical and numerical simulation is carried out to the
full three-dimensional setting, taking into account the real properties
of materials and constructions: anisotropy, plasticity, viscosity, kinetic nature of fracture, the various values of the elastic and strength
properties under compression and tension, the influence of the loading rate on the physical and mechanical properties of materials. As a
result of experimental studies schemes of deformation, cracking and
fracture, as well as values of fracture loads of experimental samples
were obtained. Present results are compared with data of the numerical calculations performed using the computational program based
on finite elements method. Results of experimental and numerical
calculations showed good convergence.
The research performed with the financial support of the “Russian
Foundation for Basic Research” project No. 16-38-00256 and project
No. 16-31-00125.
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We perform two-dimensional simulation of the polymethylmethacrylate plates impact (PMMA) using Maxwell model of viscoelastic medium. Previously, we investigated the influence of the viscoelastic properties on the shock wave dynamics in PMMA in onedimensional calculation [1]. It was shown that, in a limit of weak
shock waves, the accounting of the viscoelastic properties allows
one to achieve a better coincidence of the calculated and experimental data on the shock wave velocity magnitude in comparison
with the case of hydrodynamic calculations. In the present work,
we have generalized the polymeric material deformation model to
the case of two-dimensional stress state. A relation is written for
the relaxation of shear stresses in the plane, in which the maximum
tangential stress acts. Parameters of the Maxwell model are chosen
by comparison with the experimental data [2–4]. A caloric equation
of state is used to calculate the pressure from density and internal
energy [5, 6].
[1] Popova T V, Mayer A E and Khishchenko K V 2015 J. Phys.: Conf. Series
653 012045
[2] Kanel G I, Razorenov S V, Utkin A V and Baumung K 1996 Experimental
profiles of shock waves (Moscow: Scientific Association IVTAN RAS)
[3] Barker L M and Hollenbach R E 1970 J. Appl. Phys. 41 4208–4226
[4] Kanel G I, Fortov V E and Razorenov S V 2007 Phys. Usp. 50 771–791
[5] Lomonosov I V, Fortov V E and Khishchenko K V 1995 Chem. Phys. Rep.
14 51–57
[6] Khishchenko K V, Lomonosov I V and Fortov V E 1996 Shock Compression
of Condensed Matter—1995 ed Schmidt S C and Tao W C (New York:
AIP) pp 125–128
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In this paper experiments on explosive consolidation of powdered
boron carbide and numerical modeling of the stress state behind the
shock front were carried out. The aim of this study was to obtain
a durable compacts with low porosity. Explosive consolidation was
used in this problem because the boron carbide is an extremely hard
and refractory material. Therefore, the use of traditional methods
require special equipment and considerable expenses.
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Ni+Al-system belongs to so-called reactive materials which are able
to react with significant thermal flux in condenced state. The potentiality of these systems to react on a microsecond scale under
shock-wave loading is of great interest. Nevertheless recent experiments on shock compression [1] showed that main power flux in a
volume starts much later than the moment of compression (tens and
hundreds of microseconds). At the same time it remains unclear if
the reaction proceeds to any visible extent during existence of high
pressure (∼ 1 mks). In the present work we measured sound velocity depending on pressure for Ni+Al mixture samples of micro- and
nanosized components. Since sound velocity is very sensitive to the
state of a matter it can be useful to identify the processes occuring
in the material, for example chemical reactions.
The time of sound wave propagation through the sample was depended from shock wave profiles registered using VISAR. It was
shown that for samples prepared from nanomixtures sound velocity
is 20–30% higher than for those prepared using microdispersed mixtures. The effect can be caused not only by the volume reaction but
most probably by the higher amount of Al2 O3 in nanomixture. The
explanation of real nature of the effect requires deeper investigation.
[1] Jette F X et al. 2011 J. Appl. Phys. 109(8) 084905
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In the present work, detonation ability of Al/ammonium perchlorate (AP) (20/80) high-dense charges has been studied. The pressed
charges were produced from preliminary mechanochemically activated AP-based mixtures—AP 50–100 µm in size and Al powders:
Alex 150–200 nm in size, and pyrotechnic powder PP-2 (50–200 µm
× 2–5 µm). It was experimentally showed that detonability of activated Al/AP mixtures could be shifted into the area of higher densities at small charge diameters. For 25-mm charges D(ρ)-dependence
demonstrated the maximum D-value for Alex-containing mixture
at 0.91 TMD, while for PP-2 the maximum was observed at 0.75
of TMD. For activated Alex-based composition (0.75 of TMD),
there was obtained nonlinear D(1/d)-dependence. D increased
with d growth from d = 10–17 mm, the velocity remained constant at d = 17–40 mm with consequent growth at d ≥ 40 mm.
At d = 50 mm, D was measured to be the same as it was obtained for PP-2-containing compositions. Such detonation mode is
named pseudo-ideal detonation. The maximum on detonation velocity D = 6.4 km/s was obtained at 0.9 of TMD and d = 40 mm.
Experimental data on D measured for mechanoactivated mixture
with Alex, exceed those for non-activated mixtures with Alex and
activated mixtures with PP-2. This work was supported by RFBR
(grant No. 16-29-01030) and the Program of fundamental researches
of the Presidium RAS “Thermal physics of high energy density”.
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Experiments on impact loading of the pressed samples from different
thermite compositions are described. Thermite structures are the
reactive materials, which are capable to the components exothermic
interaction under shock wave loading. We used the mechanoactivated metal and oxide powders as components of thermite compositions. Shock loading of the thermic tablets was performed by
the detonation of the explosive charge in a steel cylindrical shell
through an inert spacer. Finally, the steel barrier deformed in the
point of shell fixing. The volume of a barrier’s material residual
deformation is connected with amount of primary shock wave energy, which reached a barrier. For identical loading conditions of
thermite tablets, made from various components, the amount of energy reached a barrier depends on extent of energy dissipation in
these tablets. Energy dissipation in thermite tablets occurs due to
deformation and mutual movement of initial components particles.
Deformation of particles and surface friction at their mutual movement is accompanied by the conversion of shock wave energy into
heat. To quantify the shock wave energy losses conducted a series of
experiments in which thermite tablet was replaced by a dense spacer
made of inert material of known specifications. Thus, comparing a
steel barriers deformation it is possible to estimate in relative units
the energy losses for different tablets under loading. In relative
units this energy losses were 55–98% for different thermite compositions. The experiments described precede study of shock initiation
of chemical transformations in thermite compositions.
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In a shock impact on a metal plate, particles of various sizes are
emitted from the free surface (shock-wave “dusting”). The particle
sizes range from a few microns to hundreds of microns [1]. The
particle flow was assumed to include finer particles too, but the
existing techniques cannot resolve them yet.
BINP have commissioned SYRAFEEMA (Synchrotron Radiation
Facility for Exploring Energetic Materials), which enables measurement of small-angle x-ray scattering (SAXS) of synchrotron radiation (SR) from the collider VEPP-4M (energy of 4 GeV). The
SR SAXS technique and precision measurement of passed SR were
applied to studies of flows of nano- and micro-particles from free
surface of various materials (copper, tin, and tantalum). Flows of
nanoparticles were detected for the first time in impact of pressed
HMX on foil of tin and tantalum. The density distributions along
the microjets formed from micron-sized slots were obtained.
[1] De Resseguier T, Loison D, Lescoute E, Signor L and Dragon A 2010 J.
Theor. Appl. Mech. 48 957–972
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Registration of small angle x-ray scattering (SAXS) during detonation of high explosives (HE) allows to measure fluctuation of density in a zone of chemical reaction. In the case of oxygen-deficient
HEs it is connected with synthesis of condensed carbon phases—
ultradisperse diamonds (UDD) or graphite.
In this work we carried out SAXS measurement during trinitrotoluene (TNT) detonation. SAXS simulation with real spectrum
(the viggler radiation, TNT absorption, absorption of the DIMEX3 detector) was performed. Comparison of calculated and measured
SAXS distribution allows to obtain dynamics of average sizes of
nanodiamonds behind the detonation front using pink SR beam.
Experiments with using SR were made on SYRAFEEMA (Synchrotron Radiation Facility for Exploring Energetic Materials) station at the accelerating complex VEPP-4M (Budker Institute of Nuclear Physics). This new station allows to increase the mass of the
studied charges by 10 times to 200 grams in comparison with similar station “Extreme states of matter” at the accelerating complex
VEPP-3.
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Electron microscopy and diffraction studies were performed on the
saved condensed detonation products of a number of high explosives (HEs): TNT, composition TNT/RDX (50/50), BTF (benzotrifuroxan) and TATB.
The samples were 20 mm in diameter and 30 mm in length, and
weight is about 20 g. The detonation was initiated by PETN or
HMX, as those HEs produce inessential amount of detonation soot.
The experimental samples was placed in 1 kg ice shell.
The uniform experimental conditions allows to to conduct a qualitative and quantitative comparison of obtained under similar conditions detonation soot of various HEs. The results demonstrates
differences in graphite-like and diamond inclusions morphology and
quantitative content of nanodiamonds for selected HEs.
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In liquid HE, detonation waves propagate both in steady and unsteady pulsating regimes. At that it should distinguish the loss of
stability of one-dimensional flow, which occurs at the absence of influence of the boundaries, and instability at the edge of the charge.
The purpose of this work is to prove that, in practice, the relationship between these two types of instability is not strictly determined. We studied bis-(2-fluoro-2.2-dinitro-ethyl)-formal (FEFO,
C5 H6 N4 O10 F2 ) and the mixtures of FEFO with methanol. The
structure of the detonation wave was recorded by a VISAR interferometer and by high-speed streak camera. It was found strong
velocity oscillations in both the chemical reaction zone and the unloading wave for FEFO. This implies that the detonation front is
unstable. According to the generally accepted concept, reaction
failure waves should be observed also. However it was found that
the boundary at the edge of the charge is smooth, without evidence
of the existence of reaction failure waves. Dilution of FEFO by
methanol results in qualitative changes in the nature of flow in detonation waves of the mixture. When the methanol concentration
changes in the interval 10–20%, the stabilization of detonation front
is observed and reaction failure waves are occurred at the edge of
the charge. Further increase of the concentration of the inert diluent
results in the instability of the detonation front at existing of the
reaction failure waves. Obtained results show, therefore, that the
reaction failure waves and stability of one-dimensional detonation
front appear, in general, independently. This work was supported
by Russian Foundation for Basic Research (project 15-03-07830).
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Cylindrical detonation wave is widely used as for fundamental investigation in high-pressure physics [1, 2] and for solving practical
problems. Cylindrical or conical detonation wave is used in electrodynamical devices of various types [3], in pulse generators of high
pressure [4], cumulative devices [5], in special charges for imploding
works. Interesting features of gasdynamic flows of detonation products were first discovered during formation of cylindrical detonation
wave using multipoint initiation method. This features, which consist of the formation of complex system of shock waves with cell
structure after the detonation wave, are force us to take a closer
look to dynamic of formation of detonation waves and flow of detonation products. This cell structure persist during the entire time of
the convergence of detonation waves, i.e. longer than 10 µs. Triple
wave Mach configuration must be forms in points of conjugation
of neighboring detonation waves that must be lead to alignment of
front. Use of modern methods of pulse processes diagnostics (highspeed photography with nanosecond time resolution) will let us to
carry out research at the highest level [1].
[1]
[2]
[3]
[4]

Zel’dovich Y B 1959 JETP 36 782
Stanukovich K P (ed) 1973 Physics of Explosion (Moscow: Nauka)
Knopfel G 1972 Superstrong Pulsed Magnetic Fields (Moscow: Mir)
Nikolaev D, Ternovoi V, Kim V and Shutov A 2014 J. Phys.: Conf. Series
500 142026
[5] Trishin U A 2005 Physics of Cumulative Processes (Novosibirsk)
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Cylindrical detonation wave and the motion of cylindrical piston to
the center is quite well studied [1–5]. In experimental studies in
IPCP RAS [6], which uses cylindrical or conical detonation wave
is formed by the method of multipoint initiation, were found some
features of gas-dynamic flow of the detonation products. The article
suggests a mathematical model of cylindrical detonation, consistent
with experimental results. Mathematical modeling of cylindrical
detonation waves taking into account the kinetics of decomposition
significantly reduces the number of costly explosive experiments.
The combination of experimental studies together with the results
of numerical simulation let us obtain an adequate picture of the development of various types of detonation waves (planar, cylindrical,
conical, and spherical) under multipoint initiation.
[1] Zel’dovich J B 1959 JETP 36(3) 782
[2] Guerri L and Taroni A 1964 Euratom Rep. 1643.e 364
[3] Kinelovskii S, Matyushkin N and Trishin Y 1970 Dynamics of continuous
media: Proc. sci. Works, USSR Academy of Sciences 5 23–32
[4] Kinelovskii S, Matyushkin N and Trishin Y 1971 Dynamics of continuous
media: Proc. sci. Works, USSR Academy of Sciences 7 105–114
[5] Kinelovskii S, Matyushkin N and Trishin Y 1971 Dynamics of continuous
media: Proc. sci. Works, USSR Academy of Sciences 7 115–124
[6] Dudin S and Shutov A 2014 XXIX Int. Conf. on EOS 73

172

Detonation model for non-ideal
condensed explosives
Smirnov E B@ , Kostitsyn O V and Koval A V
Federal State Unitary Enterprise “Russian Federal Nuclear
Center—Academician Zababakhin All-Russian Research Institute of Technical
Physics”, Vasilieva 13, Snezhinsk, Chelyabinsk Region 456770, Russia
@

ewgeny smirnov@mail.ru

The Zeldovich–Neumann–Doering theory of ideal detonation can adequately describe the detonation of charges with near-critical diameter. For minor diameters, detonation velocity can differ significantly
from an ideal value expected based on equilibrium chemical thermodynamics. This difference is quite evident when using non-ideal
explosives; in certain cases, this value can be up to one third of ideal
detonation velocity. Numerical simulation of these systems is a very
labor-consuming process because one needs to compute the states
inside the chemical reaction zone, as well as to obtain data on the
equation of state of HE-explosion products mixture and on the rate
of chemical reaction; however, these characteristics are poorly studied today. For practical purposes, one can use the detonation shock
dynamics model based on interrelation between local velocity of the
front and its local curvature. This interrelation depends on both
the equation of state of explosion products, and the reaction rate;
but the explicit definition of these characteristics is not needed.
In this paper, experimental results are analyzed. They demonstrate
interrelation between the local curvature of detonation front and
the detonation velocity. Equation of detonation front shape is
found. This equation allows us to predict detonation velocity and
shape of detonation wave front in arbitrary geometry by integrating
ordinary differential equation for the front shape with a boundary
condition at the charge edge. These results confirm that the model
of detonation shock dynamics can be used to describe detonation
processes in non-ideal explosives.
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As atomistic simulation indicates, the thermal decomposition of condensed phase explosive PETN and AB model explosive is initiated
by chemical reactions within a picosecond timescale after several
atomic oscillations. We developed the kinetic model [1, 2] of chemical reactions observed in a molecular dynamics (MD) simulation
of self-sustained detonation wave [2] with the aim to use the model
in hydrodynamic simulation of detonation initiation. Kinetic coefficients are obtained by minimization of difference between profiles of
species calculated from the kinetic model and observed in MD simulations of isochoric thermal decomposition with a help of downhill
simplex method combined with random walk in multidimensional
space of fitting kinetic coefficients. Here we present the consistent
MD and smoothed particle hydrodynamics (SPH) [3] simulations
of detonation where reaction rates and equation of state used in
SPH has been obtained from MD simulation of AB model explosive. Difference and similarity between MD and SPH results are
demonstrated. Extension of developed kinetic model on SPH modeling of PETN explosive is discussed.
[1] Yanilkin A V and Sergeev O V 2016 (in press) AIP Conf. Proc.
[2] Murzov S A, Sergeev O V and Zhakhovsky V V 2015 Physical-Chemical
Kinetics in Gas Dynamics 16 012056
[3] Parshikov A N and Medin S A 2002 Comput. Phys. 180 353–382
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The chemical reactions that occur in the chemically non-equilibrium
explosion products change their composition and, consequently,
thermodynamic parameters. At a large number of individual species
in the explosion products and a large number of chemical reactions
involved, calculation of the mixture composition requires a long computation time. An approximate method for calculating composition
of the non-equilibrium mixture of explosion products is developed.
The method is based on a physically reasonable assumption that
equilibrium in the almost all bimolecular reactions is established
much faster than the full chemical equilibrium, being applicable
when this assumption holds. The method uses the assumption of
the existence of maximum of entropy for a given density, internal
energy, molecular weight of the detonation products mixture and
some linear combination of concentrations. Without significant loss
of accuracy to the solution of stiff differential equations detailed
kinetic mechanism can be replaced by one or two differential equation and a system of algebraic equations. This method is always
consistent with the detailed mechanism and can be used separately
or in conjunction with the decision of a stiff system for chemically
non-equilibrium mixtures replacing it when almost all bimolecular
reactions are near to equilibrium. It was shown that the proposed
model can be used to calculate the characteristics of the chemically
non-equilibrium explosion products of acetylene-oxygen mixture.
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In accordance with our novel microscale combustion concept, motivated excitation source of the 3D micro/nanoscale physical structures in the reactionary zones are the micro/nanoscale structures
of the electromagnetic fields. According to our challenging hypothesis each energetic material has a unique interactive magnetodipole (electromagnetic) holographic spectrum of the reactionary
zone which is the synergetic oscillatory system. Such synergetic system also can be characterized by the frequency code. Our hypothesis is supported by the recent data, obtained in the various model
combustion systems. Magnetodipole 3D micro/nanoscale structures
can be considered as information medium which characterizes the
reactionary zone of the energetic material. Instead of using laserassisted combustion (laser heating of the solid propellant surface)
where thrust is variable by adjusting laser power, we suggest excitation of the resonance spectrums of the reactionary zones by means
of polarized (resonance) laser radiation. Additional effects can be
obtained by laser-induced self-organizing of the 3D micro/nanoscale
structures in the reactionary zones. Also the techniques of scanning
(reading) by laser radiation of the unique holographic spectrums
of the energetic materials reactionary zones are considered. Laserinduced excitation of these spectrums along with reprogramming of
the magnetodipole spectrum of the reactionary zones gives the possibility for control by the scale and 3D localization of the induction
and energy-releasing areas and, accordingly, allows control interscale
interaction in the aerospace propulsion systems.
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This paper considers the possibility of creating on new physical principles a high-speed current-limiting device (CLD) for the networks
with voltage of 110 kV, namely, on the basis of the explosive switching elements. The device is designed to limit the steady short-circuit
current to acceptable values for the time does not exceed 3 ms at
electric power facilities. The paper presents an analysis of the electrical circuit of CLD. The main features of the scheme are: a new
high-speed switching element with high regenerating voltage; fusible
switching element that enables to limit the overvoltage after sudden
breakage of network of the explosive switch; non-inductive resistor
with a high heat capacity and a special reactor with operating time
less than 1 second. We analyzed the work of the CLD with help of
special software PSPICE, which is based on the equivalent circuit
of single-phase short circuit to ground in 110 kV network. Analysis
of the equivalent circuit operation CLD shows its efficiency and determines the CLD as a perspective direction of the current-limiting
devices of new generation. CLD class 110 kV meets all the requirements, provided for a new class of devices and could be one of the
key components of security of electricity networks in the future.
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The experiments have been carried out on the simultaneous measurements of the emission of CH∗ , C∗2 , OH∗ , and CO∗2 during selfignition of various mixtures of ethane with oxygen and argon behind
reflected shock waves within the temperature range of 1280–1790 K
for the total mixture density of (1 ± 0.2) × 10−5 mol/cm3 . It was
shown that the time of emission maximum practically coincides for
all radiating species being recorded. The characteristic features of
the time dependences of the intensity of OH∗ emission were revealed
depending on the temperature and mixture stoichiometry. Practically symbate behavior of the profiles of CH∗ , C∗2 , and CO∗2 emission
was demonstrated within the ranges of temperature, pressure and φ
under study. The results of numerical modeling are in good agreement with our experimental results.
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In the current work the experiments were performed on record of
the chemiluminescent emission of OH∗ radicals (λ = 308 nm) within
the temperature range of 800 < T < 1000 K at the early stage of
the induction period at a pressure of 0.1 MPa. These experimental
conditions make it possible to measure OH∗ emission for the time
intervals less than 1 ms, when the influence of physical-chemical
factors capable to influence the homogeneous development of the
self-ignition process is minimal. Thus, it was possible to avoid
the influence of early appearance of the self-ignition places, the
pressure rise, caused by deceleration of the incident shock wave or
the arrival of disturbances from the contact surface. The results of
experiments showed that at the early stage of the induction period
the process of H2 oxidation proceeds by chain-branching reactions
with the branching factor φ. To reveal the specific features of
the kinetic mechanism of high-temperature hydrogen oxidation, we
developed the corresponding kinetic mechanism, validated both on
our own experimental results and on the results of various authors
on records of O, H, OH radicals and water molecules within a
wide temperature (950–2500 K) and pressure (0.05–0.85 MPa) range
for different initial concentrations and in various bath gases. The
numerical modeling of OH∗ emission at the early stages of H2
oxidation showed that to describe the temperature dependence of
φ-factor it is necessary to take into account the quantum corrections
in the initiation reactions of a H2 /O2 system.
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Various halogenated hydrocarbons are widely used for the fire fighting. 1,2-dibromotetrafluoroethane (C2 F4 Br2 ) is one of the most
widely used in Russia fire extinguishing compounds. Azatyan et
al [1] reported that combustion suppression takes place due to chemical inhibition of chain combustion reactions. It is assumed that Br
is the primary product of the C2 F4 Br2 dissociation and it is responsible for the suppression of chain reactions of combustion. However,
the kinetics of decomposition of C2 F4 Br2 is studied very superficially [2]. Therefore, the main goal of this work is to study the
kinetics of formation Br atom and to trace the possibility of CF2
radical in the pyrolysis C2 F4 Br2 of shock waves.
The study of the kinetics of formation and consumption of Br
atoms behind shock waves was carried out by the method of atomic
resonance absorption spectroscopy (ARAS) using vacuum-uv lines
of Br-atom in the range of 148–165 nm. The initial concentrations of
Br2 or C2 F4 Br2 in argon were varied from 0.002 to 1.0%. The time
dependence of Br atom concentration in the pyrolysis of Br2 and
C2 F4 Br2 at the temperatures from 2500 to 4000 K and the pressures
from 2 to 17 bar behind reflected shock waves were measured. From
these data the temperature dependence of the dissociation rate
constant of C2 F4 Br2 at different pressures was determined.
This work has been supported by the grant RSF 14-19-00025.
[1] Azatyan V V 1974 Kinet. Catal. 15(1) 228–234
[2] Tsang W J 1984 J. Phys. Chem. 88(13) 2812–2817
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The experiments were conducted in methane- and acetylene-oxygen
mixtures with chemical additives of CCL4 and CF3 H. The emissionabsorption diagnostics, used for temperature measurements, was
tested in non-reactive mixtures of carbon dioxide and oxygen diluted in argon. Experiments were carried out behind the reflected
shock waves in the temperature range of T5=1700-3080 K and pressure range of P5=6-8 bar for non-reactive mixtures and in range
oftemperature T5=1270-1930 K and pressure P5=4.7-5.5 bar for
combustible gases. In these experiments the dependence of the ignition delay times and the temperature behavior in the combustion
zone on the mixture concentration and on the presence of additives
were measured. The experimental data of temperature dependence
of ignition delay times were compared with the results of calculation
by theChemkin-Pro package using kinetic mechanisms [1]. It was
found that measured temperature in the combustion zone did not
depend on the initial parameters behind the reflected shock wave.
The addition of CF3 H to methane-oxygen mixtures had no effect
on the value of the temperature in the combustion zone, while the
addition of CCL4 decreased the temperature down to 200K because
of the heat consumption inthe decomposition of CCL4 . These experimental data can be used for testing and development of kinetic
schemes of ignition and combustion of methane and acetylene in the
presence of perspective inhibitors. This work has been supported
by the Russian Science Foundation (project No. 14-19-00025).
[1] Drakon A and Eremin A 2015 Combustion and Flame 162(6) 2746–2747
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The reaction CO+O2 =CO2 +O (1) plays an essential role in the process of ignition of synthesis gas and other fuels containing carbon
monoxide. The peculiarity of this reaction is very high activation
energy with practically zero heat effect that gives rise to serious
controversies in the available experimental data, and in their theoretical interpretation. Therefore despite large number of works [1]
carried out hitherto, comprehensive data on the kinetics of this reaction was not available. Sometimes the rate constants are different
by orders of magnitude. In this work the experimental study of
kinetics of CO+O2 reaction using ARAS in vacuum UV range at
a wavelength λ=130.5 nm was performed behind reflected shock
waves. More than 30 successful experiments in the temperature
range 1300≤T5 ≤2000 K and pressure range 2.5≤P5 ≤17 bar in the
mixture 0.1%O2 +0.1%CO+Ar were carried out. From the experimental data the temperature dependencies of the reaction rate constant were determined at different pressures. The activation energy
of this reaction was found, which equals 240 kJ/mole. For the first
time it was found that the increase in pressure of the diluent gas
leads to suppression of reaction (1), which may be regarded to the
processes of quenching of the activated complex (CO:O2 ), formed in
the collisions CO+O2 , and the acceleration of the reverse reaction
O+CO2 due to the quantum corrections to the rate constants of
chemical reactions [2].
[1] Ibragimova L B 1991 Khim. Fiz. 10. 307 – 310.
[2] Drakon A V, Emelianov A V, Eremin A V, Petrushevich Y V, Starostin A N,
Taran M D and Fortov V E 2014 JETP 118(5) 831–843
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This study is devoted to the temperature measurements of carbon
nanoparticles formed in shock tube and heated by laser pulse. The
nanoparticles were synthesized after heating a mixture of 0.5% of
benzene and argon by a shock wave. The conditions behind the
reflected shock wave were P5 = 4–5 bar and T5 = 1600–2400 K.
The heating of nanoparticles was initiated by Nd:YAG laser pulse
at 1064 nm, fluence of 0.3–0.4 J/cm2 and duration of pulse of 10 ns.
Nanoparticles temperature was measured by two-colour pyrometry
using laser-induced incandescence (LII) signals. LII is a method,
based on analyzing the thermal radiation of particles heated by laser
pulse. The nanoparticles cooled due to colliding with the molecules
of surrounding gas, sublimation and heat radiation. The radiation,
emitted by nanoparticles was converged through the front diagnostic
window by a lens, and passing through a semitransparent mirror and
optical filters (772 and 550 nm), was collected by two photomultipliers. For the first time two more photomultipliers with optical filters
of 488 and 610 nm were attached to diagnostic sidewall windows
by both sides of the shock tube. The measurements from sidewall
windows turned out to be more sensitive that helped to improve
temperature measurements of carbon nanoparticles. Moreover, the
simultaneous measurements of four LII signals can help to find out
new information of wavelength dependence of optical properties of
carbon nanoparticles. This work has been supported by the Russian
Foundation for Basic Research (grant No. 14-08-00505).
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Shock tube study of noble gas mixtures Xe and He were done by
multichannel emission spectroscopy at the end plate of shock tube.
All measurements were carried out behind the incident shock waves
at Mah number region 2.6 to 3.6. Spectrum region of interest
was 200 to 750 nm. In addition the laser shliren method was
used to meassure the dencity distribution in the shock wave front.
Gas Xe was a small admixture to high purity He. The impurity
gas concentration was less 0.0001%. The regims of shock waves
propagation in which Xe irradiation lines were observed at the lokal
hot areas on shock front surface were found. The investigation were
supported by RAS.
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Motivated by the success of the analog model of pulsating detonations developed in [1, 2], we have developed an asymptotic theory
of weakly nonlinear multi-dimensional detonation waves. Neglecting
dissipative effects, we obtain the following (non-dimensional) system
of equations [3]:
1
ut + uux + vy = − λx ,
2
vx = uy ,
λx = −k(1 − λ)eθ(u+qλ) ,
where (u, v) is the velocity field, λ ∈ [0.1] is the variable measuring
the fraction of the total chemical energy, q, released in the reactions,
k is the pre-exponential factor, and θ is the effective activation
energy. The first equation in the system is seen to be a 2D Burgers
equation forced by the chemical energy release, the second is the
condition of zero vorticity, and the third is the equation of kinetics.
Numerical computations with the model show that it can predict
cellular detonations in 2D as well as pulsating detonations in 1D in
precise agreement with numerical simulations of the full system of
the reactive Euler equations.
[1] Kasimov A R, Faria L M and Rosales R R 2013 Physical Review Letters 110
104104
[2] Faria L M, Kasimov A R and Rosales R R 2014 SIAM Journal on Applied
Mathematics 74 547–570
[3] Faria L M, Kasimov A R and Rosales R R 2015 Journal of Fluid Mechanics
784 163–198 (Preprint http://arxiv.org/abs/1407.8466)
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In studies of evolution of spherical hydrogen–air flame at various
energies of initiation it has been found formation of ignition centers
before the primary flame front. Combustion mixture was enclosed
into thin rubber envelope having spherical shape and the initial
volume of up to 40 m3 , which was located in the spherical explosion
chamber 13YA3 12 m in diameter. At initiation energy 2.3 kJ
ignition centers occur in a stoichiometric mixture in the initial
volume of 40 m3 . In the stoichiometric mixtures and the poorer
ones in the volume of 7 m3 at the same initiation energy no ignition
centers occur. In the volume of 7 m3 in the stoichiometric mixtures
ignition centers occur with increasing of initiation energy up to
4.6 kJ. With increasing of initiation energy up to 15.5 kJ in the
volume of 7 m3 ignition centers occur in the mixtures of 24 vol.
% H2 and richer. Up to this study the ignition of hydrogen–air
mixtures are observed only after reflection of shock waves from flat
and concave reflectors. In the spherical flames such phenomena
are observed for the first time. The reason of occurring of ignition
centers is gas heating before the combustion front to auto-ignition
temperature at the cost of passing of the primary shock wave and
waves generated by the expanding flame front. Thus, at increasing
the initial volume of the hydrogen–air mixture, energy initiation
at which the ignition centers occur before the primary flame front,
decreases. The result is important for the analysis of emergency
hydrogen explosions at industrial sites, such as nuclear power plants.
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The addition of hydrogen to the various hydrocarbon fuels being
examined as a promising method for increasing the efficiency of the
engine while improving their emission characteristics. At the literature, researchers extensively studied effects of the addition of
hydrogen at the time of ignition, flame velocity and flame stability,
changes in the concentration of hazardous substances in the combustion products. For example, it was shown experimentally that the
addition of hydrogen to methane significantly reduces the ignition
delay time in the range of initial temperature 1–2 kK and a pressure
5–20 bar. A similar tendency was registered by the addition of H2
to a mixture of 92% methane and 8% ethane at temperature 0.9–
18 kK and pressure 1–16 bar, as well as to propane at temperature
1–1.6 kK and pressure 1.2–10 bar. Investigations of ignition delay
time changes with the addition of hydrogen to heavier hydrocarbons (heptane, i-octane, n-decane) is carried out only on the basis
of numerical simulation. The presence of a negative temperature
coefficient according to saturated hydrocarbons Cn H2n+2 (n > 3)
leads to the following characteristics: at relatively high temperature 1–1.6 kK the hydrogen additive accelerates ignition and at a
low temperature—slows down.
The aim of this work is to messure the ignition delay time C3 H8 –H2
mixture in the air and analysis of the mechanisms responsible for
the acceleration of chain reactions with the addition of hydrogen in
propane, based on numerical simulation.
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This paper represents experimental investigation of ignition of combustible gaseous mixture with reactive particles in the rapid compression machine at temperature 950–1200 K and pressures 1.5–
2.0 MPa. The experiments were carried out with stoichiometric
methane–air mixture in the presence of coal particles at size 32 µm.
It was found that the presence of these particles not only reduces ignition time but influences on the ignition temperature of mixture. It
is ascertained that ignition time of methane in pure air is longer than
with same mixture with addition coal dust. This difference is explained to preignition of methane near burning particles. It is shown
that ignition of coal dust originates at the temperature of oxidant
higher 850 K. Temperature of particles burning in methane–air and
air environment heated by compression was measured. The mean
temperature is 2500 K. It indicates possibility of premature ignition
of gas mixture heated by compression to temperature 1000–1100 K
by addition of coal particles.
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The ignition of a stoichiometric ethylene–oxygen mixture diluted
with argon was studied experimentally and computationally to gain
new insights into the nature of the chemiluminescence that accompanies this process and to obtain some of its quantitative characteristics. The experiments were performed behind reflected shock waves
at temperatures of 1270–1820 K and a pressure of ∼ 1 bar. The
time evolution of the intensity of the luminescence of electronically
excited radicals C∗2 , CH∗ , and OH∗ and molecule CO∗2 was monitored photometrically. The measured temperature dependence of
the ignition delay time was found to be in close agreement with the
published data and the results of simulations within the framework
of the ChemphysMech v.1 reaction mechanism. An analysis of the
possible reactions of formation of C∗2 , CH∗ , and OH∗ and molecule
CO∗2 was carried out. It was for the first time shown that, along
with the recombination reaction CO + O → CO∗2 , CO∗2 is formed
by the reaction CH + O2 → CO∗2 + H, which, moreover, dominates
during fuel burnout, whereas the former becomes dominant later,
in the post-combustion recombination stage. The contribution from
the reaction C2 H + O2 was demonstrated to play a minor role in
the formation of CH∗ as compared to the C2 H + O reaction, at least
under the conditions tested.
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The influence of small additions (0.3–2 ppm) of iron or carbon
nanoparticles on ignition delay times of stoichiometric 20% methaneoxygen mixture in argon was investigated. The experiments were
performed in 50 mm diameter shock tube behind reflected shock
waves. The nanoparticles were synthesized in the experiment before
the ignition test in pyrolysis of 0.5–1% of Fe(CO)5 and of 1–2%
of C6 H6 diluted by argon. The residual nanoparticles entered in
the flow behind incident and reflected shock wave from the shock
tube walls and their volume fraction was measured by laser light
extinction at the wavelength 633 nm. Additions of 0.3–2 ppm
of iron nanoparticles to stoichiometric methane–oxygen mixture
resulted in the twofold decrease of ignition delays at temperatures
below 1400 K relatively to calculated and experimental data for the
mixture without nanoparticle addition. At additions of 0.4–1 ppm
of carbon nanoparticles to stoichiometric methane-oxygen mixture
a weak ignition delay decrease relatively to the calculated data for
the mixture without additives of carbon nanoparticles was observed.
This work was supported by the Russian Science Foundation
(project No. 14-19-00025).
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In the present study the analysis of possibility of initiation of oxygenfree detonation wave of condensation in the model mixtures 6%C2 H2
+ Ar, 6%C2 H2 + 50%H2 + Ar and 6%C2 H2 + 50%H2 + 6%CH4
+ 32%CO + 6%CO2 , the reflecting an average structure of gas
products of oxidizing pyrolysis of methane, was carried out.
Modeling was carried out in a software package of ChemKin and
in an original package [1]. The kinetic mechanisms [2, 3], describing thermal decomposition of acetylene and formation of carbon
nanoparticles and also the GRI-Mech 3.0, allowing description of
the thermal decomposition of methane and interaction of CO and
CO2 with products of pyrolysis of methane and acetylene, were used.
Calculations were carried out in zero-dimensional isobaric approach
(without gasdynamic effects). The initial temperatures of mixture
were varied in the range of 1200–2000 K; the values of pressure of 6
and 30 bar close to conditions of experimental work [4] were used.
Performed calculations have shown that in the considered mixtures
the process of condensation and heat release is delayed relatively
to acetylene without additives up to two orders of magnitude that
allows to draw a conclusion that attempts to initiate a detonation
wave of condensation in similar mixtures look unpromising.
[1] Smygalina A E, Ivanov M F and Kiverin A D 2014 XXIX International
Conference on Equations of State for Matter, March 1–6, 2014, Elbrus,
Kabardino-Balkaria, Russia 87
[2] Kiefer J H, Sidhu S S, Kern R D et al. 1992 Comb. Sci. Technol. 82 101–130
[3] Frenklach M, Clary D, Gardiner J W et al. 1984 Proceedings of the Combustion Institute 20 887–901
[4] Emelianov A, A E, Jander H and Wagner H G 2011 Proceedings of the
Combustion Institute 33(1) 525–532
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Detonation propagation in undiluted hydrogen-air mixture in acoustically absorbing channel at atmospheric pressure was investigated
experimentally. Since the detonation wave has a cellular structure, one of the ways to prevent the detonation could be to use
particular forms of coating, to diminish the intensity of transverse
perturbations [1]. The goal of this work was to determine of the
parameters of the detonation wave in hydrogen–air mixtures with
the acoustically-absorbing coatings with open pores. The parameters were determined in dependence on the hydrogen concentration
and the thickness of the absorbing layer. Inner walls of a part of
the channel were covered with an acoustically absorbing material.
Experiments were carried out in undiluted mixture at atmospheric
pressure. Detonation was formed as a result of a deflagration to
detonation transition. Ignition of the hydrogen-air mixture was carried out by a spark gap at a closed end of the detonation tube. A
stationary detonation wave was formed before the entering the absorbing section wit the acoustically adsorbing walls. After passing
the absorbing section parameters of the detonation/shock wave were
measured. It was found that the recovery of the detonation wave
can occur after the absorbing section.
The work was supported by the Russian Science Foundation, grant
No. 14-50-00124.
[1] Guo C, Thomas G, Li J and Zhang D 2002 Shock Waves 11 353–359
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There are a lot of ways of reducing the transition of combustion to
detonation. One of them is the use of various types of geometrical
barriers set inside the channel through which propagates a flame
front: a ring of barriers [1], spirals [2], etc. Due to the reflection of
wave perturbations, propagating in front of an accelerating flame
front, form additional foci of ignition. This leads to additional
energy release and the reduction of predetonation distance. Also the
obstacles lead to a decrease in impulse of the combustion products.
The aim of this work was experimental determination of the dynamics of transition of combustion into detonation within a channel
arranged inside the flat spirals in hydrogen–air mixtures.
Experiments performed for three values of ER (equivalence ratio)
of 0.7, 1.0 and 1.5, showed that the formation of detonation when
using spiral plate occurs on the first turn of the spiral used for all
three values of ER. The comparison of experimental data obtained
using a flat plate showed that the observed effect is due solely to
the curvature of the surface, and not a decrease in the effective
diameter compared to the diameter of not separated initial channel.
Thus, the use of spirals can be an effective element to reduce the
predetonation distance.
The work was supported by the Russian science Foundation (No. 1450-00124).
[1] Porowski R and Teodorczyk A 2013 Journal of Loss Prevention in the Process
Industries 26(2) 374–379
[2] Shelkin K I 1949 Fast combustion and spin detonation of gases (Military
publishing house of the USSR aim)

