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POWER INTERACTION
WITH MATTER

ON CORRELATION AND QUANTUM EFFECTS
IN STRONGLY COUPLED PLASMAS

Fortov V.E.

JIHT RAS, Moscow, Russia

fortov@ras.ru

The behavior of matter at extremely high densities is of high inter-
est for understanding the structure and evolution of astrophysical objects
and many modern energy technologies. Dynamic methods of generation of
warm dense matter at extremely high pressures, based on the compression
and heating of matter in intensive shock waves, adiabatic expansion of
preliminary compressed matter and quasiisentropic compression are con-
sidered. To generate shock waves in the terapascal pressure range the
cylindrical and spherical condensed high explosives, laser and corpuscu-
lar beams, high velocity impacts, and soft X-rays were used. The highly
time-resolved diagnostics of the extreme states of plasma were carried out
with differential laser indicators of velocity, fast acting electron-optical
transducers, pyrometers, and high-speed spectrometers equipped with the
electron-optical transmission lines. The experimental data obtained and
the physical models of behavior of plasma at extremely high pressures,
temperatures and deformation rates are discussed. These are the met-
allization and dielectrization of strongly compressed matter, high energy
density thermodynamics and phase transitions, including plasma phase
transitions. Shear viscosity of matter as an indicator of particles corre-
lations in a wide region of parameters from Plank’s scale to laboratory
conditions is analyzed. Wide-range semi-empirical equations of state and
models are constructed, which were used for multidimensional numerical
simulation of pulsed high-energy processes and description of solar plasma.
The role of the quantum and correlation effects in strongly coupled plasma
analyzed on the base of the experimental data obtained.
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INTENSE PARTICLE BEAMS AND HIGH ENERGY
DENSITIES PHYSICS

Mintsev V.B.

IPCP RAS, Chernogolovka, Russia

minvb@icp.ac.ru

Day-one experiments with first heavy ion beam parameters at FAIR
2018–2022 suggested by HEDgeHOB collaboration in the field of high en-
ergy densities in the matter are discussed. The experiments on genera-
tion of high pressures and temperatures with the aid of heave ions and
possibility of proton radiography on measuring of plasma parameters are
considered.

INVESTIGATION OF THE SPALL STRENGTH
OF GRAPHITE IN STRESSES PRODUCED BY NANO-

AND PICOSECOND LASER ACTIONS

Krasyuk I.K.,*1 Semenov A.Yu.,1 Stuchebryukhov I.A.,1

Belikov R.S.,2 Khishchenko K.V.,2 Rosmej O.N.,3

Rienecker T.,3 Schoenlein A.,4 Tomut M.5

1GPI RAS, Moscow, Russia, 2JIHT RAS, Moscow, Russia,
3GSI, Darmstadt, Germany, 4GUF, Frankfurt am Main, Germany,

5TUD, Darmstadt, Germany

*krasyuk99@rambler.ru

On laser installations “Kamerton-T” (GPI, Moscow, Russia) and PHE-
LIX (GSI, Darmstadt, Germany) spallation phenomena were studied ex-
perimentally in a graphite target with nanosecond and picosecond shock-
wave action. In a range of strain rates from 106 to 107 1/s on the first data
of dynamic mechanical strength of this material were obtained. Spalling
was observed not only on the back side of the target, but also on its front
surface. By using optical and scanning electron microscopy, ithe morphol-
ogy of the front and back surfaces of the targets studied. A comparison of
the dynamic strength of graphite with the dynamic strength of synthetic
diamond was done.
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THE BEHAVIOR OF METALS UNDER ULTRAFAST
LOADS DRIVEN BY FEMTOSECOND LASER

Ashitkov S.I.,* Komarov P.S., Agranat M.B., Kanel G.I.

JIHT RAS, Moscow, Russia

*ashitkov11@yandex.ru

We report on the shock-wave phenomena in metal films of a micron or
submicron thickness irradiated by femtosecond laser pulses. The single-
shot ultrafast interferometric technique [1] was used to record the time and
spatial resolved displacement of rear surface of the films. The free surface
displacement histories were converted into the free surface velocity histo-
ries. As a result, new data on the HEL and spall strength values have been
obtained for aluminum, iron and other metals in strongly metastable states
close to ultimate shear and tensile stresses. Comparison of measured pa-
rameters of elastic shock waves with the data of plate impact experiments
at larger sample thicknesses demonstrate different regimes of the decay:
whereas for fcc metals the decay may be described by one power function
over 10−3 mm to 10 mm range of the distances, in the case of bcc iron main
decay occurs obviously at the distance of order of 0.05 mm [2], [3]. The
data are discussed from the view point of main mechanisms of high-rate
deformation and fracture.

1. Ashitkov S. I., Komarov P. S., Agranat M. B., Kanel G. I., Fortov V. E. //
JETP Letters. 2013. V. 98. No. 7. P. 384.
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ABLATION OF TANTALUM IRRADIATED
BY FEMTOSECOND LASER PULSES

Struleva E.V.,* Ashitkov S.I., Komarov P.S.,
Ovchinnikov A.V., Agranat M.B.

JIHT RAS, Moscow, Russia

*struleva.evgenia@yandex.ru

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 du-
ration less than the heating time of the lattice can heat electrons in a metal
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to a very high temperature while leaving the lattice relatively cool. Ultra-
fast 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
tantalum by means of femtosecond interferometric microscopy [3]. Using
an interferometric continuous monitoring technique, we have investigated
the motion of the surface of a tantalum target in the case of femtosecond
laser ablation at picosecond time delays relative to the instant of laser ex-
posure. The experimentally determined value of the tensile stresses that
lead to the separation of layer of material for different fluence. Measure-
ments 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.

1. Anisimov S. I., Kapeliovich B. L., Perel’man T. L. // Zh. Eksp. Teor. Fiz,
66, 776, 1974.

2. Inogamov N. A., Petrov Y. V., Khokhlov V. A., Anisimov S. I., Zhakhovsky
V. V., Ashitkov S. I., Komarov P. S., Agranat M. B., Fortov V. E., Migdal
K. P., Il’nitskii D. K., Emirov Yu. N. // J. Opt. Tech., 81, 233, 2014

3. Ashitkov S. I.,Komarov P. S.,Ovchinnikov A. V.,Struleva E. V., Zhakhovsky
V. V., Inogamov N. A., Agranat M. B. // Quantum Electronics 44 (6), 535,
2014.

DEVELOPMENT OF HIGH POWER TERAHERTZ
FACILITY

Chefonov O.V.,*1 Ovchinnikov A.V.,1 Ashitkov S.I.,1

Agranat M.B.,1 Vicario C.,2 Hauri C.P.2

1JIHT RAS, Moscow, Russia, 2PSI, Villigen PSI, Switzerland

*oleg.chefonov@gmail.com

The novel facility for generation of high power subpicosecond terahertz
radiation, not having analogues in the world, based on the unique terawatt
femtosecond Cr:forsterite laser system has been developed in JIHT RAS.
For the first time a record high THz pulse energy of 0.9 mJ with 3%
efficiency in nonlinear organic crystals was obtained [1]. Extremely large
field strength of 42 MV/cm with the potential to reach over 80 MV/cm
was achieved. The developed facility opens new research areas of power
terahertz-matter interaction, diagnostics of objects, including biological
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and ultrafast processes dynamics.

1. Vicario C., Ovchinnikov A. V., Ashitkov S. I., Agranat M. B., Fortov V. E.,
Hauri C. P. Generation of 0.9-mJ THz pulses in DSTMS pumped by a
Cr:Mg2SiO4 laser // Optics Letters. 2014. V. 39. N. 23. P. 6632–6635.

MODELING OF PUMP-PROBE EXPERIMENTS
WITH Ti:SAPP PUMP AND X-RAY PROBE

Inogamov N.A.,*1 Zhakhovsky V.V.,2 Khokhlov V.A.,1

Faenov A.Ya.,3 Shepelev V.V.,4 Ilnitsky D.K.,2 Hasegawa N.,5

Nishikino M.,5 Yamagiwa M.,5 Ishino M.,5 Pikuz T.A.,3

Takayoshi S.,6 Tomita T.,6 Kawachi T.5

1ITP RAS, Chernogolovka, Russia, 2VNIIA, Moscow, Russia,
3JIHT RAS, Moscow, Russia, 4ICAD RAS, Moscow, Russia,
5KPSI JAEA, Kyoto, Japan, 6FoE UoT, Tokushima, Japan

*nailinogamov@gmail.com

Fifteen years ago observation and explanation of Newton rings [1]
clearly manifests that ablation by an ultrashort pulse resulting in release
of a spallation shell is qualitatively different from the gas-plasma flow ab-
lation produced by a nanosecond pulse. Fast pumping of energy into ma-
terial by an ultrashort pulse generates a state with pressure as high as in
a detonation wave in high explosives. Strong shortening of pulse duration
transfers a long pulse gas-plasma rarefaction wave to a rarefaction wave in
condensed media where cohesive resistance to stretching plays a decisive
role. All this is said to emphasize that the fast ablation is unique. Obser-
vations [1] have been made in a pump-probe scheme with an optical pump,
wavelength λopt ∼ 1000 nm. First rings appears when the spallation shell
with velocity ∼0.5 nm/ps passes a distance larger than one half-wavelength
∼500 nm. Thus, observation of rings begins at ∼1000 ps after pump. In
contrast, the new observation technique with soft X-ray probe λX = 13.9
nm allows to begin observations 1–1.5 orders of magnitude earlier. In the
report the hydrodynamics and molecular dynamics simulations and their
comparisons with X-probe experimental data are presented. We see how
an internal ruptures appear and reflections from them begin to interfere.
This sheds light onto dynamical effects accompanying cavitation and inter-
nal fragmentation of material. Support from Russian Science Foundation
14-19-01599 is acknowledged.
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THIN 10–100 nm FILM IN CONTACT WITH SUBSTRATE:
DYNAMICS AFTER FEMTOSECOND IRRADIATION
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Ultrashort laser pulse may induce the interesting combinations of ther-
mal and hydrodynamic phenomena including foaming and freezing of
molten metals and semiconductors [1], formation of chaotic surface nanos-
tructures and mesoporous layers [1], and superelastic shocks [2]. Appear-
ance of negative pressures within the frontal surface layer heated by a laser
has a key importance for understanding of frontal nucleation, foaming, and
spallation often called ablation (mass removal) in laser community. Release
and movement of spallation shell allows understanding the puzzle of New-
ton rings [3]. Disruption of a free-standing plane film quickly heated by a
laser is the simplest model of laser spallation [4], in which the sharp spal-
lation (ablation) threshold Fa determines dynamics of the free-standing
film. Problem of significant importance is: how this picture will change if
the film is deposited onto substrate? This problem is solved in the report.
It is found that now there are two thresholds Fs < Fa and three regimes
of motion, comp. with the freestanding film. For 0 < F < Fs the film os-
cillates remaining on substrate. Oscillations decay in time due to emission
of acoustic waves into substrate. For Fs < F < Fa the film breaks away
from substrate because negative pressure propagating with acoustic waves
arrives to a film-substrate contact and overcomes the cohesion strength of
the contact. In the third regime Fa < F there is inner disruption of the
film happened before a moment when negative pressure separates metal
and dielectric substrate at the contact. Support from RFBR 13-08-01095
and RAS program “Substance at high energy densities” is acknowledged.
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2. Zhakhovskii et al., JETP Lett. 92, 521 (2010); Ashitkov et al., ibid 92, 516
(2010).

3. Sokolowski-Tinten et al., PRL 81, 224 (1998); Inogamov et al., JETP Lett.

27



69, 310 (1999).
4. Zhakhovskii et al., JETP Lett. 71, 167 (2000); Anisimov et al., ibid 77, 606

(2003); Appl. Surf. Sci. 253, 6390 (2007); Upadhyay et al., Phys. Rev. B 78,
045437 (2008); Demaske et al., ibid 82, 064113 (2010); Leguay et al., PRL
111, 245004 (2013).

IMPLEMENTATION OF NUCLEATION MODEL INTO
HYDROCODE FOR SIMULATION OF LASER ABLATION

Povarnitsyn M.E.,* Fokin V.B., Levashov P.R.,
Khishchenko K.V.

JIHT RAS, Moscow, Russia
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We present a hydrodynamic model for simulation of laser–matter inter-
action. The model describes laser energy absorption, hydrodynamic mo-
tion of material, two-temperature effects, electron–phonon coupling and
electron thermal conductivity. One of the basic mechanisms of femtosec-
ond laser ablation is mechanical fragmentation. To properly take into
account the nucleation in metastable liquid phase we implement into the
hydrocode a nucleation model that takes account of formation of bubbles
of critical size and their subsequent growth. During simulation thermo-
dynamic parameters in metastable and stable phases are known from a
multiphase equation of state. Results of modeling are in a good agreement
with molecular dynamic simulation and experimental findings.

CONTINUAL ATOMISTIC SIMULATION OF METAL
TARGETS IRRADIATED BY FEMTOSECOND

DOUBLE-PULSES

Fokin V.B.,* Povarnitsyn M.E., Levashov P.R.

JIHT RAS, Moscow, Russia

*Vladimir.Fokin@phystech.edu

In this work, we study the mechanisms responsible for the dynamics of
femtosecond double-pulse laser ablation of metals. In several experiments
it was previously shown that the crater depth in double pulse irradiation
monotonically drops when the delay between pulses increases. This de-
crease of the crater depth starts from the delay of several picoseconds and
for delays longer than the time of electron–ion relaxation the crater depth
can be even smaller than that produced by only a single pulse. To de-
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scribe this complex dynamics we use an advanced specially developed hy-
brid method based on combination of atomistic and continual approaches.
The atomistic system describes the evolution of a target irradiated by the
laser pulses, takes into account melting, evaporation, nucleation and recoil
effects while electronic subsystem is responsible for correct description of
the laser energy absorption, thermal conductivity process and electron–
phonon coupling. The results of simulation of the double-pulse ablation
obtained for different delays from 1 to 100 ps correlate with the experi-
mental findings.

MECHANISMS OF LASER PEELING OF THIN FILMS
FROM SUBSTRATE AND FORMATION OF NANOBUMP

Inogamov N.A.,1 Zhakhovsky V.V.,2 Khokhlov V.A.,1

Shepelev V.V.,*3 Niffenegger K.4

1ITP RAS, Chernogolovka, Russia, 2VNIIA, Moscow, Russia,
3ICAD RAS, Moscow, Russia, 4USF, Tampa, United States

*vadim.aries@gmail.com

The report is devoted to the studies of laser peeling of thin 10-100 nm
films. To describe better the particularity of our subject, it is valuable to
present shortly general picture of laser structuring. It is known, that the
structuring of materials by short laser pulses with duration in the range
of 10 fs - 1 ps has many important technological applications. But un-
derlying physics is not well understood. On our view, the corresponding
processes are some mixture and interplay of plasmon enhanced absorption
from one side and a thermomechanical triplet from another side, where
the triplet is: (i) spallation, (ii) capillary deceleration in tandem with (iii)
diffusion limited freezing. Particular morphology of structures depends on
absorbed fluence Fabs and number of pulses. Formation of the structures
is usually attributed to plasmon activity, which leads to the LIPSS (laser
induced periodic surface structures, ripples) [1]. On our opinion, plasmons
only dominate in the interplay if absorbed fluences are small and multiple
repetion is used. Indeed, the chaotic (not ripples) structures are produced
by X-ray pulse where plasmon excitation is not possible [2]. Therefore the
wavelength should be added into the list of parameters governing morphol-
ogy of irradiated surface. It was shown [2] that for the small number of
pulses, either large Fabs or short wavelength λ the chaotic structures differ-
ent from ripples are formed. Another important governing parameters are
connected with geometrical limitations. They are a radius of a focal spot
RL on a irradiated surface and film thickness which fixes spallation depth
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if the film is mechanically weakly linked to a substrate. Indeed, surface
structures have the finite lateral sizes of ∼ 0.1−1 um. Therefore for tightly
focused optical light pulses RL ∼ λ ∼ um, the structures have to change
qualitatively, see [3] and Refs. therein. In the report the physics of the
peeling is considered and the new (relative to [3]) results are presented.
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Uspekhi 28, 1084 (1985).
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ATOMISTIC SIMULATION OF SURFACE MODIFICATION
BY LASER PULSE: COMPARISON OF MODELS WITH

VARIOUS SCALES
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In this work the femtosecond laser pulse modification of surface is stud-
ied for aluminium (Al) and gold (Au) by use of two-temperature atomistic
simulation. The results are obtained for various atomistic models with dif-
ferent scales: from pseudo-one-dimensional to full-scale three-dimensional
atomistic simulation. The surface modification after laser irradiation can
be caused by ablation and melting. At low energy of laser pulse, the
nanoscale ripples on surface may be induced by the melting without laser
ablation. The nanoscale changes of the surface are due to the splash of
molten metal under temperature gradient. The laser ablation occurs at
a higher pulse energy when a crater is formed on the surface. There are
essential differences between Al ablation and Au ablation. The swelling
and voids formation as the first step at the shock-wave-induced ablation
is obtained for both metals. However, the simulation of ablation in gold
shows the existence of additional nonthermal type of ablation which is
associated with electron pressure relaxation. This type of ablation takes
place at surface layer, at a depth of several nanometers and does not induce
swelling.
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PERMITTIVITY OF HOT PLASMAS IN WIDE
FREQUENCY RANGE
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Quantum statistical (QS) approach [1] for calculation of intraband part
of permittivity ε of hot plasmas with different ions charges Z ≥ 1 for wide
range of densities and temperatures above 10 eV is considered for wide
range of frequencies of laser radiation (from infrared to ultraviolet ones)
and compared with approaches on the base of kinetic theory (KT) [2].

For laser frequencies ω0 lower than plasma frequency ωp and parameter
of coupling Γei < 1 the QS calculations of ε are in good agreement with KT
results [2–5]. Particularly, use of Gould deWitte approach for calculation
of the 1-moment correlation function and Screened Born approximation
for calculation of renormalization factor [1] ensure results almost identical
with ones obtained with wide-range kinetic model for ω0 < ωp and electron
temperatures T above 50 eV.

For ω > ωp use of Dowson-Oberman-like corrections [5, 6] to Coulomb
logarithm in KT permits to describe real part of ε for ~ω0 < T , but for
proper description of imaginary part of ε QS theory is needed. Also for
larger values of laser frequencies ~ω0 � T only QS theory can ensure
proper description of bremstruhlang and gives right asymptotic expres-
sions. Besides, QS theory describes consistently effects of electrons and
ions correlations [7], static and dynamical screening and strong collisions.
Influence of these processes and also of electron-electron collisions and
modification of screening in plasmas with complex ions [8] is discussed.
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THE TRANSPARENCY OF POLYCAPILLARY SYSTEM
FOR FEMTOSECOND LASER PULSES

Margushev Z.Ch.,*1 Bzheumikhov K.A.,1 Savoiskii Yu.V.,1

Khokonov A.Kh.,2 Dzhanibekov K.Kh.2
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Currently hollow core photonic crystal fibers are widely used for spec-
troscopy, sensors and communication systems. Structured air channels
causes light confinement in hollow core due to formation of band gaps and
dispersion effects. It allows to achieve surface enhanced Raman scatter-
ing for metal vapor deposited and silica coated structures. We present
experimental results for laser pulse propagation through microstructured
optical fibers fabricated at our laboratory. We have made estimation for
femtosecond Ti:Sapphire laser with average 800 mW power. The energy
10nJ per impulse with beam focusing to spot size 1.3 µm gives electric field
with tension |E| = 1.2 V/Å. This field is enough to produce ionization of
inner surface atoms and surface plasmons generation. Also temperature
dependence of adsorbtion spectra is investigated as was done in [1].

1. Bzheumikhov K.A., Margushev Z.C., Savoiskii Y.V. Analysis of the temper-
ature dependence of the spectral characteristics for the hollow-core photonic-
crystal fibers. Tech. Phys. The Russian Journal of Applied Physics. 2013,
V. 58.

ON THE POSSIBILITY OF HARD Kα YIELD
ENHANCEMENT USING MICRO-STRUCTURED FOILS

Kostenko O.F.