193

Theory and experiments of premixed
turbulent combustion
Krikunova A I@ and Son E E
Joint Institute for High Temperatures of the Russian Academy of Sciences,
Izhorskaya 13 Bldg 2, Moscow 125412, Russia
@

utro-2007@mail.ru

Turbulent combustion is the one of the most important unsolved
problems in modern science. Based on the probability density function, a model of turbulent combustion can be developed. The system
of Reynolds equations describing the behavior turbulent flows is not
closed, and usually for the numerical simulation is used some mathematical models. However, each model has limits of application. But
as known, the probability density function allows to calculate the
statistical moments of any order. And then approximate models are
no more need. Thus, the description of turbulent flow is brought
to the experimental finding of joint probability density functions,
such as speed and concentration. To reduce the system of Reynolds
equations, it is worthwhile to simplify conditions: premixed flame
suspends interdiffusion of fuel and oxidizer, and microgravity conditions remove buoyancy forces, that in its terms have significant
influence on flame properties and behavior. Hence the most appropriate object for investigation and to deep insight fundamentals of
turbulent combustion are conical premixed flames in reduced gravity. In previous works was detailed investigated behavior of diffusion flames under microgravity conditions, and premixed V-shaped
flames. A lot of properties and laws were derived, such as flammability limits, burning velocity, minimum ignition energy, flame height,
flame velocity and its pulsation, and some others. Despite on all of
this investigations unfortunately was not developed universal model
of turbulent combustion and this issue is still open and future investigation could help to make significant steps in this direction.
The study was performed by a grant from the Russian Science
Foundation (project No. 14-50-00124).
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Diffusion torches have studied experimentally in the transverse
acoustic field. The structure and the luminosity of a torch have
recorded by a high-speed camera with shadow device and photodetectors. The dependence of the length of a laminar methane plume
on the average velocity and volumetric flow rate have obtained and
compared with the classical ideas about the length of laminar flames.
The frequency spectra of the luminosity of the flame at different flow
rates of methane have obtained. Flame flicker frequency depending
on the volume flow of methane have defined according to the obtained spectra. It was found that the flame flicker frequency is not
dependent on the diameter of the burner. It is shown that the flicker
are caused by changes in the geometric dimensions of the flame due
to the convective instability of the column of hot gas surrounding
the torch. The repetition frequency of the vortices in the column of
hot gas surrounding the torch coincides with the frequency of the
flicker of the flame.
It is shown that the limit of flame detachment from burner does
not change at the acoustic impact on the torch, the biggest acoustic
impact has on the contrary attaching detached torch. Fuel speed
range, in which there is detached steady torch, increases.
The work was supported by the Combustion and Explosion Program
of RAS Presidium.
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Decay and deceleration of a detonation wave was experimentally
studied in a rectangular channel for hydrogen-air mixtures. Inner
walls of a part of the channel were covered with an acoustically
adsorbing wall. Experiments were carried out in undiluted mixture
at atmospheric pressure. Preliminary the detonation was formed as
a result of a deflagration to detonation transition. Ignition of the
hydrogen-air mixture was carried out by a spark gap at a closed end
of the detonation tube. The second end of the tube was opened.
A stationary detonation wave was formed before the entering the
absorbing section wit the acoustically adsorbing wall. Dynamics of
the flame were recorded using a high-speed camera. It was observed,
that the flame has a V-shaped profile in acoustically adsorbing
section. The streak-image of the dynamics of the flame front and
detonation products along the axis of the channel was observed. It
was supposed that the shape of the flame is caused by an additional
heating the hydrogen-air mixture in open pores by initial shock wave
or an acceleration of the flame front along the boundary due to a
friction.
The work was supported by the Russian Science Foundation, grant
No. 14-50-00124.
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During numerical simulations of detonation wave propagation in gas
mixtures an initial mechanical and thermodynamic condition of the
gas products behind the front of the detonation wave is often taken
into account. This especially concerns the problems in which the
motion of the gas behind the front has a major contribution to the
phenomenon under investigation.
Evaluation of the thermodynamic parameters of the combustion
products of the detonation of stoichiometric hydrogen-air mixture
behind the detonation front was carried out in the adiabatic expansion of the detonation products with “frozen” the composition and
taking into account the changes of the equilibrium composition on
the base on trajectories of glowing combustion products. The velocity of the combustion products and their trajectory are determined
based on the streak-images obtained via self-luminosity of hot detonation products. The front of the detonation wave was considered
as an ideal chemical reactor that transforms the initial equilibrium
thermodynamic state for the final equilibrium thermodynamic state.
It is shown that in the case of the adiabatic approximation thermodynamic parameters can be approximated by a polynomial of the
second degree. Conversely, the chemical conversion leads to the temperature reduction up to 3–15% in comparison with the adiabatic
approximation.
The work was supported by Russian Foundation for Basic Research
grant No. 15-38-70017.
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The frame front velocity during deflagration of air-hydrogen mixtures strongly depends on the instability of the frame front. Effect
of the acoustic field on the phase of the energy release phase and
thermodynamic parameters of burning gas is given in [1] for the deflagration to detonation transition, in [2] for combustion. In [3, 4],
the character of the impact of the acoustic field on the jet of fuel
mixture and further combustion of the jet is described. Despite
the fact that the generated external acoustic field may be a promoter, that accelerates the flame front, an analogous acoustic field
may also lead to the destruction of the instabilities when the field
intensity exceeds the intensity of the generated instabilities, and frequency or the phase are without resonate. A similar method may
be effective in preventing of the development of dangerous combustion modes. The aim of the work was to determine the frequency
spectrum of the acoustic disturbances that are emitted by the accelerating flame front in a hydrogen-air mixture and the effect of
acoustically absorbing coatings on the velocity of the flame front.
This work was supported by the Russian Science Foundation, grant
No. 14-50-00124.
[1] Massa L and Lu F K 2011 Combust. Theor. Model. 15 347–371
[2] Wang Z g, Sun M b, Wang H b, Yu J f, Liang J h and Zhuang F c 2015 Proc.
Combust. Inst. 35 2137–2144
[3] Krivokorytov M S, Golub V V and Moralev I A 2013 Tech. Phys. Lett. 39
814–817
[4] Kartheekeyan S and Chakravarthy S R 2006 Combust. Flame 146 513–529
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Combustion in burners, engines, furnaces, and fires generally occurs via turbulent flame propagation. Fundamental properties of
turbulent flames are usually studied under steady turbulent flow
conditions. A well-known example is homogeneous isotropic turbulence generated in a fan-stirred combustion bomb. An opposite
example is that of transient turbulence in reciprocating engines. Experimental study of flame propagation in a transient turbulent flow
field (TTFF) can elucidate characteristics of practical combustion
systems that cannot be examined by conventional techniques. The
following techniques are proposed and tested in this work: (1) TTFF
generation by a short-duration compression pulse; (2) TTFF generation by sudden expansion; (3) TTFF generation in a shock tube
under over-tailored conditions. A common advantage of these techniques is the use of a laboratory shock tube. Experiments were
performed in a 25 mm square shock tube and a cylindrical explosion chamber of 120 mm in diameter. It was found that turbulent
fluctuation velocity can be varied over a wide range up to 10 m/s.
Application of the proposed techniques to the study of flame propagation at autoignition conditions is discussed. Another prospective
area of research is turbulent flame propagation in a gas containing
micro-droplets produced by sudden expansion.
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According to the ideal shock tube theory the induction stage takes
place at constant temperature and pressure in the adiabatically compressed mixture behind reflected shock. However in case of low reactivity one can observe localized ignition inside kernels. For the
first time such a regime of ignition was observed by R I Soloukhin
and further was systematically observed in shock tubes. According
to [1] the scenario with formation of ignition kernels and sequential
mixture burning in flame regime fully determines the distinctions
between kinetic calculations and experimental data at low temperatures. Thus the basic question to get full understanding of the “mild
ignition” phenomenon concerns the origins of these ignition kernels.
The results of this paper based on 3-D simulations of the flow evolution behind the incident and reflected shocks allow formulation
of the following scenario of ignition kernels formation. Initial stage
during and after the diaphragm rupture is characterized by a set of
non-steady gasdynamical processes. As a result the flow behind the
incident shock occurs to be saturated with temperature perturbations. Further evolution of these perturbations provides generating
of the shear stresses in the flow accompanied with intensification of
velocity and temperature perturbations. After reflection the shock
wave interacts with formed kernels of higher temperature and more
pronounced kernels arise on the background of reactivity profile determined by moving reflected shock. Exothermal reaction starts
inside such kernels and propagates into the ambient medium via
spontaneous ignition wave with minimum initial speed equal to the
shock wave speed.
[1] Medvedev S P, Agafonov G L, Khomik S V and Gelfand B E 2010 Combust.
Flame 157 1436–1438
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Numerical modeling is one of the most effective techniques for theoretical analysis of fundamental and applied problems of combustion and detonation physics. However the problem of choosing a
proper numerical approach for modeling the process of unsteady
reactive flows evolution on the large time scales and on precise
three-dimensional numerical grids is still controversial. Present
study discusses capabilities of dissipation-free CABARET numerical
method application to unsteady reactive gasdynamic flows modeling. CABARET numerical method was fully developed and described in series of papers by Goloviznin et al [1,2]. In framework of
present research it was adopted for reactive flows governed by real
gas equation of state and applied for several typical problems of unsteady gas dynamics and combustion modeling such as ignition and
detonation initiation by localized energy sources. Solutions were
thoroughly analyzed and compared with that derived by modified
Euler–Lagrange method of “coarse” particles (CPM) described in [3]
and intensively used by authors in their previous studies [4]. Obtained results allowed us to distinguish range of phenomena where
artificial effects of numerical approach may counterfeit their physical
nature and to develop guidelines for numerical approach selection
appropriate for unsteady reactive gasdynamic flows numerical modeling.
[1] Goloviznin V M and Samarskii A A 1998 Math. Model. 10 101–116
[2] Goloviznin V M and Samarskii A A 1998 Math. Model. 10 86–100
[3] Belotserkovskii O M and Davydov Y M 1982 Particle-in-Cell Method in Gas
Dynamics (Moscow: Nauka)
[4] Ivanov M F, Kiverin A D and Yakovenko I S 2015 J. Phys.: Conf. Series
653 012062
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The ever-growing tendency of hydrogen utilization as a fuel for advanced engines made the problem of save hydrogen storage currently
important. In a number of numerical as well as experimental studies
it was shown that when hydrogen jet propagates from the high pressure chamber into the air the selfignition of hydrogen mixed with air
behind the shock wave occurs at certain nozzle diameter, hydrogen
pressure, channel length and diameter. In the majority of experiments initial pressures in the driver section were chosen higher than
10 MPa what guaranteed selfignition occurrence but did not define
low limits of pressure for selfinition. In the present investigation
experiments were carried out at relatively low pressures of hydrogen in driver section and normal pressure of air in driven section
and it was demonstrated that selfignition occurs even at hydrogen
pressure of 6 MPa. Mathematical modelling with the task options
close to the conditions of experiments enabled to scrutinize the process. In the performed calculations as in the experiments selfignition
emerged near the channel walls and the timing of ignition both in
mathematical and physical experiments was almost the same, 90-94
us. Both computational and experimental results showed that the
selfignition timing substantially depends on the diaphragm rupture
timing. The selfignition timing rises along with the rupture timing
so when the latter is greater than 110 us the selfignition does not
occur.
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One of the most perspective strategies in the modern energetics
is the utilization of hydrogen and methane–hydrogen mixtures in
spark ignition (SI) engines. In the present work, the installation
for experimental investigation of methane–hydrogen combustion in
dedicated internal combustion engine G-266 was developed. Engine G-266 represents the 6-cylinder diesel engine D-266.4 converted
on gaseous fuel. Displaced cylinder volume is 1.187 l, compression
ratio—11.0, rotational speed—1500 rpm. The facility features the
use of hydrogen-containing mixtures characterized by low detonation stability, thus, the supercharging system was excluded while
intaking system was transformed. The engine is supplied by the microprocessor spark timing and rotational speed controlling systems.
In order to test the elaborated installation experiments were performed with the use of stoichiometric methane–air mixture at full
and part loads (48 and 37 kW); with and without spark ignition.
Computational experiments of combustion in SI engine were carried
out as well. The mathematical model represents the Navier–Stokes
gasdynamic system of equations with account of molecular transport
processes. The chemical transformation is described by reduced kinetic mechanism. Obtained computational indicator diagrams gave
a good correspondence with experimental ones. This result may be
esteemed as a confirmation of computational technique reliability,
which is important in order to perform further predictive computations prior to experiments with hydrogen-containing mixtures.
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Influence of inert firm particles on initiation of detonation of combustible gases is located in focus of modern detonation physics. The
urgency of such a problem is caused by requirement of catastrophic
explosions prevention. For example such research is important for
justification of safety of the nuclear power plants. A two-dimensional
hydrodynamic code is used to simulate shock wave in a tube, which
initially consists of two chambers. Chambers are separated by the
membrane. The membrane is removed instantaneous. The code [1]
allows carrying out study of burning and combustion processes in
combustible gases. It is known, that before nonmoving particle the
heat energy is generated by gas flow stopping. In the present work
the progress of the detonation initiation due to additional heat generation is considered. The wall of tube is supposed to be adiabatic.
The particle is assumed to be nonmoving, thermal nonconductive
and chemically non-reacting. Despite of many limitations this approach can be used to our case and allows analyzing time of induction nearby after the shock wave front. It is shown, that velocity
and temperature relaxation times are much more than time interval
between shock wave and rarefaction wave arrivals to the particle.
It is shown, that presence of the microparticle can change time of
induction.
[1] Ivanov M F, Kiverin A D, Yakovenko I S and Liberman M A 2013 Int. J.
Hydrogen Energy 38(36) 16427–16440
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In the field of aerogasdynamics and heat exchange math and simulation models are based on software with Navier–Stokes equations describing the movement in continua (CFD packages) or direct statistic modelling to solve Boltzmann equations for movement in rarefied medium. The paper gives consideration to experience in using
supercomputer simulation modelling of aerogasdynamics and heat
exchange, when designing items of space rocketry. The paper covers
issues of numerical simulation of processes:
(i) at launch, including air launch of a launch vehicle (LV) from a
carrier aircraft; vertical and horizontal underwater launch; design and experimental study of gasdynamics of exhaust streams
from a cluster of nozzles and processes of ejection in gaps of a
launcher;
(ii) in flight, including flight in continua at sub- and supersonic
velocities up to 70–80 km and separation of LV stages; design
and experimental study of a flow pattern at the bottom of a
supersonic LV flying at a supersonic velocity in rarefied medium
up to 150 km;
(iii) interaction of shock waves with an LV flown at an altitude at a
supersonic velocity.
There are math simulation models for each problem that permits
getting not only integral and distributed parameters of interaction
with environment at a design accuracy and studying physical processes outside and inside complicated configurations but also optimizing the system configuration and operation modes, if needed.
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The necessity to simulate shock wave processes in layered media
appears in problems of a physics of an explosion and when studying
interactions of intensive radiant (particle) fluxes with substance. At
present upwind schemes are widely used to numerically simulate
processes in mechanics of continua with discontinuous solutions
(shock waves or contact discontinuities). In so doing, the application
of the methods for complex equations of state is a rather nontrivial
task and asks for considerable computational efforts.
An alternative approach to upwinding is based on the use of centered
approximation which leads to central schemes. Their key advantage
as against the above mentioned methods is no need in Riemann
solvers (which are physics-specific).
When central schemes are used to simulate processes with contact
discontinuity, there occurs a problem of a so-called “mixed cell” in a
place of contact. This work deals with the application of a centralupwind scheme for simulation of 1D shock wave processes in layered
media. We propose an algorithm to compute parameters in contact
discontinuity that lies in the application of Kuropatenko’s method,
when a shock wave passes through the contact. When a rarefaction
wave passes by, special projection procedure is implemented. It
should be noted that the proposed algorithm imposes no limits
on a type of equations of state. Test runs were performed for 1D
environment and proved that the proposed algorithm did not yield
to available upwind schemes in accuracy and had less computational
efforts for complex equations of state.
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It is well known that our planetary atmosphere has a complex set of
components, including water vapors, which tend to condense into a
droplet phase particularly at altitudes of 2–13 km above the Earth’s
surface. Hence, a flight vehicle (FV) may fly in turbulent multiphase
polydisperse nonequilibrium environment with high probability. In
so doing the surface of hypersonic FVs is exposed to heavy thermal
loads, even in free flow. The droplet phase presented in the flow can
change the FV thermal conditions. The paper is devoted to passing
of the droplet phase through the hypersonic FV bow shock wave.
We consider splitting of droplets, when they pass through a shock
wave and their evaporation in high-enthalpy flow over the FV.
We present a methodology for numerical simulation of the interaction of the dispersed flow with the supersonic FV. The methodology
is based on Navier–Stokes equations that account for a Lagrange
phase presented in flow. We make an assumption that particles and
free flow may interface with each other. The particles can collide
with one another and break up. We take into account the water
evaporation from surface of particles which leads to increase in concentration of water vapor in an area adjacent to the FV. We made
test runs using the described model. We made a conclusion on the
influence of dropping liquid presented in flow on a flow pattern and
heat exchange over the supersonic FV surface. We consider the possibility of erosion damage of the surface thermal protection effected
by the dispersed phase.
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Computer performance intensive raise impacts significantly on the
CFD while the actual speed in solving applied problems also depends on the program algorithm efficiency and the quality of the
numerical methods. The CABARET numerical scheme represents
a new approach to the convective fluxes approximation in problems
dominated by transport phenomena including shock-wave propagation, aeroacoustics, swirling and turbulent flows, as well as those
in which the transport coefficients (viscosity, thermal conductivity,
electrical conductivity) are abrupt functions of thermodynamic potentials eigenvariables. Often being non-monotonic such substantial
coefficient variation can be a consequence of chemical reactions and
phase transformations.
In present paper the Cabaret scheme has been implemented for
Riemann problem. Simulation results confirmed this scheme to
be an effective tool for discontinuous flows modeling along with
weak dissipative properties. We used barotropic equation of state
p = c2 (ρ − ρ0 ) where c and ρ0 stands for the sound velocity and
density of water under normal conditions. Basing the results of onedimensional testing we have implemented algorithm for calculating
three-dimensional viscous liquid flow in a rectangular channel with
several types of boundary conditions. We tested the mesh transfer
along different spatial directions in the problem of isothermal and
non-isothermal channel viscous flow and also simulated the entry
flow of thermoviscous fluid in strongly inhomogeneous temperature
field.
The work was supported by the Russian Science Foundation project
ID 14-50-00124.
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A prospective hypersonic HEXAFLY aircraft is considered in the
given paper. In order to obtain the aerodynamic characteristics of
a new construction design of the aircraft, experiments with a scaled
model have been carried out in a wind tunnel under different conditions. The runs have been performed at different angles of attack
with and without hydrogen combustion in the scaled propulsion engine. Numerical simulation allows one to reduce the number of wind
tunnel experiments as well as to obtain aerodynamic characteristics for any possible design of the full-scale aircraft under different
operation conditions. Therefore it is important to have a reliable
CFD software. The reliability of the numerical predictions must
be confirmed in verification study of the software. The given work
is aimed at numerical investigation of the flowfield around and inside the scaled model of the HEXAFLY-CIAM module under wind
tunnel conditions. A cold run (without combustion) is considered.
The calculations are performed in the FlowVision software. The
flow characteristics are compared against the available experimental data. The carried out verification study confirms the capability
of the FlowVision software to calculate the flows discussed. Therefore, the software can be used for calculations of the aerodynamic
characteristics of the scaled and full-scale models of the vehicle under different operation conditions. This work was supported by the
Ministry of Education and Science grant No. 14.604.21.0090, project
ID: RFMEFI60414X0090.
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Numerical study of intake characteristics of high-speed civil
aircraft HEXAFLY-INT (high speed experimental fly vehicles–
international) was carried out in the work. In high-speed aircraft
concept proposed by European Space Agency within the scope of
international cooperation project HEXAFLY-INT the intake has a
complex 3D configuration. After assessment of cost and time of the
intake producing it was decided for the first phase of work to produce simplified technological intake. The technological intake has
three compression ramps and provide similar flow characteristics in
the inlet of internal flowpath. Comparing calculations of original
and technological intakes were performed with the same free stream
parameters. The comparison of two intakes was made on the throat
flow parameters. The good correspondence of results was obtained.
Further the intake start in flight conditions corresponding to Mach
numbers M = 4–8 was calculated. The flight regimes corresponding
to started and unstarted intake were defined. The flow parameters
in the throat were defined. The calculations were carried out within
numerical solution of averaged full Navier–Stokes equations with the
aid of code developed in CIAM.
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In the paper the combustion of hydrogen-air mixture in the combustor of high-speed civil aircraft HEXAFLY-INT (high speed experimental fly vehicles–international) large-scale model was investigated. The internal duct has elliptical configuration and was designed for providing combustion in supersonic flow. Hydrogen was
used as the fuel. The fuel injection is divided in 2 stages. The
calculation was carried out in 3D definition with turbulence model
and detailed chemical kinetics mechanism. The calculation was performed within solution of RANS equations for unsteady turbulent
flows. For hydrogen-air mixture combustion calculation the Dimitrow detailed chemical mechanism was used. The calculated geometry model represents the internal duct integrated with the intake. Such problem definition allows to obtain fields of gasdynamic
parameters in the combustor inlet with account for complex gasdynamic structure affecting to ignition and combustion processes. As
the result the distributions of flow parameters along the combustion
chamber were obtained. The evaluation of combustion efficiency
was performed. The comparison with experimental data obtained
in HEXAFLY-INT large-scale model tests in CIAM test facility was
performed.
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The paper is dedicated to numerical simulation of pulse combustion
regime of supersonic hydrogen–air mixture. Pulse operating regime
of a combustion chamber makes enquires into the possibility of a
new ramjet scheme development, in which combustion takes place
in a pulse wave structure of a pseudoshock type and average velocity
in a duct close to transonic. Such a workflow is assumed to achieve
more effective fuel combustion as compared to combustion in a
supersonic flow. P K Tretyakov and his team from the Institute of
Theoretical and Applied Mechanics SB RAS have been studied this
problem for many years. Their papers describe different variants
of the combustion chamber design and types of energy influence
on a flow when combustion process is pulse. In this work a valve
system with air pulse generator is used to influence the flow. The
air is supplied in the constant cross-section area perpendicular to
the main flow direction. For numerical calculation used set of
computer programs FNAS 3D, developed in CIAM. This program
is based on the procedure for finding time steady-state solution
using S K Godunov numerical scheme. A full set of Favre-averaged
Navier–Stokes equations for unsteady turbulent reacting flows uses
in the program. To describe the combustion of hydrogen–air mixture
using a Dimitrov’s detailed kinetic mechanism. The calculation
shows the feasibility of flow realization similar to the flow observed
in the experiment. The comparison of pressure distribution on the
wall of the channel was carried out.
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Since 2014 a new development stage of hypersonic and plasma technologies (HaPT) has started. From the year of HaPT foundation
till nowadays fundamental, exploratory and applied experimentcalculated research in the field of perspective hypersonic aircrafts
design have been made. Physical laws of high-velocity and highenthalpy single- and two-phase medium have been explored. Within
the framework of HEXAFLY-INT project on civil high-velocity aircraft creation, the Moscow Institute of Physics and Technology
(MIPT) laboratory has carried out the numerical modeling of scaled
model with FlowVision software package in flight and ground test
conditions. In 2015 unique spectral measurements of plasma were
carried out. Probing devices of high-melting materials, processing
systems and interpretation models of the probing devices output
signals were designed and created. Model experiments with probes
in the high temperature jet of plasma torch in a temperature range
from 5000 to 10000 K were carried out. The studies and the obtained
results allowed strengthening MIPT cooperation with scientific and
industrial partners, as well as other research institutions and industrial enterprises. Currently available MIPT technological advance
in the field of hypersonic and plasma technologies corresponds to
the world standards and will to be used for the thematic works, as
well as fundamental and applied research.
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Creation of high-speed aircraft with air-breathing engine demands
carrying out their ground tests in integration with propulsion. The
generators of high-enthalpy air flows (HAFG) with vitiated heating
and aerodynamic nozzles (ADN) with various extent of expansion
can be used to carry out such tests and simulation of field environment. Use of HAFG demands the solution of a problem of working
process stability in its combustion chamber (CC). It is experimentally established that in HAFG the high-frequency acoustic waves
of pressure extending with a sound speed and low-frequency waves
of entropy which speed of distribution is comparable with a stream
speed in CC can exist. In the case under consideration waves of entropy appear owing to a variable heat supply in burning zone near
injector head of CC caused by the changing ratio of components
coming into CC. It is established that in case of an unstable regime
of combustion the relative size of registered low-frequency temperature fluctuations caused by variable heating in a burning zone is
significantly greater than relative fluctuations of temperature caused
by pressure pulsations in isenthropic processes in CC.
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The paper presents a mathematical model for the heat exchange
dual problem in the combustion chamber with cooled walls of a
high-speed ramjet engine on polymeric compounds as a fuel. This
mathematical model takes into account the phase transformations
of the polymeric compound gasification products within the cooling
channels and nonequilibrium working medium flow in the combustion chamber duct. The basic structural parameters and allowable
ramjet operating regimes were determined in terms of computational
results analysis. Note that in this case permissible dimensions of
the combustion chamber depend on air-to-fuel ratio and combustion products mass loading in the duct. At which time the regimes
with less mass loading are attended by gasification products overheat. Higher values of mass loading cause the combustion chamber
wall overheating. The basic requirements for polymeric compounds
and their gasification products were developed. Advisory recommendations on high-speed ramjets validity range were worked out
after the comparison of a number of polymeric compounds. Thrust
estimation showed the effectiveness this fuel for various high-speed
ramjets operation regimes. The obtained results can be used for the
design of ramjet using polymeric compounds as a fuel.
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Physical processes in the high-enthalpy experimental test facilities
are investigated. The process of combustion products cooling by
water injection into the gas-dynamic contour of the exhaust system
is considered.
Water jet parameters, water droplets and gas heat and mass transfer processes, as well as droplets breakup and evaporation processes
are calculated [1].
Ansys Fluent software is used for flow simulation and defining output parameters of the stream. To describe the motion of droplets
in a continuous medium discrete phase model DPM (Discrete Phase
Model) is used. The model based on the development of hydrodynamic instabilities on the droplet surface (Kelvin-Helmholtz and
Rayleigh-Taylor) is activated for droplets breakup calculation [1].
The results give an idea of the physical process [2], and allow us
to determine the following: required length of the cooling section,
required water mass flow rate, gas flow temperature at the outlet,
average water droplets diameter.
Gas-dynamic ducts in experimental facilities can be designed based
on current paper results.
[1] Pazhi D and Galustov V 1984 Basic techniques of atomization of liquids
(Moscow: Chemistry)
[2] Dityakin Y and Klyachko L 1977 Atomization of liquids (Moscow: Mechanical Engineering)
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Different types of high enthalpy flow generators are used to model
flight conditions while developing and testing hypersonic vehicles
and engines. Each type of high enthalpy flow generators has some
advantages and drawbacks, and therefore suits for its unique optimal
application conditions.
Several types of high enthalpy flow generators are widely used:
• combustion heater,
• arc heater,
• cowper heater.
Review of high enthalpy flow generators, used in main hypersonic
test facilities of USA, Japan, Europe and Russia, is presented in
current paper. Test conditions, facility performance range, facility
schemes and unique features has been compared. Cowper heater
is presented in details. Different fillings heating processes and air
heating in void passages between filling material are investigated
computationally and experimentally.
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During test rig designing, one of the most important questions is
the choice of method of working fluid heating, since the reliability
of obtained results of engine test or high velocity aircraft test are
related to that. There are three basic methods of air flow heating
in the test rig duct up to demanded temperature, such as: heating
of flow through a cowper device; electric arc heating; combustion
heating.
The last method, undoubtedly, is most energy saving among considered those. However, before using this method, it should be a
comparative analysis to determine, how much presence of impurities affects on the engine operation.
Modeling parameters of atmospheric flight at ground test facilities,
which have combustion heating of a working body, bring about
some difference of thermo-physical and chemical parameters for air
and for simulating gas. This difference is caused by presence of
pollutants (combustion products) in simulating gas. This situation
causes, that complete simulation of hypersonic flight is impossible
at test facilities, which have combustion heating of flow. Only key
criteria, which are significant for the purposes of research, should be
simulated exactly.
There was made analysis of different combinations of characteristic
parameters. The purpose was to obtain parameter combination,
which provides good simulation of engine thrust performances.
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The generators high-enthalpy flows are used on the ground test facilities to create flow parameters with hypersonic velocities. The
generator can include fire, cowper or electric heater depending on
necessary conditions. The use of the electric heater with large power
leads to the appearance in its vicinity of electromagnetic field of
great tension and creates a threat to the influence of electromagnetic interference on system of data acquisition and management.
(i) Construction of the 3D model of the test facility with the location of sources of electromagnetic interference and sensing devices.
(ii) Creation on the basis of 3D model and pneumatic-hydraulic circuit (PHC) mnemonic scheme of operation of technological systems
and test facility components. (iii) The choice of the type of measurement system in accordance with the expected levels of interference.
(iv) Correction of placement of transducers and protection of cable
paths taking into account sources of interference. (v) The use of
fiber-optic communication lines (FOCL) for the implementation of
the information highways.
In this work, it is proposed the concrete realization based on VXI
and LXI systems for data acquisition. To create PACS and 3D models Autocad, 3ds Max packages were used. For the implementation
of the mnemonic scheme special software (SS) Qt-Registrar of Informtest LTD was utilized. The pressure sensors Trafag and STS
were used as transducers. The results of experimental studies are
presented in this work.
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High-enthalpy flow generators (HEFG) are widely used in modern
power systems, aircraft engines and process installations. HEFG
include rocket and jet engines, power plants, high-performance ejectors, airflow combustion heaters, spray coating and cutting machines, etc. From the results of several studies it shows that the
creation of highly reliable resonance gas dynamic ignition system
(GDIS) is a vital task, because such system will be capable of providing HEFG multiple launch with reasonable boot strap interval.
The main advantages of GDIS over other workflow initiation systems
are following: the use of the flow kinetic energy for its heating and
combustion, expanded operational parameters area, absence of the
external energy sources. Within the assigned problem the mathematical models were developed and tested that describe mixing
process, evaporation and ignition of the liquid fuel in the unsteady
transonic and supersonic oxidizer flow. Calculations allowed to select the geometry of the GDIS duct that provides maximum heat
release in a resonant cave stagnant zone (up to 17% of total enthalpy
flow through GDIS nozzle). The experimental data were obtained
to clarify the features of GDIS physical processes, including fragmentation of liquid droplets in the shock-wave structure and ultrafine two-phase mixture formation. The research was supported by
Russian Fundamental Research Fund under research grant number
No. 14-08-01118.
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The duct with variable section is considered as an object of research
in the present work, where reacting gas mixture under high pressure and different velocities is flowing through this duct. Pressure,
temperature and composition were specified on entering of the axisymmetric duct, pressure was specified at the outlet of the duct
and duct wall temperature of 800 K was the boundary condition.
It was considered the turbulent flow of compressible gas mixture
reacted by kinetic mechanisms. Engineering calculation methods
also have been used for this duct, where possible. The character
and distribution features of convective and radiant heat flux were
determined for the range of velocity change. It was defined the maximum portion of radiant heat flux in the total as a function of total
flow velocity, static pressure, composition of the combustion products and physical models, which have been used. A comparison of
engineering methods based on different generalizations of empirical
data. It was found that engineering and computational methods for
the determination of the total heat flow give very similar results in
some cases.
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Present work contains the description of methods for calculation of
radiant heat flux for high-speed heat-transfer agent. It was carried
out calculation research for definition of radiant heat fluxes for ramjet supersonic combustor by several methods. The question of the
development of reliable engineering method based on experimental
studies and modern physical and mathematical models is considered.
The object of research is supersonic combustion chamber through
which hydrogen-air fuel mixture flows. Results of numerical simulation of working process in the combustion chamber have been
used as an initial data for the calculation of radiant heat fluxes.
Numerical simulation was realized in three-dimensional statement,
taking into account the turbulence and detailed chemical kinetics.
Reynolds averaged Navier–Stokes equations for unsteady turbulent
reacting flows were used for solving. For the purpose of describing
of hydrogen–air mixture combustion detailed kinetic mechanism of
combustion is used. The analysis and comparison of obtained results were carried out. It was defined the difference between radiant
heat fluxes magnitudes. This difference can be due to use of various
empirical data underlying of every method. Adapted model of radiant heat transfer calculation for supersonic combustion chambers
using hydrogen fuel was proposed.
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When developing the scramjets it is significant to choose appropriate
geometry of a combustion chamber, which determines conditions of
heat release, total pressure losses and, finally, scramjet thrust level.
Maximal heat release commonly takes place for the combustion
chamber of divergent form.
The object of a present work is to investigate the applicability of
one-dimensional approach to the problem of hydrogen–air scramjet
duct geometry forming. Using 1D approach three combustion chamber configurations are obtained, of constant static pressure, static