JIHT RAS, Moscow, Russia

olegkost@ihed.ras.ru

Developed model of Kα generation under vacuum heating of electrons
near the surface of spherical clusters, covering a solid or a foil, by a fem-
tosecond laser pulse with moderate intensity describes the measurements of
hot electron temperature and the enhancement of the yield of Kα photons
with energy 1–8 keV. When the laser field interacts with nanocylinders,
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arranged on a foil, the Kα yield increases by more than an order of value
compared to using the foil, covered with closely packed spherical clusters,
in view of the optimal conditions.

Sources of high-energy Kα photons based on the use of high-intensity
lasers are being developed to probe millimeter sized, high-Z and dense
materials for the high-energy density experiments. Modeling of the yield
of Kα photons with energy 68.8 keV from the front and rear sides of
a gold foil of arbitrary thickness by perpendicularly incident, single-pass
electron with an energy up to 10 MeV was carried out. Calculations show
that the Kα yield can be increased at optimal foil thickness about 500
µm by increasing the number of hot electrons with the energy above 1
Mev. Available hot electron spectra obtained with 2D PIC simulations [1]
indicate that this possibility can be realized by irradiation of wavelength-
sized polystyrene spheres, deposited on the foil, by a femtosecond laser
pulse with relativistic intensity.

The Russian Science Foundation has supported this work by agreement
with JIHT RAS (grant No. 14-50-00124).

1. Klimo O., Psikal J., Limpouch J. et al. // New J. Phys. 2011. V. 13.
P. 053028.

QUASIMONOCHROMATIC BEAMS OF ACCELERATED
ELECTRONS IN THE INTERACTION

OF A WEAK-CONTRAST INTENSE FEMTOSECOND
LASER PULSE WITH A METAL FOIL

Andreev N.E.,* Pugachev L.P., Levashov P.R.

JIHT RAS, Moscow, Russia
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The formation of monoenergetic beams of accelerated electrons by
focusing femtosecond laser radiation with an intensity of the order of
1017W/cm2 onto the edge of aluminum foil was demonstrated in the ex-
periments [1]. The electrons had energy distributions peaking in the 0.2
to 0.8 MeV range with a small energy spread about 20 percents.

The acceleration mechanism related to the generation of a plasma wave
as a result of self-modulation instability of a laser pulse [2] in a dense
plasma formed by a prepulse is considered. Three-dimensional PIC simu-
lations of the laser pulse interaction with inhomogeneous plasma showed
that effective excitation of a plasma wave as well as trapping and acceler-
ation of an electron beam with an energy of the order of 1 MeV may occur
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in the presence of sharp gradients in plasma density and in the temporal
shape of the pulse.

Under experimental conditions the inhomogeneities in the temporal en-
velope of the laser pulse may be caused by ionization nonlinearity of the
plasma formed by the prepulse, and the spatial density inhomogeneities
may be due to the sharp boundaries of the foil and the complex configu-
ration of the plasma spread.

1. Malkov Yu. A., Stepanov A. N., Yashunin D. A., Pugachev L. P., at al //
Quantum Electronics. 2013. V. 43. No. 3. P. 226.

2. Andreev N. E., Kirsanov V. I., Gorbunov L. M. // Physics of Plasmas. 1995.
V. 2. No. 6. P. 2573.

3D PIC MODELING OF ION ACCELERATION FROM
A THIN PLASMA LAYER WITH OVERCRITICAL

DENSITY UNDER THE ACTION OF SHORT INTENSE
LASER PULSE. CONVERGENCE OF RESULTS

DEPENDING ON THE COMPUTATIONAL PARAMETERS

Pugachev L.P.,* Levashov P.R., Andreev N.E.
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Development of the laser-plasma method for producing ion bunches
with a high quality and sufficient total charge is relevant for different
applications. To adequately estimate the energy of accelerated ions for
given parameters of the laser-plasma interaction it is important to carry
out three-dimensional calculations. 3D PIC modeling of real experimen-
tal setups is not yet fully mastered as it is highly computational resource
consuming. When considering the overcritical target densities resource ex-
pensiveness is caused by the need to resolve small spatial scales associated
with the skin layer ∼ c/ωp, the Debye radius ∼ υT /ωp, target thickness
of 5–200 nm and also the corresponding time scale. Here c is the speed of
light, ωp is the plasma frequency and υT is the thermal electron velocity.
It is now possible to conduct simulations on modern supercomputers us-
ing highly scalable 3D PIC codes with required computational parameters
close to the above described. However, the question arises under what
computational parameters (cell size, the number of particles per cell) the
convergence of calculation results to the mathematical solution of the prob-
lem with a given accuracy occurs. When answering this question, we can
understand the extent to which we can rely on results of 3D PIC simu-

34



lations in describing and predicting real experiments. The results of the
study of convergence of 3D PIC calculations depending on computational
parameters for the model problem of ion acceleration from a thin plasma
layer with overcritical density under the action of relativistically intense
short tightly focused laser pulse is presented. It is shown that the conver-
gence within 5% precision requires to resolve the skin layer and the Debye
radius with at least a few grid nodes along the laser pulse propagation
direction perpendicularly to the target surface. In the case of this spatial
resolution the convergence within 5% precision is obtained even for such a
low number of particles of each type per cell as 8.

THE DYNAMICS OF THE ELECTRON SPIN PRECESSION
IN THE LASER WAKEFIELD ACCELERATION

Pugacheva D.V.,* Andreev N.E.

JIHT RAS, Moscow, Russia

*sedyakina.d@gmail.com

This work is aimed to study the polarization dynamics of an electron
accelerating in a plasma wake wave exited by a short intense laser pulse.
Thomas–Bargman–Michel–Telegdi equations [1] are used to derive a set of
coupled equations for the precession of the spin s = {sr, sφ, sz} of a single
electron in the laser wakefield acceleration:

dsr
dζ

=
1

uz

(
a+

1

γ

)
dΦ

dρ
sz + sφ

dφ

dζ
;
dsφ
dζ

= − sr
uz

dφ

dζ
;

dsz
dζ

= − 1

uz

(
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1

γ

)
dΦ

dρ
sr,

where variables comoving with the laser pulse are ξ = kp0z − τ, ζ =
kp0z, ρ = kp0r⊥, kp0 = ωp0/c and a is the anomalous magnetic moment of
the electron, τ is the time normalized to the inverse of the plasma frequency
ωp0 =

√
4πe2n0/me, with e and me being the electron charge and mass,

n0 is the plasma density, Φ is the wakefield potential [2]. The electron
velocity u = {dρx/dτ, dρy/dτ, dζ/dτ} is connected with the dimensionless
electron momentum q by the relation u = q/γ and the trajectory of the
electron can be obtained from the following equations:
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.
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In this work, on the base of obtained equations the scheme for numerical
modeling of the selfconsistent spin dynamics of a single electron during
the acceleration in plasma wakefields is developed and testing results of
calculations for the case of uniform accelerating fields are in agreement
with [3].

1. V. Bargmann, L. Michel, and V.L. Telegdi, Phys. Rev. Lett. 2, 435 (1959).
2. N.E. Andreev, S.V. Kuznetsov, IEEE Trans. Plasma Sci., vol. 36, no. 4

(2008).
3. J. Vieira, C.-K. Huang, W.B. Mori, and L.O. Silva, Phys. Rev. ST Accel.

Beams 14, 071303 (2011).

TRAPPING OF ELECTRONS FROM THE ELECTRON
BUNCH IN A WAKE WAVE

Kuznetsov S.V.
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The two-dimensional problem of trapping of electrons by the wakefield
from the injected electron bunch has been studied analytically for an ar-
bitrary ratio of the bunch dimensions to the characteristic dimensions of
the wake wave generated in a plasma channel by a short laser pulse. The
electrons are injected into the vicinity of the maximum of the wakefield
potential with a velocity lower than the phase velocity of the wake wave.
The process of the formation of a compact electron bunch in the trap-
ping region due to the cutting out of electrons from the injected bunch
has been considered. The parameters of the injection region in which the
electrons are trapped and then accelerated by the wake wave have been
determined. Formulas have been derived that allows one to accurately
estimate the length of the trapped electron bunch and the number of elec-
trons in it. It is shown that the influence of the transverse dimensions
of the injected bunch on the length of the trapped electron bunch in the
accelerating stage and its energy spread after acceleration is as important
as the influence of its longitudinal size, because both of them can make
comparable contributions to the length of the trapped electron bunch [1].

When a long wide electron bunch is injected into the wakefield, its
dimensions do not enter into the formula for the length of the trapped
bunch. In this case the length of the bunch is determined by the dimensions
of the injection region, rather than by those of the injected bunch. The
dimensions of the injection region depend on the electron injection energy.
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Thus, the length of the electron bunch in the accelerating stage can be
controlled by varying the value of the injection energy.

The parameters (the energy spread, emittance, and spatial dimensions)
of the accelerated electron bunches formed in the course of electron trap-
ping by the wake wave from injected electron bunches with different ratios
between their spatial dimensions and the characteristic dimensions of the
wakefield have been compared by means of numerical simulations. It is
shown that the mechanism of cutting out electrons from the injected elec-
tron bunch allows obtain bunches of accelerated electrons with energies
of ˜1 GeV, transverse emittances of 1–3 mm mrad, and relative energy
spreads of several tenths of a percent.

1. Kuznetsov S. V. // Problems of atomic science and technology. Series: Nu-
clear Physics Investigations. 2015. N3. in print.

PARAMETRIC WAVES EXCITATION IN RELATIVISTIC
LASER–PLASMA INTERACTIONS FOR ELECTRON

ACCELERATION

Shulyapov S.A.,*1 Ivanov K.A.,1 Tsymbalov I.N.,1

Krestovskih D.A.,1 Savel’ev A.B.,1 Ksenofontov P.A.,2

Brantov A.V.,2 Bychenkov V.Yu.2
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Plasma created by femtosecond laser pulse of high intensity can be
used as the brilliant source of high energy electrons, ions and X- or γ-rays.
In most cases, laser pulses with high contrast are used for acceleration
particles. But, it has been shown, that changing parameters of pre-plasma
layer on the surface of the target can significantly increase electron energies
[1]. In this work we present the results of the experimental and numerical
studies of the abnormally hot electron generation mechanisms in the case
of long scale pre-plasma layer subcritical density.

In our experiments we used Ti:Sapphire laser system (p-polarized, λ =
800 nm, νpulses = 10 Hz, Emax = 40 mJ, τmin = 45 ± 5 fs and Imax =
5 × 1018 W/cm2, ASE level – 10−8). For creation controlled long and
dense pre-plasma layer we used Nd:YAG laser (λ = 532 nm, E = 30 mJ,
τ = 6 ns, I = 1012 W/cm2) locked with Ti:Sapphire laser system. Were
performed optical and γ-ray plasma diagnostics at different delays between
the pulses and the focal positions of the main pulse. We observed several
laser-plasma interactions regimes. In some of them, average energies of
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hot electrons increases more than 7 times from 330 keV in the case of clear
Ti:Sa pulse (ponderomotive acceleration) up to 2.4 MeV with artificial
pre-pulse. Moreover, there is a strong correlation between the γ-ray yield
and three-halves harmonic (3ω0/2) generation, it indicates the parametric
processes participation in electron acceleration.

For clarification of the electron acceleration mechanisms numerical sim-
ulations were done using fully relativistic 3D3V PIC code Mandor (in 2D3V
regime). A laser pulse (p-polarized, λ = 1 µm, τ = 50 fs, I = 1018 W/cm2)
was focused onto the targets with different pre-plasma layer parameters
(corresponding to the experiments). The typical simulation box size was
90×15 µm2 with periodic boundaries and spatial resolution of λ/100. Sim-
ulation showed that relativistic self-focusing, parametric processes, wave-
breaking, stochastic heating, its combinations and variations, define the
abnormally hot electron generation.

The work is supported by the RFBR (grant # 14-02-31871).

1. Ivanov K.A., et al. // Physics of Plasmas. 2014. V. 21. No. 9. P. 093110.

DEVELOPING OF SUPERCONDUCTING NIOBIUM
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Decision of scientific communities concerning building of the modern
particle accelerators (XFEL [1], International Linear Collider (ILC) [2], as
a number of smaller projects) create a demand for accelerating elements —
superconducting high-frequency niobium resonators. The manufacturing
process of a modern microwave resonator is an extremely complex task that
requires highly specialized expensive equipment and the participation of
specialists from various fields of science.

As part of the JINR project of the International Linear Collider five
scientific organizations from Belarus joined their efforts to create exper-
imental models of single-cell 1,3 GHz microwave niobium resonators in
accordance with the requirements of the ILC project [3], [4]. The work
package includes mathematical modelling of part geometry, manufactur-
ing half-cells according to the reference profile by liquid impact forging,
mechanical and chemical treatment of the blanks and the resonators, elec-
tron beam welding of units, ‘warm‘ and ‘cold‘ RF testing of resonators.
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Electron beam welding, due to the ability to precisely control the energy
density in the heating spot and maintain the original purity of the weld
metal at the level of the base metal, is the only possible way of preparing
the compounds of products made from ultrapure niobium for microwave
cavities. In this paper we examine the relationship of welding parameters
with the surface morphology, geometric characteristics of penetration zone
of niobium, structure and mechanical properties of the weld metal and heat
affected zone, the superconducting characteristics of the material after
joining of welds components of microwave resonators. The paper presents
the results of testing of the RF 1,3 GHz single-cell niobium cavities made
in the PTI NAS of Belarus.

1. XFEL: The European X-Ray Free-Electron Laser. Technical Design Report.
2006.

2. The International Linear Collider. Technical Design Report. 2013.
3. Azaryan N. et al. Dubna-Minsk Activity on the Development of 1,3 GHz

Superconducting Single-Cell RF-cavity // Proc. of RUPAC2012. September
24–28. 2012. Saint-Petersburg. Russia. P. 602.

4. Azaryan N. et al. Dubna-Minsk SRF Technology Development Status Report
// Proc. of IPAC13. May 12–17. 2013. Shanghai. China. P. 2393.

WARM SOLID MATTER ISOCHORICALLY HEATED
BY LASER-GENERATED RELATIVISTIC ELECTRONS

Pikuz S.A.,*1 Neumayer P.,2 Rosmej O.N.,2 Antonelli L.,3

Bagnoud V.,2 Boutoux G.,3 Faenov A.Ya.,1 Giuffrida L.,3

Hansen S.B.,4 Khaghani D.,2 Li K.,2 Santos J.J.,3

Sauterey A.,3 Schoenlein A.,5 Skobelev I.Yu.,1 Zielbauer B.,2

Batani D.3

1JIHT RAS, Moscow, Russia, 2GSI, Darmstadt, Germany,
3CELIA, Talence, France, 4SNL, Albuquerque, United States,

5GUF, Frankfurt am Main, Germany

*spikuz@gmail.com

The warm dense matter, generated due to the interaction of high con-
trast sub-PW laser pulses with solid matter of reduced dimensions, is in-
vestigated experimentally. During the interaction a considerable fraction
of the laser energy is converted to relativistic electrons accelerated to MeV
energies. These energetic electrons subsequently flood the target and heat
up the remaining bulk electrons due to collisions and strong return currents
on the time scale of picoseconds. Additionally, for the targets with reduced
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cross dimensions, such as thin wires, strong electrostatic sheath fields con-
fine the electrons to the target which efficiently and homogeneously heat
it to high energy densities.

The experiment was set up at PHELIX facility providing high-contrast
0.5–1 ps laser pulses of ∼200 J energies. The laser was focused to a 4 µm
spot at the tip of 50 µm Ti wires at 22.5◦ to the wire axis. To estimate the
energy distribution of the heating electron flow, the bremstrahlung spectra
was measured in the range of tens to hundreds keV. The temperature of
the matter was measured by means of high-resolution X-ray spectroscopy
with spatial resolution down to 20 µm along the wire axis, and accordingly
the electron beam direction. It is shown, that at 5 × 1020 W/cm2 laser
intensity the electrons propagated up to 800 µm deep into the Ti wire.
The value is below the calculated stopping range of the energetic electrons
in solid Ti, showing the effect of Ohmic barrier due to the large return
currents neutralizing the forward fast electron current.

The shape of TiKα doublet spectral line was analyzed by comparison
to the simulation data obtained using collisional-radiative hybrid-structure
SCRAM code. The spatial distribution of Heα emission, registered to-
gether with TiKα allowed to distinguish the area of the target heated
directly by the laser impact from the deeper one heated by relativistic
electrons only. It is proven that the solid Ti was isochorically heated by
the electrons up to 50 eV temperatures. The work is partially supported
by Russian Foundation for Basic Research (grant No 14-29-06099) and by
RAS Program for Fundamental Research No 13.
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Investigation of the polymeric material properties under powerfull ene-
gry flux impact is relevant as for basic research (mathematical modeling
of polymeric materials behavior in extreme conditions, testing the state
equations), as for practical applications (for testing of protective coat-
ings for space research and laboratory facilities). A lot of experiments for

40



investigating mechanical properties of different polymeric materials, and
shock waves impact to them have been carried out as yet Experimental re-
sults often contradicted preliminary calculations. This fact demonstrates
that presented problem was not researched properly enough. It should be
noted that PMMA and polystyrene impact adiabat are well known [1], but
there not enough data on destruction mechanisms of epoxy resins, PMMA,
polystyrene and other polymers in the literature. In particular, the study
of the process of the destruction of polystyrene and PMMA under the in-
fluence of the shock wave demonstrated difference in the spatial position
of their destruction area [2, 3] in spite of the closeness of the many phys-
ical and technical parameters of these two polymers. This paper presents
the results of experimental studies of the interaction of polymeric materi-
als with a relativistic electron beam produced by a high-current electron
accelerator Calamary. Calamary facility provide a wide range of electron
beam parameters: diameter — 10–15 mm, the voltage on the diode up
to 300 kV, the current through the diode up to 30 kA. New method of
beam-target interaction area measurement was developed. The original
method for the mechanical kick impulse measuring based on piezoelectric
vibration sensor was presented. The dependence of the kick impulse from
the power flux was obtained. This work was supported by the grant of
RFBR 15-02-03544-a.

1. Bushman A. V., et al. // Dokl. Akad. Nauk. 1993. V. 329. No. 5. P. 581–584.
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2D SIMULATIONS OF THE DYNAMICS AND FRACTURE
OF METAL IN THE ENERGY RELEASE AREA OF THE
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Metal behavior under the high-current electron irradiation [1] is an ex-
ample of complex problem. Intensive energy release transfers the medium
into an extreme state with high values of pressure and temperature. Leav-
ing this state is accompanied by a number of dynamical processes: prop-
agation of compression and release waves [2], fracture in solid state due
to generation and growth of voids [3], melting and fracture of melt due to
cavitation [4], evolution of the liquid-vapor two-phase medium, and frag-
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mentation of melt on drops [5]. In present report, we pay attention to the
evolution of the molten state of metal and to the processes of cavitation,
evaporation and fracture of this state. We develop the continuous model
of fracture. The model and its parameters are verified, at first, by compar-
ison with the results of our molecular dynamics (MD) simulations, which
are performed with the use of LAMMPS MD simulator [6]. Strength of
initially uniform melts of aluminum, copper, iron and lead is calculated
for a wide range of strain rates and temperatures. Also, we present a two-
dimensional version of the mathematical model of the dynamic fracture
of metal melt. The 2D model is necessary for description of the action of
narrow-focused electron beams. Fracture of metals in molten state in the
energy release area of the electron beam is numerically simulated; and the
spatial distribution of the drops size is investigated.