temperature and Mach number respectively. For these configurations 2D numerical simulation has been performed. Favre-averaged
Navier–Stokes equations are solved and flow is treated as reacting
multicomponent mixture with reactions taking place in accordance
with multistage kinetic mechanism of hydrogen combustion in air
flow. Four different models of chemical kinetics are implemented
with subsequent comparison of obtained results.
As the result of research, deviations of respective flow parameters
from previously set constant values are obtained for the combustion chamber configurations and thus conclusions concerning applicability of one-dimensional approach for hydrogen-air scramjet duct
geometry forming are made.
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The supersonic pulse detonation engines (PDE) can be used as a perspective hypersonic aircrafts propulsion. The engines of this type
are expected to have lower heat load and higher thrust-economical
characteristics than ramjets at high flight velocities [1]. However
the significant difficulties which are connected with both experimental researches and mathematical simulation of physicochemical
processes in the PDE occur. In this paper the numerical simulation
of different regimes of hydrogen PDE operation is presented. The
system of unsteady Reynolds-averaged Navier–Stokes equations for
reacting air-hydrogen mixture was resolved numerically. Also the
comparison of obtained results with experimental data from detonation burning facility of CIAM [2] was carried out. The dependence
of detonation waves passage frequency on excess air ratio in a detonation chamber was chosen as a main comparative criteria.
[1] Aleksandrov V G, Kraiko A N and Reent K S 2001 Aeromechanics and gas
dynamics (2)
[2] Kuzmichev D N, Baskakov A A and Moiseev A N 2015 Proc. XV Int. SchoolSeminar “Models and Methods of Aerodynamics”
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When a large cosmic bodies fall on the surface of the planets, may
arisen such big pressures, that the strength and plastic properties
of medium and the friction forces can be ignored compared to the
inertial forces. In these circumstances, the impact process can
occur by two different mechanisms [1], which we can name the
approximations of “elastic” and “inelastic” shock. In the case of
“elastic” shock, the main part of the kinetic energy and impulse
of the cosmic body is spent on the crater formation [2]. When
shock is “inelastic”, the energy and impulse of cosmic body are
passed to narrowly-focused shock wave, which penetrates deep into
the lithosphere of the planet, expending its energy on evaporation,
melting and heating of lithosphere rocks [3]. Such a model well
explains the origin on Earth and Venus geological structures formed
by falls of high-speed galactic comets [4]. This question is discussed
on basis of the analysis of high resolution images of some craters on
Moon, where we have detected evidences [5] of action the “elastic”
and “inelastic” mechanisms.
[1] Lavrentiev M A 1959 Artificial Satellites Earth (3) 61
[2] Melosh H J 1989 Impact Cratering. A Geological Process (New York: Oxford
University Press Inc.)
[3] Barenbaum A A 2013 Uralian Geological Journal (1) 21
[4] Barenbaum A A 2015 J. Phys.: Conf. Series 653 012073
[5] Barenbaum A A and Shpekin M I 2012 European Lunar Symp. Abstracts vol
05042012 0 pp 101–104
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We report on the ablation phenomena in gold sample irradiated by
femtosecond laser pulses of moderate intensity. The dynamics of
expansion of a heated surface layer was investigated in a picosecond
range using ultrafast chirped interferometry. Also the morphology
of ablation craters and the value of ablation threshold (for absorbed
fluence) were measured. The experimental data are compared with
the simulation of a mass flows obtained by two-temperature hydrodynamics and molecular dynamics methods. Simulation shows
evolution of a thin surface layer pressurized after electron–ion thermalization, which leads to melting, cavitation and spallation of a
part of surface liquid layer. The experimental and simulation results on a fracture, surface morphology and strength of liquid gold
at a strain rate ∼ 109 s−1 are discussed.This work was supported
by the Russian Science Foundation, grant number 14-50-00124.
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Our understanding of femtosecond laser interactions with metals
based on the two temperature model [1]. Since the heat capacity of
the electrons is much smaller than that of the lattice, an ultrashort
laser pulse with a duration less than the heating time of the lattice
can heat electrons in a metal to a very high temperature while leaving the lattice relatively cool. Ultrafast heating the thin surface layer
of metal target gives rise to powerful tensile stresses and ablation
nanolayer of material [2]. In the current work ablation thresholds
and morphology of the surface have been measured for iron by means
of femtosecond interferometric microscopy [1]. Using an interferometric continuous monitoring technique, we have investigated the
motion of the surface of an iron target in the case of femtosecond
laser ablation at picosecond time delays relative to the instant of
laser exposure. The experimentally determined value of the tensile
stresses that lead to the separation of layer of material for different
fluence. Measurements of the temporal target dispersion dynamics
and the morphology of the ablation crater have demonstrated thermomechanical nature of the fracture of the condensed phase because
of the cavitation-driven formation and growth of vapour phase nuclei
upon melt expansion, followed by the formation of surface nanostructures upon melt solidification. This work was supported by the
Russian Science Foundation grant No. 14-50-00124.
[1] Anisimov S I, Kapeliovich B L and Perel’man T L 1974 Zh. Eksp. Teor. Fiz.
66 776
[2] Inogamov N A, Petrov Y V, Khokhlov V A, Anisimov S I et al. 2014 J. Opt.
Tech. 81 233
[3] Ashitkov S I, Komarov P S, Ovchinnikov A V et al. 2014 Quantum Electron.
44 535
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The optical response of thin silver film (60 nm thickness) coated on
a glass prism (Kretschmann configuration) and heated by the femtosecond laser pulse of small intensity is investigated by the computational modeling. We have calculated the reflectance of p-polarized
probe laser beam when it is incident onto the metal film from the
glass side. Reflectance is calculated at incidence angles close to the
surface plasmon resonance angle. We have considered first 100 ps
after the action of femtosecond laser pulse onto the film surface.
Changes in thermodynamic state and hydrodynamic motion of film
matter are described by the system of hydrodynamic equations taking into account different temperatures of electrons and ions (two
temperature state) and consequently two temperature thermodynamics and kinetics at such early times. These changes define the
changes in electron-ion and electron-electron collision frequencies.
Calculated in dependence on the density and electron and ion temperatures, these frequencies allow us to find the intraband (Drude)
part of dielectric permittivity. Together with the interband contribution it gives possibility to calculate reflectance in dependence on
the state of metal surface. It is shown a great importance of electronelectron interactions in the temporal behavior of reflectance at early
times of laser-film interaction. Authors are grateful for support from
RFBR 16-02-00864 A.
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Many laser experiments are carried on the targets composed from a
film mounted on a dielectric or semiconductor substrate. Therefore
this problem is significant. In the literature the bulk targets (BT)
or freestanding films (FSF) are considered mainly. These two cases
differ qualitatively from the film/substrate (F/S) case considered
here. In the BT the phenomenon of the rear-side spallation is absent;
while there are no dynamic influence from the substrate in the FSF
(vacuum from the both sides). The parameter df /dT and absorbed
fluence Fabs parameterize dynamics of ablation (irradiated side) and
spallation (rear-side) of the FSF (Demaske et al., PRB 82, 064113
(2010)), here df , dT are thicknesses of a film and a heat affected
layer. In our Elbrus last year’s paper Khokhlov et al., J. Phys. Conf.
Ser. 653, 012003 (2015) the oscillations and the separation of a thin
(df < dT ) film as whole from substrate have been studied. Here we
consider, firstly, transition from the regime of separation as whole
to the regime of the internal breaking of a film and, secondly, the
influence of the parameter df /dT on motion. Two breakings appear
(if F > Fspall > Fabl ) if a film is thick df > dT , here Fspall , Fabl
are the spallation and ablation thresholds, resp. The first breaking
is ablation in the rarefaction wave on the irradiated side, while the
second breaking is a spallation near the F/S contact. In the thin
films these two breakings merge together, see Demaske et al. (2010)
cited above.
Authors (KVA, INA, ZVV) acknowledge support from the Russian
Foundation for Basic Research, grant No. 16-08-01181.
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We consider illumination of 200 nm thick Al film by a single femtosecond laser pulse in two-dimensional (2D) geometry. Energy Fabs
per unit area absorbed in a skin layer is harmonically modulated
along a surface Fabs = F0 + ∆F cos ky, where the axis y is directed
tangentially along a surface, ∆F is an amplitude of modulation. Full
two-temperature (2T) physics (including a 2T heat conduction coefficient κ(Te , Ti ) and an electron-ion coupling parameter α together
with a 2T equation of state and melting/solidification) is used in
simulations. Two coupled thermal equations are solved. They are
equations for energies of the electron and ion subsystems taken from
the pioneer work by Anisimov et al 1974 JETP but now in 2D geometry. 2D 2T thermal equations take into account transverse electron
thermal flux q⊥ dumping the non-homogeneity of the distribution
of Fabs along a surface. Of course, efficiency of dumping depends
on the ratio of wavelength λ = 2π/k and thickness of a heat affected surface layer dT . At λ/dT  1, the hotter and colder parts
of a surface are too far from each other to be influenced by a weak
in this case transverse conductance. In the opposite limit, the inhomogeneous case does not differ from the homogeneous one (fast
dumping). The paper presents quantitative studies of this problem.
The problem helps us to understand, how and at what spatial scales
the surface perturbations will survive. The relative roles of the flux
q⊥ at the supersonic 2T stage and at the subsonic one-temperature
(1T) stage are estimated. Authors acknowledge the support from
Russian Science Foundation (grant No. 14-19-01599).
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We perform a numerical simulation of double femtosecond laser
pulse action on metals using two methods: (i) a two-temperature
one-velocity hydrodynamic model (HD) [1] and (ii) a modified combined model, which is based on the molecular-dynamics approach
for ions and on the heat conduction equation solution for electrons
(TTM-MD) [2]. These models both take into account electronphonon coupling, laser energy absorption, and electronic heat conductivity, so they are able to describe the second laser pulse absorption correctly. The TTM-MD accurately reproduces nonequilibrium phase transitions and surface effects on nanoscale. The HD
demonstrates good qualitative agreement with the TTM-MD in the
dynamics of phase explosion and spallation. In this work we have
suggested two mechanisms of suppression of ablation responsible for
the monotonic decrease of the ablation crater depth when the delay
between pulses increases (this effect was registered experimentally
in [3]). The results of both simulations (HD & TTM-MD) of the
double-pulse ablation obtained for different delays from 1 to 100
ps correlate with the experimental findings. Other advantages and
disadvantages of both approaches are examined and discussed.
[1] Povarnitsyn M E, Itina T E, Levashov P R and Khishchenko K V 2007 Appl.
Surf. Sci. 253 6343
[2] Ivanov D S and Zhigilei L V 2003 Phys. Rev. B. 68 064114
[3] Semerok A and Dutouquet C 2004 Thin Solid Films 453 501
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High-energy irradiation of the metal causes the melting of the
material and the increasing of the pressure in the areas of greatest
heating. The resulting melt begins to expand under the pressure,
passes into the metastable state before the start of the process
of destruction due to the formation and growth of cavities. It is
necessary to study the dynamics of cavities for the description of
the process of destruction of this system.
A character of variation of the radius of existing cavity that is
predicted by the continuum model [1] is verified in this work.
Parameters of this model are fitted to the best correspondence with
the molecular dynamics (MD) simulations for the strain rate 1/ns.
All calculations are performed for Al melts within a wide range of
initial radius of the cavities (from 3 lattice constants to 15 lattice
constants) at the temperatures 1000, 1500, 2000 and 2500 K. The
molecular dynamics simulator LAMMPS [2] with the interatomic
potential [3] is used for MD simulations.
The work was supported by the grant from the Russian Science
Foundation (Project No. 14-11-00538).
[1] Lord Rayleigh O M F R S 1917 Philos. Mag. 34(200) 94–98
[2] Plimpton S 1995 J. Comput. Phys. 117(1) 1–19
[3] Zhou X W, Wadley H, Johnson R A, Larson D J, Tabat N, Cerezo A, PetfordLong A K, Smith G D W, Clifton P H, Martens R L and Kelly T F 2001
Acta Mater. 49(19) 4005–4015
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Two-temperature hydrodynamics codes are used to explore phenomena at the very early stage of laser action covering duration of a laser
pulse and few first picosecond. Work is supported by the Russian
Science Foundation, grant No. 14-19-01599.
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To explain experimental results concerning film blistering—this is
the goal of the report. Work is supported by the Russian Science
Foundation, grant No. 14-19-01599.
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We have investigated transport properties of an electron subsystem
of copper heated by a femtosecond laser pulse. These properties
change greatly in comparison with the room temperature solid
metal. The electron temperature and pressure profiles significantly
depend on these properties in bulk laser targets according to the
two-temperature (2T) model. These profiles at the 2T stage are
responsible for shock and rarefaction waves formation. We have
developed the analytical model of electroconductivity and heat
conductivity of copper which takes into account changes of density,
electron and ion temperatures. The model is based on the solution
of the Boltzmann equation in the relaxation time approximation
for consideration of electron collisions. Also we have carried out
the first-principles calculations using the Kubo–Greenwood theory,
methods of psedopotential and linear augmented plane waves which
are necessary to evaluate electron wavefunctions. We have provided
the check of convergence of all parameters of our first-principles
calculations. The results of our analytical model for electro- and
heat conductivities are in good agreement with the data obtained
using the linearized augmented plane wave (LAPW) method. PYV,
MKP, and INA acknowledge RFFI for support (grant 16-02-00864).
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The interaction of ultrashort laser pulses with nanoclusters has
recently become a subject of interest due to efficient laser radiation
absorption with an energy capture per atom much higher than for
bulk material. In combination with small cluster sizes and low levels
of energy losses, it allows to product nanoplasmas and high-energy
particles. Here we apply eFF potential to calculate the properties of
electronically exited Al nanoclusters. eFF is based on a simplified
solution to the time-dependent Schrrodinger equation with a single
approximate potential between nuclei and electrons. It provides the
combination of molecular dynamics with the methods of wave packet
dynamics representing electrons as floating Gaussian wave packets
and nuclei as classical particles.
We examine the mechanisms of Al nanoclusters ionization and explosion under different intensities and durations of laser pulse. For
system sizes up to several thousand atoms, thresholds for cluster explosion are calculated. For laser intensities below the threshold, rate
of electron-ion temperature equilibration in forming nanoplasma and
its dependence on laser pulse duration is discussed.
The work was supported by the Russian Science Foundation (grant
No. 14-19-01487).
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We use a wide-range model [1] of optical and transport properties
for simulation of laser-induced dynamics of aluminum plasma. The
model describes laser energy absorption, electron thermal conductivity, two-temperature effects of electron-ion collisions as well as
hydrodynamic motion of matter. The model successfully describes
pump-probe experiments [2], experiments on self-reflectivity in wide
range of intensities [3, 4], and angular dependence of reflectivity coefficient for S- and P-polarized pulses [5]. Thus, we can reliably predict the main parameters of aluminum plasma such as temperature,
density, velocity, mean charge of ions for optimization of planned
experiments.
The work is supported by the Russian Science Foundation grant
No. 14-50-00124.
[1] Povarnitsyn M E, Andreev N E, Apfelbaum E M, Itina T E, Khishchenko
K V, Kostenko O F, Levashov P R and Veysman M E 2012 Applied Surface
Science 258 9480–9483
[2] Widmann K, Guethlein G, Foord M E, Cauble R C, Patterson F G, Price
D F, Rogers F J, Springer P T, Stewart R E, Ng A, Ao T and Forsman A
2001 Physics of Plasmas 8 3869–3872
[3] Price D F, More R M, Walling R S, Guethlein G, Shepherd R L, Stewart
R E and White W E 1995 Phys. Rev. Lett. 75(2) 252–255
[4] Milchberg H M, Freeman R R, Davey S C and More R M 1988 Phys. Rev.
Lett. 61(20) 2364–2367
[5] Fedosejevs R, Ottmann R, Sigel R, Kühnle G, Szatmari S and Schäfer F P
1990 Phys. Rev. Lett. 64(11) 1250–1253
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The generation of hot electrons in the interaction of a subpicosecond
relativistic-intense laser pulse with solid targets is analyzed for the
parameters of petawatt class laser systems. We study the preplasma
formation on the surface of solid Al target produced by the laser
prepulses with different time structure depending on the laser angle
of incidence. The preplasma dynamics was analyzed using a widerange two-temperature hydrodynamic model for different contrast
ratios of the nanosecond pedestal.
The electron acceleration by the main p-polarized laser pulse was
modeled in three dimensional particle-in-cell (3D PIC) simulations.
The effective hot electron temperatures are determined for normal
and grazing laser pulse incidence and compared with known scaling
of characteristic energies of laser accelerated electrons.
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Optimization study for future experiments on interaction of the
PHELIX petawatt laser pulses with foam targets was done by 3D
PIC simulations. Densities in the range 0.5nc –nc and thicknesses in
the range 100–500 µm of the targets were considered corresponding
to those which are currently available. Accelerated electrons are
obtained with the temperature 8.5 MeV and the maximal energy
100 MeV. The charge contained in electrons with energies higher
than 30 MeV is about 30 nC. It is shown that heating of electrons
mainly occurs under the action of the ponderomotive force of a laser
pulse whose amplitude increases up to three times because of selffocusing. Accelerated electrons gain additional energy directly from
the high-frequency laser field at the betatron resonance in the emerging plasma density channels. For thicker targets higher number of
electrons with higher energies is obtained. The narrowing of the
angular distribution of electrons for thicker targets is explained by
acceleration in multiple narrow filaments.
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The process of electron trapping by a wake wave excited by a laser
pulse in a plasma channel in the case where the electron bunches are
injected into the vicinity of the maximum of the wakefield potential
at a velocity lower than the wave phase velocity is considered [1–3].
The mechanism for the formation of a compact electron bunch in the
trapping region when only the electrons of the injected bunch that
are trapped in the focusing phase mainly undergo the subsequent
acceleration in the wakefield is analyzed. The influence of the spatial
dimensions of the injected bunch and its energy spread on the length
of the trapped electron bunch and the fraction of trapped electrons
is studied analytically and numerically. For electron bunches with
different ratios of their spatial dimensions to the characteristic
dimensions of the wake wave, the influence of the injection energy
on the parameters of the high-energy electron bunch trapped and
accelerated in the wakefield is studied.
[1] Gordon D F, Hubbard R F, Cooley J H, Hafizi B, Ting A and Sprangle P
2005 Phys. Rev. E 71 026404
[2] Gorbunov L M, Kalmykov S Y and Mora P 2005 Phys. Plasmas 12 033101
[3] Kuznetsov S V 2012 JETP 115 171–183
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The acceleration of highly polarized electron beams are widely used
in state-of-the-art high-energy physics experiments [1]. In this work
a model for investigation of relativistic electrons spin precession in
the laser-plasma accelerator depending on the initial energy of electrons and its injection phase was developed and tested. To obtain
the evolution of the trajectory and momentum of the electron for
modeling its acceleration the wakefield structure was determined.
The spin precession of this electron was described by Thomas–
Bargman–Michel–Telegdi (T-BMT) equations [2]. Optimal parameters providing minimum depolarization of the electron, when it is
accelerated in the wake wave generated by a laser pulse, were found.
With these parameters the evolution of the electron beam polarization was investigated and the influence of beam emittance on its
depolarization during the acceleration was examined.
[1] Moortgat-Pick G, Abe T, Alexander G et al. 2008 Phys. Rep. 460 131
[2] Mane S R, Shatunov Y M and Yokoya K 2005 Rep. Prog. Phys. 68 1997
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Guiding structures (evacuated capillary waveguides with inner radiuses comparable to laser pulses spot radiuses or plasma channels
formated in gas-filled capillaries with much wider inner radiuses) are
known to be effective tools for laser pulses propagation over many
Releigh length and laser wakefield electron acceleration [1–9]. We
had studied the characteristics of electron bunches accelerated in
wakefields of laser pulses, propagating in different guiding structures, in the case of different non-symmetric conditions of laser
pulses focusing into an entry of the guiding structure. This study
is essential for the modern concept of creation of table-top laser
wakefield accelerators, as long as it is relevant to real experimental situation. The maximum adoptable inaccuracies of laser pulse
focusing into a channel, in connection of the task of obtaining qualitative accelerated electron bunches (with high energy, low energy
spread) are discussed.
[1] Andreev N E and Kuznetsov S V 2003 Plasma Physics and Controlled Fusion
45 A39
[2] Durfee C G and Milchberg H M 1993 Phys. Rev. Lett. 71 2409–2412
[3] Esarey E, Schroeder C B, Shadwick B A, Wurtele J S and Leemans W P
2000 Phys. Rev. Lett. 84(14) 3081–3084
[4] Geddes C G R, Toth C, van Tilborg J, Esarey E, Schroeder C B, Cary J and
Leemans W P 2005 Phys. Rev. Lett. 95(14) 145002
[5] Gorbunov L M, Mora P and Solodov A A 2003 Phys. Plasmas 10 1124–1134
[6] Hooker S M, Spence D J and Smith R A 2000 J. Opt. Soc. Am. B 17 90–98
[7] Schroeder C B 1999 Plasma-based accelerator structures Ph.D. thesis
[8] Veysman M E, Andreev N and Kuznetsov S 2016, submitted Quantum
Electronics
[9] Volfbeyn P, Lee P B, Wurtele J, Leemans W P and Shvets G 1997 Physics
of Plasmas 4 3403–3410
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The experimental verification of the relation of ablation pressure on
the front surface of the target with the intensity of the laser used in
the papers [1, 2] was done. The experiments were performed on a
terawatt laser system “Kamerton-T” (GPI). As a result the arriving
time of shock-wave front on the free (rear) of the target surface
of copper and aluminum was measured. For the experiments, an
optical system was used in which the probe laser beam directs at
the back side of the target in shock-wave zone. The output of the
shock waves on the surface was determined by the change in the
character of the probe laser radiation reflection. The experimental
values of the laser pulse energy, duration and size of the ablation
spot on the front surface of the target was used for calculation the
laser intensity on the target. And then using the test scaling formula
the amplitude of ablation pressure on the front surface of the target
was determinate. This value is compared with calculated amplitude
of the pressure, at which the shock wave arriving coincides with the
value obtained experimentally. As a result, it found that the error
in determining the amplitude of the ablation pressure when using
the scaling does not exceed 9%.
[1] Abrosimov S A, Bazhulin A P, Bol’shakov A P et al. 2014 Quantum Electron.
44 530–534
[2] Belikov R S, Krasyuk I K, Rienecker T et al. 2015 Quantum Electron. 45
421–425
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Petawatt PHELIX-laser system at the Gesellschaft für Schwerionenforschung GSI-Darmstadt is an important instrument for creation
and investigation of a wide range plasma states, from ideal plasmas
of intermediate densities and few keV temperatures up to so called
warm dense matter. The variety of experiments on the generation
of non-ideal plasmas by isochoric heating of mass limited and nanostructured solid targets by the laser accelerated electrons have been
carried out. The achieved plasma parameters, analyzed by means
of highly resolved x-ray spectroscopy of the target K-shell radiation,
demonstrate a high level of the plasma non-ideality and up to Gbar
dynamical plasma pressure.
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Important features of the theoretical model, known as the ion model
(IM) of plasma, which is used for quantum mechanical calculations
of radiative opacity, are discussed. Reliability of IM results was
tested with experiment, where measurements of x-pinch radiation
energy yield for two exploding wire materials, NiCr and Alloy 188
were made. Theoretical estimations of radiative efficiency were
compared with experimental results, and IM calculations agree well
with the experimental data. Subsequently, the theoretical approach
was used for temperature diagnostics of CHO plasma target in
combined laser—heavy ion beam experiments. As it was found,
the theoretical approach can be used for temperature diagnostics
of high Z element plasmas in Z-pinch. Calculations of the spectral
brightness were made for Mo plasma radiation at the temperatures
1 and 1.2 keV and the densities 1 and 2 g/cc.
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Experiments at the GSI with high intensity laser system PHELIX
have been aimed at the investigation of generation of the 22.1 keV
Ag Kα radiation for radiographic applications. In order to exclude
a process of the electron refluxing from the analysis of the Ag Kα
generation, the bulk Ag target was used. Application of silver
foils, attached onto the low-Z substrates, led to strong reduction of
bremsstrahlung radiation level, what was important for increasing of
the accuracy of the absolute Kα measurements. The laser intensity
was varied in the range between 1018 and 2 × 1019 W/cm2 .
We have applied the model of characteristic x-rays generation by
laser produced relativistic electrons propagating in a metal target to
reveal an intensity dependence of the conversion efficiency of laser
energy into hot electrons using measurements of the absolute Kα
yield per unit laser energy. We take into account the intensity
dependence of the effective hot electron temperature using the
ponderomotive scaling.
The intensity dependences of the Kα yield, calculated using determined conversion efficiency with the assumption of suppression of
hot electron refluxing, describe well features revealed in the experiment. The calculations with refluxing electrons confirm the assumption about suppression of hot electron refluxing in the foils deposited
on the bulk substrates, both conducting and nonconducting.
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Application of magnetic field allows to investigate large aspect ratio
jets which are related with the several astrophysical cases [1]. In
the experiment with 0.6 ns, 40 J laser pulses focused to 700 µm
focal spot at solid CF2 target in presence of 20 T poloidal magnetic
field the parameters of the plasma jet were studied by means of
spatially resolved x-ray spectroscopy with spatial resolution along
the jet propagation. Using the method [2] which considers the
relative intensities of spectral lines emitted by F He-like ions, the
electron temperature Te and density Ne profiles of the plasma are
obtained. It is shown that Ne decreases monotonically in the case
without B-field, but demonstrates an extended density profile up to
10 mm when 20 T magnetic field is applied. Ne values are consistent
with that observed via interferometry diagnostics, thus providing
the confidence in our x-ray spectroscopy analysis techniques. While
at the laser irradiated target surface Te peaks at 250–280 eV, at 3
mm distance it cools down to ∼ 20 eV. Then, due to the impact of
B field providing the collimation of the jet, Te and Ne are measured
to keep at almost constant values along many mm’s along the jet.
[1] Albertazzi B and Ciardi A 2014 Science 346(6207) 325–328
[2] Ryazantsev S N, Skobelev I Y, Faenov A Y, Pikuz T A, Grum-Grzhimailo
A N and Pikuz S A 2015 JETP Lett. 102(11) 817–822
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In the series of experiments conducted in April of 2015 at the
PEARL facility in the Institute of Applied Physics (Nizhniy Novgorod, Russia), in the year 2014 at the J-KAREN facility (Kansai,
Japan) and in the year of 2013 at the Vulcan facility (Rutherford,
United Kingdom) a new exotic state of matter was obtained.The
focusing spectrometer registered spectral lines which belong to the
KK- and KL-hollow ions.
For the description of x-ray propagation the concept of the radiation
dominant kinetic regime (RDKR) was involved which previously had
been suggested for the description of kinetic processes in the plasma.
According to the RDKR model all the plasma area is divided into
3 Zones with different parameters such as electron temperature and
density. The laser beam is focused into the central Zone and thus
creates electrons which reflect many times from the surfaces of the
target. The electrons produce x-ray photons going to the periphery
of the plasma with solid density. According to estimates, the central
Zone and the peripheral Zone have electron temperatures of 60 eV
and 10 eV respectively. It is the periphery of the plasma area where
the hollow ions are produced.
One can state that diffusion of the x-ray radiation from the center
to the periphery takes place. This is the RDKR within which
kinetic processes are defined by the x-ray radiation propagating in
the plasma.
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Mica crystals are widely applied in x-ray spectroscopy diagnostics
since their ability to effectively reflect the radiation in different
orders covering a wide range of photon energy, including sub-keV
range hardly accessible with other crystals. Particularly, spherically
bent mica crystals are commonly used in high energy density plasma
imaging spectrometry diagnostics. However, the detailed reflectivity
properties of bent mica crystals are not known well. Here we propose
and verify the way to calibrate mica crystal spectral reflectivity
in the experiment with relativistic laser plasma. The approach
is based on the comparison of dense laser plasma x-ray spectra
measured by focusing spectrometers with spatial resolution (FSSR)
equipped, with examined mica and pre-calibrated alpha-quartz bent
crystals. As a result, the normalized reflectivity of spherically bent
mica crystal operated in 2-nd order of reflection was experimentally
evaluated for the first time versus wavelength in the range of 6.7–
8.7 Å. The obtained spectral calibration curve for bent mica crystal
demonstrates remarkable difference to that one calculated for flat
mica crystal and given in Henke tables [1], and has to be applied
further for a correct interpretation of the measured x-ray spectra.
[1] Henke B L and Jaanimagi P A 1985 Rev. Sci. Instrum 56(8) 1537–1552
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The method of ion radiography is widely used for monitoring in
micro- and nanotechnology production as well as for diagnostics of
ultrafast processes in high energy density physics research. Femtosecond laser-produced plasma is one of the most promising compact sources of fast ion beams. In this context, gas cluster targets
possess a number of practical advantages. For radiography applications the uniformity of the probe ion beam in a wide solid angle is
important. Respectively, for the further development of ion radiography techniques it is necessary to determine the spatial structure of
the ion source generated in femtosecond laser plasma. This work is
aimed to study the spatial configuration of the ion source generated
by 36 fs laser pulses of 160 mJ energy fosed in CO2 cluster target.
To register an image of the ion source two pin-holes coupled with
CR-39 track detectors are used. It was shown the source configuration depends on the laser focusing position in the cluster cloud. For
the first time it was obtained that the image of the plasma region
with a maximum fast ion yield is spatially separated from that one
with peaked yield of x-rays (considered to be the best focus of the
laser). The assumption is done and now being verified that such
image separation is caused by the influence of the magnetic field
occurring near the plasma channel in cluster cloud and affecting the
ion flux from the source to the detector. For consideration the magnetic field configuration was taken from PIC laser plasma modeling.
Magnetic field strength and spatial scale required to describe the
observed configuration of the ion source image are estimated.
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Laser produced jets are fully scalable to YSOs because of the
plasma evolution equations invariance under some transformations
[1]. While the plasma created by powerful laser expands from the
target surface it becomes overcooled, i.e. recombining one. So to
improve diagnostic methods applicable for such plasma is rather
important problem in laboratory astrophysics.
Intensity ratios of x-ray resonance lines radiated by multicharged
ions can be used for plasma diagnostics. Mentioned ratios can be
calculated in terms of quasi steady-state approximation for the wide
range of densities and temperatures. Comparing the ratios obtained
from a real plasma spectrum with calculated values it becomes
possible to evaluate plasma parameters.
The method was applied to successfully interpret the spectra of F
VIII ions emitted by laser plasma jet created from CF2 solid target
irradiated by ns 10–60 J laser pulses [2]. It was shown intensity
ratios are sensitive to the density in the range of 1016 –1020 cm−3
while the temperature ranges from 10 to 100 eV for ions.
Method allowed to determine plasma parameters rather far from the
target surface. Sensitivity of the method was proved to be enough
to distinguish the difference between parameters of plasma jets for
various geometries in the experiment.
[1] Ryutov D D, Drake R P and Remington B A 2000 Astrophys. J. Suppl. Ser.
127 465
[2] Albertazzi B 2014 Science 346 325
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Concave x-ray crystals are key elements of Johann focusing spectrometers widely used in plasma diagnostics. Resolution of such
spectrometers depends on the diffraction properties of bent crystals.
The shape of rocking curve was studied within Takagi–Taupin equations. It was shown that rocking curve becomes wider for smaller
crystal radii. The results of calculations are supported by experimental one: experimental study of list of concave crystals are also
presented. Finally the code is designed to simulate the shape of rocking curves of bent crystals. Such code is aimed to predict diffraction
properties of concave crystal samples and also to estimate the resolution of focusing x-ray spectrometers in case of point-like sources,
situated at the distance from Rowland circle.
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In a unique setup “Laser Femtosecond Complex” of the Joint Institute for High Temperatures Research RAS [1], carried out is the
impact on the surface of an ionic crystal laser radiation with intensity more than 50 TW/cm2 [2]. Femtosecond laser pulses at a
wavelength of 800 nm leads to optical damages (craters) on the sample surface. To analyze the effects of exposure to the laser effects
used x-ray photoelectron spectrometer “Termo Scientific K-Alpha”.
Samples were loaded into the chamber of the spectrometer, where
the vacuum was of the order of 10−9 mbar. In the case study of
the surface elemental composition [3], the concentration of the sample components was determined with an accuracy of ±0.3%. The
energy of the electrons [4] at the site was up to ±0.2 eV. Explore
the surface of the crater and other surface, before and after cleaning
the ion bombardment with argon ions of the crystal. Comparative
analysis of XPS spectra showed that in the case of sodium chloride,
high-intensity laser radiation affects the energy of the electrons in
the atoms on the surface and the composition of the surface of an
ionic crystal. This work was supported in the framework of the
base part of the Russian Ministry goszadaniya KBSU in the years
2014–2016 (project 2014/54-2228).
[1] Ashitkov S I, Komarov S P, Ovchinnikov A V and etc 2014 Quantum Electron.
44(6) 535
[2] Savintsev A P and Gavasheli Yu O 2015 Abs. 12 Russian Symp. Atomistic
Modeling, Theory and Experiment p 21
[3] Alsuraykhi S A S, Gonov S Z, Kalazhokov K K, Kalazhokov Z K and
Khokonov K B 2013 Izvestiya KBSU 3(4) 9
[4] 1999 Handbooks of Monochromatic XPS Spectra vol 1
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Earlier we have to analyze very rapid destruction of an ionic crystal
surface data were used, which relate to the ablative destruction
portion [1, 2]. Ablation is characterized by certain regularities, and
ablative values of pressures can be used to investigate the damage
threshold dependence of the pulse duration, for example, such a
crystal as sodium chloride [2]. To calculate the ablation pressure
pa used two formula [3, 4]: (1) pa (kbar) = 4.8 × 10−4 (I, W/cm2 )1/2 ,
and (2) pa (Mbar) = 12(I/1014 , W/cm2 )2/3 (λ, µm)−2/3 , where I—
intensity of the laser pulse, and λ—the wavelength of the laser
radiation. The calculations were performed for two wavelengths
λ1 = 1240 nm, λ2 = 800 nm and a value I = 50 TW/cm2 [5, 6].
Calculation by formula (1) gives pa = 3.4 Mbar, and the formula
(2)—pa1 = 6.6 Mbar and pa2 = 8.8 Mbar. The values obtained
are of great interest, because at such pressures on the surface of
the sodium chloride may have a transition dielectric–metal [5, 7].
This work was supported in the framework of the base part of a
government assignment issued by the RF Ministry of Education and
Science to KBSU for years 2014-2016 (Project 2014/54-2228).
[1] Savintsev A P, Gavasheli Y O and Kyarov A K 2014 Izv. KBSU 4(1) 72
[2] Savintsev A P and Gavasheli Y O 2015 J. Phys.: Conf. Series 653 012011
[3] Karpenko S V, Savintsev A P and Temrokov A I 2008 Dokl. Akad. Nauk 419
179
[4] Vovchenko V I, Krasyuk I K and Semenov A Y 1992 Proc. Inst. Gen. Phys.
Acad. Sci. USSR 36 129
[5] Savintsev A P and Gavasheli Y O 2013 Dokl. Akad. Nauk 452(4) 379
[6] Savintsev A P and Gavasheli Y O 2015 Abs. 12 Ross. Symp. Atomistic
Modeling, Theory and Experiment 21
[7] Karpenko S V, Savintsev A P and Temrokov A I 2004 Surface (2) 53
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This work is directed to the study of destruction features of quartz
optical fiber under intense laser radiation. We have used experimental quartz optical fibers manufactured in Fiber Optics Research
Center of the Russian Academy of Sciences and industrial quartz
optical fibers for communication.
There are two modes of propagated damages caused by laser radiation in silica-based optical fibers. At detonation-like mode the
plasma front is two orders of magnitude greater than for a fiber
fuse effect (combustion mode). This mode is new object of laser
destruction of silica-based optical fibers. Optical fiber and enough
long laser pulse let us obtain laser damage propagated more than
hundred fiber core diameters during pulse. The optical fibers application provides the some advantages. It allows supply the same
form of energy deposition in the every cross section of optical fiber.
Tested regime demonstrates near constant velocities during 200 ns
in the range of laser intensity 2–4.5 GW/cm2 . Plasma propagation
produced irreversible damages in the optical fiber. Saved fragments
were investigated by a scanning electron microscope. Melted and
crushability zones have been visualized and measured. Dynamic
recordings of destruction process were compared with photos of the
saved fragments. It has been received that destruction of a core
and cover of quartz optical fibers has multilevel character from the
micron size to nanodestructions. This work has been done due to
support of Presidium RAS program.
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The theoretical and experimental studies results of the glass
nanocomposites’ optical strength in [3] shows the influence of physical factors on the optical strength. The optical strength prediction is based on Weibull–Gnedenko’s statistical distribution with
the stochastic properties of the laser ablation breakdown at the
nanocomposite surface [2]. The conclusions, related to The single
laser irradiation result at the sample [3] can be applied to predict
sample optical strength at the multiple laser pulses irradiation. According to the results the time when the sample reliability R is
achieved 1/e at the irradiation with the pulses energy density F
and laser pulse repetition rate f can be calculated by the formula
t(R, F, m) =