This work is supported by grants from the Russian Foundation for Basic
Research (No. 14-01-31454) and the President of Russian Federation (MD-
286.2014.1), and, in the part of MD simulations, by the Russian Science
Foundation (Project No. 14-11-00538).
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Although the paper by Aharonov and Bohm was published more than
50 years ago,new aspects of the Aharonov-Bohm (AB) effect 1 attract great
attention up to now 2. The vector potential influence on particle motion
(“effect without a force”) was experimentally confirmed (e.g., A.Tonomura
and F. Nori 3). Most studies, including experimental researches, are de-
voted to the magnetic AB effect. However, in recent years the interest
in the electric AB effect has significantly increased 4. However, the elec-
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tric AB effect contradicts the gauge invariance requirement for the scalar
and longitudinal part of the vector potentials. Possible solution of this
problem in quantum electrodynamics (QED) is based on the concept that
only averaged values of operators can be observable. This concept opens
the opportunity to consider the d’Alembert equations DÂµ = 4πĵµ for
the operator of the four-vector potential Âµ as the background of QED.
Here ĵµ ≡ (ρ̂, ĵ/c) is the four-vector of the charge current and D is the

d’Alembert operator D ≡ 1
c2

∂2

∂t2 − ∇
2 ≡ ∂µ∂

µ. To satisfy Maxwell equa-
tions for average fields the Lorenz relation should be valid only for averages
values ∂µ〈Âµ〉 = 0 of the four-vector potential. The observable values of
fields 〈E〉 and 〈H〉 are defined via average values of the potentials. In this
formulation of QED the Maxwell equations for the field operators are not
fulfilled. Accepting this background one can assume that the free quanta
of the longitudinal and scalar potentials can exist and can be observable
(at least in principle), whereas the photons of electromagnetic field are
always transversal, as follows from the Maxwell equations for the averages
fields in vacuum. In this way, we arrive at the statement that Maxwell
equations for average fields do not provide the overall description of the
electromagnetic field properties, but constitute only the fundamental part
of a general description. This background provides the validity of all known
QED results and additionally gives the basis for explaining of the recent
data on the electric AB effect.

1. Y. Aharonov, D. Bohm, Phys. Rev. 115, 485 (1959)
2. J.H. Bardarson, J.E. Moore, Rep. Prog. Phys. 76, 056501 (2013)
3. A.Tonomura and F. Nori, Nature, 452, 298 (2008)
4. L. Vaidman, Phys. Rev. A 86, 040101(R) (2012)
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Earlier in [1] studied the dependence of the critical electric field inten-
sity (laser intensity) of the laser pulse duration in the case of radiation
damage of sodium chloride. For further work on the analysis of very rapid
destruction of the surface of an ionic crystal have been used data relating
to the ablative surface area of destruction of sodium chloride. Because
ablation is characterized by definite regularities, the calculated values of

43



ablation pressure can be used to analyze the dependence of the damage
threshold of sodium chloride on the pulse duration in the selected range.
In this paper, we calculated ablation pressure pa by different formulas.

1. Use the formula given in [2]:
pa(kb) = 4.8 · 10−4I1/2(W/cm2), (1)
where I - intensity of the laser radiation.
2. Do the calculations for scaling [3]:
pa(Mb) = 12(I/1014,W/cm2)2/3 · (λ,micron)−2/3 (2)
3. Use the formula discussed in [4]:
pa(kb) = 2.6 · 10−4I1/2(W/cm2). (3)
A value pa = 3 Mb is achieved: by (1) with I = 3.6 · 1013 (W/cm2),

according to (2)-when I = 1.5 · 1013 (W/cm2), according to (3)-when
I = 2.0 · 1013 (W/cm2). This high pressure is of great interest, since pa
more than 1 Mb on the surface of sodium chloride may occur insulator
transition in metallic state [5, 6].

This work was supported in the framework of the base part of
the Russian DES government task KBSU for years 2014-2016 (Project
2014/54− 2228).
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Based on the experimental data given in [1, 2], previously we analyzed
the dependence of the breakdown threshold of the laser (the critical field
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strength) of sodium chloride by laser radiation pulse duration in the fem-
tosecond range. On the example of ionic crystals and fused quartz revealed
that possible approximation damage threshold of destruction several di-
rect with different angular coefficient [3, 4]. In this paper, has been tasked
to a more complete assessment of radiation resistance of sodium chloride
laser pulses of nanosecond and picosecond. We used some of the experi-
mental data on the range of the laser pulse duration [5, 6]. Calculation
and analysis of the results were performed for laser pulses of 10ns− 10ps.
Also considered a number of possible mechanisms for the destruction of an
optically transparent solids by laser pulses of nanosecond and picosecond.
Particular attention is paid to the destruction of ionic crystals avalanche
of electrons due to impact ionization [7]. Irradiation of the solid material
of high energy laser pulses can result in the removal of material from the
surface of the material. This phenomenon, called laser ablation is often
the main mechanism for the destruction of ionic crystals in the picosec-
ond and femtosecond range. Because ablation is characterized by definite
regularities, it can be used to analyze the damage thresholds of sodium
chloride in the picosecond laser pulse.

This work was supported in the framework of the base part of
the Russian DES government task KBSU for years 2014-2016 (Project
2014/54− 2228).
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THE OPTICAL STRENGTH OF THE GLASS
NANOCOMPOSITES BY LASER ABLATION STUDIES

Mkrtychev O.V.,*1 Shemanin V.G.2

1BelgSTU, NB, 2KubSTU NPI, Novorossiysk, Russia

*oleg214@ya.ru

Theoretic and experimental studies of the optical strength of the
nanocomposite materials (glass, polymer, fiber optic elements, and so on)
in [1-4] have been fulfilled to account for the influence of material physical
factors on the optical strength. The results of our experiments in [1, 2]
with using Weibull-Gnedenko statistics related to a single irradiation of
the sample, can be used to predict the optical strength R of the sample
when one is interacted with pulse laser radiation. If the repetition rate of
the laser pulses is equal to f , then after time t the total number of pulses
is equal to N = ft, we obtain the optical strength of the sample at time t:

R(F, t) = e
−ln2 Fm

Fm
0.5

ft
.

The parameters F0.5 and m are determined from the experimental
results and the repetition rate of laser pulses f is an input parameter.
Thus, the use Weibull-Gnedenko statistics allows us to predict the poly-
mer nanocomposites optical strength during the time t pulsed radiation
with a pulse repetition frequency f (in our case f = 10 Hz).

1. Atkarskaya A. B., Mkrtychev O. V., Privalov V. E., Shemanin V. G. // Optical
memory and neural networks (Information optics). 2014. V. 23. No. 4. P. 265.

2. Atkarskaya A. B., Mkrtychev O. V., Shemanin V. G. // Izvestiya vuzov. Phys-
ica. 2012. No. 8/2. P. 238.

3. Mkrtychev O. V. // Izvestiya vuzov. Severo-Kavkazskiy region. 2012. No. 4.
P. 36.

4. Voronina E. I., Efremov B. N., Privalov V. E., Carty P. V., Shemanin V. G. //
JTPh. 2009. V. 79. No. 5. P. 143.
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THE LASER ABLATION STUDIES OF THE GLASS NANO
COMPOSITES WITH THE DIFFERENT OPTICAL

PROPERTIES

Shemanin V.G.,* Atkarskaya A.B.

KubSTU NPI, Novorossiysk, Russia

*vshemanin@nbkstu.org.ru

The glass nano composites laser ablation destruction parameters de-
pendencies on the nanofilm refractive index and light transmittance values
have been studied in this work as a continuer of our earlier works [1–3].

The samples were the glass plate with dimensions of 50× 50× 4 mm.
Film creating solution has one SiO2 or TiO2 or two oxides –TiO2 + CdO,
CuO or SnO with the 2 mass.% of the film creating oxides in sol total con-
centration that is equal to 5%. The glass plate extraction velocity from the
sol was about 3.8 mm/s. The samples transmittance values were recorded
by FSD 8 type micro spectrometer and the composite average value Tmid
was calculated for every sample in the visible range of the spectrum. The
film refractive index n and its thickness h have been measured by Uvisel
2 spectral ellipsometer.

The laser ablation destruction threshold energy density values measure-
ments have been fulfilled for these samples at the laboratory laser ablation
station created on the basis of experimental setup in [1, 2]. The YAG-Nd
laser generates pulses at the 1064 nm wavelength with time duration of
20 ns and pulse energy up to 150 mJ (Fbn) and 300 µs with energy 1.2 J
(Fbm), accordingly.

The generated plot of the probability was determined by the ratio of
the shots number with breakdown and the plasma plume emission presence
to the general shots number for the given sample due to the laser ablation
destruction probable character. The threshold energy density Fb values
have been taken from these dependence curves for the equal experimental
condition and the breakdown probability P = 0.5 [2].

1. Efremov V. P., Privalov V. E., Skripov P. V., Charty P. V., Shemanin V. G.
// Proc. SPIE. 2004. V. 5447. P. 234.

2. Atkarskaya A. B., Mkrtychev O. V., Privalov V. E., Shemanin V. G. // Optical
memory and neural networks (Information optics). 2014. V. 23. N. 4. P. 265–
270.

3. Atkarskaya A. B., Mkrtychev O. C., Shemanin V. G. // Izvestiya VUZov.
Physics. 2012. N. 8/2. P. 238–239.
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ANALYSIS OF OPTICAL FIBER DESTRUCTION
CAUSED BY LASER SUPPORTED DETONATION

Efremov V.P.,* Frolov A.A., Fortov V.E.

JIHT RAS, Moscow, Russia

*dr.efremov@gmail.com

There are two modes of propagated damage caused by laser radia-
tion in silica-based optical fibers. This work presents the investigation of
detonation-like mode. The propagation velocity of a 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.
Such bulk damage becomes significant due to progress in fiber optical ap-
plication. Optical fiber and enough long laser pulse let us obtain laser
damage propagated near hundred fiber core diameters during pulse. The
use of optical fibers provides the important advantage. 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. After plasma propagation, irre-
versible damages are obtained in the optical fiber. We have investigated
the damage by a scanning electron microscope. Melted and crushability
zones have been visualized and measured.

DIRECT LASER INITIATION OF OPEN SECONDARY
EXPLOSIVES

Assovskiy I.G.,* Melik-Gaikazov G.V., Kuznetsov G.P.

ICP RAS, Moscow, Russia

*assov@chph.ras.ru

The use of laser pulse instead of electric heating for initiation of ex-
plosives is considered as a promising alternative, which is insensitive to
external electromagnetic influences. In addition, short laser pulses can sig-
nificantly reduce and optimize the ignition-period of the explosion. There-
fore, the laser radiation impact on energetic materials is in recent years
the subject of comprehensive studies in many scientific centers (see, for ex-
ample, reviews in publications: I.G. Assovskiy, Physics of combustion and
interior ballistics. Moscow: Nauka, 2005; V. I. Tarjanov “Pre-explosion
phenomena in rapid initiation of high explosives (review)”, Combustion,
Explosion and Shock Waves, 2003, V. 39, No.6.). The goal of this paper
is a theoretical and experimental study of the mechanism of initiation of
explosion in secondary explosives (SE) by short laser pulse. Laser initia-
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tion of SE is much more difficult in comparison with initiation of primary
explosives. Typically using of some special methods is requested to realize
laser initiation of SE: putting of explosive in closed volume and using of
porous SE. In this paper we consider interaction of laser pulse with open
surface of non-porous SE. Only pure chemical methods as well as metallic
additives were used to control the light sensitivity of SE. Implementa-
tion of the method of laser initiation is reduced to the optimization of
composition and molecular structure of the explosives, thermo-mechanical
properties of metallic additives, along with the optimization of the laser
pulse (its duration, energy density and wavelength), taking into account
the great variety of secondary explosives and conditions for their function-
ing, as well as the laser beam diameter, the beam divergence and dynamics
of the pulse power variation in time.

THE THz SCANNING FOR THE MEASUREMENT
OF THE DENSITY CHANGE IN STRAINED FOAMS

Prokhorov A.E.,*1 Vshivkov A.N.,1 Kostina A.A.,1

Plekhov O.A.,1 Khemis S.B.,2 Caumes J.P.,2 Batsale J.C.3

1ICMM UB RAS, Perm, Russia, 2NeTHIS, Bordeaux, France,
3I2M, TREFLE, Talence, France

*Prokhorov.a@icmm.ru

Introduction. This paper is devoted to the development of the tech-
nique for the estimation of a distribution of mechanical stress on the
strained specimen based on terahertz absorption data.This hypothesis is
based on the relation between density of the stressed material and absorp-
tion of THz radiation. The THz technology is strongly demand in a large
variety of fields, ranging from the fundamental sciences such as biochem-
ical spectroscopy, astronomy, and condensed-matter physics to practical
applications such as high-capacity communication, medicine, agriculture,
and security [1, 2].

General part. The deformation of an object is generally accompanied
by the change of its density. However, the density depends on a stress.
The polymeric foam was chosen for the study of its mechanical properties
and absorption ability of the THz radiation. A combination of the de-
pendence of the density and stress with the approximation of the relative
absorption-strain plot gives us a relation between absorption of the THz
beam and intensity stress tensor. Using the experimental set up devel-
oped by NeTHIS the authors estimated the stress distribution near the
holes with different diameters in stressed polymeric foams. The specimen
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was fixed between two Teflon plates and compressed by four screws.
Conclusion. As a result of this work authors propose a new way for

the estimation of a stress distribution in porous non-metals bodies based on
the absorption of the THz beam. The results of the mechanical testing and
numerical simulation show the good qualitative agreement and high effi-
ciency of the THZ based experimental technique. The THz based methods
can be considered as a promising way for the obtaining of the quantitative
information about the stress-strain state of the Thz transparent bodies.

1. Ferguson, and X.C. Zhang // Materials for terahertz science and technology,
2002 Nat. Mater. 1, pp. 26 - 33.

2. M. Tonouchi // Cutting-edge terahertz technology, 2007 Nat. Photonics 1,
pp. 97 - 105.

EFFECTIVE CREATION OF POSITRONS IN MATTER
UNDER HIGH ELECTRIC FIELD OF INTENSE LASER
PULSE: TO EXPLANATION OF BALL LIGHTNING

NATURE

Boriev I.A.

INEPCP RAS, Moscow, Russia

boriev@binep.ac.ru

Recently, very efficient creation of positrons was demonstrated by irra-
diating in vacuum a thin (∼1 mm) gold target by short (∼1 ps) and highly
intense (∼1020 W/cm2) laser pulse [1]. As observed, positrons appeared
as a flying forward restricted beam with high their density (∼1016 cm−3).
Positrons were produced in the process of electron-positron pair creation
that is a last stage of known (in high energy physics) processes, which occur
in matter due to very high electric field (of laser pulse, in this case). First,
due to very high electric field the electron appearance, heating and mul-
tiplication (by ionization of matter particles) take place. Then very hot
electrons effectively produce bremsstrahlung (gamma quanta with MeV
energy) at their retardation in the electric field of atomic nucleus. At last,
these gamma quanta also effectively (in the electric field of atomic nucleus)
create electron-positron pairs, where electron and positron fly away in the
opposite directions. Recently, efficient positron creation was revealed in
thunderclouds with space telescope Fermi by registration a radiation of
electron-positron annihilations. This fact is confirmed by mountainous
station observations that discover also the appearance in thunderclouds of
electrons and gamma quanta with MeV energies [2]. Their creation is due
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to existence in thunderclouds of high electric fields (up to 200 MV), which
generate powerful electrical discharges (lightning with up to 1020 high en-
ergy electrons), that often leads to appearance of mysterious ball lightning.
An assumption that ball lightning is bunch of many (up to 1017) next to
created positrons lets explain all its properties. The possibility of positron
aggregation is substantiated by existence of dark matter (in all ambient
space) and understanding created positrons as a wirls shaped from dark
matter.

1. Chen H., Wilks S. C., Bonlie J. D., Liang E. P., Myatt J., Price D. F., Meyer-
hofer D. D., Beierdorfer P. // Phys. Rev. Lett. 2009. V. 102. P. 105001.

2. Chilingarian A., Mailyan B., Vanyan L. // Atmospheric Research. 2012.
V. 114–115. P. 1–16.

THE DESIGN, CONSTRUCTION AND TESTING OF TASD
(TOTALLY ACTIVE SCINTILLATOR DETECTOR)

Mefodiev A.V.

INR RAS, Moscow, Russia

mefodiev@inr.ru

Under the project AIDA Institute of Nuclear Research (TASD) are
design and testing TASD. This document reports on the design of TASD
detector prototype and outlines requirements for a test beam at CERN
to test these, tentatively planned on the H8 beamline in the North Area,
which is equipped with a large aperture magnet.

The TASD detector consists of 50 modules of plastic scintillators. Each
module is instrumented with one X and one Y plane, with 90 scintillator
bars per plane. The bar width, height and length are 1.0 cm, 0.7 cm and
90 cm respectively. The distance between modules can be varied from 0
to 2.5 cm. Other components such as active detectors or passive sheets of
material can be inserted in these 2.5 cm gaps if required. The full detector
depth can therefore be varied from 75 cm to 200 cm and in its compact
form, it is 1 m3 in volume.

This document reports the results of design of TASD, measurements
results of elements, that included in the prototype elements (measurement
of cross-currents, the light yield of scintillators, the characteristics of pho-
todiodes).

1. Asfandiyarov R., Bayes R., Blondel A., et al. Proposal for SPS beam time for
the baby MIND and TASD neutrino detector prototypes. ArXiv:1405.6089v1.
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oscillation experiment. ArXiv:1409.4405v1. 2014.

3. Yokoyamaa M., Minaminob A., et al. Performance of multi-pixel photon
counters for the T2K near detectors. ArXiv:1007.2712v1. 2010.

4. Ananiev V. K., et al. New extruded scintillator from commercial polystyrene.
IHEP Preprint. 1997. N. 1. P. 11.

COMPARISION OF CATHODOLUMINESCENCE
AND GAMMA LUMINESCENCE DECAY TIMES

OF SCINTILLATORS

Kozlov V.A.,1 Mikhailov A.V.,2 Pestovsky N.V.,*1

Petrov A.A.,1 Savinov S.Yu.,1 Zagumenniy A.I.3

1LPI RAS, Moscow, 2SPbSU, Saint-Petersburg,
3GPI RAS, Moscow, Russia

*pestovsky@phystech.edu

The decay times of cathodoluminescence of LSO and LYSO scintilla-
tors had been measured using CLAVI facility, upgraded for decay time
measurement by DMR-4 prism monochromator, FEU-62 PMT tube and
Tektronix digital oscilloscope with bandwidth 300 MHz. Time resolution
of the system is approx. 15 ns. It was found that the decay times of all
crystals are equal to each other. The value of all decay times is 50 ± 7
ns. This result was compared with the decay times of luminescence of
this scintillators under the action of gamma irradiation. Gamma lumines-
cence decay times had been taken from literature. The result is the decay
times of gamma luminescence and cathodoluminescence are equal within
the measurement errors. This results proves the possibility of the cathodo-
luminescence methode usage for scintillator’s decay times measuring.

The work was financially supported by the Russian Science Foundation
(proj. 14-22-00273)
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EVALUATION OF THE SENSITIVITY
OF THE GAS-DISCHARGE GAMMA-COUNTERS
TO THE CONCOMITANT NEUTRON RADIATION

Pikalov G.L., Kiseev S.V.*

12CSRI MOD RF, Sergiev Posad, Russia

*fgu12tsnii@mil.ru

In the fields of gamma-neutron radiation accuracy measurement of
gamma-ray doses depends on their sensitivity to concomitant neutron radi-
ation which is registered by the counter recoil nuclei and nuclear reactions
products occurring in the counter case and gas. In this connection, veri-
fication results of gamma-dosimetry on the with isotope cobalt or cesium
sources are not always adequate to measurement results in real gamma-
neutron fields. The studies were conducted in standard fields of PRIZ-
M reactor gamma-neutron radiation and in the field of standard cobalt
gamma-ray source. The absorbed dose of gamma-ray in standard field
was measured at the metrological certification of the installation with a
set of ionization chambers out of the composition of the military standard
VE-19PDN-2 at an error of 9.5%. The objects of investigation are gas-
discharge counters SBM-20. The coefficients of sensitivity to gamma-rays
are determined experimentally, their values are equal to the ratio of counter
indication to the absorbed dose of gamma-rays in a standard tissue. By
the same algorithm the values of sensitivity coefficients to gamma-ray of
Co60 standard source have been determined. The table data prove, that
the sensitivity coefficients of gamma-dosimeters with SBM-20 counter at
PRIZ-M reactor is 1.23 larger as compared to Co60 source, due to the ef-
fect of the concomitant neutrons on their indications. The error due to
the neutrons effect can be significantly reduced or eliminated completely, if
gamma-dosimeters calibrated in the field of gamma-neutron radiation, ade-
quate spectral and dose characteristics to radiation fields in which they are
used. To solve this problem at PRIZ-M reactor the model field of gamma-
neutron radiation was created by variety of materials, transforming the
radiation parameters to the desired values. The criterions of similarity
are the energy spectra of neutrons and ratio of neutron and gamma-ray
doses in real radiation field. Radiation parameters in a model field were
investigated by the calculated and experimental methods by means using
ROZ-6.5 program. Research results indicate that the error of measure-
ment gamma-ray dose in real gamma-neutron fields is two times lower at
the dosimeter calibration in model field than in a cobalt source.
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MCP BASED DETECTORS FOR REGISTRATION
OF PARAMETERS OF X-RAY, GAMMA AND NEUTRON

RADIATION OF HIGH TEMPERATURE PLASMA

Bogomolov V.I., Ignatiev N.G., Korotkov K.E., Krapiva P.S.,*
Moskalenko I.N., Nesterenko A.O., Subbotina I.A.