m ln(1/R)
1 F0.5
.
f F m ln 2

The parameters F0.5 and m are determined from the experimental
results [3]. For the studied samples have been found that the
irradiation time duration when the optical strength decays up to
R = 1/e varies in the range from 1.6 to 8270 s with the laser pulse
duration of 20 ns and the energy in the range of 15. . . 30 mkJ.
Therefore the treatment algorithm of the nano film reliability with
the experimental results in the small measurements party [3] on
the basis of Weibull–Gnedenko statistical distribution was developed
and it allows to predict the glass nanocomposites optical strength
dynamics.
[1] Shemanin V G and Mkrtychev O V 2015 Journal of Physics: Conference
Series 653(1) 012012
[2] Privalov V, Shemanin V G, Mkrtychev O V and Atkarskaya A B 2014 Optical
memory and neural networks (Information optics) 23(4) 265–270
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The optical and mechanical strength values dependence of the glass
composites with the nanofilms drawn from the sols, the films thickness, the dispersed phase particles packing density in the sol layer
and these particles diameter have been studied in this work. The
optical strength was determined as earlier in [1] by the experimental value of the films laser ablation destruction threshold energy
density under the laser radiation pulse of 20 ns time duration Fbn ,
and the mechanical strength value was the composites microhardness H. The particle diameter of the sol dispersed phase was calculated by Heller method and the particles packing density in the
layer value on the base of the on of light transmittance and viscosity
measurements [3]. It has been stated that the particle size increasing appear in the reducing as the microhardness H and the Fbn
values. However, the opposite phenomenon in the threshold energy
and microhardness growth with the film thickness increasing has
been obtained at the drawing velocity increasing up to 5.8 mm/s.
The deviation of the sol particles forms from the pseudospherical
and the sol to the substrate flow regime changing with the drawing
velocity increasing may be mentioned among the most probable its
causes. This work was partially financial supported by the Basic
part of the Russian Federation Ministry of Education and Science
State Task, project No. 2284 and RFBR grant, project No. 14-4308049.
[1] Mkrtychev O V, Shemanin V G, Privalov V E and Atkarskaya A B 2014
Optical Memory and Neural Networks (Information Optics) 23(4) 265–
270
[2] Shemanin V G and Atkarskaya A B 2015 Technical Physics 60(7) 1051–1055
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The oxide films drawn on the glass surface by different methods
are widely used to change the optical, mechanical and other properties of the glass samples. The significant influence on the glass
composites properties has the state of the dispersed phase into the
film-forming sol in the chemical method—sol-gel technology [1]. The
viscosity η and the sols light transmission at the fixed wavelengths
τλ , the refractive index n, thickness h, the threshold energy density
of the laser ablation film destruction Fbn and Fbm and the composite microhardness H have been measured in experiments in the
continuing studies in [2]. It was assumed that sol particle shape
close to spherical in all of our calculations. Then the sols viscosity
is proportional to the dispersed phase volume fraction ϕ [1]. The sol
solid phase particle diameter d was calculated from the Heller equation [2] and the particles packing density into the film layer γ was
assessed by [3]. Therefore, the laser beam after the thin film destruction comes in contact with a solid and infusible substrate and the
laser ablation threshold energy increasing with the packing density
decreasing in the film layer dispersed phase can be explained such a
way. This work was partially financial supported by the Basic part
of the Russian Federation Ministry of Education and Science State
Task, project No. 2284 and RFBR grant, project No. 14-43-08049.
[1] Mkrtychev O V, Shemanin V G, Privalov V E and Atkarskaya A B 2014
Optical Memory and Neural Networks (Information Optics) 23(4) 265–
270
[2] Privalov V E, Shemanin V G and Atkarskaya A B 2015 Optical Memory and
Neural Networks (Information Optics) 24(3) 194–198
[3] Shemanin V G and Atkarskaya A B 2015 Technical Physics 60(7) 1051–1055
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The effect of laser radiation on the dielectric properties of polymethylmethacrylate (PMMA) at frequency of 50 kHz is studied over
a wide range of temperatures. We have shown that the processing
of the samples with laser radiation leads to substantial changes in
the dielectric constant and dielectric loss tangent [1].
Changes in the dielectric constant and dielectric loss tangent, depending on the intensity of the laser radiation, the frequency of
the external field, the temperature and time were investigated by
dielectric loss. It was found that after two months after the laser
irradiation of the dielectric constant of the samples of PMMA under the influence of relaxation processes at temperatures between
170 and 200 K is reduced to values of ε0 ∼ 4 of the original nonirradiated PMMA, and in the temperature range from 200 to 420 K
dielectric constant has a value ε0 ∼ 5.0, higher than 30% of the
permittivity starting unirradiated sample. The values of dielectric
loss tangent tan δ do not relax to values tan δ, corresponding to the
original PMMA samples.
[1] Kunizhev B I, Ahriev A S and Torshhoeva Z S 2008 Plastics (11) 27–30
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The present work is devoted to theoretical stability analysis of
liquid melt in the crater of laser plume occurring in laser ablation
of the yttrium oxide Nd+3 :Y2 O3 targets. The influence of pulsed
repetitive CO2 laser and ytterbium-fiber laser on the targets was
experimentally and theoretically studied in [1]. The experiments
have shown, that the radiation of fiber laser leads to formation
sufficiently deeper craters (depth hc ∼ 150–200 µm) than for the
pulsed CO2 laser (hc ∼ 30 µm) on the targets surface. Wherein
the total energy of a pulse for two lasers was almost equal and was
about 1 J.
In the present work, we study hydrodynamic processes in the crater
occurring under the pressure of target vapor and tangential velocity
jump between plasma moving upward and melted crater walls.
Theoretical analysis has shown that hydrodynamic instabilities can
arise at the molten walls of the crater. The wavelength of dominant
mode (i.e. the scale of fastest growing perturbations) for the process
discussed is about λm ∼ 20–80 µm. Thus, the hydrodynamic shear
instability can lead to an additional emission of target material in
the liquid phase.
The work of E A K was supported by RFBR (project No. 16-3860002 mol a dk) and the Presidential Programs of Grants in Science
(project no. SP-132.2016.1). The work of N M Z was supported by
the RFBR (project No. 14-08-00235).
[1] Osipov V V, Lisenkov V V, Platonov V V, Orlov A N, Podkin A V and
Savvin I A 2014 Tech. Phys. 59(5) 716–723
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Optical monitoring of the thermal melting of materials caused by
high power laser radiation uses the dependence of the reflectivity
on the surface temperature. The reflectivity of the heated surface
layer changes gradually and remains constant after the melting of
the layer [1]. The thermal melting of the surface layer is considered
as the nucleation followed by the nuclei coalescence. It cannot be
detected using the reflectivity. In this article, the thermal melting
of the surface layer is studied experimentally for silver samples
by measuring temperature of the samples and registering patterns
of probing laser light scattered and specularly reflected from the
surfaces. The samples having unidirectional roughness were heated
in an electric furnace. The study has helped clarify the following
features of the patterns which allow detect the melting of the surface
layer: presence of isotropic scattering during the nucleation; decline
in the intensity of the unidirectional scattering as a sign of the
roughness evolution; aberrations in shape of the specularly reflected
laser light as a sign of spatial irregularity in the liquid phase; absence
of changes in the shape of the reflected light as a sign of completion of
the melting. Also we found a phenomenon similar to the directional
crystallization [2]. A rod of silver grew out the molten silver against
the direction of the laser beam.
[1] Anisimov S I et al. 1971 VA: National Technical Information Service 1(1)
111–118
[2] Scheel H J and Fukuda T 2003 Crystal Growth Technology (England: John
Wiley and Sons)
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The report provides information about 8-channel scintillation spectrometer TSRI1.150 that has been developed at FSUE “VNIIA”
and intended to dynamically measure parameters of hard x-ray radiation on laser and electrophysical facilities in the range of energy
from 4 to about 500 keV. The spectrometer is based on photomultiplier with TNFT25-type microchannel plate with a photocathode
25 mm in diameter and a time resolution of less than 0.5 ns. The
spectrometer uses a set of “fast” scintillators with appropriate edge
filters. The filter-scintillator pairs are aligned in sequence (in “shot
through” geometry) with effective thicknesses and atomic numbers
increases with distance from source. Filters and scintillators are
chosen so that the multiplication of filter transmission and scintillator efficiency functions gives nearly 100% transmission in chosen
energy ranges, and almost completely passes radiation for the following pairs of filters and scintillators. The spectrometer uses three
type of scintillators. First, PS-B2 made of polystyrol (t0.5 = 0.7 ns)
thickness of 0.5 and 1.5 mm. Second, ZnO (t0.5 = 0.5 ns) thickness
of 0.14, 0.3 and 0.54 mm. And third, BaF2 (t0.5 = 0.9 ns) thickness
of 0.6, 1.5 and 3.0 mm. Edge filters used foils of Ti, Cu, Zr, Sn,
Gd, Pb and W thickness off from 15 to 300 µm. The spectrometer
has two independent channels: the first one separates photons with
average energies of 4.5, 17, 48 and 110 keV, the second one—with
energies of 7.5, 25, 75 and 250 keV. Energy resolution of the channels
is about 11 to 35%. Time resolution is no more than 1.5 ns.
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We present the high-speed highly sensitive microchannel-plate
(MCP) based x-ray detectors TDRI6 (1 MCP) and TDRI6-01
(2 MCP). The detectors are designed to measure the flux density
of the x-ray radiation with energy (0.05–50) keV and pulse duration of 1 to 20 ns. Operating pressure of the detectors is less than
1 × 10−4 Torr. Open MCP plate with a Cr surface contact layer is
used as an x-ray sensitive cathode. MCP plate diameter is 8 mm.
Temporal resolution for both types of detectors, measured by femtosecond laser based x-ray source, is not more than 0.3 ns for both
types of detector. The spectral response was investigated for xray energies from 0.1 to 10 keV on the x-ray calibration installation T20-L8. The maximum detectors sensitivity (for x-ray energy 0.28 keV) is 1 × 10−1 A cm2 /W for the detector TDRI6-01 and
1 × 10−4 A cm2 /W for the detector TDRI6. The sensitivity can be
adjusted by using two mesh attenuators and by reducing the voltage on the MCP plates. The supply voltage for TDRI6-01 is 2 kV
and for TDRI6 is 1 kV. The sensitivity adjustment range—more
than 100. The maximum detectors line current is 0.5 A. The detectors dimensions (without cable and connectors): length—21 mm;
width—14 mm; height—9 mm. As compared to silicon type xray detectors like an AXUV and SPPD11 the detectors TDRI6 and
TDRI6-01 is more than two orders of magnitude more sensitive and
have a higher speed.
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Laser technologies are actively used in aviation and space equipment
today. For example, laser is used in distance Earth probing and
monitoring of near-Earth space systems, network of specialized laser
stations is created, which is the part of International Laser Ranging
Service (IRLS). The power of lasers, which are used in these systems,
is in the range from watts to kilowatts. Powerful lasers, which can
be used in these systems, can interact with different aerial vehicles
and devices on their boards. It can be harmful for some devices.
That is why the task of estimating losses of laser radiation (LR)
when passing the atmosphere, a significant impact on the value of
which has turbulence, is actual. Method [1] of estimating the loss of
near infrared (IR) LR of when passing the atmosphere was improved
to account of the impact of the turbulence. Mathematical model of
turbulence [2–4] was used for determination of divergence of LR
on the route taking into account the turbulence. Test calculations
were carried out in accordance with the proposed improved method.
Analysis of the values in the last two columns of table 1 suggests,
that the neglect of turbulence increases the flux density of LR on
the receiver in about 6 times. Increasing the angle of the route, as
well as reducing the distance between the source and receiver leads
to an increase of flux density of LR on the receiver.
[1] AVSolodova 1977 Engineering handbook on space technology (Moscow: Military publisher MD USSR) p 430
[2] W Wolf G C 1995 Handbook on infrared technology vol 1 (Moscow: Mir) p
606
[3] Hufnagel R E Optical Society of America Topical Meeting on Optical Propagation Through Turbulence
[4] ASBashkin WNBeznozdrev N Quantum electronics 33
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Laser-induced electric breakdown has been investigated for a long
time for radiation propagating collinearly to the electric field. This
configuration has been used to facilitate conducting channel formation by partial ionizing of the gap. Orthogonal scheme is less
investigated, but is of particular interest.
We have experimentally determined the breakdown thresholds of
Ar and discharge plasma dynamics at 213–1064 nm irradiation by
18 ns and 71 ps laser pulses in the electric field up to 13.2 kV/cm
and pressures of 6.7 × 102 –5.5 × 105 Pa.
Different breakdown regimes and mechanisms are discussed according to the results obtained. Dense radiating plasma stagnation region formed due to optical and electric breakdown shock waves interference at certain conditions is demonstrated.
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Dipole–dipole interactions change the optical properties of dense
resonance media. In the slightly excited media the dipole–dipole interactions were studied quite well. Situation in the strongly excited
medium is still not clarified. In our presentation experimental studies of dipole–dipole interactions in partly excited resonance gases
are discussed. By density the resonance gases can be defined as rarefied gases, where dipole broadening of atomic transitions is much
less than Doppler width, and dense gases, where dipole broadening is much more than Doppler width. In theoretical work [1] the
dipole–dipole interactions were analyzed in the frame of binary impact collisions, which is valid for the rarefied gases. Calculated
dipole broadening should be independent on excitation. The theoretical results for the rarefied gases were confirmed by our experimental research [2]. In our recent publications the observations of
reduction of dipole broadening in the excited dense gases have been
reported [3]. This effect can be explained by homogeneous dipole
broadening of atomic transitions in the dense gases when the interaction time during atomic collisions has to be taking into account.
The measured spectral width is proportional to the ground state
population [3]. A modified expression for optical response of the
excited resonance gas is suggested.
The work was supported by grant of the RFBR 14-02-00828.
[1] Vdovin Y A and Dobrodeev N A 1969 Sov. Phys. JETP 28(3) 544–548
[2] Vuletic V, Sautenkov V A, Zimmerman C and Hansch T W 1994 Opt.
Commun. 108(1–3) 77–83
[3] Sautenkov V A 2011 Laser Phys. Lett. 8(11) 771–781
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Metal nanoparticles show a growing interest due to their magnetic
properties. Metal magnetic particles are expected to show higher
performance than oxide ones in different applications because of
their high saturation magnetization. A carbon shell over metallic
core makes them resistant to oxidation and corrosion allows interacting with organic compounds. In this study, the uv laser photolysis of the mixtures containing different hydrocarbons and iron
pentacarbonyl was implemented for binary iron-carbon nanoparticle formation. The energy source used for photo-dissociation of
precursors was a pulsed Nd:Yag laser operated at a wavelength of
266 nm. Under uv radiation the molecules of Fe(CO)5 have decomposed, forming the atomic iron vapor and unsaturated carbonyls
at well-known and easily controllable parameters. The subsequent
condensation of supersaturated metal vapor resulted in small iron
clusters and nanoparticles formation. The growth process of the
nanoparticles was observed by a laser light extinction method. Additionally nanoparticle samples were investigated by a transmission
electron microscope. The particle sizes were measured by statistical
treatment of microphotographs. The elemental analysis by energydispersive x-ray spectroscopy and electron diffraction pattern gave
the composition and the structure of nanoparticles. The core-shelled
iron-carbon nanoparticles formation was observed in the joint laser
photolysis of iron pentacarbonyl with benzene and acetylene. The
photolysis of the toluene, butanol and methane mixtures with iron
pentacarbonyl revealed in the pure iron particles formations which
were fast oxidized in air when extracted out of the reactor. This
work was supported by the Russian Science Foundation (project
No. 14-50-00124).
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On passing from a bulk solid to 10 nm sizes and less, small particles
exhibit new or essentially modified properties: crystal lattice parameters, electronic structure, magnetic, optical, and catalytic properties, and surface morphology change. In particular, it is stated that
finely dispersed metals are often active in the reactions in which bulk
metals are either weakly active or passive at all. The AuL3 XAFS
spectra have been measured for samples containing calibrated gold
nanoparticles with diameter less than 1nm in cavities of cucurbituril
molecules (CB[6, 7]). The local structural parameters and electronic structure peculiarities of particles were determined by EXAFS and XANES spectroscopy using synchrotron radiation. It has
been found that gold clusters are characterized by smaller (less than
0.03 Å) interatomic distances as compared with bulk gold. No visible shifts of AuL3 absorption edges and differences in the Au charge
state for Au[6, 7] samples containing small Au clusters were detected
in comparison with bulk Au metal. A threefold and more increase
in the Debye-Waller factor at 12 K was found for the nanoparticles
in comparison with bulk metal and correspondingly, a substantial
increase in the structural disorder. It has been found that special
chemical (catalytic) and physical (optical) properties of small gold
particles are likely to be attributed to this structure changes and the
size effect with the appearance of a band gap between the occupied
and unoccupied electronic states.
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III-nitride heterostructures in the form of multilayered quantum
wells (MQWs) or quantum dots (QDs) are promising candidates
for high-speed intersubband optical devices relying on the quantum confinement of electrons. The systems with interacting QDs—
molecules (in particular, GeSi nanorings or quantum rings) have
attracted much attention both as ground for studying coupling and
energy transfer processes between “artificial atoms” and a new systems, which substantially extend the range of possible applications
of QDs. Interatomic distances, coordination numbers and Debye–
Waller factors were determined by means of EXAFS spectroscopy
and the relationship between the variations in these parameters and
the morphology of superlattices and QDs symmetric assembles were
established. The EXAFS technique has been used to study the local structure of thin hexagonal GaN/AlN MQWs grown by ammonia
MBE at different temperatures. It is shown that the heterointerface
intermixing leads to a decrease in the Ga-Al interatomic distance
and the Ga-Ga coordination number in MQWs.
The work is supported by the RFBR grant 16-02-00175.
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Selenium nanomaterials still attract attention of many scientists
of the world. These substances have numerous applications. So
recently technology of production of inexpensive solar cells with help
of microwave treatment on the base of selenium nanoparticles was
created. But the very promising applications of selenium containing
polymeric materials are on the field of nanobiomaterials creations.
These are such very interesting systems for nanobiotechnology as
self-assembled substances with unique redox properties, when the
same species can have oxidative and reductive properties, systems,
working as gene delivery vehicles. In this research we try to find way
to obtain long living polymeric systems with selenium nanoparticles.
Microwave treatments were used on different steps of synthesis,
which involve mixing of solutions of polymer, surfactant, selenous
acid and sulfur dioxide. Films of nanocomposites, produced after
drying its water solutions were investigated by optical and electronic
microscopy, x-ray, uv-vis spectroscopy. Conclusions were made on
the structure and stability of obtained systems.

270

Diffusion mass transfer
in multicomponent multilayered
metallic samples irradiated
by high-current electron beams
Leyvi A Ya2,@ , Pridannikov A V1 , Talala K A1,2 ,
Khlybov V I1 and Yalovets A P2
1

Open Joint Stock Company “Academician Makeyev State Rocket Centre”,
Turgoyakskoye Shosse 1, Miass, Chelyabinsk Region 456300, Russia
2
South Ural State University, Lenin Avenue 76, Chelyabinsk 454080, Russia
@

ktalala@yandex.ru

Nowadays the treatment of materials with intensive energy flows
(electron and ion beams, plasma, laser emission) is widely used
to modify properties of a material. The mass transfer processes
are important for the formation of the material new properties. In
systems of thin (less than 10 µm) films diffusion is a key mechanism
of the mass transfer. Authors developed software to compute the
diffusion mass transfer in multicomponent multilayered samples
exposed to a high-current electron beam or a flow of plasma with
consideration for melting and evaporation. We considered the
possibility to apply different metallic layers gradually exposed to
the electron beam one by one. The Ti-Zr-Fe system was estimated
and optimum application and treatment modes for increased wearresistance were defined.
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Studies of constructional material behavior under pulse power densities are very important both for fundamental researches and different applications. Modeling of shock wave generation in porous composites is complicated task because of complex structure of such materials. It is necessary to have rather detailed experimental database
for verification of these models. In this paper we present experiments
that were carried out on high current electron accelerator “Calamari”. This facility provides energy flux in the range 10–103 J/cm2
for electron energies of 120–350 keV [1]. Beam duration is 100 ns. In
our experiments we irradiated porous composite targets with density 0.1–0.8 g/cm2 . The electron range in these materials was at
least 1.5 mm. In the hole of irradiated targets volume explosion was
observed. The beam current was measured by noninductive shunt,
the electron energy was calculated from measured diode voltage, the
square of energy output was measured by hard x-ray pinhole camera
for high energy radiation [2]. Plasma expansion was registered in
visible range by streak camera. Irradiated targets were investigated
by electron microscope.
[1] Demidov B A, Ivkin M V and Petrov V A 1976 Atom. Energ. 46(2) 100–104
[2] Demidov B A, Efremov V P, Kalinin Y G, Kazakov E D, Metelkin S Y,
Petrov V A and Potapenko A I 2015 J. Phys.: Conf. Series 63 012009
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The implosion dynamics of condensed deuterated Z-pinch were studied on the installation Angara-5-1 with a current of up to 3.5 kA with
time of increase of 100 ns. For implication of effect of a energy focusing central part of load were made from deuterated polyethylene
with density of 0.1–0.4 g/cm3 and a diameter of 1–3 mm. Spatial–
time parameters of plasma in Z-pinch were investigated by a diagnostic set of the Angara-5-1, which includes time-frame photography in soft x-ray and VUV spectral region, an optical streak camera,
time integrated of three pinhole cameras, soft x-ray pin-diodes and
vacuum photoemission detectors. Energy characteristics of neutron
emission were determined by means of time-of-flight method. Neutrons were detected with the help of four scintillation detectors,
placed along the Z-pinch axis and normally to axis. The total neutron yield was measured by activation detectors. To be continued. . .
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To numerical study the model of the coaxial part of magnetically
insulated transmission line under extreme thermal and dynamic
impact we need to restore the current pulse. The problem of
restoration of the current pulse, flowing through the tube (with
the walls considerably thicker than skin layer), is solved. For this
purpose we make mental division of a thick tube into the series of
a thin tubules (their thickness should be comparable to the skin
depth). Solving of the diffusion equation of magnetic field for
each tubule provides the connection of the magnetic field for the
internal and external surfaces of the tubules; using the theorem
on the circulation of the magnetic field, we get the current flowing
through the tube. For the calculation of boundary conditions for
the innermost tubule we used the electric field intensity measured
on the inner surface of the tube.
The method takes into account inhomogeneity of the tube heating
and consequently, the changing of matter conductance over thickness
tube and time. The algorithm verification been performed for test
problems, as well as at the comparison with the experimental data.
The calculation results are in good agreement with the experimental
data.
This work was partially supported by the projects of the Ministry of
Education and Science RF 3.522.2014/K and RFBR project No. 1401-00678.
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High-resolution x-ray radiography indicates that a complex smallscale structure is formed inside an exploding wire. It was recently
shown in molecular dynamics (MD) simulation [1] that such a structure can be formed via cavitation of liquid metal during expansion
of heated aluminum cylinders with radii up to 200 nm. The initial
stage with electric current heating and magnetic confinement of wire
material was modeled by our magnetohydrodynamic code. The obtained wire radius and material state at current cutoff resulting in
magnetic pressure drop were used as initial data for MD simulation.
To validate MD results for micrometer-sized wires used in experiments we employ smoothed particle hydrodynamics (SPH) [2] for
aluminum wire with the equation of state and tensile strength derived from MD simulation. We demonstrate that such consistent
MD and SPH simulations give similar expansion dynamics of exploding wire. Moreover, the density and velocity profiles obtained
from MD simulation of nanometer-sized wires and SPH modeling
of micrometer-sized wires are scaled well. Both methods provide
similar evolution of exploding wire, including cavitation of central
part and formation of outward liquid shell, clearly visible on the
high-resolution x-ray radiography images.
[1] Zhakhovsky V V, Pikuz S A, Tkachenko S I et al. 2012 AIP Conf. Proc.
1426 1207–1210
[2] Parshikov A N and Medin S A 2002 J. Comput. Phys. 180 358–382
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Pulsed Joule heating techniques are frequently used to study the
properties of electrically conductive materials at high temperatures
and pressures. A specimen in the form of a foil strip or thin plate
is sandwiched between two plates of window material (sapphire or
silica glass) and resistively self-heated by an electric current pulse of
10–100 kA magnitude and a rise time of less than one microsecond.
The geometrical dimensions of the specimen are chosen so that the
heating is uniform and thermal expansion of the specimen is nearly
one-dimensional. Current through the specimen and voltage drop
across it are measured during such an experiment as functions of
time. From the measured quantities the Joule heat dissipated in
the specimen and its resistance can be determined. Due to the
high velocity of the current variation a significant EMF is induced
in the voltage-measuring circuit. In order to determine the active
component of the voltage across the specimen the EMF must be
subtracted from the measured voltage signal. In present work a
method is reported that allows this subtraction to be done with
reasonable accuracy. We show that using this method, the measured
heat of fusion of tungsten, graphite, and the latent heat of the
transition from alfa to beta phase of zirconium are consistent with
the most accurate literature data.
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Paramagnetic defects of new kinds are obtained as a consequence
of plastic deformation of isotopically enriched 29 Si. A correlation
of temperature behavior of dislocation luminescence lines and the
magnetic susceptibility was found experimentally. The electron
paramagnetic resonance (EPR) spectra are anisotropic and have a
considerable width (up to 1 kOe). Nonuniform broadening of EPR
bands is determined by variations of internal magnetic field in the
correlated defect clusters. The nuclear magnetic resonance (NMR)
spectra of the deformed crystals are Pake doublets splitted by spinspin nuclear interaction. The broadening of NMR spectra is caused
by a dipole–dipole relaxation.
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In nuclear fuel based on uranium dioxide, dislocations are created
both by radiation damage and by warm deformation. The buildup of dislocation density in UO2 can be rather significant allowing
plastic flow to control some of the most important processes during fabrication and operation of this fuel. However, very little is
known yet about the accumulation and interaction of dislocations
in oxide nuclear fuel. Most model predictions are based on rate
theory, which might not reproduce the intrinsic mechanisms correctly. At the same time, a consistent experimental study requires
representative sampling, which in case of in-pile tests could hardly
be achieved. Present research focuses on a combination of experimental techniques (x-ray diffraction, atomic-force microscopy) and
computer simulation (2D dislocation dynamics) to study dislocation structures in irradiated/deformed UO2 . Results reveal that in
response to external action the density of chaotically distributed
dislocations in UO2 increases, which in case of enhanced diffusion
leads to self-organization processes producing a periodic structure of
dislocation walls at high damage dose/degree of deformation. The
results should be used to develop advanced performance codes for
oxide nuclear fuel in power reactors.
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The simulation of the atomic displacement cascades generated by
radiation in the iron-chromium alloys on the basis of the molecular
dynamics method was carried out. Interatomic interactions were
described on the base of the Finnis-Sinclair approximation. Used
potentials allowed describing with high accuracy many mechanical
and physical properties which are very important for the atomic
displacement cascade simulations. The simulated crystallites had
a parallelepiped shape. The periodic boundary conditions in all
directions were used at displacement cascade simulations. Atomic
displacement cascades were generated by the primary knock-on
atom, which energy varied from 1 to 20 keV. The number of
atoms in the simulated crystallite varied from 500000 to 2500000
depending on the primary knock-on atom energy. The simulation of
the dynamics of atomic displacement cascades and the calculation
of the cascade parameters (durations of the main stages, the size
of the radiation-damaged region, defect production efficiency) in
the iron-chromium alloy for different energies of primary knock-on
atom were made. Sizes of formed point defect clusters and their
distribution in the crystallite volume were calculated. Radiation
damage in iron-chromium alloy caused by generation and evolution
of cascades of atomic displacements based on the analysis of spatial
and quantitative distribution of the generated point defects and their
clusters was studied.
The work was performed with financial support of RFBR grant
No. 16-08-00120.
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Pulsed cathodoluminescence (PCL) spectra of Lu2+2y Si1+y O5−y
(LFS) crystal, co-doped by Ca2+ , Sc3+ , Y3+ , Yb3+ , Ce3+ ions before and after the gamma-irradiation, produced by the 60 Co source
is studied. PCL spectra of samples had been compared before and
after the gamma-irradation at dose 45 Mrad. It is shown that PCL
spectra of samples LFS:Sc, LFS:Yb, LFS:Sc:Yb are exposed to significant radiation degradation at doses of 45 Mrad. PCL spectra
of sample LFS:Sc:Y:Ce:Ca has no difference before and after the
gamma-irradiation with doses of 45 Mrad. This study was financially supported by the Russian Science Foundation (project No. 1422-00273).
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Atomistic simulation based on energy minimization techniques was
used to study the vacancy diffusion mechanism of impurities with
different sizes and valences in corundum (α-Al2 O3 ): Mg2+ , Co2+ ,
Fe2+ , Cd2+ , Ca2+ , Sr2+ , Ba2+ , Cr3+ , Ga3+ , Fe3+ , Sc3+ , In3+ ,
Yb3+ , Y3+ , Sm3+ , Rh4+ , Ti4+ , Ru4+ , Mo4+ , Sn4+ , Pu4+ . It was
employed the Born model of an ionic crystal with account of the
electronic polarizability of oxygen ions. The migration energies of
the impurities for different possible migration paths were obtained
by the nudged elastic band method. Binding energies of an impurityaluminium vacancy pair were also estimated. It was shown that two
paths give the main contribution to vacancy diffusion: migration
along C axis through an octahedral interstitial site formed by oxygen
ions, and jumps to the nearest aluminium sites. Migration energy
of isovalent impurities weakly depends on ion size. Simulation
revealed the divacancy mechanism of diffusion for divalent impurities
mediated by defect clusters containing simultaneously oxygen and
aluminium vacancies.

281

Molecular dynamic simulation
of influence of cathode morphology
on cathode/electrolyte interface
Pavlov S V1,2,@ and Kislenko S A1
1

Joint Institute for High Temperatures of the Russian Academy of Sciences,
Izhorskaya 13 Bldg 2, Moscow 125412, Russia
2
Moscow Institute of Physics and Technology, Institutskiy Pereulok 9,
Dolgoprudny, Moscow Region 141700, Russia
@

sergey.v.pavlov@phystech.edu

The influence of the cathode morphology on the structure of cathode/electrolyte interface is investigated by molecular dynamic simulation. Acetonitrile is chosen as electrolyte, and three configurations
of cathode are studied: graphite with parallel and perpendicular
orientation of basal planes with respect to the interface plane, and
single graphene nanosheet. Density distribution of electrolyte near
cathodes is obtained, and the study revealed the influence of cathode configuration on the structure of cathode/electrolyte interface.
The potential of mean force for lithium ion near the cathode planes
is calculated. The simulation shows that local density of electrolyte
correlates with potential of mean force. Based on the results of
simulations we propose the hypotheses which explains increased efficiency of the oxygen reduction reaction at the edge of graphene.
The work was supported by grant from the Russian Science Foundation (project No. 14-50-00124).
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Positron creation in thunderclouds at streak lightning was revealed
in 2009 using space telescope Fermi. Then creation of electrons and
gamma quanta with MeV energy was found. Their creation is due to
high electric fields (up to 200 MV) in thunderclouds what generate
powerful streak lightning (with up to ∼ 1021 high energy electrons),
which often generate ball lightning. Positrons appear at electronpositron pair creation (from dark matter, which fills space) under
action of bremsstrahlung gamma quanta produced at retardation of
electrons in atomic electric field of air molecules.
Assumption that ball lightning is a bunch of many (up to ∼ 1017 )
positrons explains all observed specific properties of ball lightning
[1]. Confluence possibility of positrons is possible for concurrently
and next to created positrons from nearest dark matter. If around
created positrons will be not dark matter (to produce their electric
fields causing their repulsion), then positrons, as identical material
vortex, may confluence in one rotating bunch. According to energy
conservation law the rotation speed of growing positron bunch must
slow down so that its surface speed stays constant [1]. Hence electric
field of positron bunch (due to polarization by its rotation of around
dark matter) will stay constant and small, as it is observed.
[1] Boriev I A 2015 Int. J. Astron., Astrophys. Space Sci. 2(5) 45–50
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The problem aiming qualitative change of an Apophis orbit when its
movements in Solar system comes to an end is formulated in [1, 2].
Instead of passive saving tactics the variant of use of this asteroid
is considered for realization of large-scale space experiment. This
experiment is shock interaction of an asteroid and the Moon. The
organization of space scale collision will allow to solve a set of the
physical questions concerning the Moon [2].
Correction of an Apophis orbit on July 22, 2016 or on July 11, 2017
by means of making of an speed increment 7.33 m/s for an asteroid
is sufficient. As result of calculations by method [3] this correction
provides Apophis redirection to the Moon surface.
Superficial and near-surface explosions lead to asteroid fragmentation that is undesirable for a set of reasons. The variant of the
outlying explosion is more preferable. Results of calculations show
that the speed increment 10 m/s is realized at the power of outlying
explosion about 10–40 Mt TTN. It depends on distance before explosion (50–100 m), thermodynamic properties of Apophis material
and its porosity. In case of outlying explosion the basic factor is
mechanical action of x-ray and neutron fluxes [4]. We used Planck
spectrum for estimates of mechanical radiation action.
[1] Ostrik A V et al. 1995 Conference “Asteroid–Comet Hazard–95” vol 2 (SaintPetersburg) pp 67–68
[2] Ostrik A V and Fortov V E 2010 XXV International Conference “Equations
of States for Matter” pp 150–151
[3] Kazantsev A M 2002 Astronomicheskii Vestnik 35(1) 48–54
[4] Gribanov V M and Ostrik A V 1997 News of the Chelyabinsk Center of
Science “Space protection of the Earth”. Special issue 170–173
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Protection of constructions from thermal and mechanical actions of
the ionizing radiation (IR) by means of the heterogeneous coverings
(HC) having structure represents considerable practical interest
[1]. Calculation methods and numerical codes are developed for
determination of parameters of mechanical IR action formed on
HC [2]. Results of investigations are given in the present work.
The main attention is paid to heterogeneous materials having properties gradient along HC thickness. For gradient sheetings the process of making of the decreasing or increasing gradient of filler concentration is the most technological. Tin dioxide and cerium fluoride and lead and microsphere (continuous and hollow, metalized
and not metalized) are considered as filler at research of protective
properties for such HC.
Influence of different types of HC defects on parameters of mechanical IR action is investigated. It is shown on the basis of the analysis
of settlement and experimental data that deviations in sizes and a
form and the mass content of disperse inclusions are defining. Besides it is established that deviations in sizes and the mass contents
should not exceed 20 and 10% respectively. Influence of a deviation
of filler form depends on sheeting type. The quantitative estimation
of this influence demands further researches.
[1] Ostrik A V 2003 Thermomechanical action of x-ray radiation on multilayered
heterogeneous barriers into air (Moscow: Informtekhnik)
[2] Bakulin V N and Ostrik A V 2015 Complex action of radiations and particles
on the thin-walled constructions having heterogeneous coverings (Moscow:
Fizmatlit)
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Processes of nuclear burning of various elements in the scheme of
a compact inertial electrostatic confinement [1] implemented on the
basis of a nanosecond vacuum discharge (NVD) with low-energy
hollow cathode were investigated experimentally earlier [2, 3]. This
paper presents the results of a recent series of DD fusion experiments
on the anew created experimental stand NVD-2 combined with
x-ray and neutron yield diagnostics. The voltage–current (V-A)
characteristics of the discharge, the implemented experimentally
regimes of generation of x-ray and DD neutrons are presented and
discussed. The experimental results are compared with the results
of particle-in-cell simulation of the nuclear DD fusion processes in
NVD using electrodynamic code KARAT [3]. Recent series of DD
fusion experiments on the new created experimental stand NVD-2
have reproducing in time-of-flight scheme the basic features of DD
neutrons yield observed earlier [2, 4]. Meanwhile, the analysis of VA characteristics and anode erosion shows that efficiency of energy
deposition at initial stage of discharge is still insufficient. At present
time, the ways to optimize the electrophysical processes at NVD-2
are clarified.
This work was supported by grant No. 14-50-00124 of the Russian
Science Foundation.
[1] Miley G H and Murali S K 2014 Inertial Electrostatic Confinement Fusion
(Springer)
[2] Kurilenkov Y K, Skowronek M and Dufty J 2006 J. Phys. A 39 4375
[3] Kurilenkov Y K, Tarakahov V P, Skowronek M, Gus’kov S Y and Dufty J
2009 J. Phys. A 42 214041
[4] Kurilenkov Y K, Tarakahov V P, Gus’kov S Y, Samoylov I S and Ostashev
V E 2015 J. Phys.: Conf. Series 653 012025
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The neutron-free reaction of proton–boron nuclear burning accompanied with the yield of three alpha particles (p + 11 B → α + 8 Be →
3α) is of great fundamental and applied interest [1] which is growing
permanently (see [2,3] and references therein). The present particlein-cell (PIC) modeling of p + 11 B burning in the scheme of inertial
electrostatic confinement [1] based on nanosecond vacuum discharge
(NVD) [4] using code KARAT is carried out in the axially symmetric approximation (as it have been done earlier for modeling of DD
syntheses at NVD [4]). Evolutions of the voltage at the coaxial inlet
and the voltage between the anode and the virtual cathode (VC) are
calculated. Boron ions and protons are accelerated in the potential
well (PW) of VC in the direction of the axis, where their density
and energy of head-on collisions are increasing, which actually leads
to the appearance of alpha particles [5]. PIC modeling have recognizing that transfer to almost pure cylindrical geometry of cathode
allows to optimize some of the key parameters of nuclear p + 11 B
burning at PW of VC in NVD, and allow to hope on increasing of
burning efficiency at the future NVD experiment.
This work is supported by grant No. 14-50-00124 from the Russian
Science Foundation.
[1] Miley G H and Murali S K 2014 Inertial Electrostatic Confinement Fusion
(Springer)
[2] Labaune C, Baccou C, Depierreux S et al. 2013 Nat. Commun. 4 2506
[3] Picciotto A, Margarone D, Velyhan A et al. 2014 Phys. Rev. X 4 031030
[4] Kurilenkov Y K, Tarakahov V P, Skowronek M, Gus’kov S Y and Dufty J
2009 J. Phys. A 42 214041
[5] Kurilenkov Y K, Tarakahov V P, Karpukhin V T, Gus’kov S Y and Oginov
A V 2015 J. Phys.: Conf. Series 653 012026
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Since 2010 in collaboration with the Federal Grid Company (JSC
FGC UES) and the Krzhizhanovsky Power Engineering Institute
we have started the investigation of the process when the lightning current goes through the soils. This problem appears in the
energy industry and can affect on electrical energy delivery to consumers. The conductivity of soil and physical processes that occur
during lightning strike can impose additional requirements on the
grounding system of objects of electrical grid system. In Russian
Federation the importance of this effect rises because of variety of
soil types with conductance that can vary in several orders. Experimental modeling of the process can be carried out in laboratory or
in the conditions that correspond to the real process (experiments
at the field). To provide investigations the second way has been chosen and the special mobile laboratory with high voltage generator
(HVG) that can operate independently was made. The scheme HVG
is based on Arkadiev–Marx generator and generates the amplitude
of voltage 2 MV (high impedance load), more than 50 kA of current (low impedance load) and the time profile of current is similar
to that of lightning current. During the electrical discharge mobile
laboratory registers the oscillograms of current, electrical potential
difference between electrodes buried in soil, potential distribution on
the ground surface, magnetic field strength near the surface and the
high speed imaging of surface is carried out in order to detect sparks
near test area. The work is devoted to experiments that carried out
at Moscow region near the Troitsk where the soil has relatively low
resistance. The study was performed by a grant from the Russian
Science Foundation (project number 14-50-00124).
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The major methods of biomass thermal conversion are combustion
in excess oxygen, gasification in reduced oxygen, and pyrolysis in
the absence of oxygen. The end products of these methods are
heat, gas, liquid and solid fuels. From the point of view of energy
production, none of these methods can be considered optimal. A
two-stage thermal conversion of biomass based on pyrolysis as the
first stage and pyrolysis products cracking as the second stage
can be considered the optimal method for energy production that
allows obtaining synthesis gas consisting of hydrogen and carbon
monoxide and not containing liquid or solid particles. On the
base of the two stage cracking technology, there was designed an
experimental power plant of electric power up to 50 kW. The power
plant consists of a thermal conversion module and a gas engine
power generator adapted for operation on syngas. Purposes of the
work were determination of an optimal operation temperature of
the thermal conversion module and an optimal size of pyrolysis
products cracking chamber. Experiments on the pyrolysis products
cracking at various temperatures show that the optimum cracking
temperature is equal to 1000 ◦ C. The maximum of syngas volume at
this temperature is up to 1.5 m3 per 1 kg of wood biomass. From the
results of measuring the volume of gas produced in different mass
ratios of charcoal and wood biomass processed, it follows that the
maximum volume of the gas in the range of the mass ratio equal to
0.5–0.6.
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A combination of feedstock pyrolysis at 600–700◦ C and the cracking
of the volatile pyrolysis products on the charcoal at 1000◦ C allows
to obtain a synthesis gas which contains 90% (vol.) or more of
carbon monoxide (CO) and hydrogen (H2 ) in approximately equal
proportions. Such a synthesis gas contains no tar and its calorific
value is 10–12 MJ/Nm3 .
Basic component of aviation fuel was synthesized in a two-stage process from gas obtained by pyrolytic processing of biomass. Methanol
and dimethyl ether can be efficiently produced in a two-layer loading
of methanolic catalyst and γ-Al2 O3 . The total conversion of CO per
pass was 38.2% using for the synthesis of oxygenates a synthesis gas
with adverse ratio of H2 /CO = 0.96. Conversion of CO to CH3 OH
was 15.3% and the conversion of CO to dimethyl ether was 20.9%.
A high yield of basic component per oxygenates mass (44.6%) was
obtained during conversion. The high selectivity of the synthesis
process for liquid hydrocarbons was observed. An optimal recipe of
aviation fuel “B-92” based on a synthesized basic component was
developed. The prototype of aviation fuel meets the requirements
for “B-92” when straight fractions of 50–100◦ C (up to 35% wt.),
isooctane (up to 10% wt.) and ethyl fluid (2.0 g/kg calculated as
tetraethyl lead) is added to the basic component.
The work was supported by the Ministry of the Russian Federation for Education and Science (project No. 14.607.21.0134, unique
identifier RFMEFI60715X0134).
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Progress and adoption of distributed energy resource systems gave
rise to the increased interest in the development of modern technologies of using renewable hydrocarbon resources for energy purposes.
Biomass is quite universal type of the energy raw material that can
be used either as a solid fuel for direct combustion, or as a raw
material for obtaining liquid and gaseous fuels. Thermal methods
of biomass conversion into gaseous fuel depending on the ways of
generating the heat required for processing and the technique of
putting the heat into feedstock can be divided into autothermal and
allothermic. The former include the different schemes of gasification
in which heat is produced by the partial combustion of raw material
in controlled oxidizing atmosphere and the conversion of raw material into gas state occurs in the flow of combustion products. The
latter include the pyrolysis methods in which heating of the feedstock is carried out in oxygen free environment. As a result, gas,
liquid and solid products whose composition and mass depend on the
final temperature and the heating rate are obtained. In the paper a
comparison of the gas mixtures characteristics (volume, composition
and calorific value) that can be obtained by different thermal conversion methods from the main biomass types is presented. The merits
and demerits of these methods are discussed. From submitted data
it follows that the two-stage pyrolysis technology, which consists of
the biomass pyrolysis and the consequent high-temperature conversion of pyrolysis gases and vapours into synthesis gas by filtration
through a porous carbon medium, allows to achieve both a high
degree of biomass conversion into gaseous fuel and a high energy
efficiency.
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Since the active exploitation and usage of classical non-renewable
energy resources the most promising direction is the development
of technologies of heat and electricity production from renewable
sources–biomass. This is important in terms of reducing the harmful man-made influence of fuel-and-energy sector on the ecological
balance. One of the most important aims when using biomass is its
pre-treatment. The paper describes the fuel preliminary preparation for combustion with such technological process as torrefaction.
Torrefaction allows bringing the biomass fuel as close as it possible
to fossil coals for the main thermotechnical parameters. During torrefaction moisture is removed from initial material and the partial
thermal decomposition of its components appears. The final torrefied product can be recommended for utilization in existing coalfired boilers without their major reconstruction. Thus torrefaction
technology enables the partial or complete replacement of fossil coal.
At JIHT RAS a torrefaction pilot plant is developed. As heat
transfer medium the gas-piston engine exhaust gases were used.
Results of researching and proposals for further development are
showed in this paper.

292

Energy production estimation for
Kosh-Agach grid-tie photovoltaic
power plant for different photovoltaic
module types
Gabderakhmanova T S1,@ , Kiseleva S V2 , Frid S E1 and
Tarasenko A B1
1

Joint Institute for High Temperatures of the Russian Academy of Sciences,
Izhorskaya 13 Bldg 2, Moscow 125412, Russia
2
Lomonosov Moscow State University, Leninskiye Gory 1, Moscow 119991,
Russia
@

tts 91@mail.ru

According to the Russian Federation Government Resolution N 449
of May 28, 2013 capital expenses for photovoltaic (PV) grid-tie
power plant from 5 MW (peak) can be compensated to owner in
case he wins competition for renewable energy generation which is
held by Russian Energy Ministry. Low capital expenses and large
share of made-in-Russia components (at least 70% from 2016 are
required) are important conditions to win the competition. PV
modules are the most important components of PV plant that define its energy production, lifetime, demanded area and costs. So
proper module choice is very important from the further PV plant
operation. This paper is devoted to calculation of yearly energy
production, demanded area and capital costs for first Russian 5
MW grid-tie PV plant in Altay Republic that is named KoshAgach.
Simple linear calculation model, involving average solar radiation
and temperature data, grid-tie inverter power-efficiency dependence
and PV modules parameters is proposed. Monthly and yearly energy production, equipment costs and demanded area for PV plant
are estimated for mono-, polycrystalline and amorphous modules.
Calculation includes two types of initial radiation and temperature
data such as average day for every month from NASA SSE and typical meteorology year generated from average data for every month.
The peculiarities for each type of initial data and their influence on
results are discussed.
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Understanding the physics of strongly non-ideal plasmas requires a
quantum statistical theory which adequately describes the behavior
of strongly interacting charged particles since it plays a crucial role
in such environments. The correct treatment of dissipative processes
in such systems is possible only on the basis of sufficient information
on the transport properties of the medium.
The results of new experiments on reflectivity of polarized light on
explosively driven dense xenon plasma are presented. The study of
polarized reflectivity properties of strongly correlated dense plasmas
have been carried out simultaneously for s- and p-polarization using
laser light of frequency νlas = 2.83 × 1014 s−1 (λlas = 1064 nm) at
incident angles up to θ = 30. With density up to ρ = 1.8 g/cm3 ,
pressures up to P = 9 GPa and temperatures up to T = 30000 K of
the investigated plasma, conditions with strong Coulomb interaction
(the nonideality parameter up to Γ = 1.6) were present.
The thermodynamic parameters and composition of plasma were
determined from the measured shock wave velocity with suitable
calculations carried out. Working with a grand canonical ensemble,
virial corrections have been taken into account due to charge-charge
interactions (Debye approximation). Angular dependence of s- and
p-polarized reflectivities at several wavelengths can be used in the
integration of Maxwell equations to construct the spatial profile of
the density of charge carriers.
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We provide theoretical analysis of the experimental data on reflectances of shocked compressed xenon for normal incidence of laser
radiation [1, 2] as well as for the dependence of s- and p-polarized
reflectivity on incidence angle [3]. Three wavelengths λ = 1064 nm,
694 nm and 532 nm are considered. We use density functional theory (DFT) approach for the calculation of the dielectric function
(DF) and reflectivity of the shock compressed xenon plasma. Due
to the nonlocality of the applied potential, the longitudinal expression for the imaginary DF [4] is used. The real part is obtained
by the Kramers-Kronig transformation. For λ = 1064 nm and 694
nm the relatively good agreement with the experiment is obtained
without introduction of the wave front broadening. However, for 532
nm the calculated reflectances are overestimated in comparison with
the experiment. Also the calculated Brewster angles are shifted with
respect to the measured values. The discrepancy can be partially
related to the nonzero width of the region with non-uniform profile
of density (wave front). The width of the front is estimated [5] under
assumption of the linear dependence of the DF on distance. These
values are much closer to the theoretical estimate of 100 nm [1], in
comparison with earlier works [2,3]. The work is supported by grant
No. 14-19-01295 of the Russian Science Foundation.
[1] Mintsev V B and Zaporozhets Y B 1989 Contrib. Plasma Phys. 29 493–501
[2] Reinholz H, Röpke G, Morozov I, Mintsev V, Zaparoghets Y, Fortov V and
Wierling A 2003 J. Phys. A: Math. Gen. 36 5991–5997
[3] Zaporozhets Y B, Mintsev V, Gryaznov V, Fortov V E, Reinholz H and
Röpke G 2010 Contrib. Plasma Phys. 50 60–63
[4] Norman G, Saitov I, Stegailov V and Zhilyaev P 2015 Phys. Rev. E 91
023105
[5] Saitov I M 2015 Mol. Phys. 1–7
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Ion recombination is considered in a wide range of medium properties in dense gases. A dependence of the ion recombination rate on
background gas density is found. Ranges of different recombination
kinetics regimes are defined.
Recombination rate constant is linearly dependent on background
gas density at low densities. It agrees with the Natanson model at
low ion Coulomb nonideality. It is a range of collisional recombination. Its border is defined by the condition nσ < L−1 , where n is a
neutral molecules concentration, σ is a cross-section of ion-molecule
collisions, L = e2 /kT is Landau length.
Langevin model is valid at high densities of the background gas.
Ion recombination rate constant is inversely proportional to the
background gas density. It is a range of diffusive recombination. Its
border is defined by the condition nσ > 4L−1 . A dependence of the
recombination rate on the ion Coulomb nonideality is established,
contrary to the idea that there is no such dependence [1], though
it is weaker than in the collisional regime. The dependence can be
interpolated as exponentially drop-down curves in the whole range of
the nonideality parameter values. The slope of the decay decreases
with an increase of the background gas density, in other words, with
the decrease of the ion free path. Extrapolation of this trend to high
densities permits to suggest that the dependence is of no importance
in liquids. However, the effect can be remarkable in the range of gas
pressures from one up to several dozen atmospheres.
A complex nonmonotonic dependence of the recombination rate on
the background gas density takes place in the intermediate region
L−1 < nσ < 4L−1 . A maximum occurs in the range about
nσ = 4L−1 . The work is supported by the RSF grant 14-19-01295.
[1] Bates D 1981 J. Phys. B: At. Mol. Phys. 14(3)
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Simulation of motion of electron sitting in the field of two protons
was made using Monte Carlo method.
The initial conditions were as follows: electron was on a stationary
orbit with the angular momentum h/2 and at the nearest point
to the first proton, while the second proton was on the opposite
side to the first proton, at the distance a0 = 0.185rB (rB —Bohr
radius of the electron orbit) from the first proton. Initial velocity
of electron V0 = h/2a0 . The total interaction force between protons
was computed taking into account the rapid movement of electron
between these protons and multiple electron spin flips.
The three kind of trajectories were found for the electron:
(i) electron trajectory is similar to ellipse with both protons (approximately 2rB between protons) sitting inside it, this case
protons are repulsed, Coulomb force is negative,
(ii) electron trajectory is “eight-like”, this case protons are attracted, Coulomb force is positive,
(iii) distance between protons are large enough, electron trajectory
is elliptical, similar to case (i), but only one proton is inside this
trajectory. Interaction force between protons is dramatically
decreased since one of the protons becomes neutral hydrogen
atom.
It was shown that the energetically profitable combintion of two
protons and one electron is only possible if bonding energy is close
to 2 eV.
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In the present work the analytical results for equation of state of a
dense plasma was derived. The dielectric function of electrons was
taken in the random phase approximation. Using expansion of the
dielectric function in long wave length limit [1], pair correlation function of particles was obtained. Inner energy and contribution to the
pressure due to plasma non-ideality derived for both Coulomb pair
interaction and quantum pair interaction potentials [2]. Obtained
analytical result for equation of state reproduces the Montroll–Ward
contribution [1], which corresponds to the quantum ring sum. It
was shown that obtained results cover the Thomas–Fermi approximation with the first order gradient correction. Additionally, it was
revealed that the quantum Deutsch potential correct in the semi
classical limit. Generalization of the quantum Deutsch potential to
the case of the degenerate electrons is presented. Obtained results
will be useful for understanding of the physics of dense plasmas as
well as for further development of the multi-scale approach for the
dense plasma simulation via molecular dynamics on the basis of the
quantum potentials.
[1] Moldabekov Z, Schoof T, Ludwig P, Bonitz M and Ramazanov T 2015 Phys.
Plasmas 22 102104
[2] Riemann J, Schlages M, DeWitt H E and Kraeft W D 1995 Physica A 219
423
[3] Ramazanov T S, Moldabekov Z A and Gabdullin M T 2015 Phys. Rev. E 92
023104
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In this work effective interaction potentials taking into account
quantum-mechanical effects of diffraction and symmetry were used
[1, 2]. Pair correlation functions were studied in exponential approximation. Thermodynamic properties for hydrogen plasma were
calculated with respect to the degree of ionization using the analytical expressions derived from these effective potentials.
[1] Ramazanov T, Moldabekov Z and Gabdullin M 2015 Phys. Rev. E 92 02310–
42012
[2] Ramazanov T, Dzhumagulova K and ZhA M 2014 Phys. Sc. And Techn. 1(1)
47–53
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One of the most common numerical methods in quantum statistical
thermodynamics is a quantum Monte Carlo method based on the
representation of physical quantities in the form of a path integrals
(Wiener and Feynman integrals). Another approach is based on the
use of quantum Wigner function in the phase space, which in many
ways is similar to the distribution in the classical statistical physics
and is in fact a real representation the density matrix. In addition,
the Wigner formalism opens the way to the calculation of transport
properties.
We present a new approach to calculation of the Wigner function of
quantum particle system at finite temperature in the canonical ensemble, for which it is developed a new form of a path integral. The
new Monet Carlo method enables to calculate the thermodynamic
values, the Wigner function itself and even the ground-state wave
functions. The developed formalism has been tested and demonstrated good accuracy of these calculations. In addition, the developed method allows to calculate the thermodynamic averages of
arbitrary operators, which can not be done by conventional methods. Preliminary calculations of many-particle Wigner function for
the non-ideal hydrogen plasma have been carried out.
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The thermophysical properties (equations of state and electronic
transport coefficients) play important role both in theory and applications. They have been calculated and measured for dozen years.
Now we have several theoretical approaches to obtain the necessary
information in the metallic plasma region (see [1] for references).
But at relatively high temperatures (T ≥ 5 kK), where the plasma
of metals is located, the number of measurements is significantly
smaller than the number of calculations. Besides the temperature
can not be measured directly in the experiments yet. Nevertheless, the available measurement data [2–5] allows one to check the
existing calculation models.
Earlier we have developed the model to calculate the chemical composition, thermodynamical values and electronic transport coefficients for the plasma under study. It was applied to noble gases,
several metals and semiconductors (see references in [6]). It is based
on the “chemical” approach (to find the plasma composition and
thermodynamical values) and the relaxation time approximation (to
find the coefficients). Here our model has been applied to study
Iron plasma properties, namely the pressure, internal energy, conductivity, thermal conductivity and thermal power at T ≥ 10 kK
and ρ ≤ 2 g/cc. The obtained results are in good agreement with
available results of measurements and calculations of other authors.
[1]
[2]
[3]
[4]
[5]
[6]