VNIIA, Moscow, Russia

*forautoru@land.ru

Fast detectors, based on microchannel plates (MCPs), have been devel-
oped for dynamic measurements of high-temperature plasma at high-power
laser facilities. TSDI43 detectors are designed to implement TOF method
of measuring the ion temperature of neutron sources. TSDI45 is intended
for use in the hard X-ray spectrometers. TRPE8 detector is designed to
obtain images in soft X-ray radiation with nanosecond frame duration.
The report presents the results of studies the characteristics of detectors
such as temporal and spatial resolution, linear currents and the spectral
sensitivity.

PULSED NEUTRON GENERATORS OF VNIIA ON THE
BASIS OF THE SEALED CHAMBERS OF PLASMA FOCUS

DESIGN WITH D–D AND D–T FILLINGS

Yurkov D.I., Dulatov A.K.,* Lemeshko B.D., Andreev D.A.,
Golikov A.V., Mikhailov Yu.V., Prokuratov I.A.,

Selifanov A.N.

VNIIA, Moscow, Russia

*bogolubov@vniia.ru

Development of neutron generators using plasma focus (PF) chambers
is being conducted in VNIIA during more than 25 years. PF is source
of soft and hard X-rays and neutrons 2.5 MeV (D-D) or 14 MeV (D-T).
Pulses of X-rays and neutrons have a duration of about several tens of
nanoseconds, which defines the scope of such generators—the study of
ultrafast processes.

VNIIA has developed a series of pulse neutron generators covering the
range of outputs (107–1012) n/pulse with resources on the order of 103–104

switches, depending on purposes. Generators have weights in the range 30–
700 kg, which allows to refer them to the class of transportable generators.

Generators include sealed PF chambers, whose manufacture was mas-
tered by VNIIA vacuum tube production plant. A number of optimized
PF chambers, designed for use in generators with a certain yield of neu-
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trons has been developed. The use of gas generator based on gas absorber
of hydrogen isotopes, enabled to increase the self-life and resource of PF
chambers. Currently, the PF chambers withstand up to 1000 switches and
have the safety of not less than 5 years. Using a generator with a gas heater,
significantly increased security of PF chambers, because deuterium-tritium
mixture is released only during work, other times it is in a bound state in
the working element of the gas generator.

MULTICHANNEL WIDERANGE SPECTROMETER
OF PULSED X-RAY RADIATION (TSRI1)

Ignatiev N.G., Ivanov M.I.,* Krapiva P.S., Nesterenko A.O.,
Svetlov E.V.

VNIIA, Moscow, Russia

*ivanov3575@yandex.ru

Three types of high-speed detectors TDRI5, TDRI6, TDRI7 have been
developed for soft x-ray fluxes detection with pulse duration from ∼1 to
20 ns. The detectors can be used under pressure of < 1 · 10−4 Torr at
vacuum chambers of high-power laser and electrophysical facilities. The
x-ray cathode of TDRI5 and TDRI7 is thin, less than 3 µm metal layer
of Ni, Al or Au deposited over substrate. TDRI6 is based on open-type
single 8-mm diameter MCP plate with chrome deposition (TDRI6-01 is
dual-MCP modification). Detectors are sensitive to x-ray photons with
energy of 0.05 to 10 keV. The time resolution of detectors, determined
as pulse duration on 50% level, was measured on x-ray pulse installation
based on 10 mJ femtosecond laser. τ 1

2
for TDRI5 and TDRI6 is less than

0.2 ns, τ 1
2

for TDRI7 is less than 0.5 ns. A sensitivity of detectors is more

than 10−4 A/W for all modifications and can be adjusted by MCP voltage
on TDRI6 or by using of grid dampers on TDRI5 or TDRI7. Maximum
levels of linear pulse current are 0.5 A for TDRI6, 2.5A for TDRI7 and 4
A for TDRI5 with supply voltage under 2.5 kV.
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VACUUM X-RAY DETECTORS FOR DIAGNOSTICS
OF FAST PROCESSES IN PLASMA
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VNIIA, Moscow, Russia

*xxxl-13ap@yandex.ru

Three types of high-speed detectors TDRI5, TDRI6, TDRI7 have been
developed for soft x-ray fluxes detection with pulse duration from ∼1 to
20 ns. The detectors can be used under pressure of < 1 · 10−4 Torr at
vacuum chambers of high-power laser and electrophysical facilities. The
x-ray cathode of TDRI5 and TDRI7 is thin, less than 3 µm metal layer
of Ni, Al or Au deposited over substrate. TDRI6 is based on open-type
single 8 mm diameter MCP plate with chrome deposition (TDRI6-01 is
dual-MCP modification). Detectors are sensitive to x-ray photons with
energy of 0.05 to 10 keV. The time resolution of detectors, determined as
pulse duration on 1/2 level, was measured on x-ray pulse installation based
on 10 mJ femtosecond laser. τ 1

2
for TDRI5 and TDRI6 is less than 0.2 ns,

τ1/2 for TDRI7 is less than 0.5 ns. A sensitivity of detectors is more than
10−4 A/W for all modifications and can be adjusted by MCP voltage on
TDRI6 or by using of grid dampers on TDRI5 or TDRI7. Maximum levels
of linear pulse current are 0.5 A for TDRI6, 2.5 A for TDRI7 and 4 A for
TDRI5 with supply voltage under 2.5 kV.

KRYPTON SINGLE AND DOUBLE K-VACANCIES
ENERGIES AND TWO-ELECTRON PHOTOIONIZATION

CROSS SECTION DETERMINATION BY MEANS
OF PROPORTIONAL COUNTER

Savoiskii Yu.V.,*1 Kuzminov V.V.,2 Khokonov A.Kh.,3

Khamukova L.A.3

1KBSC RAS, Nalchik, 2INR RAS, Moscow, 3KBSU, Nalchik, Russia

*savoiskii@list.ru

Experiment has been carried out with Kr proportional counter exposed
to characteristic X-ray. On the base of peak shape analysis the selection of
events corresponding for candidates on two-electron photoionization has
been done. Numerical calculations were done in the frame of Hartree–
Fock [1] and distorted wave approximations [2].
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ON THE POSSIBILITY OF USING THE DEFORMATION
DEFECTS IN 29Si FOR CUBIT TECHNOLOGY
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1ISSP RAS, 2IPCP RAS, Chernogolovka, Russia

*steinman@issp.ac.ru

Paramagnetic defects of new types are generated as a result of plastic
deformation of isotopically enriched 29Si. A correlation of temperature
behavior of dislocation luminescence lines and the magnetic susceptibil-
ity was found experimentally. The electron paramagnetic resonance spec-
tra (EPR) are anisotropic and have a considerable width (up to 1 kOe).
Nonuniform broadening of EPR bands is determined by variations of inter-
nal magnetic field in the correlated defect clusters. The nuclear magnetic
resonance (NMR) spectra of the deformed crystals are Pake doublets split-
ted by spin-spin nuclear interaction. The broadening of NMR spectra is
caused by a dipole-dipole relaxation.

COMPLEXITY OF ELECTRONIC TRANSPORT
IN THE IRRADIATED CRYSTALS OF ORGANIC

QUANTUM “SPIN LIQUID” κ-ET2Cu2(CN)3

Bardin A.A.,*1 Buravov L.I.,1 Shilov G.V.,1 Zverev V.N.2

1IPCP RAS, 2ISSP RAS, Chernogolovka, Russia

*dr.abardin@gmail.com

Single crystals of organic charge-transfer salt κ-(BEDT-TTF)2Cu2(C-
N)3 (κ-CN), where BEDT-TTF is an organic single electron donor
molecule -bis(ethylenedithio)tetrathiafulvalene), recently attracted consid-
erable attention due to discovery of the mysterious state of matter - “spin
liquid” state. The state demonstrates no spin order down to the lowest
temperatures available to the experimentalists (10 mK and recently, lower)
despite strong spin coupling interactions existing in the lattice of κ-CN (J
= 250 K). It is speculated that the effect is explained on the basis of an
ideal triangular spin lattice realized in the salt, which gives no favor to
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any paired interaction, and strong quantum fluctuations persisting in the
lattice.

In the presented work, samples of κ-CN of different quality were ex-
posed to a range of X-Ray radiation doses (105–108 Gy). Resistivity mea-
surements were performed at each step prior and after irradiation. We
found that while in the dielectric mode (amb. pressure) the irradiation
lead only to a slight depression of an activation gap, whereas in the su-
perconductive mode (p = 1.4 kbar) the irradiation influence is dramatic.
Fermi liquid (R(T 2) is linear) region that normally precedes to Tc (critical
temperature) is destroyed even by minor doses of radiation, T ∗ (pseudogap
opening temperature) is transformed from a distinct peak to a broad bad
resolved feature, Tc itself is broadened and shifted to lower temperatures
or disappeared. The strong κ-CN sample dependence and uncalibrated
X-Ray source did not allow us to track down the clear and quantitative
dependence of the observed effects from the exposition doses and make
conclusive remarks. Based on the hypothesis that the superconductive
mechanism in the compound is a d−wave both magnetic and non-magnetic
scattering centers should damp superconductive state. However, observed
strong influence of the implanted defects on Cooper pairing hints us the
magnetic nature of the scattering centers. That is in the contrast with the
literature data those claim the X-Ray implanted defects are non-magnetic
for the other close related salts of κ-family: κ-(BEDT-TTF)2Cu(NCS)2 &
κ-(BEDT-TTF)2Cu[N(CN)2]Br. Our preliminary results revealed higher
sensitivity of a superconductive state in κ-CN to radiative damage than in
other κ-salts. The importance of these results dictates thorough and accu-
rate measurements together with subsequent result interpretations those
are planned in a nearest future.

SOME PROBLEMS OF WOBBLER SYSTEM APPLICATION
FOR CYLINDRICAL TARGET IRRADIATION BY MEANS

OF AN INTENSE HEAVY ION BEAM

Barminova H.Ye.,* Suleymenov E.M.

NRNU MEPhI, Moscow, Russia

*barminova@bk.ru

Heavy ion beam may be used for the matter extreme state creation [1],
a forming beamline must satisfy to certain requirements on beam charac-
teristics and focus position at the target. The original method of hollow
ion beam formation—wobbler system—was proposed to deposit the beam
energy at cylindrical target [2]. The disagreement of wobbler deflector
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frequencies leads to undesirable violation of experiment requirements. In
the paper presented the results of simulation are described that prove the
effective energy losses and symmetry violation of the target irradiation due
to frequency shift for fixed beamline geometry.

1. Fortov V. E., Hoffmann D. H., Sharkov B. Yu. // Nucl. Instr. Meth. Phys.
Res. A. 1998. V. 415. P. 20.

2. Minaev S., et al. // Nucl. Instr. Meth. Phys. Res. A. 2010. V. 620. P. 99.
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EXPERIMENTAL FACILITIES

Panyushkin V.A.,*1 Kantsyrev A.V.,1 Bogdanov A.V.,1

Skachkov V.S.,1 Golubev A.A.,1 Varentsov D.,2 Lang P.M.,2

Rodionova M.E.,2 Shestov L.,2 Weyrich K.2

1SSC RF ITEP, Moscow, Russia, 2GSI, Darmstadt, Germany
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One of the most effective methods to study of static and dynamic dense
(up to 300 g/cm2) objects is the method of high-energy proton radiogra-
phy, allowing high spatial resolution and high contrast to investigate the
density distribution in the object under study. Existing proton radiog-
raphy facilities in USA [1] and in Russia [2, 3] clearly showed advantage
of the proton radiography method compared to conventional X-ray meth-
ods, the study of dense objects, especially in dynamic experiments. The
best spatial resolution of the proton radiography method was obtained in
setups with increasing image of the object constructed by the scheme of
the proton microscope [1–3]. Quadrupole lenses on permanent magnets
(PMQ) with a high magnetic field gradient at small geometric dimensions
are used create such facilities. The report is dedicated to the development
of PMQ lenses for PUMA (ITEP, Moscow, Russia) and PRIOR prototype
(GSI, Damstadt, Germany) facilities. In this work presents the description
of the analytical, software and hardware to measure and tuning of mag-
netic field distribution in the PMQ. Presents the results of PRIOR PMQ
magnetic field degradation caused by radiation damage by intense beam
of protons in the SIS-18 accelerator.

1. T. Mottershead et al, Proc. 2003 Particle Accelerator Conf, 702 (2003).
2. A.V. Kantsyrev, A.A. Golubev, A.V. Bogdanov et al ’TWAC-ITEP PRO-

TON MICROSCOPY FACILITY’, Instrument and Experimental Techniques;

59
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3. D. Varentsov, A. Bogdanov, V.S. Demidov, A.A. Golubev, A. Kantsyrev,

et al, First biological images with high-energy proton microscopy, European
Journal of Medical Physics (Physica Medica) 29, 2013, pp. 208-213

THE METHOD OF CALCULATION AND OPTIMIZATION
OF THE ION-OPTICAL SCHEME OF THE PROTON

MICROSCOPE

Bogdanov A.V.,* Golubev A.A., Kantsyrev A.V., Turtikov V.I.,
Panyushkin V.A.

SSC RF ITEP, Moscow, Russia

*toshka87@list.ru

The method of high-energy proton microscopy is widely used for in-
vestigate of dense static and dynamic objects. Numerical simulation of
ion-optical scheme of proton microscopy facility is important task for the
provide best spatial and density resolution of proton-radiographic images.
The method based on principals of the matrix formalism [1] was developed
for matching and optimization the ion-optical scheme. Method allows to
find the optimal parameters of the ion-optical scheme. The developed
tools and method is characterized in that allows to calculate scheme of
the proton microscope for a wide range of input data, ie, for a wide range
of energies of the proton beam and different configurations of quadrupole
lenses used in the scheme. The method provides the best spatial resolu-
tion of proton-radiographic images with minimized chromatic aberration.
Numerical simulation for existing and planned facilities (PUMA at ITEP
(Russia) (Ep = 800 MeV) [3], new proton microscope scheme for Ep=300
MeV) was produced in frame of COSY Infinity environment [2]. In par-
ticular method can be used to matching of PRIOR [4] (Proton microscope
for FAIR) (Germany).

1. H. Wollnik, Optics of Charged Particles, Academc Press, 1987.
2. K. Makino, M. Berz, COSY INFINITY Version 9, Nuclear Instruments and

Methods A558, 2005, 346-350;Review Of Particle Physics, Particle Data
Group, 2008.

3. A.V. Kantsyrev, A.A. Golubev, A.V. Bogdanov, V.S. Demidov, E.V. Demi-
dova, E.M. Ladygina, N.V. Markov, V.S. Skachkov, G.N. Smirnov, I.V. Rud-
skoy, A.P. Kuznetsov, A.V. Khudomyasov, B.Yu. Sharkov, S.V. Dudin, S.A.
Kolesnikov, V.B. Mintsev, D.N. Nikolaev, V.Ya. Ternovoi, A.V. Utkin, D.S.
Yuriev, N.S. Shilkin, V.E. Fortov, V.I. Turtikov, V.V. Burtsev, M.V. Zher-
nokletov, N.V. Zavialov, S.A. Kartanov, A ’TWAC-ITEP Proton Microscopy
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4. Kantsyrev, A. Golubev, A. Bogdanov, A Semennikov,Vl. Skachkov, Vic.
Skachkov, O.Sergeeva, V. Panyushkin, D. Varentsov, K. Weyrich, P. Lang, L.
Shestov, S. Udrea, M. Rodionova, D.H.H. Hoffmann; Development of PMQ
lenses for PRIOR; HEPM 2013 – High Energy Proton Microscopy ; Darm-
stadt, Germany, June 15–17, 2013

THEORETICAL AND EXPERIMENTAL STUDIES
OF RADIATIVE AND GAS DYNAMIC PROPERTIES

OF SUBSTANCES AT HIGH ENERGY DENSITY
IN MATTER

Orlov N.Yu.,*1 Denisov O.B.,1 Vergunova G.A.,2 Rosmej O.N.3

1JIHT RAS, Moscow, Russia, 2LPI RAS, Moscow, Russia,
3GSI, Darmstadt, Germany

*nyuorlov@mail.ru

Mathematical modelling of radiative and gas-dynamic processes in sub-
stances at high energy density is carried out for experiments, where both
laser and heavy ion beams are used. Important features of the theoretical
model, known as the ion model (IM), which is used for quantum mechan-
ical calculations of radiative opacity, are discussed. Reliability of (IM)
results is tested with experiment, where measurements of X-pinch radi-
ation energy yield for two exploding wire materials, NiCr and Alloy 188
were made. Theoretical estimations of radiative efficiency are compared
with experimental results, and (IM) calculations agree well with the ex-
perimental data [1]. Subsequently, the theoretical approach was used for
temperature diagnostics of CHO plasma target in combined laser - heavy
ion beam experiments [2]. Joint radiative and gas-dynamic calculations
are performed for comparison with experiment, where hohlraum radiation
transmits through the CHO plasma target, and the share of absorbed radi-
ation energy is compared with experiment [3]. Study of radiative properties
of CHO plasma with little admixture of gold is carried out as well. Specific
dependence of the Rosseland mean on plasma temperature is discussed for
gold plasma.

1. Orlov N. Yu., Guskov S. Yu., Pikuz S. A., Rozanov V. B., Shelkovenko T. A.,
Zmitrenko N. V., Hammer D. A. // Laser and Particle Beams. 2007. V. 25.
P. 1–9.

2. Rosmej O. N., Bagnoud V., Eisenbarth U., Vatulin V., Zhidkov N., Suslov
N., Kunin A., Pinegin A., Schafer D., Nisius Th., Wilhein Th., Rienecker
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3. Vergunova G. A., Rozanov V. B., Denisov O. B., Orlov N. Yu., Rosmej O. N.
// Plasma Physics Reports. 2013. V. 39. N. 9. P. 755–762.

THE CREATION OF THE NEW SEGMENT “EMISSION
SPECTROGRAMS” OF THE ATOMIC DATABASE
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The Spectr-W3 information-reference system was developed in 2001–
2013 and realized as an online Web resource based on the factual atomic
database Spectr-W3 (http://spectr-w3.snz.ru). The information accumu-
lated in the Spectr-W3 atomic database contains about 450,000 records
and includes the experimental and theoretical data on ionization poten-
tials, energy levels, wavelengths, radiation transition probabilities, and
oscillator strengths, and the parameters of analytical approximations of
electron-collisional cross-sections and rates for atoms and ions. Those
data were extracted from publications in physical journals, proceedings
of the related conferences, special-purpose publications on atomic data,
provided directly by authors and obtained in previous years by the Spectr-
W3 project participants. The information is supplied with references to
the original sources and comments, elucidating the details of experimental
measurements or calculations. To date, the Spectr-W3 atomic database is
still the largest factual database in the world, containing the information
on spectral properties of multicharged ions. In 2014 the new stage in the
development of the Spectr-W3 atomic database was started. The purpose
of this stage is the creation of a new information segment of the Spectr-
W3 database. This segment will contain information on emission X-ray
spectrograms observed in various plasma sources. In the present time the
software for this segment has been created for local version Spectr-CD
of the database and has been tested. The set of the spectrograms ob-
tained mainly in the laser-produced plasma was prepared. In 2015 the
segment “Emission spectrograms” will be available in the Web-version of
the database Spectr-W3. The work has been supported in part by the
RFBR grant Nr. 14-07-00863-a.
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THE GENERATION OF LOW-FREQUENCY RADIATION
AND SURFACE WAVES UNDER THE ACTION ON THE

CONDUCTOR THE FOCUSED LASER PULSE

Frolov A.A.,*1 Uryupin S.A.2

1JIHT RAS, 2LPI RAS, Moscow, Russia
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A theory of generation of electromagnetic radiation and surface waves
in the terahertz frequency range is given for the case when focused by a
cylindrical lens femtosecond laser pulse acts on the conductor. It is shown
that ponderomotive force created by laser pulse leads to the excitation of
nonlinear vortex currents in the skin layer of the conductor, which are the
sources of both low-frequency radiation, emitted from the surface of the
conductor into a vacuum, and the low-frequency surface waves propagating
along the surface of the conductor. The field of low-frequency radiation
arises from the parts of Fourier transform of the ponderomotive potential,
for which the ratio of frequency module to the module of wave vector
component along the surface of the conductor greater than the speed of
light. The other parts of Fourier transform of the ponderomotive potential,
for which this ratio is less than the speed of light, generate surface waves.
The spectral and energy characteristics of low-frequency radiation and
surface waves, as well as their spatiotemporal structure are investigated.
It is shown that the spectrum of low-frequency radiation and surface waves
has a wide bell shape maximum at frequencies close to the inverse the laser
pulse duration. The total energies of low-frequency radiation and surface
waves are calculated and their dependence on the laser pulse parameters
and characteristics of the conducting medium and studied. It was found
that at a fixed energy and duration of the laser pulse the maximum of the
energy of low-frequency radiation and surface waves is achieved for tightly
focused laser radiation. In the case of focusing of the radiation in the
band with width of the order of the pulse length, and its length is much
greater than the width, one can significantly increase the overall energy, as
low-frequency radiation and surface waves, compared to their maximum
values when focusing of the laser pulse in the spot with radius of the order
of the pulse length. The increase is characterized by the order parameter
of the ratio of the length of the band to the length of the pulse.
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THEORETICAL AND EXPERIMENTAL STUDY
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VNIIA, Moscow, Russia
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This paper studies the influence of inertial gases admixtures (Ar,Kr,Xe)
to deuterium in plasma focus (PF) chambers. Experiments were realized
on PF chambers with discharge currents 350 kA, 700 kA, 1000 kA. The
measurement of the hard X-ray (HXR) emission were carried out by the
scintillation detector SSDI-38 with time resolution 2.5 ns. Experiments
shows the existence of optimum amount of inertial gases, which corre-
sponds with the atomic number of added gas. On the optimum amount
of inertial gas and deuterium in PF chamber the HXR yield rises up to 10
times in comparison with HXR yield only on deuterium filling. This work
shows the dependence of HXR emission on PF device stored energy.

The mechanism of inertial gases admixtures influence that leads to rise
of HXR yield has been discussed. The mechanism concern with different
behavior of deuterium ions and ions of inertial gases during the pinch decay
phase when the discharge current compression force has reduced. Inertial
gas ions locates near the axis of the pinch and deuterium ions goes to
the near plasma area. Local positive charge in plasma forms on this axis
because of multiply charged ions of inertial gases. Then electrons gather to
the axis area under the influence of the induced electromotive force during
the pinch decay phase. HXR emission is generated after the electron beam
interact with the anode target in PF chamber.

SET OF DEVICES FOR SIMULATION OF COMPLEX
ACTION OF RADIATIONS AND PARTICLES FLUXES

Cheprunov A.A.,*1 Ostrik A.V.2

112CSRI MOD RF, Sergiev Posad, 2IPCP RAS, Chernogolovka, Russia

*alexander.cheprunov@yandex.ru

Forecasting of consequences of thermal and mechanical actions of ra-
diations and particles fluxes (RPF) for composite constructions represents
considerable interest [1, 2]. Usually thermal action accompanies mechan-
ical action. Constructions accumulate heat at repeated RPF influences.
Such accumulation can reduce construction strength durability to me-

64



chanical action. Thus researches of complex RPF action realized on a
construction is almost important [3].

Carrying out experimental studies for direct and repeated RFP in-
fluence localized on large-scale construction is impossible or expensive in
many cases. As rule settlement and experimental approach [2] is used. Re-
alization of this approach demands creation of devices set for simultaneous
modeling of thermal and mechanical RPF actions.

In present work the devices set is offered for reproduction of complex
RPF These devices reproduce heatings (to one thousand degrees) and im-
pulses of pressure (0.01–1 kPa s) having duration (0.05–300 µs). Various
ways of generation of non-stationary thermal and mechanical loadings are
used. Mechanical loadings are generated by an explosive detonation or
electric explosion of a metal foil or a throwing of plates. Thermal fluxes
are generated by the laser radiation or highest frequency radiation or heat-
ing elements or a stream of high-temperature gases.

Results of research of pulse loads action realized on composite three-
layer samples are represented. Two external layers carry out protective
functions (in particular it is the damping and heat-insulating functions.
The third protected layer is carrier part of a studied design. The un-
even temperature profile is done in these samples before reproduction of
mechanical action. The received results allow us to draw important con-
clusions about efficiency of various variants of constructional protection
designed from complex RPF action.

1. Ostrik A. V., Gribanov V. M., Cheprunov A. A., et al. Monograph. M.: FIZ-
MATLIT, 2008.

2. Ostrik A. V. // J. Questions of defensive engineering. Scientific and technical
digest. Series 15. 2013. Num. 1 (168). P. 8–17.

3. Gribanov V. M., Ostrik A. V., Romadinova E. A. Monograph. Chernogolovka:
IPCP RAS, 2006.
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Protection of vehicle constructions against the ionizing radiation (IR)
having quanta energy of 1–150 keV is an actual problem [1]. Progress of
modern technologies of synthesis of the gradient heterogeneous materials
containing a microspherical filler allows to create effective sheetings for
protection against this type of radiation. Dispersions of parameters of a
disperse filler by the sizes, a form and integrity are inevitable at making
of constructions and their sheetings in uniform technological process. The
deviation of spatial distribution of filler from the set gradient law takes
place also. Existence of technological defects reduces protective charac-
teristics of sheetings. Therefore development scientific and methodical
technology is required to for forecasting of influence of technological de-
viations for parameters of mechanical IR action. The offered numerical
code unites modeling of three groups of physical processes in a uniform
settlement complex. There are transfer of radiation and energy absorb-
ing [2] and quasistatic relaxation of the stress–deformation state localized
in a heterogeneous cell [3] and wave processes [4] taking place at inter-
action of separate cells. Realization of these processes proceeding in the
listed sequence leads to formation of mechanical IR action. Irregularities
of structure are considered at all stages of this formation. It is realized
at the level of an elementary cell for the first two stages. The irregulari-
ties which are available in distribution of particles clusters of filler in the
binder are taken into account at the final stage. Results of calculations by
means of the offered numerical code show essential influence (tens percent)
of irregularities on parameters of mechanical IR action.

1. Gribanov V. M., Ostrik A. V., Romadinova E. A. // Monograph. Chernogo-
lovka: IPCP RAS, 2006.

2. Bakulin V. N., Ostrik A. V. // Book of Abstracts of XXIX International Con-
ference on Equations of states for Matter, Elbrus. M., 2014. P. 136.

3. Bygay I. V., Ostrik A. V. // Book of Abstracts of XXIX International Con-
ference on Equations of states for Matter, Elbrus, M., 2014. P. 137.

4. Ostrik A. V. // Proceedings of the X International conference NPNJ-2014.
M.: MAI, 2014. P. 404.
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The method of elementary cell [1, 2] is widely used for calculation
of parameters of mechanical action of the ionizing radiation (IR). Now
the representative set [3] of such cells is created. Usually uniform filler
distribution is supposed at creation of elementary cells of heterogeneous
materials. This assumption significantly simplifies a task. But the real
heterogeneous sheetings (HS) have no periodic structure as a result of
technological errors. Besides filler distribution uniformity doesn’t take
place in perspective gradient HS. In the present work the non-stationary
model of an elementary cell is offered for the sheetings having the set
of irregular structure. It is supposed [4] that tension relaxation taking
place in a cell is quasistationary. Then only heat exchange between the
HS components appears the reason of transitional processes being realized
in a cell. The special attention is paid to the accounting of structural
features of the multilayered microspherical fillers used in HS for protection
from IR. Stability loss, destruction and irreversible microspheres collapse
when IR energy is absorbed by a heterogeneous material are considered.
As result of systematic calculations parameters of the tension-deformation
condition of cell are received. These parameters are presented as function
from dimensionless parameters of irregularities and the relation of time of
IR energy absorbing to characteristic time of heat exchange realized in a
cell. It is shown that the accounting of existence of structure irregularities
which take place in practice leads to growth of tension in a cell for 20-30%.
The received results will be used in multidimensional numerical models of
formation of mechanical IR action localized on the HS.

1. Ostrik A. V. Thermomechanical action of x-ray radiation on multilayered het-
erogeneous barriers into air. M.: Scientific and technological Center, 2003.

2. Ostrik A. V., Bakulin V. N. // Book of Abstracts of Int. Conference on
Modern Problems of Mechanics of the Deformed Solid and the Differential
and Integrated Equations. Odessa, 2013. P. 24–25.

3. Fortov V. E., Loborev V. M., Ostrik A. V., et al. // Physics of Nuclear Ex-
plosion: Vol. 2. Explosion action. M.: Fizmatlit, 2010. P. 344–447.

4. Bugay I. V., Ostrik A. V. // Book of Abstracts of XXIX Int. Conference on
Equations of State for Matter. Elbrus, 2014. P. 137.
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Spherically bent crystals are widely used in focusing monochromators,
spectrometers and other x-ray optical systems. In particular, they are
used as dispersive elements in focusing spectrometers with spatial resolu-
tion. These spectrometers provide diagnostic of high energy density states
of the matter including femtosecond relativistic laser plasma, plasma jets
and shock waves in nanosecond laser plasma, etc. Plasma parameters are
obtained via measurements of relative intensities of characteristic spectral
emission lines for plasma multiply charged ions. The measured intensity
of each spectral component is affected by an instrumental function deter-
mined by both a particular area on the crystal surface where this spectral
line is reflected, and the crystal reflectivity function. The main goal of
the work is to develop a method for original signal reconstruction taking
into account the instrumental function for a specific spectral components
and the spectrometer configuration. It allows to increase the accuracy of
measured parameters of the investigated plasma source and to measure
absolute values of the plasma x-ray radiation intensity. As the instrumen-
tal function can hardly be calculated analytically we used the ray tracing
computer simulations. The general idea of this method is to trace a large
number of rays emitted from the source while they are transmitted through
the optical system. We studied the dependence of the result on both sim-
ulation parameters (the number of rays and their initial distribution) and
the parameters of the system under study (geometry of elements, reflectiv-
ity and transparent function, etc). The simulations were performed using
our own ray tracing code. Using this code we studied the dispersion for
the spherical quartz crystal with the curvature of 150 mm. The influence
of the following parameters is considered: the position of x-ray source,
the size of the source, and the crystal surface reflectivity function. As the
simulation result the dependence of the reflected spectral line intensity on
the wavelength for different scattering angles was obtained. The areas on
the crystal surface that meet the Bragg condition for different spectral
components were determined and visualized depending on the reflectivity
function. Moreover, we examined the influence of the reflectivity function
on image aberration in monochromatic backlight of the object.
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DESCRIPTION OF DIFFUSION IN U AND U–Mo
FROM THE ATOMISTIC SIMULATIONS

Kostuchenko T.S.,*1 Kuksin A.Yu.2

1MIPT, Dolgoprudny, 2JIHT RAS, Moscow, Russia

*tatiana.s.kostyuchenko@gmail.com

Diffusion processes play an important role in the behavior of materials
under reactor irradiation, so uranium and its alloys are actively explored
[1]. Measurement of self-diffusion coefficient show anomalously high dif-
fusion mobility in gamma-U compared to other bcc metals. However, the
mechanisms of diffusion is still not clear. This paper discusses the signs
of interstitial and vacancy diffusion mechanism in the gamma-phase of
uranium and uranium-molybdenum contact.

In this work basing on the molecular dynamics simulations we have
evaluated the formation energy and volume of various defects in U and U-
Mo alloy. The system is investigated at high temperatures, within which a
gamma-U is stable. The calculations were performed using potentials pre-
sented in work [2]. Results showed that energy and volume of formation
for interstices in the gamma-U are less than for vacancies. Hence, the con-
centration of interstitials dominates and should govern self-diffusion under
compression.

In the second part of work the model of the interdiffusion at the contact
of gamma-U and Mo is presented. These materials, presumably, have dif-
ferent diffusion mechanisms. It is interesting to find out which mechanism
dominates in the interdiffusion. The model is based on the results of MD
calculations of the diffusivities of the components as a function of their
concentrations. It is specified by differential equations of diffusion for each
material. With this system, the dependence of uranium (molybdenum)
concentration is considered in time and coordinate space. MD model of
uranium and molybdenum contact was also created and explored. It is go-
ing to be compared with results of previous calculations and experimental
data.

1. Ke Huang, Dennis D. Keiser Jr., Yongho Sohn // Interdiffusion, Intrinsic Dif-
fusion, Atomic Mobility, and Vacancy Wind Effect in gamma(bcc) Uranium-
Molibdenum Alloy.

2. Smirnova D. E., Starikov S. V., Stegailov V. V. : Interatomic potential for ura-
nium in a wide range of pressures and temperatures. // J. Phys. Condensed
Matter. 2012. V. 24. P. 15702.
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THE KINETICS OF POINT DEFECTS IN METALS
UNDER ION IRRADIATION
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Radiations of different types during their interaction with metal violate
its periodic structure, and cause an appearance of different types of defects
that change mechanical properties of irradiated material. At high doses of
irradiation, it can lead to swelling of structural materials.

Primary and secondary processes of the defects formation can be allo-
cated. The primary processes are the development of a cascade of atomic
collisions and the formation of point defects, and the secondary processes
are migration and association of the resulting defects. Modeling an irradi-
ation process of a copper plate for studying the formation and evolution of
point defects, that is vacancies and interstitials, is presented in this work.
The plate is considered to be infinitely long, so a one-axis task is solved.
Homogeneous (no streams of defects in a sample) and inhomogeneous cases
are studied. Irradiation is pulse-like. The Euler scheme is used to fulfill
the homogeneous task, a central-difference scheme is used to solve the in-
homogeneous task. Atomic concentrations of vacancies and interstitials in
the plate of copper are obtained as a result of calculations.

Work is supported by the Ministry of Education and Science of the
Russian Federation (state task No. 3.1334.2014/K)

MOLYBDENUM ATOMS YIELD IN PULSE UV LASER
PHOTOLYSIS OF Mo(CO)6
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JIHT RAS, Moscow, Russia
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Laser photo-dissociation of metal carbonyls leads to supersaturated
metal vapor formation [1].

As a result the metal nanoparticles growth can be observed. This study
is devoted to time resolved measurements of Mo atoms concentration in
the ground state producing by laser pulse photo-dissociation of Mo(CO)6
in the mixture with bath gases at the room temperature. These data are
important for the investigation of kinetics of small clusters and following
nanoparticles growth. The experiments were performed in a quartz reac-
tion cell 0.5 cm3 in a volume, filled with vapor of Mo(CO)6 in the mixture
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with argon. This mixture was irradiated by one Nd:Yag laser pulse at a
wavelength of 266 nm. The laser pulse duration was 12 ns and the laser
energy density was in the range of 0.02–0.17 J/cm2.

Atomic resonance absorption spectroscopy technique was used to mea-
sure concentration of molybdenum atoms formed in the photolysis of
Mo(CO)6. The yield of molybdenum atoms in the ground state occurs due
to process of spontaneous quenching of excited states or in collisions with
surrounding gas molecules. Excited Mo atoms are formed in dissociation
of Mo(CO)6 molecules owing to absorption of two or more photons at 266
nm. In the experiments the consumption of Mo atoms was also observed
and was explained by the small Mo clusters formation and secondary re-
actions. The influence of various bath gases (Ar, He, CO2, CH4, N2, CO)
on Mo atoms yield was found to be negligible. From the other side, the
bath gas influenced on the processes of Mo atoms consumption. The ki-
netic mechanism of Mo atoms clusterization is studied by kinetic modeling
using basic reactions responsible for Mo atoms consumption. Obtained re-
sults can be used for development of kinetic models of the early stages of
Mo nanoparticles growth.

This work has been supported by the Russian Foundation for Basic
Research (grant No 14-08-00505).

1. Gurentsov E. V., Eremin A. V., Priemchenko K. Yu. // Technical Physics.
2013. V. 58. P. 1337.

CO-PYROLYSIS AND CO-FIRING OF MIXTURES
FROM LOW-GRADE COAL AND BIOMASS

Kuzmina J.S., Sinelshchikov V.A., Sytchev G.A.*

JIHT RAS, Moscow, Russia

*george.sytchev@gmail.com

Interest to the co-firing of different kinds of coal and different types of
biomass is caused by tendency to wider usage of renewable hydrocarbon
raw materials in energy purpose and to enhance the consumer character-
istics of low-grade fossil solid fuels. In this paper as initial raw materials
there were considered coal slack, straw and their mixtures. Investigations
were carried out with the help of the analyzer SDT Q600, which allowed
applying the methods of thermogravimetric analysis (TGA) and differen-
tial scanning calorimetry DSC). The experiments were carried out in inert
(nitrogen) and air atmosphere. The heating rate was equal to 20◦C/min.
Application of TGA and DSC to investigations of coal slack and straw
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mixtures with different mass ratio between the mentioned raw materials
allowed detecting the condition at which non-additivity of mixture proper-
ties as respects to the rate of thermal decomposition and heat generation
during pyrolysis and burning takes place. Similar investigations were ful-
filled for mixtures of coal slack and straw subjected to preliminary thermal
treatment (torrefaction).

SIMULATION OF A PROCESS FOR THE TWO-STAGE
THERMAL CONVERSION OF BIOMASS INTO THE

SYNTHESIS GAS

Lavrenov V.A.,* Zaichenko V.M., Kosov V.F.

JIHT RAS, Moscow, Russia

*v.a.lavrenov@gmail.com

There is high interest to the problem of development of power gen-
eration systems on the renewable energy source – biomass. One way to
solve this problem is thermal conversion of biomass, such as a two-stage
thermal conversion method, that have been developed at the Joint Insti-
tute for High Temperatures RAS. The first stage is pyrolysis of biomass.
On the second stage the pyrolysis products is blown through the porous
biomass residue at the temperature of about 1000◦C, where there are their
conversion into hydrogen and carbon monoxide. The volume of syngas is
about 1.4 Nm3 per kg of processed biomass and its calorific value is about
11 MJ/Nm3. The paper describes the process simulation results of synthe-
sis gas obtaining from biomass. In accordance with the tests of the pilot
plant of electric power up to 50 kW, based on the two-stage pyrolysis-
cracking process, the power plant combined with gas-diesel engine has a
relatively low coefficient of energy conversion efficiency of initial biomass
into electric power. This is due to incomplete conversion of the biomass
into synthesis gas. The potential of increasing of the pilot plant efficiency
was analyzed. There are two major ways to improve the energy efficiency
of the power plant: (1) complete gasification of biomass residue by means
of water steam, (2) burning of biomass residue in the furnace for the own
heat needs.

A model was developed describing energy and mass balance, that al-
lowed to estimate the parameters of biomass processing unit for both cases.
The implementation of any of the suggested ways will significantly rise (by
about a third) the overall energy conversion efficiency of power plant.
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THE PYROLYSIS PROCESS OF SEWAGE SLUDGE

Umnova O.M.,* Zaichenko V.M., Kosov V.F.