Clerouin J, Noiret P et al. 2012 Phys. Plasmas. 19(8) 082702
Gryaznov V K, Fortov V E et al. 1998 JETP 87(4) 678–690
DeSilva A W and Rakhel A D 2005 Contrib. Plasma. Phys. 45(3-4) 237–243
DeSilva A W and Vunni G B 2011 Phys. Rev. E 83(3) 037402
Korobenko V N and Rakhel A D 2012 Phys. Rev. B 85(1) 014208
Apfelbaum E M 2015 Phys. Plasmas 22(9) 092703
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The aim of our work is construction of metal model, suitable for the
description of high-speed electrophysical processes in pulse strong
electromagnetic fields. It is necessary, that metal represents a mix of
two “liquids”: the ionic, consisting ion skeletons of identical weight
occupying sites of a deformable lattice, and electronic, containing
electrons of a continuous spectrum. Also in our model the electron
transitions between localized (discrete) and delocalized (continuous)
states with total rate Γe = δne /δt are taken into account. With the
help of the approach proposed by Andreev and Pushkarov [1] we
deduced the two-liquid, two-temperature equations for describing
of metal interaction with a pulse electromagnetic field within the
framework of full Maxwell equations system in view of generation
and recombination of the conduction electrons, and their inertia.
With the help of known methods the kinetic equations for phonons
and conduction electrons in a deformable crystal lattice are solved,
and expressions for electron and phonon transport coefficients in
pulse high electromagnetic fields are deduced. It is shown, that the
electronic transport practically does not depend on intensity of an
electromagnetic field until degeneration of the conduction electrons
is removed.
The work carried out within the state order No. 0389-2014-0006 and
under the partial financial support of the RFBR (project No. 16-0800466) and the Ural Branch of RAS within the UB RAS fundamental
research program “Matter at high energy densities” (project No. 151-2-8).
[1] Andreev A F and Pushkarov D I 1985 Sov. Phys. JETP 62(5) 1087–1090
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Theoretical studies of strongly coupled systems of charged particles
such as electron-ion nonideal plasmas, ion liquids, dusty plasmas,
etc. often rely on atomistic simulations by the methods of classical Molecular Dynamic (MD) and Monte-Carlo (MC). For both
methods there is a long standing boundary condition problem when
modelling an infinite spatially uniform system of particles interacting via the long-ranged Coulomb forces. The influence of boundary
conditions for the classical molecular dynamics (MD) simulations of
nonideal electron-ion plasma is studied in this work.
We start with the classical MD and perform a comprehensive study
of convergence of the per-particle potential energy and pressure
with the number of particles using both thenearest image method
(periodic boundaries) and harmonic reflective boundaries. It allows
one to estimate an error caused by finiteness of the simulation box.
Moreover electron oscillations given by the spectra of the current
autocorrelation function are analysed for both types of the boundary
conditions. A special attention is paid to the reflecting boundaries
since they prevent wave packet spreading in the Wave Packet MD.
To speedup classical MD simulations we use the GPU-accelerated
code.
This work is supported by the Russian Science Foundation, grant
No. 14-19-01295
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The relativistic hydrodynamic expansion of free matter is considered
to describe some specific pecuiliartities of the cosmological model
of the gravitationally neutral Universe—GNU-Ball [1, 2]. On this
basis the Hubble flow hydrodynamic solution for the non-relativistic
case [3] is generalized for the relativisic dynamics. Starting from
equations
∂n(t, r)
+ ∇(n(t, r)V(t, r)) = 0,
∂t
∂P(t, r)
+ V(t, r)∇(P(t, r) = 0,
∂t
where

∂P(t, r)
cP(t, r)
,
+ V(t, r) = p
2
∂t
P (t, r) + m2 c2

(1)
(2)

(3)

we arrive at equation for velocity
γ 3 (V(t, r))

∂V(t, r)
+ V(t, r)∇(V(t, r) = 0.
∂t

(4)

p
Here γ = 1/ 1 − V 2 /c2 . This mens that the solution is identical
to [3] if V (t, r) < c. Over this horizon hydrodynamics does not
applicable.
[1] Trigger S A and Gribov I A 2015 J. Phys.: Conf. Series 653 012121
[2] Trigger S A, Gribov I A and Rukhadze A A 2015 Bull. Lebedev Phys. Inst.
(12) 43–49
[3] Ignatov A M and Trigger S A 2016 Bull. Lebedev Phys. Inst. In print
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Theory of a weakly non-ideal Bose gas in the canonical ensemble
is developed without assumption of the C-number representation
of the creation and annihilation operators with zero momentum.
Instead of this assumption, we use the assumption on the C-number
nature of the density operator N0 = a†0 a0 with zero momentum.
It is shown that the pole of the “density-density” Green function
(DDGF), and the pole of the single-particle Green function (SPGF),
exactly coincide with the Bogoliubov phonon-roton spectrum of
excitations for both assumptions. This spectrum, confirmed by
many neutron and X-ray experimental measurements of the dynamic
structure factor in HeII, is straightly related to the DDGF. We
show that in the other case under consideration, when neither N0
nor a†0 and a0 are C-numbers, a gap can exist in the single-particle
Green function (SPGF). This gap in SPGF excitations is straightly
related to the density of particles in the “condensate”. Therefore,
the spectra of excitations for the DDGF and SPGF in the last case
are different [1], in contrast to the Bogoliubov-type theory where
these spectra are identical. We arrive at the conclusion that there
are two various versions of the weakly non-ideal Bose gas theory
with different pole structures in DDGF and SPGF. The choice
between these two versions should be made in indirect way based on
the calculations of the thermodynamic functions of HeII and ultracold rarified gases, and the comparison of these calculations with
experiments in a wide temperature range, including the vicinity of
the superfluid-to-normal state transition temperature in HeII.
[1] Bobrov V B and Trigger S A 2013 Prog. Theor. Exp. Phys. 2013(4) 043101–
043110
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The nanoplasma produced by laser pulses of moderate intensities
(1013 –1016 W/cm2 ) targeted at metal clusters is studied by molecular dynamics (MD) simulations. Whereas a lot of the cluster plasma
studies are concerned with the Coulomb explosion of the ion core
we focus on the electron dynamics just after cluster ionization. In
particular we consider electron eigenmodes and electron emission
depending on the cluster size and plasma temperature.
One of the distinguishing features of the cluster plasma is the
violation of the plasma neutrality [1]. Due to the laser ionization
and further thermionic emission from the plasma surface the cluster
gains an uncompensated positive charge. With respect to a small
number of particles in the clusters under consideration (10–106 ) this
charge determines the rate of plasma expansions, affects the rate
of ionization-recombination processes, electron density profile, and
optical properties of the cluster plasma [1, 2].
In this work we propose a model of thermionic emission of nanoclusters based on our MD simulation results [3]. This model qualitatively explains known experimental results [4] and it is in a good
agreement with other simulations [5].
[1] Krainov V P, Smirnov B M and Smirnov M B 2007 Phys. Usp. 50 907
[2] Fennel T, Meiwes-Broer K H, Tiggesbäumker J, Reinhard P G, Dinh P M
and Suraud E 2010 Rev. Mod. Phys. 82(2) 1793–1842
[3] Bystryi R G and Morozov I V 2015 J. Phys. B: At. Mol. Opt. Phys. 48
015401
[4] Kumarappan V, Krishnamurthy M and Mathur D 2003 Phys. Rev. A 67
043204
[5] Reinholz H, Broda I A M, Raitza T and Röpke G 2013 Contrib. Plasma
Phys. 53 263–269
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The dependence of current–pressure (I-P) characteristics of dc magnetron discharge at a constant voltage on the type of working gas
was investigated. Under certain conditions on the I-P characteristic
the nonmonotonic region of local maximum followed by a minimum
is observed. It is found that increasing mass of the working gas ions
results in a shift of the local maximum to lower pressures. The spacial distributions of ions in the plasma on different discharge conditions were studied with optical emission spectroscopy. A qualitative
model of the phenomena is presented and its results are compared
with the experimental data.
The work was supported by the Russian Foundation for Basic
Research, grant No. 15-02-06873.

308

Streamer branching on clusters of
solid particles in air and air bubbles
in liquids
Babaeva N Y@ , Tereshonok D V, Naidis G V and
Smirnov B M
Joint Institute for High Temperatures of the Russian Academy of Sciences,
Izhorskaya 13 Bldg 2, Moscow 125412, Russia
@

nybabaeva@gmail.com

Streamer branching—the splitting of a discharge filament into two
or more streamers—is a common phenomenon that occurs in high
pressure gases and liquids. The evolution of the streamer depends
on its local environment and the presence of inhomogeneities in the
path of a streamer. In this work, we present the results from a
two-dimensional computational investigation of the intersection of a
streamer with clusters of particles or gas bubbles. We consider the
evolution of a streamer propagating along the vector of the electric
field (which is directed vertically). The clusters of particles in air or
bubbles in liquids have a symmetric form with branches elongated
either in horizontal or vertical direction. In gases, the streamer
envelopes the particles while in liquids the discharge preferably
occurs inside the bubbles. The orientation of the cluster determines
the branching pattern. We show that clusters having prevailing
horizontal branches facilitate streamer branching in liquids, while
clusters in gases with vertical branches promote the splitting of a
discharge filament into two or more streamers. The phenomenon
is mainly due to different polarization patterns of “vertical” or
“horizontal” clusters and the resulting ratio of dielectric permittivity
of medium/particle or medium/bubble. We consider two opposite
cases (i) when the dielectric permittivity of the medium is unity
(air) and the dielectric permittivity of particles ranges from 1 to 80
and (ii) the case when the dielectric permittivity of bubbles (filled
with air) is unity and the dielectric permittivity of medium (liquids)
varies from 1 to 80. This work is supported by the Russian Science
Foundation (Project Number 14-50-00124).
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Current paper presents study of previous work [1]. It has been revealed that an arc discharge ignition (I = 300 A) in a magnetic field
(B = 0.2 T) inside the channel leads to the formation of an induced
jet. The research was performed for the 2×5×80 mm3 test chamber.
The dynamic flow visualization of the jet after a single discharge ignition was performed. Mean discharge power was no more than
200 W. Evolution of the flow after a single magnetohydrodynamic
(MHD) actuator pulse was investigated experimentally by Schlieren
photography and particle image velocimetry. The Schlieren photography shows that the pulse energy input causes a compression wave.
It has been found that the maximum velocity of thermal point was
more than 200 m/s. The velocity of thermal point decreases up to
80 m/s after 0.160 ms. At the same time the leading edge of the
thermal point moves at 16–23 mm from the nozzle. In other hand
the flow velocity inside the jet in a predetermined configuration may
be up to 540 m/s. The actuator was mounted as a pendulum for
the pulse measurement. The maximum pulse of the induced jet by
single discharge ignition was 10−4 kg m/s. The MHD synthetic jet
generator efficiency is higher than thermal and dielectric-barrierdischarge synthetic jet generator. Current method can be useful for
flow control on a par with mechanic synthetic jet generator.
[1] Kazanskyi P N and Moralev I A 2012 High Temp. 50(3) 323–330
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The paper presents investigation of previous work [1]. It has been
revealed that an arc discharge ignition in a magnetic field of plasma
actuator leads to change main airfoil aerodynamic coefficients Cx ,
Cy and longitudinal moment. The research was performed for the
NACA 23012 airfoil model at flow velocities of up to 60 m/s (134
mph). The dynamic flow visualization of an airfoil model after
a single discharge ignition was performed. Mean Cy change and
the longitudinal moment M change were no more than 5% at pulse
repetition frequency 13 Hz. The amplitude of lift change was not
more than 10%, the amplitude of longitudinal moment change was
not more than 5%. Time resolution of strain scales was more than
30 ms. It was not possible to resolve the real change of lift force
during the discharge pulse. The amplitude was significantly reduced
(approximately by 20–50 times). Mean discharge power was no
more than 200 W. The magneto-hydrodynamic (MHD) actuator was
mounted on the upper side of the wing model. Evolution of the flow
after a single MHD actuator pulse was investigated experimentally
by particle image velocimetry. It has been found that the velocity
of the arc in a predetermined configuration may be up to 250 m/s.
The upstream movement of the arc channel (I = 40–700 A) leads to
the inhibition and high pressure zones before the arc and local low
pressure cavity.
[1] Moralev I A, Kazanskiy P N, Klimov A I and Bityurin V A 2013 The 12th
International Workshop on Magneto-Plasma Aerodynamics p 11
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The field of plasma aerodynamics is intensively being developed
worldwide. The emphasis of these works was focused on the study
of the flow control around aerodynamic models with the use of local
plasma formation on the surface of the model [1–5]. An experimental
study of the airflow around a circular cylinder was fulfilled on
subsonic regime. The flow was subjected to a rotating arc discharge
around the cylinder model due to external radial magnetic field.
Measurement of aerodynamic forces of the cylinder model, after
turning on the arc discharge, showed immediate lift force response
and air circulation around its surface, induced by the moving arc
discharge.
[1]
[2]
[3]
[4]
[5]
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The possibility of significant improvement transmission conditions of
microwave radiation passing through a homogeneous quasi-neutral
plasma layer in the constant magnetic field is considered The study
based on 1D analysis was conducted for layers with electron concentration 1017 –1019 m−3 and collision frequency of electrons with
molecules 1010 –1011 s−1 in the wavelength range 1–10 cm. For different values of plasma parameters the dependences of the magnetic
induction values were obtained reducing a transmitted wave amplitude attenuation to a specified level (3 dB). The influence of the
angle between vectors B0 and k on the wave amplitude revealed
the optimal conditions of the field B0 orientation relative to the
direction of electromagnetic waves propagation. the influence of a
constant magnetic field on the attenuation degree of microwave radiation (f = 13 GHz) in a various types plasma structures and in the
plasma layers was experimentally investigated. The experiments
were carried out in air at pressures 70–500 Torr. A remarkable
increase in the amplitude of the transmitted wave in presence of
constant magnetic field was indicated.
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One of the promising applications of Magneto-Plasma Compressor
(MPC) may be using plasma jets generated by MPC for experimental study of hypersonic flow around the models. For the study the
MPC was developed with a caliber of 24 mm with internal initiation
of discharge, working in “submerged” mode. The maximum operating value of the discharge current in this MPC corresponds 29 KA,
the duration of the current pulse is not less than 90 microseconds.
Jet quazi-stationary mode is set when the discharge current reaches
of about 12–15 KA, that gives an estimate of the jet lifetime about
55–60 µs. To estimate the abilities of MPC the tests were conducted
with Teflon conic models with a diameter of 10 mm and a height
of 30 mm at a distance from the edge of the cone to the MPC nozzle exit 30–50 mm. Experiments have shown that the studied type
of the MPC could serve as a basis for creation of the experimental
stand for the radio physical researches of the processes in hypersonic
flows in the ranges of pressures and flow rates of interest.
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In this paper an approach to solve coupled heat- and mass-transfer
problems is considered to be applied to hypersonic vehicle surface of
arbitrary shape. The approach under developing should satisfy the
following demands. (i) The surface of the body of interest may have
arbitrary geometrical shape. (ii) The shape of the body can change
during calculation. (iii) The flight characteristics may vary in a
wide range, specifically flight altitude, free-stream Mach number,
angle-of-attack, etc. (iv) The approach should be realized with
using the high-performance-computing (HPC) technologies. The
approach is based on coupled solution of 3D unsteady hypersonic
flow equations and 3D unsteady heat conductance problem for the
thick wall. Iterative process is applied to account for ablation of
wall material and, consequently, mass injection form the surface
and changes in the surface shape. While iterations, unstructured
computational grids both in the flow region and within the wall
interior are adapted to the current geometry and flow conditions.
The flow computations are done on HPC platform and are most
time-consuming part of the whole problem, while heat conductance
problem can be solved on many kinds of computers.
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Phase diagrams for both “shelf Coulomb” and modified pseudopotential plasma models, developed in our previous works are compared. Qualitative agreement is observed between gas–liquid phase
transition region of “shelf Coulomb” model and liquid—gas structure region of modified pseudopotential one. The possibility of experimental finding the phase transition in nonequilibrium ultracold
rydberg plasma is considered. Parameters (density, temperature,
levels of rydberg atoms) for such a transition are estimated.
Conclusion is made that “shelf Coulomb” model phase transition
is practically impossible to observe in equillibrium strongly coupled
plasmas due to high neutral atoms density at low temperatures:
∗ ≈ 0.076. The work is supported by Russian Science Foundation
Tcrit
(RNF14-50-00124 grant).
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In the experiments in CERN antihydrogen is formed during mixing
of antiprotons and positrons in Penning-Malmberg trap. Positrons
and antiprotons form nonneutral plasma with ne = 108 cm−3 and
np = 104 cm−3 . Initial energies of antiprotons and temperatures of
positrons are varied in wide range: 15 − 50 K for positrons and
1 − 150000 K for antiprotons. During mixing, energy of antiproton changes and after recombination formed atom of antihydrogen
has energy of heavy particle–antiproton. It is important to know the
value of this energy to effectively capture antiatoms. In this work we
performed calculations of energy relaxation processes and made estimations of final antiproton energy in the moment of recombination
of the antiproton and positron in strong magnetic field depending
on the initial energies of antiprotons and positrons. It was shown
that for some initial conditions antiproton energy may reach the
positrons temperature and for some conditions the recombination
time is less than relaxation time. Moreover relaxation rate for axial
and transverse to magnetic field antiproton velocity components is
different.
The work was supported by the Russian Science Foundation, project
No. 14–50–00124.
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The applicability of van-der-Waals potential approximation (C6 /R6 )
is limited by its smallness in comparison with the distance to the
nearest undisturbed level of the system of two interacting atoms.
It is shown that this condition should be taken into account in the
interaction of Rydberg atoms. The calculation of the interaction
potential for one of ∆-term system of two 7 Li atoms in the 5d state
is given. It is shown that the violation of the specified conditions,
the dependence of the potential 1/R6 is replaced by the linear dipole
interaction dependence 1/R3 , resulting from the solution of the
secular equation.
The work was supported by grants of the RFBR 14-19-01492.
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We will present a new experimental result of precise measurements of
forbidden and allowed Rydberg state’s 7 Li energy. We have studied
of highly-excited states of ultracold lithium-7 atoms by using tunable
uv-laser. The diagnostic of Rydberg transitions of lithium atoms in
magneto-optical trap is developed [2]. In our work the results for
different Rydberg states ns, np, nd, nf with quantum number n
from 38 to 161 will be presented. The work was supported by the
Russian Science Foundation, project No. 14-12-01279.
[1] Zelener B B, Saakyan S A, Sautenkov V A, Manykin E A, Zelener B V and
Fortov V E 2015 JETP 148(6) 1086–1091
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Energy spectra of ultracold Rydberg lithium atoms are discussed.
Our technique [2] has been used for the experimental observation
coherent and non-coherent components of two-step excitation in
Rydberg states. The high sensitivity of the technique has allowed us
to record coherent resonance 2P-38D. The width this resonance is
3 times less than non-coherent. The coherent resonance is observed
when the laser is detuned by ± 803.5 MHz from the atomic transition
2P3/2 .
The work was supported by Research Center FAIR (FAIR, Russia), MK-4092.2014.2, NS-6614.2014.2, the RFBR 14-02-00828, the
Presidium of the RAS (Basic Research Program “Investigation of
Matter in Extreme States” headed by V.E. Fortov).
[1] Zelener B B, Saakyan S A, Sautenkov V A, Manykin E A, Zelener B V and
Fortov V E 2015 J. Exp. Theor. Phys. 148(6) 1086–1091
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The goal of this work is the experimental study of the ionization
energy of the lithium atom 7. For the detection of highly excited
states of lithium 7 we used the resonance fluorescence registration
technique [1]. The ionization energy was calculated by using our
experimental data [2]:
Ei = 43487.15739(39) cm−1 .
Standard experimental methods are used diagnostics based on ionization by an electric field [3]. In this work we used the technique
based on recording of resonance fluorescence of the trapped atoms.
It is important that our measurements do not destroy the Rydberg
states of ultracold atoms. Measured value are in good agreement
with theoretical results [4,5]. Due to a weak residual field the energy
levels were shifted by quadratic Stark effect. Using our measured
energy values we estimated the residual field as 10−2 V/cm [2].
The work was supported by the Russian Science Foundation, project
No. 14-50-00124.
[1] Zelener B B, Saakyan S A, Sautenkov V A, Manykin E A, Zelener B V and
Fortov V E 2014 JETP Lett. 100(6) 366
[2] Zelener B B, Saakyan S A, Sautenkov V A, Manykin E A, Zelener B V and
Fortov V E 2015 JETP 148(6) 1086
[3] Bushaw B A, Nortershauser W, Drake G W and Kluge H J 2007 Phys. Rev.
A 75 052503
[4] Yan Z and Drake G 2003 Phys. Rev. Lett. 91(11) 113004
[5] Puchalski M, Kedziera D and K P 2010 Phys. Rev. A 82(6) 062509
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We have developed an effective spectroscopic method for diagnostic
of highly excited ultracold atoms using the registration of resonance
fluorescence of atoms in magneto-optical trap during two-step cw
excitation of Rydberg states by uv laser [1]. The value of the
quantum defect was determined for Rydberg states nd of lithium-7
atoms δ = 0.00192(17).
The work was supported by Research Center FAIR (FAIR, Russia), MK-4092.2014.2, NSh-6614.2014.2, the RFBR 14-02-00828, the
Presidium RAS (basic research program “Investigation of Matter in
Extreme States” headed by V E Fortov).
[1] Sautenkov V A, Saakyan S A, Vilshanskaya E V, Zelener B B and Zelener
B V 2015 J. Russ. Laser Res. 36(2) 193
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Plasma rf discharges at low pressure (13.3–133 Pa) with gas blowing
is effectively used to modify the surfaces of materials of organic and
inorganic nature [1]. The plasma, which created by discharge of this
type has the following properties: degree of ionization of 10−4 –10−7 ,
electron concentration 1015 –1019 m−3 , the electron temperature is
1–4 eV, the temperature of atoms and ions is 3–4 kK in the bunch
and 0.32–1 kK in the plasma jet. Flow of neutral component is in a
transitional mode between the continuum mode and free-molecule
flow, the charged components can be approximated of continuous
medium [2]. The concentration of metastable atoms for this type of
plasma can reach values of the electron density.
Mathematical model of rf plasma flow at low pressure with
metastable atoms influence is constructed. Calculations of the
undisturbed flow of rf plasma at low pressure are completed. The
distributions of the velocity modulus, pressure and temperature of
the carrier gas and the electron concentration, electron temperature
are obtained.
The reported study was funded by the Russian Foundation for Basic
Research, grant No. 16-31-60081 mol a dk.
[1] Abdullin I S, Zheltukhin V S, Sagbiyev I R and Shayekhov M F 2007 Modifikatsiya Nanosloev v Vysokochastotnoj Plazme Ponizhennogo Davleniya
(Kazan: Izdatel’stvo Kazanskogo Tekhnologicheskogo Universiteta)
[2] Zheltukhin V S and Shemakhin A Y 2014 Mathematical Models and Computer Simulations 6 101
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The metallic coatings were deposited onto the glass spheres having
diameters from few to one hundred micrometers by the magnetron
sputtering. Two different experimental schemes were used. One of
them was the traditional configuration where the magnetron sputter
was placed at 10 cm from the particles. Continuous mechanical
agitation in the fluidized bed was used to achieve uniformity of the
coatings in the case. In the second scheme the treated particles
levitated in the magnetron rf plasma over the sputtered target (rf
electrode) at the small distance d of few mm from it and at relatively
high gas pressure p up to 100 mTorr, which were quite different
from ones in the traditional sputtering. Agitation due the features
of particles confinement in the dusty plasma was used here to obtain
uniform coatings. It was observed that in the case of magnetron rf
dusty plasma the product pd value may be achieved which is several
times lower than the lowest value proper to the first, traditional
case. The thickness and morphology of the obtained coatings were
studied. The dependencies of the films growth rate and structure on
the pd value in these sputtering processes are quite different. The
dependencies are qualitatively described basing on consideration of
the links between the product value and the actual parameters such
as the substrate temperature, the densities of the ion and neutral
atom fluxes to the substrate surface.
The work was supported by the Russian Foundation for Basic
Research grant No. 15-02-06873.
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Interaction of two charged pointlike macroparticles located at nodes
of simple cubic (sc), body-centered cubic (bcc) and face-centered
cubic (fcc) lattices in equilibrium plasma is studied within the
Debye–Hückel approximation, i.e., based on the linearized Poisson–
Boltzmann model. A method of solution this problem with outer
boundaries of complex shapes is outlined in [1] (see also [2]). It
is shown that the boundary shape has a strong influence on the
electrostatic interaction between two macroparticles, which switches
from repulsion at small interparticle distances to attraction as it
approaches the half-length of the computational cell. It is found
that in the case of dust particles arranged in the nodes of the sc,
bcc and fcc lattices, the electrostatic force acting on them is equal
to zero and the nature of the interaction changes from repulsion to
attraction; hence, infinite sc, bcc and fcc lattices of charged dust
particles are mechanically stable.
[1] Filippov A V 2016 Contr. Plasma Phys. 56(1) 1–11
[2] Filippov A V, Pal A F and Starostin A N 2015 JETP 121(5) 909–923
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We use the concept of the “dynamic entropy” [1–3] in its simple
approach called “mean first-passage time” (MFPT) dynamic entropy [4] to study numerically and experimentally obtained small
systems of interacting particles.
The experiments were carried out in the quasi-two-dimensional
system of 7 dust grains in gas discharge plasma. This system
was also simulated with the help of Langevin molecular dynamics
method. The interparticle interaction potential was taken to be of
Yukawa type; for the details see [5].
We have obtained the MFPT entropy functions for the systems
under study and analyzed them to find out their phase states. The
character of motion for different states was examined using the
functions of dependence of mean-square displacement of particles
on time.
The suggested technique of the analysis of the system dynamics can
be applied to the structures as small as desired, independent on the
degree of the thermal isolation of the system.
This work was supported by the Russian Science Foundation
(project No. 14-12-01440).
[1]
[2]
[3]
[4]
[5]

Shannon C E 1948 Bell Syst. Tech. J. 27 623
Kolmogorov A N 1959 Dokl. Akad. Nauk SSSR 124 754
Sinai Y G 1959 Dokl. Akad. Nauk SSSR 124 768
Allegrini P, Douglas J F and Glotzer S C 1999 Phys. Rev. E 60 5714
Fortov V E and Morfill G E 2010 Complex and Dusty Plasmas (CRC Press)