JIHT RAS, Moscow, Russia

*umnova.olya@gmail.com

Problems of environmentally friendly biowaste recovery are acute for all
developed country. In spite of the ecological requirements in development
of recovery technologies, it is necessary to provide economical practica-
bility of applied recovery methods. As such closed-loop technologies are
the biggest interest what provide waste treatment facilities by energy for
satisfaction of auxiliaries. The scheme of sewage sludge recovery to give
gaseous energy fuel was developed. A available scheme includes a chemi-
cal dehydration and thermal drying processes, a pyrolysis of solid residue
and a pyrolytic cracking of volatile pyrolysis products. The gaseous prod-
uct of pyrolysis and cracking is syngas that can be used as fuel in device
generated energy. The experimental researches of the sludge sample py-
rolysis process were carried out. The chart of reaction gaseous-product
composition from the process conditions and the reaction heats of thermal
sludge solid-body decomposition at the different temperatures were inves-
tigated. The composition of pyrolysis gases, calorific capacitance of the
sludge samples and pyrolysis gases, the reaction heats of sludge pyrolysis
at the different temperatures of process were determined.

VIRTUAL WATER MOLECULE DISSOCIATION
IN AN ALTERNATING ELECTRIC FIELDS

Pykhtina A.I.,*1 Tkachenko V.I.2

1JIHT RAS, Moscow, Russia, 2KIPT, Kharkiv, Ukraine

*pykhtina@yandex.ru

Results are presented for the numerical simulation of the real water
molecule dissociation based on its two-dimensional analogue, namely, the
virtual molecule (VM) dissociation in an electromagnetic field with a dif-
ferent time dependence of the electric field amplitude. The proposed
VM model provides the condition of coincidence between the fundamental
eigenfrequencies of the real molecule and its analogue. The bond length
and atomic mass are renormalized so that the VM molecule should steadily
exist for a long time interval. Numerical simulation of the impact of elec-
tromagnetic fields on the VM allows us to consider the dynamics of the
atoms until the bonds break. Various scenarios of the molecular system
behavior and necessary conditions for the intramolecular energy redistri-
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bution have been investigated. It is shown that in some cases breaking of
one of the VM bonds inevitably leads to the VM dissociation as a whole.
As a result of numerical simulation, it has been established that the bond
breaking has a threshold character, i.e., dissociation is not observed at the
external force, which is below a certain value. Computations are performed
for the value of the electric field amplitude, the shape of the electric poten-
tial and its potential difference. Optimum parameters of VM dissociation
have been determined.

The considered scientific problem in the present conditions of depletion
of hydrocarbon resources is an actual challenge with both theoretical and
practical point of view. The results shows key opportunity to implement
the research solutions in the field of hydrogen energy.

1. Zewail A. H. Femtochemistry: Atomic-Scale Dynamics of the Chemical Bond.
Feature article // J. Phys. Chem. A. 2000. V. 104. P. 5660-5694.

2. Volkovets I. B., Yefimov A. A., Krivtsov A. M., Tkachev P.V. Nonlinear dy-
namics and selective dissociation of triatomic molecule // Trudy SPbGPU.
2004. No. 489. P. 152-161.

3. Melen F., Herman M. Vibrational Bands of HxNyOz Molecules // J. Phys.
Chem. Ref. Data. 1992. V. 21. No. 4. P. 831-881.

4. Alforova A. V., Borts B. V., Tkachenko V. I. Dissociacija virtual’noj molekuly
dvuokisi azota vo vneshnih elektromagnitnyh poljah // The Journal of
Kharkiv National University, physical series “Nuclei, Particles, Fields”. 2011.
No. 979: 4(52). P. 46-55.

5. United States Patent Number 4936961, Jun. 26, 1990.
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SHOCK WAVES.
DETONATION. COMBUSTION

SHOCK RESPONSE OF MAGNESIUM SINGLE CRYSTALS
AT NORMAL AND ELEVATED TEMPERATURES

Kanel G.I.,*1 Garkushin G.V.,2 Savinykh A.S.,2

Razorenov S.V.,2 de Resseguier T.,3 Proud W.G.,4

Tyutin M.R.5

1JIHT RAS, Moscow, Russia, 2IPCP RAS, Chernogolovka, Russia,
3IP CNRS, Futuroscope, France,

4ISP ICL, London, United Kingdom (Great Britain),
5IMET RAS, Moscow, Russia

*kanel@ficp.ac.ru

A series of magnesium single crystals, from 0.2 to 3 mm thick, were
shock loaded in directions parallel and perpendicular to the c-axis of the
hexagonal closed packed (hcp) structure and at 45◦ to the c-axis. Shock
compression along the c-axis is associated with the largest Hugoniot elastic
limit (HEL) for this material. Microscopic observation of recovered c-cut
samples demonstrated intense twinning with a greater density of twins
near the impact surface. The low-energy basal slip was activated by shock
loading along the inclined direction and has the smallest HEL. In all cases,
we observe the decay of the elastic precursor wave and growth of the HEL
with increasing temperature. For the inclined shock compression after
the HEL, two plastic waves were found where the stress level of the first
plastic wave depends on the peak shock stress. Finally, the largest spall
strength was along the transversal direction and the smallest in the off-
axis direction. The fracture surface of the sample of transversal orientation
contains numerous groves oriented along the base planes of the crystals.

HALIDE BASED SHOCK-WAVE TREATMENT
OF FLUID-RICH NATURAL PHASES

Schlothauer T.,* Schimpf C., Brendler E., Keller K.,
Heide G., Kroke E.

TUBAF, Freiberg, Germany

*Thomas.Schlothauer@mineral.tu-freiberg.de

The high-pressure behavior of fluid bearing phases is currently an ob-
ject of great interest. This includes the chemical and structural behavior
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of water bearing silicates in the time of subduction and also the behavior
of carbonates (deep carbon cycle, Deep Carbon Observatory [1]).

In the current time the research of the shock wave behavior of car-
bonates is limited to the degassing behavior at impact events like Chix-
culub [2]. In this case carbonates shows a decay into CaO and CO2 at
elevated temperatures and a fast recombination along the release path [3],
resulting the recovering of calcite without any high pressure phases. This
method is not sufficient for the investigation of the HP-behavior of CO2

and H2O-rich natural phases. For this reason a new method was devel-
oped, based on the Imdedance Corrected Container [4] without adiabatic
decompression of the sample powder [5] under using of halides (in first
steps NaCl). For first experiments the kaolinite KGa-28 from the Amer-
ican Clay Society as reference material was used. The experiments were
performed at pressures from 15 and 20 GPa and at approximately 110 GPa.
First results shows a complete melting and amorphisation of the kaolinite
under using of copper powder, the 27Al-NMR shows only the common
4-,5- and sixfold Al-coordination, higher coordinated silicium was not ob-
served. The amorphous Si-Al-composition covers partially the Cu-metal
grains and there complete dissolution with HNO3 was impossible. On the
other hand the samples treated under using of NaCl shows a crystalline
structure and different Al-coordination numbers, depending on pressure
and relative temperature under using the NMR-spectroscopy. In the cur-
rent time further measurements were performed.

1. Carnegie Institution of Science 2008 Deep Carbon Observatory, www.gl.ciw.
edu/deep carbon project

2. Langenhorst F., Deutsch A. // Elements. 2012. V. 8. N. 1. P. 31.
3. Langenhorst F., Boustie M., Deutsch A., Hornemann U., Matignon Ch., Mi-

gault A., Romain J. P. // High Pressure Shock Compression / Davison (Ed.).
2003. V. 5. P. 1.

4. Schlothauer T., Heide G., Keller K., Kroke E. // XXIX International Con-
ference on Equations of State for Matter, 2014. P. 58.

5. Schlothauer T., Schimpf C., Heide G., Kroke E., Rafaja D. // Explosive
Production of New Materials, 2014. P. 181.
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ELECTRICAL RESISTANCE OF SHOCKED VANADIUM
IN THE RANGE OF ELASTIC PHASE TRANSITION

Golyshev A.A.,* Shakhray D.V., Emelyanov A.N.,
Molodets A.M.

IPCP RAS, Chernogolovka, Russia

*golyshev@icp.ac.ru

A series of multiple shock experiments were performed on vanadium
at shock pressure ranging from 10-40 GPa and 40-120 GPa. Electri-
cal resistance profiles measured for thin foil were used to estimate the
volume-temperature dependence of vanadium electrical resistance under
high-pressure high-temperature range.

A phase transition at some shock pressure that may be the body-
centered cubic (BCC) to rhombohedral structure was discussed by the
deviation of the shock volume-temperature dependence of vanadium elec-
trical resistance from Bloch-Gruneisen law against shock pressure. The
transition pressure is consistent with the results from literature diamond
anvil cell [1], and shock experiments [2].

This work was supported by Presidium of the Russian Academy of
Sciences program ”Thermal physics of high energy densities”.

1. Klepeis J.-H.P., Cynn H., Evans W. J., Rudd R. E., Yang L. H., Lier-
mann H. P., and Yang W. ”Diamond anvil cell measurement of high-pressure
yield strength of vanadium using in situ thickness determination” // PHYS-
ICAL REVIEW B 81, 134107 (2010).

2. Yu Y., Tan Y., Dai C., Li X., Li Y., Wu Q., and Tan H. ”Phase transition and
strength of vanadium under shock compression up to 88 GPa” // Applied
Physics Letters 105, 201910 (2014).

ELECTRICAL CONDUCTIVITY AND THERMOPHYSICAL
PROPERTIES OF LITHIUM HYDRIDE AND LITHIUM
DEUTERIDE IN THE MEGABAR SHOCK PRESSURE

RANGE

Shakhray D.V.,* Golyshev A.A., Molodets A.M.

IPCP RAS, Chernogolovka, Russia

*shakhray@icp.ac.ru

The region of a high electrical conductivity of lithium hydride is exper-
imentally determined in the pressure range 100-150 GPa and the tempera-
ture range 2000-3000 K of multiple shock compression. This result is used
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to construct thermodynamic potentials for the two polymorphic modifica-
tions of lithium hydride (B1, B2), and these potentials make it possible to
calculate its thermophysical properties in the shock pressure range 80-1200
GPa. The calculated and experimental results are analyzed to determine
the B1-B2 equilibrium line for the polymorphic modifications of lithium
hydride at pressure up to 300 GPa and temperature range 2-3 KK [1].
This work was supported by ROSATOM contract H.4x.44.90.13.1112.

1. A. M. Molodets, D. V. Shakhray, V. E.Fortov // ZETP, V. 145, No. 6,
pp. 1015-1024

HYDROSTATIC AND SHOCK-WAVE COMPRESSION
OF A MOLECULAR CRYSTAL

Badretdinova L.Kh.,*1 Kostitsyn O.V.,2 Smirnov E.B.,2

Ten K.A.3

1KNRTU, Kazan, 2FSUE RFNC–VNIITF, Snezhinsk,
3LIH SB RAS, Novosibirsk, Russia

*salamandra 1985@mail.ru

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 molec-
ular crystals and molecules constituting a crystal have great many inter-
nal degrees of freedom. The paper analyzes experimental data on the
hydrostatic and shock-wave compression of the energy-saturated mate-
rial. 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 ac-
count. 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 ma-
terial 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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ACTION OF SHOCK WAVE LOADING ON SELENIUM
NANOCOMPOSITES

Savintsev Yu.P.,*1 Ten K.A.,2 Tolochko B.P.,3 Naiden E.P.,4

Ivanov K.V.,5 Shevchenko V.S.,1 Urakaev F.Ch.1

1IGM SB RAS, Novosibirsk, 2LIH SB RAS, Novosibirsk,
3ISSCM SB RAS, Novosibirsk, 412CSRI MOD RF, Sergiev Posad,

5ISPMS SB RAS, Tomsk, Russia

*savincev1940@mail.ru

Selenium nanocomposites have promising applications as materials for
electronics, photonics and pharmacology. But the properties of elemen-
tal selenium in these materials are not investigated completely. Selenium
has many amorphous and crystalline modifications. Amorphous forms can
transfer in crystalline ones at heating or static pressure about 14GPa.
But nanosized selenium differs from compact one and has a transfer at a
more high pressure which depends on properties of nanoparticles- its sizes
and surrounding matrixes. For understanding of fundamental properties
of these composites shock wave action with high resolution and express
X-ray study is the very significant method. Selenium nanocomposites
were obtained after drying of water solutions of polyvinyl alcohol con-
tained nanosized selenium. Last one was the result of reaction of reduction
of ammonium selenite by hydrazine-hydrate. Samples of nanocomposites
were investigated before and after shock wave action. Optical, electronic
microscopy, conventional X-ray diffraction and the small angle X-ray scat-
tering method with synchrotron radiation of collider VEPP-3 were used.
Shock waves were results of explosion in special chamber. Experimental
data are analyzed and discussed.

PULSE LOADING OF GLYCEROL BY ELECTRIC
EXPLOSION OF WIRE

Uvarov S.V.,* Naimark O.B., Bannikova I.A.

ICMM UB RAS, Perm, Russia

*usv@icmm.ru

Experimental investigation of dynamic (strain rate 105 - 107 s−1) com-
pression of glycerol (GOST 6824-96) was carried out. Shock wave loading
produced by electrical wire explosion [1]. Free surface velocity profiles
were obtained using VISAR velocitymeter. Free surface was measured on
the thin membrane of metallized film. It was found that the profiles are
self-similar and the dependence of the strain rate at the compression wave
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front on the wave amplitude has the form of a power law relation with
the exponent of 3.2 for water [1] and of about 4 for glycerol which is close
to the values obtained for metals [3] [5]. This power law relation can be
related to the non-newtonian behavior [4]. We have observed multiple (up
to 15) reverberations in the spall plate. Also we have observed change of
refraction index of glycerol in the area close to the exploded wire. We can
conclude that in glycerol the spall plate exists for longer time and dissipa-
tion of the acoustic wave is low.We suppose that for the investigated range
of strain rates the non-Newtonian behavior is related to the plastic flow
mechanisms as observed in solids. This work was supported by the Rus-
sian Foundation for Basic Research, project nos. 14 − 01 − 96012rurala,
14− 01− 00842−A.
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5. Kanel G. I., Razorenov S. V., Utkin A. V., Fortov V. E. // M.: PhysMathLit,

2008. 248p. ISBN 978-5-9221-0882-9.

ANOMALOUS COMPRESSIBILITY AND SPALL
STRENGTH OF CERIUM AND DOCOSANE

UNDER SHOCK-WAVE ACTION

Sosikov V.A.,* Zubareva A.N., Utkin A.V.

IPCP RAS, Chernogolovka, Russia

*vaso@icp.ac.ru

In this work we determined the shear stress and evolution of compres-
sion wave in the area of cerium anomalous compressibility. The value of
longitudinal stress at which the alpha-beta phase transition occurs is also
determined. It is shown that the phase transition pressure, under dynamic
and static compression coincide and is equal to 0.8 GPa. The dependence
of spall strength of cerium on the strain rate is investigated. At its in-
crease from 1.5 × 104 to 8.5 × 105 s−1 the spall strength rises from 0.3
to 0.8 GPa. Similar experiments with docosane in solid and liquid state
have been onducted. It was shown that the solid docosane demonstrate
an elastic-plastic properties and has abnormal compressibility at pressures
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below 100 MPa. It was found that the strength of docosane remains prac-
tically constant and equals to about 24 MPa when passing through the
melting point.

DEVELOPMENT OF TARGETS FOR SHOCK-WAVE
EXPERIMENTS AT PRIOR—PROTON MICROSCOPE

FOR FAIR

Zubareva A.N.,* Utkin A.V., Mochalova V.M., Lapin S.M.

IPCP RAS, Chernogolovka, Russia

*zan@ficp.ac.ru

Materials with anomalous compressibility under shock loading con-
ditions (cerium, docosane, porous medium) can be used as targets for
PRIOR—proton microscope for FAIR. They are very interesting subjects
for proton radiography studies due to the anomalous structure of the re-
sulting compression waves and the unusually high jumps of density ob-
served during their phase transitions. Abnormal compressibility may oc-
cur due to thermodynamic properties (cerium) and/or irreversible defor-
mation dynamics (the porous medium). Theoretical models for describing
the anomalous compressibility and behavior of different materials under
extreme conditions are still not developed.

Another type of materials which are interested as targets are heteroge-
neous media with a strong anisotropy of physical properties (e.g. carbon
composites, fiberglass, organo-plastics). Shock wave compression of car-
bon plastics generates a two-wave configuration associated with different
propagation velocities along the reinforcing fibers and the polymer matrix.
The range of the existence of the two-wave configuration depending on the
wave parameters and the stress amplitude should be determined. This is
needed for the development of models which adequately describe the be-
havior of materials under conditions of extreme compression. For this one
has to measure the density of the sample under shock loading conditions
which can be uniquely done by proton radiography.

The third type of targets are connected with spall strength study of
inert and chemically active liquids. This phenomenon is of great scien-
tific interest because it allows to obtain negative pressures in liquids and
to reach regions of the phase diagram which cannot be achieved by other
methods. The kinetics of homogeneous nucleation leading to pore for-
mation, the subsequent growth of which results in spalling, has not been
studied in detail, although it is widely used to interpret the data on pulse
destruction of liquids. The proton radiography method will allow to di-
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rectly observe the dynamics of pore formation, which shows up as a change
of the liquid density in the fracture zone.

The work is supported by FRRC—FAIR-Russia Research Center.

MANUFACTURING OF SILICON NITRIDE HIGH
PRESSURE PHASE IN PLANE RECOVERY AMPOULES

OF HIGHER CAPACITY

Yakushev V.V.,* Zhukov A.N., Utkin A.V., Rogacheva A.I.

IPCP RAS, Chernogolovka, Russia

*yakushev@ficp.ac.ru

Silicon nitride high pressure phase (γ-phase) is close in bond nature to
cubic boron nitride and diamond and as well as these materials shows sig-
nificant hardness. The research of transformation degree of silicon nitride
to γ-phase in recovery ampoules depending on shock compression param-
eters is presented in [1–3]. The attempts to manufacture large portions of
about several grams per one experiment are undertaken in [4, 5]. Last two
approaches showed some disadvantages. In the present work we manufac-
tured of several grams of γ-phase per one experiment in plane recovery
ampoules of higher capacity using high temperature shock compression
method (HTSC) [6]. Tablet samples of 1,5 mm thickness and 20, 60, and
100 mm diameter were prepared of mixture Si3N4/KBr-40/60 wt.%. The
loading of the samples to approximately 50 GPa in recovery ampoules was
carried out with Al and stainless steel flyers accelerated by explosive throw-
ing devices. New approach in constructing of recovery ampoules (copper
core — steel cover) allowed decreasing the losses of the material of samples
significantly. The highest yield was achieved in experiments with Al flyers.

This work was supported by the Russian Academy of Sciences program
“Matter under the influence of energy of high density”.
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EXPLOSIVE COMPACTION OF MIXTURE WC+Co
ON AXIAL SYMMETRIC SCHEME

Buzyurkin A.E.,*1 Kraus E.I.,1 Lukyanov Ya.L.2

1ITAM SB RAS, 2LIH SB RAS, Novosibirsk, Russia

*buzjura@itam.nsc.ru

In this work, the task to develop and optimize schemes of explosive
compaction of powder mixtures of solid materials with a metal band was
resolve. Experiments on explosive compaction of mixtures of tungsten
carbide (WC) and cobalt (Co) in the cylindrical ampulas of conservation
has been performed. A numerical simulation of the propagation of shock
waves on a two-phase porous medium WC+Co was hold. On the basis of
experimental and numerical studies of shock wave propagation the opti-
mal conditions of explosive compaction of a two-phase porous medium are
defined. It is shown that the most advantageous for obtaining a uniform
mixture of solid compact powder WC+Co 9:1 by volume axially symmet-
ric with the central mandrel circuit is compaction mode corresponding to
the detonation velocity explosive charge 4,6 km/s, followed by sintering.

PULSE COMPRESSION OF THE Ni AND Al MICRON
POWDERS MIXTURE IN CYLINDRICAL RECOVERY

AMPOULES

Ananev S.Yu.,*1 Yankovsky B.D.,2 Deribas A.A.,3

Drozdov A.A.,3 Dolgoborodov A.Yu.2

1MIPT, Dolgoprudny, 2JIHT RAS, Moscow,
3IMET RAS, Moscow, Russia

*serg.ananev@gmail.com

The assemblies with cylindrical recovery ampoules for dynamic com-
pression of the Ni-Al powders mixture and initiating the chemical synthesis
of NiAl intermetallic are tested. The chemical synthesis scheme based on
the detonation of a RDX cylindrical charge, which is located along the axis
of ampoule. The detonation wave sliding along the surface of the ampoule
caused a compression wave [1]. The pressure profile on the ampoule surface
depends on the design features of the explosive device. Charge of RDX
had a diameter of 57 mm and a length of 70–100 mm and its weight varied
from 160 to 300 g. The diameter of the cavities in ampoules equaled 5–8
mm. Analysis of the shock-wave dynamics in the construction of various
explosive assemblies showed that the dynamic effect on the walls of am-
poules continues for 30 ms or more, and ranges up to 25 GPa. Estimate of
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the ampoule temperature immediately after loading, based on measuring
the speed of decline after the experiment, gave values of 400–450 K.

Starting material was a powdered mixture 0.7Ni + 0.3Al and was
pressed into the cavity to the density 0.55–0.70 g/cm3. The porosity of
the compacted mixture was 0.31–0.42. After the shock-wave loading the
X-ray analysis of stored compacted samples was made and distribution of
porosity along their length was found. X-ray analysis showed the presence
of a number of NiAl intermetallic phases, porosity distribution along the
length of the sample has an inverse correlation with pulse pressure on the
surface of the ampoule and the time of its action: the lower the porosity
is shown at large pressure.

The data obtained allow to estimate the density of the recovery samples
(4.5–5.8 g/cm3), and also the residual porosity in these ampules after com-
pression and synthesis concerning porosity of initial mixture (0.07–0.39).
The density of the NiAl intermetallic taken equal to 6 g/cm3.

The results obtained in the experiments are planned to use in experi-
ments with nanosized and microsized powders of the starting components
for obtaining more dense NiAl samples.

1. Orlenko L. P., et al. Physics of Explosion. 2002. V. 2. P. 656.

SUBMICROSECOND STRENGTH OF COMPOSITE
MATERIAL OBTAINED BY SHOCK COMPRESSING

OF THE POWDER MIXTURE Al/Al2O3

Garkushin G.V.,*1 Zhukov I.A.,2 Promakhov V.V.,2

Vorzhtsov S.A.,2 Razorenov S.V.,1 Vorzhtsov A.B.2

1IPCP RAS, Chernogolovka, 2TSU, Tomsk, Russia

*garkushin@ficp.ac.ru

Explosive compaction of systems based on metal powder is a promising
direction in the development of the new structural materials. In this case,
the study of composite based on powders over the wide range of stain rate
10−5 s−1 to 105 s−1 to identify the mechanisms of deformation and fracture
and their connection 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 at all. In this work the samples were syn-
thesized of powder composite material by the explosive compaction. The
initial synthesis mixture consisted of powders ASD-6 (average size of 18
microns) and aluminum oxide (average size 36 nm). The mixture was pre-
mixed in a tumble mixer for 24 hour. The amount of Al2O3 in the mixture
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was 10% by weight. The resulting mixture was placed in an axisymmetric
container. The container was a copper tube with a diameter of 32 mm and
a length of 350 mm (wall thickness 1 mm). Explosive compaction occurred
under the action of the detonation products of industrial explosive Uglenit
E-6 with a detonation velocity of 2300±200 m/s. As a result the compos-
ite with density 2.65 g/cm3 was obtained by synthesizing. The measured
longitudinal sound velocity was 6.10 ± 0.1 km/s. Vickers microhardness
was 106 ± 6 kg/mm2. Using electron microscopy and X-ray diffraction
data on the composite structure, the parameters of the crystal structure
and phase composition were found. For the shock-wave experiments the
samples of 2 mm and 5 mm were cut. The plane shock waves in the sam-
ples were generated by impacts of aluminium flyer plates of 0.85 mm and
2.0 mm in thickness with velocities of 630± 30 m/s. The free surface ve-
locity histories were monitored with the VISAR. The measured values of
the Hugoniot elastic limit in the composite sample with thicknesses of 2
mm and 5 mm were 0.24 ± 0.01 GPa and 0.2 ± 0.01 GPa. The dynamic
strength of the composite was 0.4 ± 0.01 GPa and 0.35 ± 0.01 GPa for
samples 2 mm and 5 mm in thickness.

Financial support: the RFBR Grant No. 14-38-50612 and the MES of
the Russian Federation in the framework of the FTP “Research and devel-
opment in priority areas of scientific and technological complex of Russia
for 2014–2020”, the agreement No. 14.578.21.0025, No. 14.578.21.0098, and
enhance the competitiveness of the program Tomsk State University.
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STUDY OF THE BEHAVIOR OF ICE AND LIMESTONE
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1TSU, RIAMM, 2TPU, Tomsk, Russia

*orloff m@mail.ru

Nowadays, theoretical and experimental study of the behavior of some
natural materials (ice, granite, limestone, rocks), have not lost their rel-
evance. This is due to the need to increase the extraction of natural
resources in areas of permafrost and the Far North, the development of
transport links in the Arctic and the development of new ways to fight
ice jams. In the next few years, the Russian government plans to come to
grips with the development of the Arctic zone. It is about recreating a new
transport infrastructure, implementing large-scale programs of extraction
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of natural resources, military build-up. Therefore, a need for new exper-
imental data on shock-explosive loading of natural materials for testing
techniques developed numerical simulation [1].

In this paper we study the behavior of natural materials with explosive
shock loads. The fullscale experiments were conducted in cooperation
with “KuzbasSpetsVzryv” in Tomsk region of the Siberian. As objects of
study selected limestone and medium first-year ice. Figure illustrates the
process of preparation for the experiments. The purpose of this work was
to identify the main mechanism and regularities of their explosive loading.
In studying the behavior of limestone under explosive loads varied mass of
explosives from 5 to 50 kg. The diameter and depth of the wells remained
constant at 11 and 560 cm, respectively. Some wells contained water,
which reached the level of 200 cm or more. The air temperature was equal
to 3◦C. In the experiment recorded only the diameter of the crater, which
reached 120 cm. In studying the behavior of ice during blasting loads
varied mass of explosives. The explosive weight was equal to 4 and 8 kg.
The freshwater ice thickness was 70 cm. The depth of water under the
ice cover was about 7 meters. The flow of water was low. The water
temperature was equal 4◦C. After the explosion in the ice formed on the
lane in diameter from 2 to 4.3 meters.

The reported study was partially supported by RFBR research project
13-08-00509a, 13-08-00296a.

1. Glazyrin V. P., Orlov M. Yu., Orlov Yu. N. Numerical modeling of the im-
pact loading of heterogeneous materials // Computational Technology. 2002.
V. 7(2). P. 154–162.

SUPERCONDUCTIVITY OF Al/Al2O3 INTERFACE
FORMED BY SHOCK-WAVE PRESSURE
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This work is further work [1]. A mixture of Al and Al2O3 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, characterized by glassy
dynamics of the shielding currents below Tc. Comparison of the ac sus-
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ceptibility and the dc magnetization measurements infers that the super-
conductivity arises within the interfacial granular layer formed between
metallic Al and its oxide due to the shock-wave treatment. This work was
supported by RFBR grant No. 13-02-01217.

1. Palnichenko A. V., Sidorov N. S., Shakhray D. V., Avdonin V. V., Vyaselev
O. M., Khasanov S. S. // Physica C. V. 498. P. 54–58.

SHOCK WAVE VELOCITY MEASURING SYSTEM BASED
ON VERNIER VISAR-TYPE INTERFEROMETERS

Gubskii K.L.,*1 Koshkin D.S.,1 Antonov A.S.,2

Mikhailuk A.V.,1 Pirog V.A.,1 Kuznetsov A.P.1
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The uniqueness of shock wave physics experiments and inability to
repeat them under identical conditions place heavy demands on out-
put data. Most informative contactless method in such experiments is
Doppler interferometry, that allows to carry out continuous surface ve-
locity measurements. Today quadrature-differential VISAR systems are
the most widespread laser systems for velocity measurements. They have
earned a reputation as reliable, convenient and relatively inexpensive de-
vices providing sufficient accuracy and time resolution for most measure-
ments. However, these measuring systems have a number of limitations
due to properties of optical layout. In particular, the standard quadrature-
differential interferometers are designed for the simultaneous measurement
of the velocity of only one point on an object (or more precisely, they mea-
sure average speed of ∼ 10−5 cm2 area). Moreover, significant problem
is “missing” of interference periods that can occur in the signal if photo-
graphic system’s time resolution is not enough. This “missing” is usually
observed at the shock front (with times < 10 ns) and can lead to significant
errors in the recorded velocity absolute value.

This paper presents a laser system for measuring the surface velocity in
shock wave experiments. This system is combination of optical units pro-
ducing signal frequency analysis and electronic components producing pho-
toelectric conversion interconnected by optical fibers. Two optical units
form vernier system with polarization coding of quadrature-differential sig-
nals. Using delay etalons with different optical length allows to extend sys-
tem’s dynamic range and obtain exact parameters of fast shock front even
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with interference periods “missing”. Interferometers optical layout allows
each one to produce independent analysis of up to 7 optical channels.

The basic operations with the interferometer may be performed re-
motely from a PC using special software and a remote control unit. Built-
in Ethernet interface allows to adjust interferometers remotely, control
elements status and perform remote recording of digital signals. Using
fast photomultipliers (Hamamatsu R9880) as photodetectors allowed to
reach the operating speed of 0.8 ns, with the possibility of using laser with
power < 1W as a probe source when working with low reflection surfaces,
including diffuse ones.

TUBULAR EXPLOSIVE DEVICES FOR
QUASI-ISENTROPIC COMPRESSION OF GASES

TO PRESSURES OF 200–400 GPa

Ternovoi V.Ya.,* Nikolaev D.N., Shutov A.V.

IPCP RAS, Chernogolovka, Russia

*ternovoi@ficp.ac.ru

Tubular explosive devices with the speed of waves in the magnesium
rod 15 km/s for multiple and isentropic compression of gases up to 200–
400 GPa have been created. A series of cells for measuring the conductive
properties of sapphire and gases are designed and manufactured. The
size of region for one-dimensional and uniform compression of helium in-
side of the experimental cell have been determined by two-dimensional
numerical hydrodynamic modeling. It is established that for a cell with
an initial thickness of 2 mm with helium at a temperature of 78 K and
the initial pressure 20 MPa required conditions of homogeneity and one-
dimensionality of the gas compression is performed in the central region
of the cell with diameter 6 mm.

To increase the size of area of homogeneous and one-dimensional com-
pression it is proposed to increase the diameter of the tube copper liner 1.5
times with a corresponding increase in the mass of charge up to 13.5 kg.
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Experimental and theoretical study is devoted to the links of defect
induced metastable states, elasto-plastic and damage-failure transitions in
shocked materials as specific type of criticality (structural-scaling transi-
tions) in out-of equilibrium system “solid with mesodefects”. It was shown
that kinetics of structural-scaling transition is related to the dynamics of
two internal variables: defect density tensor (geometrical part of defect
induced strain) and structural-scaling parameter characterizing the cur-
rent sensitivity of material to defect growth and representing the ratio of
mean sizes of defects and spacing between defects. Two critical values
of structural-scaling parameter, that were established by statistical ther-
modynamics of solid with defects, determine characteristic types of defect
induced metastability that provides qualitative changes in multiscale de-
fects dynamics due to the subjection of solid responses to specific types
of collective modes of defects (autosolitary modes that are characteristic
for plasticity and transforming into blow-up damage localization modes).
These modes have the nature of self-similar solutions for defect evolution
equations in terms of mentioned variables [1]. Excitation of these modes
due to the metastability decomposition were used for the interpretation of
original “in-situ” experiments: elasto-plastic transition in shocked metals
(elastic precursor decay [2], the four power law universality [3]); “reso-
nance” excitation of damage localization (“dynamic branch” of numerous
spall failure in quartz and ceramic rods, “delayed failure” in compressed
fused quartz rods [4]), power spatial-temporal universality of fragmenta-
tion statistics in quartz and ceramics based on the “in-situ” fractolumi-
nescence data [5].

1. Naimark O. // Advances in Multifield Theories of Continua with Substructure
/ Eds. Capriz G., Mariano P. Boston: Birkhauser, 2004. P.75.

2. Saveleva N., Bayandin Yu., Savinykh A., et al. // Tech. Phys. Lett. 2015.
3. Naimark O. // J. Phys. IV, France. 2006. V. 134. P. 3.
4. Naimark O., Uvarov S., Radford D., et al. // Behavior of Dense Media under

High Dynamic Pressures / Ed. Delpuech A. 2003. V. 2. P. 65.
5. Davydova M., Uvarov S., Naimark O. // Phys. Mesomechanics. 2014. V. 17.

P. 81.
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HOMOGENEOUS NUCLEATION OF DISLOCATIONS
IN METALS UNDER UNIAXIAL DEFORMATION AND
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Dislocations are linear defects in the crystal lattice, their movement is
a major mechanism of plastic deformation. Usually dislocations already
exist in material. Homogeneous nucleation can be observed under dy-
namic loading, when the strain rate is so high that shear stresses do not
have time to relax at the expense of reproduction and movement of exist-
ing dislocations [1]. Homogeneous nucleation of dislocations restricts the
shear strength of perfect crystals. The report presents the results of molec-
ular dynamics study of ideal shear strength of single crystals of aluminum,
titanium, iron and nickel in a pure shear strain, uniaxial tension and com-
pression. The simulation was performed using the package LAMMPS [2].
We consider a system consisting of different number of atoms at different
temperatures and strain rates. Were defined shear stress at which the sys-
tem begins to form dislocations and plastic deformation began. As can be
seen from the simulation results, depending on the type of crystal lattice
of metal better resists deformation of a certain type.

This work is supported by the Ministry of Education and Science of
the Russian Federation (state task No 3.1334.2014/K).
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1541.

2. Plimpton S. // J. Comp. Phys. 1995. V. 117. P. 1–19. http://lammps.sandia.
gov
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ENERGY APPROACH TO KINETICS EQUATIONS FOR
DISLOCATIONS AND TWINS AND ITS APPLICATION
FOR HIGH STRAIN RATE COLLISION PROBLEMS
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1IPME RAS, Saint Petersburg, 2CSU, Chelyabinsk, Russia
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Many investigations demonstrate that the energy release rate is almost
constant both for plasticity and brittle fracture processes [1, 2]. In the
case of plasticity, this feature allows one to propose a physically reason-
able equations for kinetics of the defects [3–6]. In the case of mechanical
twinning, it also enables one to formulate a new structural model as an ex-
tension of the dislocation model with only one additional parameter, char-
acterizing the twin ability-the stacking fault energy of the material [5, 6].
Application of these model to numerical simulation of the high strain rate
collision experiments, such as the flat plate collision or Taylor anvil on rod
compaction test demonstrates a good fit with the available in literature ex-
perimental data [5]. Further applications of these models allow us to find
the defect distribution in metal targets in a wide range of initial conditions
and describe the contribution of dislocations and twins in the process of
formation of the rod shape after the compaction for copper, aluminum and
steel samples.

This work was supported by the Russian Foundation for Basic Research
(Grant No. 12-02-31375, 14-01-00814), by the Grant of the President of
the Russian Federation (MD-286.2014.1) and by the Ministry of Education
and Science of the Russian Federation (state task No 3.1334.2014/K).
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SHOCK WAVE LOADED TUNGSTEN AND SOME OTHER
REFRACTORY COMPOUNDS FROM POWDER X-RAY
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Initial goal of the work was investigation of possibility nanomateri-
als preparation using shock waves. Variation of substructure parameters
such as microstrain and crystallite size of some refractory materials af-
ter shock waves loadings has been investigated by powder XRD for this
purpose. The shock wave compression was performed in planar recovery
ampoules. The pressure (22–50 GPa) was generated by aluminum plates
accelerated with explosive detonation products. Pure substances as well as
their mixtures with potassium bromide were subjected to shock compres-
sion. Compression of the mixtures performed for lowering a post shock
temperature and consequently decreasing annealing and recrystallization
effects. Tungsten, silicon nitride, titanium nitride, tungsten carbide, zir-
conium diboride and dioxide were investigated. Silicon nitride, tungsten
carbide and zirconium dioxide in contrast to titanium nitride and zirco-
nium diboride possess polymorphism. This gains a better insight on nature
of crystallite size variations under shock wave loading. Crystallite size re-
duction to nano level (< 100 nm) were not observed if no polymorphic
transition occur under shock wave loading. Else if substances (silicon ni-
tride, zirconium dioxide) undergo shock wave phase transformation then
new nanocrystallite phase with crystallite size of 10–20 nm were formed.
When phase transformation under shock wave loading does not occur, the
reason of powder X-ray diffraction broadening is the considerable micros-
trains which most probably caused by rise of dislocation density.

This work was supported by the Presidium of the Russian Academy
of Sciences fundamental research program “Matter under High Energy
Density”.
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The machining of materials produces the regular micrometer-sized sur-
face perturbations. As a shock arrives to the surface, the microscopic cu-
mulative jets can be generated. The experimental investigation [1] of such
ejecta of surface material demonstrates that characteristics of jets are di-
rectly connected with the material properties, the size of perturbation and
the shock pressure. Results of recent simulations [2, 3] demonstrate that
evolution of a micro-jet, from jet formation to its fragmentation, is not
well understood. Experimental methods of observation of early stage of
ejecta formation are still limited in terms of following a complete sequence
of processes having microscale dimensions and nanoscale times. Therefore,
simulations by the smoothed particle hydrodynamic (SPH) and molecular
dynamic (MD) methods can shed of light on details of micro-jet evolution.
SPH method is applicable in the wide range of amplitudes of perturbations,
but it has problems in deciding on a fracture model and lack of surface
tension of molten metal. In contrast to SPH approach, properties of mate-
rial of interest in MD approach are defined with a potential of inter-atomic
interaction. Thus, MD has no problems typical of SPH, but the size of
simulated sample is too restricted in MD. In this study we demonstrate
that the results of MD simulations with large enough number of atoms can
be scaled well to the sizes of realistic samples. To validate such scaling
the comparative MD and SPH simulations of tin and copper samples are
performed. SPH simulation takes the realistic experimental sizes, while
MD uses the proportionally scaled sizes of samples. It is shown that the
velocity and mass distributions along the jets simulated by MD and SPH
are in a good agreement. The observed difference in velocity of spikes
between MD and experiments can be partially explained by a profound
effect of surface tension on jets ejected from the small-scale samples.

1. Buttler W. T., et al. // J. Fluid Mech. 2012. V. 703. P. 60–84.
2. Durand O., Soulard L. // J. Appl. Phys. 2013. V. 114. P. 194902.
3. Dimonte G., et al. // J. Appl. Phys. 2013. V. 113. P. 024905.
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The explosive welding of metals was discovered in experiments on cu-
mulation in 1944–1946’s. by a group of Soviet scientists under the guidance
of M.A. Lavrentyev. Over the past years, the study of this phenomenon
was the subject of many experimental works and theoretical models. The
lack of adequate model about the nature of the waves on the boundary of
metals naturally hinders the development of explosion welding technology
because of parameters of welding seam (amplitude and wave lengths) are
practically unpredictable.

In this work the mechanism of wave formation in explosive welding
is discussed. The results of the direct numerical simulation of high-
speed oblique collision of explosively accelerated plates 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.

The mechanisms of the initial instability and the wave formation were
observed. It is shown that that the wave formation is described by
Kudinov-Koroteev mechanism [4]. The wave lengths obtained in numerical
simulation is closed to the experimental data.