326

Dusty plasma as unique object
of collisional plasma physics
Norman G E and Timofeev A V@
Joint Institute for High Temperatures of the Russian Academy of Sciences,
Izhorskaya 13 Bldg 2, Moscow 125412, Russia
@

mail.timofeev.av@gmail.com

The basic openness and self-consistency of dusty plasma system,
the particle charge inconstancy in time, charge dependence on the
environment parameters, high dissipation, significant influence of
stochastic processes and self-organization lead to the appearance
of a number of unusual properties and phenomena that occur only
in dusty plasmas. Precisely this meaning is put into the term of
uniqueness of dusty plasmas. The beginning of this area is put
in [Norman G E, Stegailov V V and Timofeev A V 2011 JETP ,
Norman G E and Timofeev A V 2011 Phys. Rev. E ], which are first
to formulate the equation of dust particles motion with account
of dust particles charge fluctuations, the dependence of the charge
on the position in near-electrode layer and the proximity of other
dust particles, gas discharge sheath features. Here we discuss the
mechanisms and consequences of the following phenomena.
(i) “Anomalous heating” and energy transfer in dusty plasma system. The dust particles average kinetic energy may exceed the value
of electron temperature and can be as high as thousands of eV.
(ii) Anisotropy of the temperature and plasma properties. The
average kinetic energy of the vertical motion may differ significantly
from that of horizontal motion, but each of them has a normal
distribution and may be considered as in partial equilibrium.
(iii) Dust particle charge fluctuations. Significant charge fluctuations alter the interparticle interaction potential, make stochastic
component significant and lead to a set of unique effects.
(iv) The interparticle interaction potential. Unique properties of
the interaction potential of dust subsystem (self-consistency, manyparticle, fluctuation, anisotropy) has a direct impact on the “anomalous heating”, which hung up the chain of the research.
This work is supported by the RSCF (project No. 14-19-01295).
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Phenomenon and mechanisms of an energy transfer between degrees
of freedom of a dusty plasma system are of great interest in the field
of dusty plasma. One of such mechanisms is based on parametric
resonance [1]. Initial stages of such phenomena can be described
by the equation close to Mathieu equation [1, 2]. Approach shown
in [2] works only when amplitudes of particles oscillations are much
smaller than interparticle distance and can not describe saturation
stage.
Model of dusty plasma system including fluctuations of dust particles charge and features of near-electrode layer is used.
Using numerical approach conditions of beginning of energy transfer
between degrees of freedom, growth rates of energy and saturation
energy of fluctuations are obtained for a wide range of parameters.
Dependence on such parameters as friction coefficient, normalized
vertical gradient electric field component in the near-electrode layer,
normalized vertical gradient of the dust particle charge, caused by
changes in the concentrations of electrons and ions in the electrode
layer and normalized amplitude of stochastic charge fluctuations,
caused by fluctuations and discreteness of ions and electrons flow
on the surface of dust particles is shown.
Obtained results are compared with experimantal data and allow to
describe energy transfer in dusty plasma more accurate.
This work is supported by the Russian Science Foundation (project
No. 14-19-01295).
[1] Norman G E and Timofeev A V 2011 Phys. Rev. E 84 056401
[2] Semyonov V P and Timofeev A V 2015 J. Phys.: Conf. Series 653 012138
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Particles interaction and value of the screening length in dusty
plasma still are of great interest in dusty plasma area. In this work
three potential models (Debye potential [1], Gurevich potential [1]
as simple ones and a more difficult potential coming from the Poisson’s equation in both collisionless and non-collisionless modes [2])
are used to describe dusty particles interaction in order to get the
theoretical dependence of interparticle distance on temperature and
pressure of the neutral component. The value of the screening length
in dusty plasma at different temperatures is counted from the experimental data analysis. The results are compared with experimental
data by R Kh Amirov, I S Samoylov and V P Baev [3] and S N Antipov [4] studied plasma in a vertical tube in dc glow discharge.
The counted value of the screening length is approximately 50 times
larger than the Debye length in plasma. We thank R Kh Amirov,
I S Samoylov, V P Baev for providing the results of the experiment.
This work is supported by the Russian Science Foundation (project
No. 14-19-01295).
[1] Tsytovich V and Morfill G 2008 Elementary Physics of Complex Plasmas
(Springer-Verlag Berlin Heidelberg)
[2] Fortov V and Morfill G 2012 Complex and dusty plasmas (London: CRC
Press)
[3] Kirillin A V, Samoylov I S and Baev V P Experimental data
[4] Antipov S N 2007 Dissertation Dusty plasma structures in dc glow discharge
at cryogenic temperatures
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Features of the first-order phase transitions in complex (dusty, colloid etc.) plasma are under discussion. The base for consideration
is the well-known phase diagram of dusty plasma as an equilibrium
Debye system [1] in Γ–κ plane (Γ is a Coulomb non-ideality parameter, κ is a screening parameter). The initial Γ–κ phase diagram [1]
is converted in standard thermodynamic variables in temperature–
pressure–density planes. The melting density gap in Yukawa system was estimated based on the hypothesis of similarity for melting
properties of repulsive Yukawa and Soft Spheres systems. Extensive
area for negative compressibility of the system was revealed at phase
diagramin a fluid state of initial Debye system when one considers
the system as equilibrium two-component electroneutral mixture of
macro- and microions (+Z,-1) under equations of state [1] and [2].
This means thermodynamic instability of simplified Debye system
in this domain. Non-linear screening and unavoidable existence of
additional phase transitions of gas–liquid and gas-crystal type are
proposed as hypothetical resolution of discussed thermodynamic instability problem.
[1] Hamaguchi S F R and Dubin D 1997 Phys. Rev. E 92 4671–4682
[2] Khrapak SA K A I A and Morfill G 2014 Phys. Rev. E 89 023102
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Currently, the International Space Station (ISS) has 4 research modules (of Russia, the United States, Europe and Japan) for leading
scientific experiments. Later on the modules is expected to create
research laboratories with modern equipment. Some of these laboratories already exist and new ones to be created. These include
cold atom laboratory (CAL), fluid dynamics, combustion, plasma,
biology, medicine and others. This report discusses the new Russian proposals for the ISS, and the participation of Russian research
groups in the field of hydrodynamic experiments. It proposed to conduct experiments on the dynamics of Bose–Einstein condensation,
where in microgravity do not need to build complex configuration
traps compensated gravity field in the laboratory of cold atoms. In
the laboratory on combustion, proposed experiments are on turbulent combustion mixed and unmixed mixture of fuel and oxidizer,
which can provide answers to the fundamental questions of the theory of turbulent combustion in terrestrial conditions. The aim of
the report is to draw the attention of specialists to the formulation
of the new tasks for the ISS in established research laboratories.
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Cosmic dust particles what played a major role in the formation of
the solar system, continue to have a significant effect on the majority of cosmic objects on the present stage of its evolution. Processes
related with solid particles from 1 mm till nano-sized, contribute to
the formation of surfaces, atmospheres and exospheres many celestial bodies, ranging from asteroids and comets, and ending with the
planetary system as a whole. The dust processes are responsible for
the formation of the external surface and the planet’s climate, for
example, in the case of Mars, productions of the levitating dust phenomenon near the surface none atmospheric bodies Moon, Phobos,
Mercury, asteroids, eruptions of the dust particles and aerosols contained in the ice and the liquid phase substance Enceladus, comets,
the presence of the rings and tors (of Saturn, Jupiter, etc.). These
phenomena are very interesting and can to supplement our knowledge about specific physical mechanisms of the involvement of the
dust component in the observed dynamic processes. The set of the
numerous theoretical models describing the dynamics of dust particles, often contradict each other and observations, and should be
clarified and/or experimentally confirmed. This work is present the
estimations of theoretical and experimental development of methods of modeling of processes of formation and dynamics of dust and
dusty plasma phenomena surrounding the cosmic bodies of the Solar system. Usage numerical methods for an experimental setup will
allow developing and improving existing methods of registration of
dust particles and electrostatic fields influencing on their dynamics.
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On the board of the International Space Station, in the framework
of the experiment “Coulomb Crystal” formation and dynamic properties of strongly nonideal systems of charged diamagnetic particles confined in a cusp magnetic trap have been studied. In our
first experiment the principal possibility of such investigations with
graphite particles of micron size has been shown. In this communication we present new experimental results obtained in late 2014,
their theoretical explanations and numerical simulation.
In this experiment, we have used new replaceable containers with
advanced diagnostics in which glassy cells comprise number of particles on the order of magnitude larger (∼ 104 ). And now the electric
potential on the central electrode in the cell relative to the outer
one can vary from 0 to 150 V (instead of 0 to 24 V in old containers). We used graphite particles of size 200 and 300 µm. When the
central electrode was applied maximum potential (150 V), an intensive expansion of graphite particles from the cluster to the cell walls
started. The average expansion velocity of the particles reached several cm/s. The process of expansion continued about 5 s until the
complete disintegration of the cluster. We have performed corresponding estimations and suggest an interpretation of the observed
processes. Numerical simulation of the experimental phenomena is
also represented. This work was supported by the Russian Science
Foundation (project No. 14-50-00124).
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A new kind of the dusty plasma instability was observed in the joint
Russian-European “Plasma Kristall–4” space experiment on board
of the International Space Station. A cylindrical dust particle cloud
of 0.9 cm inner diameter with a length of 20 cm was formed in
the uniform positive column of dc discharge operating in polarity
switching mode (dc/ps-mode). The discharge operated in the glass
tube of 3 cm inner diameter with a total length of 85 cm filled by
argon at a pressure of 0.5 mbar. The dc/ps discharge was operated
at 1 mA with the polarity switching frequency 250 Hz. During
the experiment, all the dust particles vibrated synchronized in the
same phase in the direction perpendicular to the tube axis with a
frequency of 24 Hz and a peak-to-peak amplitude of 0.2 mm. The
vibration was attended by discharge glow fluctuation. The nature
of the cloud vibration is discussed. This work was supported by
the Russian Science Foundation under the grant 14-12-01235. The
authors acknowledge ROSCOSMOS, International Space Station,
and cosmonaut Gennadiy Padalka for their support in performing
of the present experiment.
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For the investigation of strongly coupled Coulomb systems of diamagnetic (graphite) particles in cusp magnetic field under microgravity conditions the experimental setup with the stable-levitation
region about 400 cm3 and magnetic field gradient up to 0.04 T/cm
was produced. A cusp magnetic field is generated by two coils placed
on the same axis, in which currents circulate in the opposite directions. Experiment “Coulomb crystal” were carried out onboard of
the International Space Station with graphite particles of micron
size placed in the middle of the replaceable container within a cylindrical glassy cell filled with argon at atmospheric pressure. Charging
of the particles was carried out using a central wire electrode that
passed along the axis of the cell. The electric potential of the central
electrode can be increased up to 150 V. When we applied such maximum potential, the cusp magnetic trap can not confine the graphite
particles and the cluster starts to break down. We have performed
molecular-dynamic simulation of the cluster formation in the cusp
magnetic trap and then its destruction in electric field. For simplicity we take the number of particles in the simulations to be less than
that in the experiment (∼ 104 ). However results of our simulations
are in a good qualitative agreement with observations.
This work was supported by the RFBR project 14-02-31226.
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The surface of the Moon, as well as the surface of any space body
without an atmosphere, is subjected to the solar wind and ultraviolet
radiation. As a result, a charge appears on the surface and electric
fields near it are induced. Dust particles from the lunar regolith
occurring in the near-surface plasma can levitate over the surface,
forming dusty plasma clouds. One of the main problems of future
missions to the Moon is associated with lunar dust.
In order to gain a better understanding of mass transfer processes
occurring on surfaces of the moon and other atmosphereless celestial
bodies it is necessary to conduct physical simulations in a laboratory.
Usually, when the UV impact on dust particles is experimentally
studied, dust levitation is provided by electric fields of a nonphotoemission nature [1] or is not observed at all.
In this study we theoretically defined conditions under which levitation of various samples of dust in a sheath of electron-emitting surface irradiated with ultraviolet source is possible. Different sheath
potentials were considered. It was shown that levitation of dust
particles in a photoinduced sheath is possible only when directed
UV radiation incident at an angle to the surface. The range of
permissible angles and the maximum size of levitating particle were
determined depending on the UV source power and the composition
(wavelengths) of radiation, as well as on the photoemission properties of the particles and the substrate.
This work was supported by the Ministry of Education and Science
(MK-7932.2015.8) and RFBR (15-32-21159).
[1] Sickafoose A A, Colwell J E, Hornyi M and Robertson S 2002 J. Geoph. Res.
107(A11) 1408
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r we present a study of the effect of thermal fluctuations on the
stability condition for particle chain-like structure immersed in the
non-isotropic plasma media. Numerical and theoretical investigations performed for the two vertically arranged particles with an
anisotropic interaction, similar to an interaction due to effect of ion
focusing observed in laboratory experiments with complex plasma.
The obtained ratios are useful for the analysis of the dynamics of
systems with different nepoparnymi interactions such as gyroscopic
forces (e.g., Lorentz force), the inertia force in the inertial and noninertial (e.g. dalamberova and Euler inertial forces), as well as other
cases when the interaction is nonreciprocal.

337

Surface modification of charged dust
particles in hybrid plasma
Gurtovoy S A1,2,@ , Statsenko K B1,2 , Vasiliev M M1,2 ,
Petrov O F1,2 and Ryabov I A1,2
1

Joint Institute for High Temperatures of the Russian Academy of Sciences,
Izhorskaya 13 Bldg 2, Moscow 125412, Russia
2
Moscow Institute of Physics and Technology, Institutskiy Pereulok 9,
Dolgoprudny, Moscow Region 141700, Russia
@

skrafy@bk.ru

Creating composite materials is very important in various fields of
science and technology. They find wide application in engineering
and medicine. One of the ways to create composite materials is
surface modification of microparticles.
The task of covering of the surface of powders with complex homogeneous films is not easy. The main difficulty is the size of particles
that should be covered. One should control the uniformity of the
obtained film, the parameters of covering (thickness, composition,
etc.) and the adhesion of the coating. Creation of complex and
multi-layer coatings is also actual and difficult problem.
In this work, the powder particles are trapped levitating in plasma
of rf discharge during the process of sputtering. We use the energy
of electron beam to heat and spray the material of the target.
We present the examples of coatings and materials obtained with
the help of our technique and examine their properties and prospects
of this method of coating.
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The study of stable Coulomb systems—ensembles of particles carrying a charge of one sign and experiencing the mutual Coulomb
repulsion—is a matter of great interest. This paper studies the
behavior of dust clusters of charged particles at cryogenic temperatures. This work studies superconducting particles submerged into
liquid nitrogen that are held in place by inhomogeneous magnetic
field. A well-known method of retention based on diamagnetic levitation of various bodies, including biological ones, in an inhomogeneous magnetic field, the so-called “magnetic well”, is used.
The main element of the experimental setup is the optical helium
cryostat with operating temperatures in the range from 1.8 to
273 K. Clusters of charged particulates are formed in the magnetic
trap inside the cryostat. The powder used consists of polydisperse
YBa2 Cu3 O7 particles. The dust is illuminated with a laser beam.
To prevent boiling of the cryogenic fluid the shaft of the cryostat is
pumped with a turbomolecular pump. The highlighted particulates
are recorded using high speed video camera through the optical
window of the cryostat. The coordinates of the dust particles and
the profile of their velocities is determined using image processing
software. The particles are charged using an electric probe with
a potential of 2000 V. The charge on the particles can be either
positive or negative, and was 107e during the experiment. The
formation of strongly correlated structures consisting of about 103
particles was observed. The average interparticle distance equal to
475 µm was calculated on the basis of experimental data. Estimates
of the nonideality parameter Γ ∼ 107 and the Lindemann parameter
L ∼ 0.03 were conducted, which are specific to crystalline or glassy
highly correlated systems.
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The purpose of this work is studying of nanoparticle confinement by
alternating electric field of the linear Paul trap in air. In the previous
works [1–3] the possibility of confinement of the Coulomb systems
of charged microparticles in air at atmospheric pressure by linear
Paul traps was demonstrated. The regions of charged microparticles
confinement in a wide range of parameters were determined. The
aim of this work is to expand studying of particle capturing to the
area of nanoparticles. Due to the small nanoparticle size the effect
of slippage in the gaseous medium will appear and the CunninghamMillikan correction factor Ck should be taken into account that will
change the capturing parameters for nanoparticles in comparison
with the capturing of micron sized particles. The equation of motion
of nanoparticle is described by the Langevin equation:
mn

η
dr
d2 r
= Ft (r) − 6π rn + Fb + Fg
2
dt
Ck dt

(1)

where r is the vector of nanoparticles, mn and rn are nanoparticle
mass and radius, η = 18.2 µPa s is the air dynamic viscosity, Ft (r)
is the force of interaction of nanoparticle with the trap electrodes,
Fb is the stochastic Gaussian delta correlated force of collisions of
neutral particles with the nanoparticle, Fg is the gravity force.
The work was done by the financial support of the Russian Science
Foundation via grant 14-50-00124.
[1] Lapitskiy D S, Filinov V S, Deputatova L V, Vasilyak L M, Vladimirov V I
and Pecherkin V Y 2015 High Temperature 53(1) 1–8
[2] Vasilyak L M, Vladimirov V I, Deputatova L V, Lapitsky D S, Molotkov V I,
Pecherkin V Y, Filinov V S and Fartov V E 2013 New J. Phys. 15 043047
[3] Lapitskiy D S, Filinov V S, Vasilyak L M, Syrovatka R A, Deputatova L V,
Vladimirov V I and Pecherkin V Y 2015 EPL 110 15001
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The first demonstration of the charged particles confining using
microparticle electrodynamic ion traps (MEITs) has been performed
in 1955 [1]. The possibility to confine a levitating particle turned
up very useful to measure the detailed properties of individual
charged particles. Besides individual particles, MEITs can also trap
large numbers of charged particles that self-organize into Coulomb
crystalline structures [2]. Previously [2], numerical simulations of
the motion of particles affected by time-varying trap electric fields
have been performed and such parameters of the trapped particles
confinement region as the dynamic viscosity of the gas medium,
particles charge to mass ratio and frequency and amplitude of AC
voltage applied to the trap electrodes have been determined.
In this paper, the trapped particles confinement region has been
determined experimentally. The experimental setup was described
in paper [3]. The confinement region was determined in the following
way. At the first stage the trapped particle charge and mass were
measured and at the second stage the AC voltage frequency were
varied until the particle fell out of the trap.
[1] Straubel H 1955 Naturwissenschaften 42 506–507
[2] Vasilyak L M, Vladimirov V I, Deputatova L V, Lapitsky D S, Molotkov V I,
Pecherkin V Y, Filinov V S and Fortov V E 2013 New J. Phys. 15 043047
[3] Lapitsky D S, Filinov V S, Deputatova L V, Vasilyak L M, Vladimirov V I,
Molotkov V I and Pecherkin V Y 2015 High Temp. 53 1–8
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Electrodynamic quadrupole traps are used for creation of selforganized Coulomb crystalline structures [1]. In paper [2] parameters range which is required for confinement of an ensemble of
charged microparticles in a linear quadrupole trap has been determined using numerical simulation methods. In this paper using
numerical simulation methods we obtained information about dynamics of Coulomb crystalline structures in linear quadrupole traps
with different numbers of electrodes. The two, four, six and eightelectrode traps have been examined. Experimental investigations
were performed for vertically oriented traps. In this case the effects
of gravity on radial particles distribution in the traps are absent and
radial symmetry of the dust structure takes place. The experiments
were performed for the two, four and eight-electrode traps. Particles oscillated along the field lines. The possibility for Coulomb
structures localization in a certain area of space has been shown.
[1] Vinitsky E A, Black E D and Libbrecht K G 2015 American Journal of
Physics 83 313–319
[2] Vasilyak L M, Vladimirov V I, Deputatova L V, Lapitsky D S, Molotkov V I,
Pecherkin V Y, Filinov V S and Fortov V E 2013 NJP 15 043047
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The experimental study of the behavior of current–voltage characteristics (CVC) of the discharges under gas cooling is necessary for
the development of a model of gas-discharge plasmas at low and
cryogenic temperatures. The electric field strength is one of the
fundamental characteristics of plasma, which determines the intensity of ionization processes in plasma. The measurement of change
in electric field strength in dusty plasmas is the important tool in
studying its properties and the processes of its self-organizing. The
voltage drop of the total discharge and the CVC of a positive column
were measured in the 16.5 mm i.d. discharge tube of 200 mm length
cooled by a stream of gaseous nitrogen in optical cryostat. The temperature of a walls of the discharge tube was adjusted in the range
77.4–300 K. The measurements were carried out in a pressure range
of 18–187 Pa, and discharge current of 0.1–3.5 mA. It was found
that the longitudinal electric field strength in the positive column
is increased slightly with cooling, but there is a significant increase
in discharge voltage drop in the temperature range 160–120 K. The
increase in the discharge voltage drop is not equal to an increase in
voltage drop on the positive column. The dependence of the electric
field strength on pressure at a fixed discharge current is nonmonotonic. It was observed that with increase in pressure or decrease in
gas temperature the CVC of normal glow discharge slightly increase
with increasing current, which may be due to the higher mobility
of the resulting molecular ions of neon. It was revealed that at the
transition from room temperature to temperature of liquid nitrogen, the strength of the reduced electric field decreases, and the
transition to the normal glow discharge shifts to smaller discharge
currents for the same values of the reduced pressure.
This work was supported by the RFBR grant No. 16-02-00991.
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The formation of dust-free regions (voids) in dust clouds sustained
in a glow discharges was observed in air, air–argon mixtures [1–3],
helium [3,4] and neon [5]. In this study, we simulate the parameters
of neon glow discharge with dust-voids. The simulations are based
on the drift-diffusion model of the uniform glow discharge positive
column in neon with dust particles [6]. The formation, drift, diffusion and losses of electrons, ions and metastable neon atoms were
considered in plasma bulk, on the discharge tube walls and on the
dust particle surface. The distribution of dust particles in the discharge was set by a step function with a cavity inside, corresponding
to the void radius, and the concentration of dust particles was close
to that observed in experiments [5]. Simulations were carried out
with the experimentally obtained values of the discharge parameters
corresponding to the transformation of homogeneous dust structures
to the structures with dust-void. The radial distributions of plasma
particles, the radial and longitudinal components of the electric field
were calculated. The significant difference of the discharge parameters with and without dust-voids was demonstrated.
[1] Vasilyak L M, Vetchinin S P, Nefedov A P and Polyakov D N 2000 High
Temp. 38(5) 675
[2] Balabanov V V, Vasilyak L M, Vetchinin S P, Nefedov A P, Polyakov D N
and E F V 2001 J. Exp. Theor. Phys. 92 86
[3] Vasilyak L M, Vetchinin S P, Polyakov D N and Fortov V E 2005 J. Exp.
Theor. Phys. 100 1029
[4] Fedoseev A V, Sukhinin G I, Dosbolayev M K and Ramazanov T S 2015
Phys. Rev. E 92 023106
[5] Shumova V V, Polyakov D N and Vasilyak L M 2015 Prikladnaya Fizika (4)
27
[6] Shumova V V, Polyakov D N and Vasilyak L M 2014 Plasma Sources Sci.
Technol. 23 065008
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Charged microparticles and dust structures, formed in the gasdischarge plasma, change the properties of the surrounding plasma
as a result of the dissipation of energy and losses of plasma particles
on the surface of dust particles or as a result of the emission from
the surface of dust particles. The experimental results are presented
on the change in the longitudinal electric field strength with the
introduction of micron-sized dust particles in the plasma of the
positive column of a glow discharge in neon. The experimental
results are compared with the simulations in frames of drift-diffusion
approximation. The analysis of the particle charge is represented
to explain the interaction of microparticles with a plasma of a
discharge. In the case of a large number of dust particles in the
discharge they act on the plasma collectively as a dust structure.
At the location of a dust structure the gas conductivity decreases,
which causes a redistribution of the electric current density over
the cross section of the discharge and increase in the longitudinal
electric field strength. With the increase in the concentration of dust
particles in the structure, the increment of the longitudinal electric
field strength related to a single dust particle is reduced, which
is reflected in change the dust particle charge. With increasing the
dust particle number density in the dust cloud, the individual charge
of dust particles decreases, however, the charge volume density in
a discharge increases. The adequate regard of the parameters of
discharge with dust particles is important for the simulation of
plasma traps for dust particles.
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The physical processes leading to formation of high conductivity
plasma channels at formation of electric breakdown in disperse
mediums are of interest to the solution of various tasks, such as
formation of electric discharges in dust clouds and so on.
Complexity of research of electric discharges in such objects is connected with unpredictability of their emergence in time and space.
Existence of a disperse phase essentially influence on the formation
of electric breakdown. Efficiency of interaction of electric field with
substance in the dispersed state is much higher that is connected
first of all with polarization of macroparticles and their charging
that causes strengthening of electric field on the interphase boundary. Intensity of electric field in such mediums significantly goes
down that facilitates development of intensive ionization and formation of spark channels. Mechanisms of development of breakdown
in disperse environments are not revealed so far and still there is no
the finished theory of spreading of pulse currents. It is connected
with complexity of diagnostics of the proceeding processes, a lack of
experimental data and ambiguity of their interpretation.
Experimental studies were carried out in uniform electric field with
flat electrodes. Particles were thrown in the volume of an interelectrode interval. Emergence and development of an electric discharge
was registered the high-speed camera. The electric discharge was
initiated on particles inside the interval. It was revealed that in the
presence of solid dielectric or metal particles the relay mechanism
of development of breakdown when breakdown develops from particle to particle, resulting in the entry of gap. Without particles
breakdown of gap did not arise. Thus, the presence of dust particles
reduces the threshold of the breakdown development, and defines
the dynamics and spatial characteristics of the spark channel.
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Experimental research on electrical breakdown and spark channel
propagation in a conducting fluid with microbubbles from a sharp
tip anode under high voltage pulse has been performed. Investigation was provided in 15% solution of isopropyl alcohol in tap water
at different air microbubbles volumetric content (3 and 10%). In
contrast to the homogeneous fluid the presence of a large number of
microbubbles in a conducting fluid increases the rate of the plasma
channel propagation velocity by several times due to the ionization of the gas in the microbubbles along the plasma channel path.
The microbubbles also causes an increase in the current when the
discharge gap is circuited. The observed rate of the channel propagation in the microbubbled fluid ranges from 4 to 12 m/s indicating
thermal mechanism of the spark channel development. It has been
shown that the breakdown of a conducting fluid with air microbubbles can develop through the thermal mechanism when 10–20 kV
pulse voltage with millisecond duration is applied to the sharp tip
anode.
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The stability problem for spatial structure of plasma oscillations in
the process of their dynamics is studied in the paper analytically
(by perturbation methods) and numerically. Applying the method
of perturbations, we studied the stability of the spatial form of twodimensional oscillations for the breaking moment. It is shown that
if the initial perturbation possesses an axial symmetry, then the
breaking (i.e., the singularity of the electron density function) appears simultaneously on a circumference having a certain nonzero
radius. If sections of the initial perturbation of the electron density
are ellipses, then the singularity appears also simultaneously, but
only at two points. The qualitative change in the final breaking
pattern does not depend on the quantitative deviation of the ellipse
form a circumference, implies that the electron density turns to infinity at only two points. The two-dimensional numerical simulation
of the indicated effect (instability of the spatial structure of the electron density function) was performed by the method of the second
order of accuracy in the Euler coordinates developed by the authors
and admitting an implementation by means of explicit formulas. We
present the results of calculations performed in the Supercomputing
Center “Chebyshev” of the Lomonosov Moscow State University on
the base of a hybrid parallel code. The results are in a good agreement with analytic calculations and the results of computations with
one-dimensional models. It seems that the obtained results can be
important for correct interpretation of field experiments.
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An overview of the sequence of works on investigation of non-selfmaintained discharge dusty plasma and its instability is presented.
The discharge is maintained by a beam of protons and is using for
simulation of nuclear-induced plasmas and studying of dust plasma
structures [1, 2].
The study was carried out in four main steps: (i) estimation of
the main parameters of non-self-maintained discharge supported
by a proton beam in inert gas under conditions when steady-state
and non-steady-state ordered dust structures are formed [3]; (ii)
studying of the dusty plasma stability at a low pressure of inert
gas [4]; (iii) analysis of physical mechanism of instability [4] (so
called recombination instability) which leads to the separation of the
plasma into the regions with high and low densities of dust particles
[1, 2]; (iv) analysis of the dependence of instability development
conditions on the parameters of the discharge and investigation of
the nonlinear stage of the perturbations development.
The studies were conducted with the financial support of the Russian
Foundation for Basic Research and the Government of the Kaluga
region (grants No. 12-02-97521 and No. 14-42-03006).
[1] Fortov V E, Rykov V A, Vladimirov V I, Deputatova L V, Molotkov V I,
Petrov O F, Filinov V S, Budnik A P, Dyachenko P P, Rykov K V and
Khudyakov A V 2004 Phys. Dokl. 49(9) 497–500
[2] Deputatova L V, Vladimirov V I, Filinov V S, Fortov V E, Budnik A P,
Dyachenko P P, Rykov V A and Rykov K V 2010 Phys. Rep. 36(13)
1167–1172
[3] Andryushin I I, Vladimirov V I, Deputatova L V, Zherebtsov V A, Meshakin
V I, Prudnikov P I and Rykov V A 2013 High Temp. 51(6) 733–741
[4] Andryushin I I, Vladimirov V I, Deputatova L V, Zherebtsov V A, Meshakin
V I, Prudnikov P I and Rykov V A 2014 High Temp. 52(3) 337–343
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For a long time, the using of plasma in medicine has been bound with
its thermal effect upon exposure on the treated surface. Recently,
the interest in the study of plasma with the temperature no more
than 40 ◦ C has increased due to a number of possible applications:
sterilization, wound healing, cell dividing and others. In particular,
an article [1] presented the results of microbiological studies, which
show the effectiveness of the impact of low-temperature helium
plasma dielectric barrier discharge on pathogenic bacteria.
In this work, the results of the optical and probe diagnostics of low
temperature dielectric barrier discharge plasma are provided. The
plasma is produced by creating a plasma channel in a flow of helium
at atmospheric pressure. Spectra emission in the wavelength range
220–900 nm were obtained. By analyzing spectral measurements
the main plasma components were determined. Depending on the
distance from a plasma source were measured concentrations of
active components such as O3 , NO2 and NO by means of the gas
analyzer.
[1] Fridman G, Friedman G, Gutsol A et al. 2008 Plasma Process. Polym. 5
503–533
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The dielectric barrier discharge of symmetric actuator generates a
synthetic jet that is perpendicular to the surface of the actuator.
You can set the actuator on the lower surface of the wing of an aircraft near the trailing edge. Then the synthetic jet will perform the
function of the flap. Thus it is possible to significantly increase the
lift force [1]. At the same time drag varies insignificantly [2]. Velocity and specific impulse of the incident flow exceeds the value that
could be achieved in a synthetic jet. Consequently, for successful application of dielectric barrier discharge is necessary to find a mode
in which the electric discharge energy most efficiently converted into
the kinetic energy of the jet. In the present paper we investigated
the relationship between the specific thrust of synthetic jet and electrical discharge power. Experimentally it was found dependences of
specific thrust for power on the frequency of alternating voltage and
the value of ballast resistance. According to the study was proposed
energy-efficient mode of symmetric plasma actuator. In this energy
losses are minimized and the synthetic jet thrust reaches its maximum value at a predetermined amplitude of the alternating voltage.
[1] Feng L H, Choi K S and Wang J J 2015 J. Fluid Mech. 767 595–626
[2] Leroy A, Podlinski J, Devinant P and Aubrun S 2015 6th EUCASS
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Research of spark discharges were carried out on the installation
ERG LPI (1 MB, 60 kJ, 150 ns rise time) [1]. Registration of hard
radiations in real time was conducted using pulse photomultipliers,
stacked with plastic scintillators. The radiation in the visible region
of the spectrum with the development of an extensive discharge
in air in the interelectrode space of 500–600 mm in length carries
information about the parameters of streamer–leader stage of the
discharge, the discharge channel interaction with the electrode material, a stage of relaxation after the decay of the plasma channel of
the discharge current. For registration of emission spectra were used
AvaSpec 3648 spectrometer with a resolution of 0.3 nm in the wavelength range from 370 to 920 nm and AvaSpec 2048 with a resolution
of 1.3 nm in the wavelength range from 185 to 750 nm. Emission
was collected integrally from the cross-sectional area substantially
remote from both electrodes. Temporal measurements conducted by
monochromator with photomultiplier. The visible spectra obtained
are similar to those of the natural linear lightning obtained in [2], in
the presence of the lines of N II ion in the shorter wavelengths range,
and in the range of more 700 nm—lines of atomic nitrogen and oxygen. The electron temperature was about 3 eV. This corresponds
to a significant degree of ionization.
This work was supported by grant No. 16-12-10497 from the Russian
Science Foundation.
[1] Agafonov A V, Oginov A V and Shpakov K V 2012 Phys. Part. Nucl. Lett.
9 380–383
[2] Cen J, Yuan P and Xue S 2014 Phys. Rev. Lett. 112 035001
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The liquid insulator under high voltage reveals well-known features
of its behavior, that is concluded in deviation of the current–field
dependence from Ohm’s law. In this work we study the prebreakdown behavior of liquid insulator on the base of our model.
According to this model the liquid dielectric is analogous to the
weak electrolyte. The partial dissociation of its molecules takes
place. The volume concentrations of the ions n± and the impurities
np are supposed to satisfy the following conditions:

n±  na ,
(1)
np  na ,
na is the concentration of neutral particles (molecules). If we
suppose, that the ion mobilities are equal for the liquid insulator
(b+ = b− = b), we will obtain, using the equation (1):

~ , ∇q) − kB T b ∆q + (E,
~ ∇σ) = − qσ , ∆φ = − q ,
 ∂q + (V
∂t
εε0
|e|
q εε0
2
2
σ
 ∂σ + (V
~ , ∇σ) + b2 (E,
~ ∇q) − kB T b ∆σ − 0 exp(β |E|)
~ = − σ0 ,
∂t
εε0
εε0
|e|
(2)
where t is the time, V is the hydrodynamic velocity of neutral
component and approximately equal to the velocity of the whole
mixture. The coefficient in first exponent in the equations (2), is
depended on absolute temperature T , ion charge e and dielectric
permittivity of the considered medium. Numerical calculations
of the components V , caused by pre-breakdown electric field are
provided with use of the Navier–Stokes equations.
This work was supported by the Russian Science Foundation
(project No. 14-50-00124).
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To extend the operating range of aerodynamic tunnel plants aimed
for hypersonic cruise vehicles testing one can use combustion gases
for primary flow preheating. Ignition devices which in particular
are powerful spark plugs have to operate in severe environment
characterized by very high breakdown voltage due to high pressures
(≈ 70 bar) that exceeds 60 kV going beyond the limits in which the
Paschen’s law is valid and has a serious variance, accompanied by the
increase of the mean value due to electrodes conditioning. High fuel
mixture flow rates (up to 200 kg/s) require spark current increase
that leads to accelerated deterioration of spark plug electrodes. The
high-pressure plasma torch poses a reasonable alternative to spark
plug ignition of combustive mixture in wind tunnel facilities. We
performed the analysis of the arc ignition systems, including those
involving the breakdown voltage reduction due to an alternating
electric field and high-frequency field application. Basing the equilibrium dissociation and ionization equations we calculated the thermal properties of the nitrogen plasma at pressures up to 100 bar. In
addition, high pressure nitrogen plasma electrical conductivity has
been determined up to temperature T = 120000 K and manifested
reasonable agreement compared to the results of other researchers.
Utilizing the specific enthalpy temperature dependence the power
demand of electric arc have also been estimated as the function of
the flow rate and the bulk temperature of the gas. As part of the
experimental studies we have tested various technical solutions and
measured the performance data that ensured a stable ignition and
operation of the plasma torch at high pressures.
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As hypersonic fluid flow static temperature exceeds T = 1 eV, the
radiation becomes significant occupying 15% share in the overall
heat transfer. The present paper delivers software module verification results intended for calculation of the intense radiative heat
transfer in the shock-compressed layer at the hypersonic cruise vehicle surface utilising the multigroup absorption coefficient approximation and plane layer radiative model in the wide range of temperatures T = 2000–20000 K and pressures p = 10−3 –102 bar. The
module implements generalized multigroup or standard multigroup
spectrum approximations and normal radiative flux calculation routine based on the plane layer model. The generalized multigroup
approximation fits the true spectrum more accurately compared to
the standard multigroup approximation if resonant skeleton structure coincides (or is very similar) to base spectrum one. Otherwise,
the approximation accuracy drops sharply. Therefore, standard
multigroup approximation is more consistent being applied to wide
temperature range calculations with a possible increase of spectral
groups number up to N = 16. The convergence rate of multigroup
and generalized multigroup approximations varies significantly on
the different spectal subranges for the selected reference spectrum.
However, comparing the value of the integral radiative heat flux
we showed that generalized multigroup approximation overestimates
the total heat flux by 40%, and the standard one—by 20% compared
the true spectrum. Thus, the latter appears to be more preferable.
This work has been developed under grant of Ministry of Education
and Science, project No. RFMEFI60414X0090.
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The dielectric barrier discharge could be a promising tool for controlling sprawling fungi at the International Space Station. In the
present study we investigated the fine spatial structure of the barrier
discharge at the alternating voltage. We used a classical electrode
system in which HV electrode is placed on the surface of a thin
dielectric layer (200 micron of PTFE), and the ground electrode
is encapsulated in a body of the Plexiglas substrate. The voltage
source consists of an amplifier with a high voltage coil. It provides
a sinusoidal output voltage of 11 kV range (5.5 kV of amplitude) at
frequency of 4.5 kHz. Visualization is conducted by means of the
following system: microscope Questar QM1, image intensifier LaVision IRO, and a high-speed camera Photron SA-4. System timing is
set so that the camera records one and the same phase in successive
periods of voltage signal. Ten successive phases of the discharge
were studied in the present investigation. The following experimental facts were established in the course of the study: 1) intense glow
discharge was registered only in the first and third quarters of the
period of voltage signal; 2) the characteristic length of the field of
the spread of the plasma streamer discharge phase as compared with
this value for the diffusion phase of the discharge are3.1 mm and 2.5
mm respectively; 3) the plasma channels elongation is observed during the whole time of voltage rise time; 4) light emission completely
disappears almost immediately after the start of reducing the absolute value of the voltage; 5) the characteristic length, after which the
intensive branching of streamer channel starts is 400-600 micron; 6)
at the diffusion stage plasma region has a torch-like shape with the
full opening angle of the order of 30-60 degrees.
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Results of experiments in hydrogen for discharge with current amplitude up to 1 MA, current rise rate ∼ 1010 A/s, and at initial
pressure up to 30 MPa are presented. It was considered a physics
mechanism of most deep channel contraction on current rise stage
of the discharge. Also experimental estimations of plasma channel
terminal parameters at contraction are described.
Original electric and magnetic probes [1] were designed and created
for diagnostics. Also it were used an photostreak analysis [2] and
soft x-ray registration [3] from the discharge channel.
The discharge was initiated by copper wire explosion. Discharge
chamber was designed with axisymmetric geometry. Capacity of
energy storage was changed. It was 1.2, 2.4 or 4.8 mF. Charging
voltage was varied from 1 to 15 kV. Energy input was up to 300 kJ.
Minimal temperature and maximal channel radius were determined
at the time of maximum contraction. Estimations of the temperature and radius boundaries are 2 × 10−3 cm and 42 eV correspondingly. A comparison between the contraction rate of plasma channel
with metal vapor and discharge with a predominance of hydrogen
plasma was made. A higher speed for the metal plasma confirms
the radiative mechanism of contraction.
[1] Pinchuk M E, Budin A V, Leontev V V et al. 2015 J. Phys.: Conf. Series
653 012149
[2] Rutberg P G, Bogomaz A A, Pinchuk M E et al. 2011 Phys. Plasmas 18
122702
[3] Bogomaz A A, Budin A V, Zabrodskii V V et al. 2008 Instrum. Exp. Techn.
51 744–747
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The experimental results of energy deposition distribution measurements along discharge chamber of lightning protection multichamber
system in initial stage of discharge process aimed to model lightning
current impulse up to 10 kA are presented. A multichamber system
is a series connection of discharge chambers. Preliminary data for
current 10 kA is reported in [1]. In paper [2], shock wave velocity
measurements had been made for similar system. But the velocity
exceeded theoretical estimation [2]. This effect was explained by
the interaction of the gas jet from discharge volume with the shock
wave [2]. According to our experiments the shock wave formation
occurs during the breakdown phase between electrodes located at
the bottom of discharge chamber. The consequent energy deposition
during discharge development goes in the whole volume bounded by
shock wave front. Thus, the shock wave recieves additional energy
from the discharge during all its way out of chamber.
[1] Pinchuk M E, Budin A V, Kumkova I I and Chusov A N 2016 Tech. Phys.
Lett. 42(4)
[2] Glushneva A V, Saveliev A S, Son E E and Tereshonok D V 2015 Tech. Phys.
60(3) 471–473
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Plasma technologies are widely used in the processing industries.
All the variety of constructive devices can be divided into that
with plasma torches and free burning high-current arcs. The
most promising method of waste recycling is technologies using the
electro-arc reactors. In comparison with plasma torches, they have
a grater capacity, but at the same time have a number of problems
with the stability of the electric arc.
The paper is devoted to the investigation of the high current arc
discharges of atmospheric pressure burning above the free surface of
the electro-conducting material that is initially in liquid aggregate
state. The main tasks of the work are: to investigate the processes
of the ignition, formation and evolution of the high-capacity pulsed
arcs, DC arcs and AC arcs of industrial frequency and to determine
their parameters under the conditions of consideration.
The test section is a cylindrical container of 10 cm diameter and 4
cm depth filled with the eutectic alloy of In-Ga-Sn, and rod steel
electrode of 0.76 cm diameter with hemispherical tip. The electric
current in the circuit is organized by the generator of current pulses
of 25 kV, 30 kA and 300 mks duration for the regimes with the
high-capacity pulsed arcs, by the oscillating circuit of 10 kV, 10 kA,
10 ms duration and 50 Hz for the regimes with the AC arcs, by the
accumulator batteries of 25 V and 1.5 kA for the regimes with the
DC arcs. The data reflecting the processes in the system with the
rod electrode initially dipped on a depth of its tip into the melt–
the deformation of the contact surface, ignition and evolution of the
electric arcs,–and its parameters were obtained in the experiments.
The work is supported by RFBR N15-38-50511, 15-38-70016.
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The phenomenon of a retrograde (anti-Ampere) motion of the cathode spot (CS) of vacuum arc in an external magnetic field parallel
to the cathode surface is among the most intriguing and difficult
to explain effects in the physics of vacuum discharge. The interest in this phenomenon was related, besides its exotic character, to
the idea that understanding of the mechanism of this motion would
provide a key to constructing a theory of the CS of vacuum arc.
However, the time passed and the number of models suggested to
explain the retrograde motion exceeded the number of the proposed
mechanisms of operation of the CS proper. The report describes
the main physical processes that lead to the retrograde movement
of the cathode spot of a vacuum arc in the external tangential magnetic field. Application of a magnetic field leads to an asymmetry
in the distribution of the magnetic field at the boundary of cathode plasma. The maximum value of the total magnetic field (self +
external) is reached on the reverse side of spots relative to the direction of the force Ampere. Here, the maximum magnetic pressure
and concentration of the cathode plasma. At the moment of death
spots in this direction is prevailing emission of the plasma and, as a
result, the ignition of a new spot. A statistical model of the motion
of the cathode spot in the external magnetic field is developed.
The work is supported in part of the RFBR grants No. 14-08-01137
and 15-38-20617.
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The cathode spot of a vacuum arc consists of cells, each operating for a certain time referred to as a cycle. Within this time, a
microexplosion occurs on the cathode surface, resulting in the formation of liquid metal, vapor, and plasma of the cathode material.
The plasma blob ejected by a cell is called an ecton. In this paper, it
is shown that the cycle involves three phases: heating, burning, and
cooling of the cathode material, rather than two ones, as believed
earlier. For a copper cathode, the first and third phases last about
a nanosecond, whereas the duration of the second phase is of the
order of ten nanoseconds. During the cooling of one cell and the
heating of another, a voltage pulse arises between the cathode and
the anode. As the formation of cathode cells is due to the plasma–
liquid-metal interaction in the presence of a cathode potential, this
voltage pulse provides for the self-sustainment of the discharge.

361

Preparation and properties of a
composite SiC/multi-wall carbon
nanotubes synthesized in the plasma
jet
Shavelkina M B1,@ , Amirov R Kh1 , Kelina I Yu2 and
Golubeva N A2
1

Joint Institute for High Temperatures of the Russian Academy of Sciences,
Izhorskaya 13 Bldg 2, Moscow 125412, Russia
2
Obninsk Research and Production Enterprise “Technologiya”, Kievskoye
Shosse 15, Obninsk, Kaluga Region 249031, Russia
@

mshavelkina@gmail.com

Due to unique combination of their physical and chemical properties
the high-temperature ceramics based on silicon carbide are widely
in demand in mechanical engineering, nuclear energy, defense, metallurgy, food, chemical, oil and oil refining industries [1]. Because of
a high fragility of SiC ceramic materials the composites based on it
have the greatest prospects. The report discussed methods for the
preparation and properties of silicon carbide composites containing
thin multi-walled carbon nanotubes (CNTs). CNTs obtained by pyrolysis of acetylene in helium plasma at a pressure of 350 Torr, arc
current of 400 A. As the generator of plasma a DC plasma torch
was used with the power of up to 40 kW and an expanding anode
channel. By varying of the flow rate ratio of acetylene and helium at
a constant synthesis time of 10 min were found the conditions under
which the CNTs are collected into bundles. The bundle diameter
is not greater than 100 nm. From the data of electron microscopy
of the cleave of the modified SiC ceramic containing 1 wt.% CNTs,
there is no the unwinding of bundles and the stretching of nanotubes. In general experimental data was obtained, showing the
possibility of forming a SiC/CNTs composite having both the high
crack resistance and the high strength—an atypical combination for
a ceramic.
[1] Wichita E, Opila E et al. 2007 Electrochem. Soc. Interface 30–36
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Rechargeable batteries, fuel cells and supercapacitors are the typical
electrochemical devices. Now, instead of graphite, which has been a
key component in the existing electrochemical devices, graphene can
be used. The most common method of producing graphene is the
reduction of graphene oxide. However, this method does not allow
graphene to be completely free of oxygen and leads to the formation
of graphene with a high concentration of hybridization defects.
From the viewpoint of producing a low-defected graphene it is of
interest to use a plasma jet synthesis method wherein evaporation
of carbon-containing precursors (soot, hydrocarbons, alcohols) takes
place directly in a plasma generated by a dc plasma torch. Helium,
argon or nitrogen are used as plasma gasses. The optimum regime is
achieved by widely varying: pressure, energy input, and relationship
of plasma gas flow, a precursor and a catalyst.
Electrochemical studies of synthesized in the plasma jet graphenes
show high hydrophobicity and resistance to oxidation. Their hydrophobic properties are maintained for a long time even in deep
(greater than 1 V) cathode-anode polarization in sulfuric acid solution. Oxidation potentials of graphene at 1.6–1.7 V (RHE) leads to
an increase in capacity by 2–3 orders of magnitude. These properties allow the use of these graphenes as carriers of catalysts for gas
diffusion electrodes of fuel cells and air-metallic current sources. In
addition, low defects and high electrical conductivity can be considered as promising conductive additives for electrodes in non-aqueous
electrolytes.
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Distributed vacuum arc with hot cathode is one of the perspective
plasma sources for development of spent-nuclear-fuel plasma reprocessing technology. Experimental data is known for such type of
discharges on metal cathodes. In this work discharge with cerium
dioxide hot cathode was studied. Cerium dioxide properties are similar to uranium dioxide. Its feature as dielectric is that it become
conductive in oxygen-free atmosphere [1].
Vacuum arc was studied at the following parameters: cathode
temperatures laid between 2.0 and 2.2 kK, discharge currents was
between 30 and 65 A and voltages was in range from 15 to 18 V.
Power flows from plasma to cathode were estimated in achieved
regimes. Analysis of generated plasma component composition
was made by radiation spectrum diagnostics. These results were
compared with calculations of equilibrium gaseous phase above
solid sample of cerium dioxide in close to experimental conditions.
Cerium dioxide vacuum evaporation rate and evaporation rate in
arc were measured.
The study was supported by grant from the Russian Science Foundation (project No. 14-29-00231).
[1] Poluboyarinov D N, Shapiro E Y, Bakunov V S and Akopov F A 1966
Neorganicheskie Materialy 2(2) 336–342
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Presented are the results of numerical simulation of the formation of
a crater on the surface of the cathode during the explosion of micro
tip [1]. The simulation was performed using the two-dimensional
MHD program [2], wide-range equation of state [3] and a table of
conductivity of the metal based on experimental data. It is shown
that the electric explosion of micro tip with parameters typical unit
ecton may form on the cathode surface of the crater with a radius
of a few microns.
The work was supported in part by the Russian Foundation for Basic
Research (grants Nos. 16-08-00969, 16-08-00604 and 15-38-20617), a
scholarship of the President of the Russian Federation (grant No. SP951.2016.1) and the Dynasty Foundation.
[1] Mesyats G A 2000 Ectons in Vacuum Discharge: Breakdown, Spark, Arc
(Moscow: Nauka)
[2] Oreshkin V I, Baksht R B, Ratakhin N A, Shishlov A V, Khishchenko K V,
Levashov P R and Beilis I I 2004 Phys. Plasmas 11 4771–4776
[3] Fortov V E, Khishchenko K V, Levashov P R and Lomonosov I V 1998 Nucl.
Instr. Meth. Phys. Res. A 415 604–608
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The aim of this work is investigation of the effect of high-energy
plasma impact on meteoroid shielding element to increase their performance by improving surface physical and mechanical properties.
To reach this goal, composite multi-layer coating (NiAl as a sublayer and Al2 O3 as a top coat) was plasma sprayed on traditional
material surface and then treated by high-energy qausi-stationary
compression plasma jets. Compression plasma flow impact causes
in a surface layer of oxide ceramics unsteady melting and recrystallization and improving the characteristics of the viscous coupling of
NiAl metal layer and a layer of a solid oxide ceramics Al2 O3 . Effect
of compression plasma flow causes the formation of the remelted
oxide layer of 6–7 µm thickness. The method of energy dispersive x-ray microanalysis was used to study changes in elemental
and phase composition, surface morphology and mechanical properties of modified shielding elements. Visual examination, photography and spectral measurements of plasma flow was made to study
shape, temperature and behaviour of compression plasma jet. Ballistic tests of meteoroid shielding element were conducted with use
of two-stage light-gas magnetoplasma launcher. As a result of the
impact of projectile (graphite ball with a diameter of 2.5 mm and
speed of 4.8 km/s) crater (d ≈ 4 mm) appeared and part the composite coating peeled off in the vicinity of the crater, but meteoroid
shielding element remained unpierced.
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In the article, the two-phase flow of electric arc gas heater of the
linear scheme is studied. The power of the plasma torch can be
varied from 200 to 1500 kW. For stabilization of the electric arc, a
magnetic coil is used. The operation of the plasma torch took place
at overpressure in the discharge chamber. Injection of the powder
was made near the exit of the nozzle. A powder of SiO2 was used
as a disperse phase. The size of the particles was not more than
50 µm. The dispensing device was used for the powder injection.
The technique of velocity measurement in high-temperature heterogeneous flow from the registration of flow by the high-speed camera
is presented. The results of measurements indicate that the speed
of the particles much lower than the speed of the gas.
The results of measuring the heat flux along the axis of the plasma
torch are presented. The heat flux was measured by means of regular
mode uncooled sensors with tablet type calorimeters.
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The main goal in the design of the load in high-current generators
is to increase the time preceding the plasma generation on the
electrode surface and to decrease the velocity of its expansion. The
paper presents the results of the study of plasma formation on
the surface of conductors at their skin explosion depending on the
“purity” of the treatment during their production, that is, on the
surface roughness.
The experiments were carried out at a MIG terawatt high-current
generator with the current amplitude of up to 2.5 MA and its rise
time of 100 ns. The load of the generator were cylindrical conductors
made of stainless steel and steel 3 of the diameter 2 mm and length
15 mm. One half of the length (7.5 mm) at the cathode or anode side
remained normal (after turning with a specified class of treatment
equal to 6.3 with the largest size of inhomogeneities equal to 40 µm)
and another half was treated additionally to increase or decrease
the roughness of the surface. The experiments have shown that
regardless of the surface roughness varying from units to hundreds
of microns at a variable part of the load, the glow near the cathode
part was always brighter and more uniform at the polished loads,
but the difference in the time of the glow appearance (the 70-th ns)
of both parts was less than the time of the camera exposure. That is,
at the skin explosion, any noticeable influence of surface treatment
on the time of the plasma formation onset was not observed with
the conductors made of stainless steel and of stale 3.
The work was supported in part by the Russian Foundation for Basic
Research (grants No. 14-08 00524 and 16-08-00658).
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The plasma formation occurs on the electrodes surface in strong
magnetic fields. That results in overlap of the vacuum gap by
expanding plasma and deterioration of the transport efficiency of
the energy to the generator load. In this paper the skin explosion
of thick homogeneous and double-layer cylindrical conductors were
studied at the threshold values of the magnetic field 200–400 T.
Double-layer conductors were prepared by following technique. Titanium outer layer with low conductivity and thickness of 20–80 µm
was deposited on the copper conductor by vacuum arc method on
ion-plasma setup QUINTA. The experiments were carried out on
the MIG high-current generator at a current level of up to 2.5 MA
with a current rise time of 100 ns. It is shown that delay process of
plasma formation higher 200 ns takes place at the use of double-layer
structure conductor with a low conductivity outer layer compared
with the homogeneous copper conductor. Calculations have shown
that a delay of plasma formation can occur due to redistribution of
the current density over the cross-section and reduce of the Joule
heat on the surface of the double-layer conductor.
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A surface dielectric barrier discharge (SDBD) is the basis for various
electrical technologies. Whether an extended high-energy discharge
with significant current or a low-energy low-temperature discharge
can be obtained in unified electrode configuration for different purposes [1]. The results of experimental investigation of SDBD energy
dependence on applied voltage frequency varying from 0.6 to 40 kHz
in the axially symmetric planar electrode system are presented. For
the first time it is determined that SDBD’s plasma energy dependence on applied voltage frequency represents an U-shaped curve
with a distinct minimum. Discharge energy decrease with frequency
rise on a left part of the U-shaped curve is concerned with reduction
of the cycle duration of plasma existence and therefore with reduction of the charging rate of the dielectric. After passing the minimum of the obtained U-shaped curve, thermal conductivities of the
barrier and environment are found to be insufficient for complete
heat dissipation with consequent temperature increase in the discharge area. Further rise of applied voltage frequency and a number
of dielectric recharging lead to a rise of discharge energy. Increase of
the dielectric barrier thermal conductivity prevents discharge transition to a leader form. SDBD’s plasma energy dependence on applied
voltage frequency on the aluminium nitride barrier has only decreasing character at least in the range of investigated frequencies.
[1] Akishev Y, Aponin G, Balakirev A, Grushin M, Petryakov A, Karalnik V
and Trushkin N 2013 J. Phys. D: Appl. Phys. 46 135204
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One needs a plasma sources of model substances to simulate experimentally the plasma separation method of spent nuclear fuel [1]. For
this purpose, we carried out a kinetic and hydrodynamic simulation
of the discharge with hot cathode in the lead vapor [2]. The simulation results showed that when discharge current density was near
3.5 A/cm2 and the lead vapor concentration was near 2×1012 cm−3 ,
the ionization efficiency was close to 60%. We also carried out an
experimental research of the discharge in the vapor lead with a hot
cathode. For the creation of the vapor collection system we carried
out research of the deposition coefficients of Pb on various substrates. The research results showed that deposition coefficients at
medium temperatures of substrates near 70 ◦ C did not drop lower
than 75%.
The study was performed under grant from the Russian Science
Foundation (project No. 14-29-00231).
[1] Smirnov V P, Samokhin A A, Vorona N A and Gavrikov A V 2013 Plasma
Phys. Rep. 39 456
[2] Antonov N N, Bochkarev E I, Gavrikov A V, Samokhin A A and Smirnov
V P 2015 J. Phys.: Conf. Series 653 012162
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Presented results have been obtained to develop the plasma separation study described in the article [1]. The main task is to calculate trajectories of ions of the substance imitating spent nuclear
fuel in crossed electromagnetic fields. The calculations have been
made with KARAT code in a single-particle approximation. The
calculations have been performed for a number of combinations of
azimuthal and axial magnetic fields and different electric fields configurations. Magnetic field is produced by 2–4 coils of wire, the characteristic field strength is up to 1.6 kG. Electric field is produced by
2–3 electrodes with electric potential up to 1 kV. The characteristic
linear size of the calculation area is 100 cm. The characteristic size
of injection region is 1 cm (up to 10 cm along main axis). Spatial
position of the injection region and axis of the injection direction
are varied. Injected particles are single-charged ions with energies
from 0.2 to 3 eV with atomic masses A = 150 and 240, spreading
angle is 60◦ . It is shown that there are several options to realize a spatial separation of spent nuclear fuel ions. Advantages and
disadvantages from experimental point of view for each option are
represented. The study was supported by grant from the Russian
Science Foundation (project No. 14-29-00231).
[1] Smirnov V P, Samokhin A A, Vorona N A and Gavrikov A V 2013 Plasma
Phys. Rep. 39(6) 456–466
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Currently there is little known about the establishment of a defined
profile of the electric potential in the plasma. In the method of
plasma separation [1] this is a key problem. While the end electrodes
of the plasma separator is fed negative voltage, the vacuum chamber
is grounded, which leads to the emergence of reflex discharge. This
discharge generates a profile of the electric plasma potential. The
work is devoted to the study of this profile.
In the paper reflex dc discharge in helium was explored. It was
studied the effect of parameters such as magnetic field of 0.03 to
0.2 T, the pressure of 0.1–100 mTorr, discharge voltage of 0–1.2 kV,
the distance cathode–cathode and cathode–anode on plasma column
potential. It was shown that the dependence of the plasma column
potential on pressure has two maxima. The position of the maxima
was determined by the magnetic field. By isolated probe method
was measured radial profile of the plasma potential. Using a double
probe was measured concentration and the electron temperature.
The range of the potential oscillations of the plasma column in
different modes was defined.
The study was supported by a grant of the Russian Science Foundation (project No. 14-29-00231).
[1] Smirnov V P, Samokhin A A, Vorona N A and Gavrikov A V 2013 Plasma
Phys. Rep. 39 456–466
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The measurement of the ion energy losses of in the ionized matter
belongs to fundamental plasma physics, high energy density physics
and inertial fusion with heavy ion beams research. The interaction
of heavy ions with energy from 40 to 500 keV/nuclon and cold
full-ionized plasma with lineal electron density near 1018 cm−2 is
of interest within this problem. Over past few years a series of
energy losses measurement experiments on linear accelerator in
collaboration with Institute of Modern Physics (IMP CAS, Lanzhou,
China) were made. Gas-discharge plasma target, produced [1] and
diagnosed [2] in ITEP, was used in this experiments as plasma
generator. Energy losses of projectile ions H+ , He1+ , He2+ , O4+ ,
O5+ with energies from 100 to 500 keV in cold gas and plasma were
measured [3]. In addition, the two-wave laser interferometer for
plasma target diagnostic was made in IMP by ITEP specialists. For
further investigation, the new experimental setup in ITEP based
on the TIPr linear accelerator will be created. It allows getting
the experimental data of heavy ions with energies 100 keV/nuclon
stopping power. For the energy-losses measurement, the time-offlight method will be used.
[1] Belyaev G E, Basko M M et al. 1996 Phys. Rev. E 53 2701–2707
[2] Kuznetsov A P, Byalkovskii O A, Gavrilin R O et al. 2013 Plasma Phys.
Rep. 39 248–254
[3] Cheng R, Zhao Y, Golubev A et al. 2014 J. Phys. Conf. Series 488 092005
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It has been experimentally shown [1, 1] that highly ionized He arc
plasma does not achieve local thermodynamic equilibrium expected
for plasmas with electron concentrations above 1 × 1016 cm−3 [3, 4]
like argon plasma [1]. We have found that the reason for this deviation is strong nonisotropy of plasma. The triple electron recombination with temperatures of 2.5–3 eV [1] is almost absent. The charged
particles are moved from the arc (r = 1 mm [1]) onto chamber walls
due to ambipolar diffusion creating ionization nonequilibrium over
the excited states [4] rendering Boltzmann and Saha equations inapplicable for determining the electron temperature [3]. A method for
determining electron temperature is suggested that is based on using
the relative intensities of the atomic and ion lines. Its advantage lies
in a energy gap between these lines’ states over 50 eV that reduces
the influence of nonequilibrium on the result. This influence can
be taken into account if the ionization energies of emitting states of
atom and ion have close values. The suggested method can be expanded for any media including those with dimensional nonisotropy
having both atomic and ion lines in their emission spectra.
[1] Jonkers J, van de Sande M, Sola A, Gamero A and Van Der Mullen J A M
2003 Plasma Sources Sci. Technol. 12 30–38
[2] Isakaev E K, Chinnov V F, Sargsyan M A and Kavyrshin D I 2013 High
Temp. 51(2) 141–146
[3] Lochte-Holtgreven W (ed) 1968 Plasma Diagnostics (Amsterdam: Elsevier)
[4] Biberman L M, Vorob’ev V S and Yakubov I T 1987 Kinetics of Nonequilibrium Low-Temperature Plasmas (Berlin: Springer-Verlag)

375

Study of spatial distributions of
highly ionized nonequilibrium helium
plasma at atmospheric pressures
Chinnov V F1 , Kavyrshin D I1,@ , Ageev A G2 ,
Korshunov O V1 and Sargsyan M A1
1

Joint Institute for High Temperatures of the Russian Academy of Sciences,
Izhorskaya 13 Bldg 2, Moscow 125412, Russia
2
National Research University Moscow Power Engineering Institute,
Krasnokazarmennaya 14, Moscow 111250, Russia
@

dimakav@rambler.ru

Experimental study of helium plasma at atmospheric pressure in
the state of quasistationary heating was made. The plasma state
is shown not to be described by Saha–Boltzmann approximation at
high ionization levels αi = 0.5–0.9, temperatures of 2.5–4.0 eV and
electron concentrations of about 1 × 1017 cm−3 [1]. The deviation
from the equilibrium state of the plasma is caused by a lack of spatial
uniformity due to charged particles loss by ambipolar diffusion. In
order to thoroughly study the temporal changes of plasma radiation
characteristics spectroscopic analysis was carried out with DFS-452
spectrometer and high-speed CMOS camera Andor iStar attached
to its output. The system yields the spatial resolution of 30–50 µm
and temporal resolution of 5–50 µs. Electron concentration ne was
measured from the half-width of the local HeI spectrum line contours
displaying dominant quadruple Stark effect and having well-known
constants [2, 3]. In order to determine the temperature of heavy
particles, a triplet of HeI lines at 1083 nm Doppler component
was studied. The temporal evolution of the following important
characteristics has been determined for helium plasma during pulsed
heating: current power, intensities of a number of HeI and HeII
spectral lines, electron temperatures and concentrations.
[1] Isakaev E K, Chinnov V F, Sargsyan M A and Kavyrshin D I 2013 High
Temp. 51(2) 141–146
[2] Griem H 1974 Spectral Line Broadening by Plasmas (New York: Academic)
[3] Konjevic N, Dimitrijevic M S and Wiese W L 1986 J. Phys. Chem. Ref. Data
13 619
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Pulse discharge in a capillary is used for creation a plasma jet.
The capillary is fabricated from a carbon-containing polymer (polymethylmethacrylate, PMMA). Its initial diameter and depth are 1
and 4 mm, respectively. The design of the discharge gap, the experimental setup and methods of research are described in detail
in [1]. Most researches of supersonic plasma jet are carried out for
the following discharge pulse parameters: discharge pulse energy
80 J, the amplitude of the discharge current 400 A, the voltage drop
across the discharge gap 200–250 V, the duration of the discharge
pulse 1 ms, the peak discharge power 100 kW. Emission properties
of high-temperature jet core (intensity and contour of Balmer lines
Hα and Hβ , the relative intensities of the ionic lines CII and OII )
have been registered with high temporal (10 ms) and spatial (20–
30 µm) resolution. It allowed us to reveal the main properties of
pressure’s space-time distribution, the temperature and the degree
of ionization inside the capillary and heterogeneous supersonic jet.
The presence of the molecular components exhibiting their emission
properties at the plasma jet periphery permit us to estimate the
parameters of the plasma in the spatial domain, where “detached”
shock waves of the supersonic jet are created.
[1] Pashchina A S et al. 2014 13th International Workshop on Magneto-Plasma
Aerodynamics (Moscow: JIHT RAS) p 294
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Transformer oil is widely used as an insulator in various high-voltage
machineries. Therefore the studies of discharge processes in oil
filled high voltage apparatus where gas bubbles may be present
initially or formed there by heating, electrolysis, cavitation etc. are
of great interest. The dielectric strength of gases is much lower
than dielectric strength of transformer oil and partial discharge
may occur in the gas bubbles at the lower fields strengths than is
necessary for a breakdown of oil. To investigate the breakdown
of transformer oil and gas bubbles an experimental stand was
constructed which included: a discharge chamber, a power source
AI-70, voltage doubler, system of electrical, optical and spectral
measurements [1,2]. It was found that the gassing of transformer oil
by single gas bubbles reduces the breakdown voltage of oil. When
the voltage between the electrodes is less than that necessary for
the breakdown of the pure oil, the breakdown first occurs in the
gas bubble and is not always overlapped by a highly conductive
channel in the discharge gap. For example, the breakdown of the
settled, used oil occurs at Vav = 85 kV (distance between the
electrodes—8mm). Gassing by single bubbles leads to a decrease in
the breakdown voltage: ∼ 60 kV—sulfur hexafluoride, 51 kV—air,
45 kV—argon, 37 kV—helium. Experimental results also showed
that the repeated discharges in oil decrease the breakdown voltage
due to the accumulation of oil decay products in the discharge gap.
The work was supported by RSF grant No. 14-12-01295.
[1] Son E E, Tyuftyaev A S, Gadzhiev M K, Kulikov Y M, Panov V A and
Akimov P L 2014 High Temp. 52(5) 770–773
[2] Gadzhiev M K, Isakaev E H, Tyuftyaev A S, Akimov P L, Yusupov D I,
Kulikov U M and Panov V A 2015 Zh. Tekh. Fiz. 85(7) 156–158
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Generator of low-temperature plasma (GLP) has attracted the attention of specialists in the field of gas discharge physics and lowtemperature plasma, and in the field of high-temperature gas dynamics by the fact that in the discharge gap of GLP the temperature
range varies from thousands to tens of thousands degrees, which is of
great interest for research in the thermal, electrical and optical properties of gases, as well as for research in various plasma-chemical reactions [1]. To study these parameters of chemically reactive plasma
a generator of high enthalpy plasma jet was constructed with vortex
stabilization and expanding anode channel. Dc plasma torch forms
a slightly divergent (2α = 12◦ ) nitrogen or air plasma jet with a
diameter D = 10–12 mm with an enthalpy of 20–50 kJ/g (at total
electric power of the arc discharge being 20–50 kW, plasma gas flow
rate 1.0–2.0 g/s and the average weight temperature of the plasma
at the outlet of 8–11 kK). The plasma chemical composition and
the flow parameters of high-enthalpy plasma were determined by
spectroscopic methods [1, 2]. The presence of atomic spectra of NI
and OI in its respective plasmas allow to determine the electron
temperature of plasma Te . The concentration of electrons in the
axial region of the plasma jet was estimated using the half-width of
hydrogen atomic line Hα and Hβ .
This work was supported by a RFBR grant No. 14-08-00330.
[1] Isakaev E H, Sinkevich O A, Tyuftyaev A S and Chinnov V F 2010 High
Temp. 48(1) 97–125
[2] Gadzhiev M K, Sargsyan M A, Tereshonok D V and Tyuftyaev A S 2015
EPL 111(2) 25001
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An experimental automated system was designed and constructed
to study the parameters and characteristics of non-stationary interacting system “high enthalpy plasma stream–investigated sample”:
enthalpy of plasma in the incident stream; speed and temperature of
plasma stream; temperature of electrons and heavy particles, ionic
composition and their spatial distribution; heat flux incident on the
sample (kW/cm2 ); surface temperature of the sample; ablation of
the sample material, and other. Measurements of achievable plasma
heat flux levels are carried out by calorimetry of plasma streams
incident on the surface of multi-section copper calorimeter. Determination of acceleration characteristics for profiled plasma torch
nozzle, as well as the gas flow rate is produced by measuring the
total pressure using the Pitot tube. Video visualization of interacting system is carried out using synchronized high-speed cameras.
Micropyrometry of the selected zone on the sample surface is carried out by high-speed, three-wavelength pyrometer. To measure
the rate of mass loss of the sample, in addition to the weighing
method of evaluation the methods of “laser knife” and two-position
stereoscopy are used. Plasma and sample emission characteristics
are performed with two separate spectrometers. The work is supported by the Russian Ministry of Education as part of the Federal
Program RFMEFI60414X0090.
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