1. Abouziarov M., Aiso H., Takahashi T. // Series from research institute of
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4. Kudinov V.M. and Koroteev A.Ya. // Svarka vzryvom v metalurgii (Explo-
sive Welding in Metallurgy). Moscow: Metalurgiya, 1978

94



NUMERICAL SIMULATION OF EXPERIMENTS
ON THE HIGH-SPEED COLLISION OF METAL PLATES

Lekanov M.V.,* Mayer A.E.

CSU, Chelyabinsk, Russia

*lemih1989@gmail.com

The paper deals with modelling the high-speed collision of metal plates.
In one-dimensional formulation equations of continuum mechanics are
solved numerically, supplemented by equations of a model of dislocation
plasticity [1–3], twinning [4] and destruction [2, 5]. For a numerical solu-
tion of equations we use a numerical method [3]. The thermodynamic state
of matter is described by means of interpolation equations of state [6]. A
comparison with experimental data [7] in the form of velocity profiles of
the free rear surface of a target is presented. The influence of parameters
of the models of plastic deformation [1–4] and destruction [2, 5] on the
shape and height of an elastic precursor, the shape and amplitude of the
plastic shock and rarefaction waves as well as the position of a spall pulse
are analyzed. The calculations were performed for aluminum, copper and
iron.

Work is supported by the Ministry of Education and Science of the
Russian Federation (state task No. 3.1334.2014/K).
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In the framework of the ideal fluid dynamics approach, the temperature
and entropy values of a medium undergo a jump increase in the shock
front as well as on contact interface between different materials after the
shock wave propagation, but remain constant behind the shock front out
of the contact interface. In real condensed matter, the shock fronts and
transition regions near the interfaces have finite thicknesses; therefore, the
temperature field is disturbed around the interfaces. In the present work,
such disturbances are numerically analyzed for the problems of formation
of the steady shock wave at impact and ramp loading of metals, exit of
the steady shock wave to the free surface, and the shock wave passing
through the interface between two different materials. Theoretical analysis
and computations show that the non-isentropic layers (the high-entropy
ones with the temperature increase and the low-entropy ones with the
temperature decrease) arise near the interfaces in the above problems of
shock and ramp loading. The impact produces the high-entropy layer,
while the ramp loading can result in the both high- and low-entropy layers.
At the shock wave passing through the interface, the high-entropy layer
is formed in the lower-impedance material and the low-entropy—in the
higher-impedance one. These high- and low-entropy layers should be taken
into account in simulations of shock-wave processes in thin targets or in
other cases where surface effects are important. For example, melting
can take place in the high-entropy layer on the interface between colliding
plates at shock intensities lower than the bulk-melting threshold; also, the
temperature perturbations near the studied surface can affect the result of
pyrometric measurements.

This work is supported by grants from the President of Russian Fed-
eration (Nos. NSh-6614.2014.2 and MD-286.2014.1), the Russian Founda-
tion for Basic Research (No. 14-08-00967), and the Ministry of Education
and Science of Russian Federation (scientific research of Chelyabinsk State
University in the framework of competitive part of state assignment No.
3.1334.2014/K).
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Using Maxwell model of the viscoelastic medium [1], we study numeri-
cally the influence of the viscoelastic properties of polymethylmethacrylate
on the change of the shock wave amplitude with the depth of propagating
into the material sample. Parameters of the Maxwell model are chosen by
comparison with the experimental data [2–4] on the high-speed impact of
plates in order to fit the modeling results with the experimentally mea-
sured profiles of the free-surface velocity. A caloric equation of state is used
to calculate the pressure upon the density and internal energy [5, 6]. It is
shown that in a limit of weak shock waves, the accounting of the viscoelas-
tic properties allows one to achieve a better coincidence of the calculated
and experimental data on the magnitude of the shock wave velocity in
comparison with the case of hydrodynamic calculations. In viscoelastic
and hydrodynamic approaches, we have investigated the dynamics of the
shock waves in polymethylmethacrylate initiated by pulses of pressure on
the sample surface with durations of micro-, nano- and picosecond ranges.
The calculation results show that the changes of the shock wave ampli-
tude with the depth are approximately identical in the hydrodynamic and
viscoelastic cases.

1. Birger I. A., Mavlyutov R. R. Resistance of Materials. Moscow: Nauka, 1986.
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Calculation method for description of dynamics of the multiphase het-
erogeneous medium is presented. It is based on the two-level approach and
takes into account finite rates of the stress relaxation between phases, the
heat exchange, relative motion of phases and the friction between them.
Conservation laws are formulated on the macroscopic level, while the laws
of interaction between phases are obtained from the mesoscopic consider-
ation, on the level of individual inclusions.

The method is applied to the problem of the high-current electron
beam interaction with a material composed of aluminum matrix and cop-
per inclusions. Plasticity and fracture models [1], [2] are used as a part of
constitutive model for both component of the composite. Presence of in-
clusions considerably influence on the generation and propagation of stress
waves. Destruction of the composite at the action of tensile stresses (back-
side spallation) occurs through generation and growth of micro-voids in the
phase with the smallest tensile strength.

Incorporation of copper inclusions in aluminum matrix leads to in-
crease of the stress wave amplitude because of narrowing of the energy
release zone and rise of the energy concentration. As the spall strength is
determined by the weaker phase (aluminum), it leads to increase on 2-3
cm of the threshold target thickness, at with the back side spallation still
takes place, in comparison with pure metal. At the irradiation intensities
resulting in ablation, a considerable relative motion of matrix and inclu-
sions takes place in the area of ablated material. In the ablated layer, the
material with higher density falls behind the material with lower density.

In this work, the modeling of fracture is supported by the grant from
the Russian Science Foundation (project 14-11-00538); the modeling of
the shock wave propagation in composite is supported by the Ministry of
Education and Science of Russia (competitive part of State Task of NIR
CSU 3.1334.2014/K).

1. Krasnikov V. S., Mayer A. E., Yalovets A. P. // International Journal of Plas-
ticity. 2011. V. 27. Iss 19. P. 1294.

2. Mayer A. E., Krasnikov V. S. // Engineering Fracture Mechanics. 2011. V. 78.
Iss 6. P. 1306.
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DESTRUCTION OF CONCRETE BEAMS WITH METAL
AND COMPOSITE REINFORCEMENT WITH IMPULSE

ACTION

Radchenko A.V.,* Radchenko P.A., Batuev S.P., Plevkov V.S.,
Utkin D.G.

TSUAB, Tomsk, Russia

*andrey-radchenko@live.ru

The paper conducted a comprehensive experimental and theoretical
study of the destruction of concrete beams, reinforced with steel and com-
posite reinforcement. As composite reinforcement used carbon fiber and
fiberglass. The aim of experimental investigations of wide laminated beams
is the experimental determination of the characteristics of their defor-
mation, fracture identification schemes and destruction of the elements
of the layered structure in a short-term dynamic loading. Experimental
beams consist of three different layers of reinforced thickness: fiber con-
crete, concrete, fiber concrete. Numerical simulation of the experimental
conditions was carried out in full three-dimensional formulation within
the phenomenological approach of continuum mechanics with explicit re-
inforcement. The behavior of steel reinforcement described elastoplastic
model. In describing the behavior of composite reinforcement into account
the anisotropy of the elastic and strength properties. Behavior of fiber-
reinforced concrete and describe the elastic-fragile environment, taking
into account the different strength under compression and tension. Used
in the calculations author software package and an algorithm that allows
to carry out parallel computing with high performance. Conclusions: -
new experimental data on the fracture behavior of beams, changes in rela-
tive deformations of reinforcement, concrete and fiber-reinforced concrete,
as well as the value of the dynamic load and support reactions over time;
- the proposed model the behavior of fiber-reinforced concrete and ade-
quately describes the dynamics of the stress and strain state of the process
of destruction. - implemented the algorithm and the method of calcula-
tion allow us to study the behavior of the structure as a whole in the full
three-dimensional dynamic formulation. - obtained numerical results are
in good agreement with the experimental data; - regularities of damage
depending on the scheme of reinforcement.
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NUMERICAL SIMULATION OF DEFORMATION
AND FRACTURE OF SPACE PROTECTIVE SHELL

STRUCTURES FROM CONCRETE AND FIBER
CONCRETE UNDER SHOCK-WAVE LOADING

Radchenko P.A.,* Batuev S.P., Radchenko A.V., Plevkov V.S.

TSUAB, Tomsk, Russia

*radchenko@live.ru

Shell structures are widely used in various fields ranging from oil and
gas pipelines, various containers for storage and transport of materials,
various types of aircraft: aircraft, ballistic missiles, to special construc-
tions, designed to protect objects from natural and anthropogenic effects.
When developing new constructions, besides the analysis of behavior of
individual elements in different types of exposure necessary as well in the
analysis of the behavior of the structure as a whole. Conducting this pur-
pose field experiments involve, as a rule, with high material costs, and
the experiment is not always give the full picture, especially for dynamic
processes when necessary information about the parameters of interest at
different times. Therefore, a need exists in the models and methods for the
analysis and predict the behavior of structures under various types of oper-
ating loads and possible emergency situations. To adequately describe the
behavior of structures must take into account the spatial nature realized
in their stress-strain state (SSS), due to several factors: - The presence
of elements that lead to geometric asymmetry; - The actual conditions
of loading - usually they are not symmetrical; - Anisotropy of physical
and mechanical properties of the materials of construction elements. The
presence of at least one of these factors makes it necessary to analyze a
three-dimensional setting, which is a very complex and time-consuming
task, as in this case, in addition to creating an adequate model of the
behavior of materials necessary to most effectively take account of the
geometry and spatial arrangement of the various elements of the struc-
ture. The paper presents a model, method of calculation and the results
of numerical simulation of the interaction of Boeing 747-400 aircraft with
a protective sheath nuclear plant. The shell has a complex multi-layered
honeycomb structure composed of layers of concrete and fiber concrete,
fastened with steel trusses. Numerical simulation was carried out in a
three-dimensional dynamic formulation, using the author’s algorithm and
software package, which implements an algorithm for constructing a grid
of complex geometric objects.The dynamics of the stress-strain state and
structural failure. On the basis of the developed method can be carried
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out widely parametric numerical experiments on the selection of optimal
design solutions.

NUMERICAL IMPLEMENTATION OF THE INCUBATION
TIME FRACTURE CRITERION

Bratov V.A.,*1 Kazarinov N.A.,2 Petrov Y.V.1

1IPME RAS, Saint Petersburg, 2SPbSU, Saint-Petersburg, Russia

*vladimir@bratov.com

The paper is discussing problems connected with embedment of the
incubation time criterion for brittle fracture into finite element computa-
tional schemes. Incubation time fracture criterion is reviewed, practical
questions of its numerical implementation are extensively discussed. Sev-
eral examples of how the incubation time fracture criterion can be used
as fracture condition in finite element computations are given. The exam-
ples include simulations of dynamic crack propagation and arrest, impact
crater formation (i.e. fracture in initially intact media), spall fracture in
plates, propagation of cracks in pipelines. Applicability of the approach to
model initiation, development and arrest of dynamic fracture is claimed.

NUMERICAL SIMULATION OF ZrO2(Y2O3) CERAMIC
PLATE PENETRATION BY CYLINDRICAL PLUNGER

Kazarinov N.A.,* Bratov V.A., Petrov Y.V.

SPbSU, Saint-Petersburg, Russia

*nkazarinov@gmail.com

In this paper dynamic fracture process due to high-speed impact of
steel plunger into ceramic sample is simulated. The developed numeri-
cal model is based on finite element method and a concept of incubation
time criterion, which is proven to be applicable in order to predict brit-
tle fracture under high-rate deformation. Simulations were performed for
ZrO2(Y2O3) ceramic plates. To characterize fracture process quantita-
tively fracture surface area parameter is introduced and controlled. This
parameter gives the area of new surface created during dynamic fracture of
a sample and is essentially connected to energetic peculiarities of fracture
process. Multiple simulations with various parameters made it possible
to explore dependencies of fracture area on plunger velocity and material
properties. Energy required to create unit of fracture area at fracture ini-
tiation (dynamic analogue of Griffith surface energy) was evaluated and
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was found to be an order of magnitude higher as comparing to its static
value.

1. Kazarinov N. A., Bratov V. A., Petrov Yu. V. // Doklady Physics 2014.
V. 454. No. 6. P. 557.

2. Bratov V. A. TEX: Dynamic Strength of Continuum. Reading: St. Peters-
burg University Press, 2009

3. Bratov V. A. // Acta Mechanica Sinica 2011. V. 27. No. 4. P. 541.

NUMERICAL SOLUTION FOR PROBLEM OF IMPACT
OF HETEROGENEOUS SOLIDS

Ostrik A.V.

IPCP RAS, Chernogolovka, Russia

ostrik@ficp.ac.ru

Numerical modeling of shock interaction of heterogeneous solids has
a set of well-known difficulties. The strong deformation of a settlement
grid localized in a zone of bodies contact limits possibilities of Lagrange
approach. Washing out of contact boundaries is characteristic for an Euler
method of the description. Existence of a large number of the contact
boundaries taking place in heterogeneous material doesn’t allow to use
many from contact algorithms [1]. In particular possibility of the through
calculation is required in this case.

In the present work two various variants of a particles method are
used for calculation of impact of heterogeneous solids. The first method
is a method of finite-size particles in cells (PIC-method) [2]. The second
method is SPH-method [3] in which settlement cells are absent.

The wide range equations of a state (EOS) are necessary part of mod-
ern numerical hydrodynamics codes intended for calculation of high-speed
impact [4]. Calculation of low-speed solids interaction demands use of the
defining equations (DEQ) for the description of elastic-plastic behavior of
material and spall destruction. However employments of EOS and DEQ
lead to a set of features having in widely used and known numerical codes.
Some of these features and ways of their account are considered in work.

Creation of the DE is required for heterogeneous materials when EOS
of its components are known. The method of an elementary cell is widely
used for calculation of defining equations [5].

Comparison of numerical results of impact of heterogeneous solids that
receive by means of various particles methods are given. Conclusions are
formulated about area of applicability of these methods.
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SELF-SIMILAR ASYMPTOTICS DESCRIBING
NONLINEAR WAVES IN ELASTIC MEDIA
WITH DISPERSION AND DISSIPATION

Chugaynova A.P.

MIAN, Moscow, Russia

anna ch@mi.ras.ru

Solutions of problems for the system of equations describing weakly
nonlinear quasi-transverse waves in an elastic weakly anisotropic medium
are studied analytically and numerically. It is assumed that dissipation
and dispersion are important for small-scale processes. Dispersion is taken
into account by terms involving the third derivatives of the shear strains
with respect to the coordinate, in contrast to the previously considered
case when dispersion was determined by terms with second derivatives.
In large-scale processes, dispersion and dissipation can be neglected and
the system of equations is hyperbolic. The indicated small-scale processes
determine the structure of discontinuities and a set of admissible discon-
tinuities (with a steady-state structure). This set is such that the so-
lution of a self-similar Riemann problem constructed using solutions of
hyperbolic equations and admissible discontinuities is not unique. Asymp-
totics of non-self-similar problems for equations with dissipation and dis-
persion were numerically found, and it appeared that they correspond to
self-similar solutions of the Riemann problem. In the case of nonunique
self-similar solutions, it is shown that the initial conditions specified as a
smoothed step lead to a certain self-similar solution implemented as the
asymptotics of the unsteady problem depending on the smoothing method.
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VOLTAIC EFFECT IN BURNING HIGH-CALORIC
(Zr+CuO+LiF)/(Zr+BaCrO4+LiF) SANDWICH

STRUCTURES

Alymov M.I.,* Vadchenko S.G., Gordopolova I.S.,
Poletaev A.V.

ISMAN, Chernogolovka, Russia

*director@ism.ac.ru

Combustion of high-caloric (Zr+CuO+LiF)/(Zr+BaCrO4+LiF) sand-
wich structures was found to be accompanied by generation of electric pulse
with a halfwidth of around 1.0 s and 1.2–1.5 V in amplitude. Optical emis-
sion from the reaction zone was characterized by atomic emission spectra
within the range 300–700 nm. Green mixtures and combustion products
were explored by XRD and SEM. Combustion experiments were carried
out by using a home-made experimental facility. For (Zr+CuO+LiF),
(Zr+BaCrO4+LiF), and (Zr+CuO+LiF)/(Zr+BaCrO4+LiF) systems,
the velocity of wave propagation was measured.

The results suggest that, in the system under consideration, the melted
combustion products act as an source of electromotive force with a rela-
tively low internal resistance while during cooling down (crystallization),
as a source of current.

This work was supported by the Russian Foundation for Basic Research
(project no. 14-08-00043).

IGNITION OF PYROPHORIC POWDERS:
AN ENTRY-LEVEL MODEL

Alymov M.I.,* Seplyarskii B.S., Gordopolova I.S.

ISMAN, Chernogolovka, Russia

*director@ism.ac.ru

Chemically prepared metal nanopowders are normally pyrophoric, i.e.
liable to ignite spontaneously on exposure to air because of high reactivity
and developed specific surface. In order to prevent accidents during their
further processing, such powders are passivated (covered with a thin ox-
ide film) in processes that last for dozen hours, which seriously restricts
the mass production of nanopowders. On the other side, reliable theo-
retical models for spontaneous self-ignition of finely dispersed powders at
room temperature have not been suggested so far. A deeper insight into
the mechanism of the phenomenon would shed new light on the critical
conditions for self-inflammation and thus would provide some clues for
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optimization of the passivation process. The available models of ignition
based on account of the retarding action of diffusion barriers seem inappli-
cable since, in terms of the above models, room-temperature inflammation
is impossible at all because of low diffusivity of the oxide barrier.

In this work, we formulated and analyzed an entry-level model for ig-
nition of pyrophoric powders. A planar infinitely long layer of porous
condensed matter is in contact with gaseous oxidant at ambient temper-
ature T0. The reaction of a porous solid with gas reactant is infiltration-
controlled and yields a condensed combustion product. It is assumed that
the temperatures of solid and gas in pores are the same (single-temperature
model). Heat withdrawal from the reaction zone is assumed to proceed
over the solid skeleton, and heat sink into the environment is neglected.
Analysis of such a model in terms of the ignition theory gave the following
results.

Depending on the width of the reaction zone, the ignition may get
started in either one or two stages. The duration of each stage was evalu-
ated by using approximate methods of combustion theory. In order to find
out critical conditions for spontaneous inflammation, our model must be
supplemented by either (i) the kinetic equations of combustion or (ii) the
condition for formation of protective layer on the particles of solid reagent.
Derived were parametric limits for the applicability of the model, and the
influence of sample length on the ignition process was also explored.

NEW POSSIBILITIES TO STUDY DETONATION
PHENOMENA AT THE VEPP-4M STORAGE RING

FACILITIY

Ten K.A.,*1 Titov V.M.,1 Kulipanov G.N.,2 Aulchenko V.M.,2

Cooper K.E.,2 Tolochko B.P.,3 Pruuel E.R.,1 Kashkarov A.O.,1

Shekhtman L.I.,2 Zhulanov V.V.,2 Kosov A.N.,2

Evdokov O.V.,3 Sharafutdinov M.R.3

1LIH SB RAS, 2BINP SB RAS, 3ISSCM SB RAS, Novosibirsk, Russia

*ten@hydro.nsc.ru

A new station SEEMA-4 (Station for Experiments with Energetic Ma-
terials) was commissioned in 2014 on the collider VEPP-4 in Novosibirsk
to study explosion and shock-wave processes.

At present, the SEEMA - 4 consists of a controllable SR gate at the
entrance of the VEPP-4M beamline # 8; a monochromator with adjustable
bandwidth; an SR beamline with diameter of 100 mm and length of 60 m; a
unit for SR beam forming; an explosion chamber with movable beryllium
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windows; a unit of detectors, which houses a DIMEX-3 detector and a
prototype of silicon X-ray detector (with spatial resolution of 50 microns);
a lead emergency trap for all types of radiation.

VEPP-4 collider enables generation of SR pulses (exposure time below
1 ns and an interval between pulses ranging from 150 ns to 1200 ns with
uniform ring occupacy. The pulse trains with intervals downto 5 ns is also
possible ) to the SR beamline # 8.

The following dynamic experiments can be carried out at the new sta-
tion:
1. measurement of density distribution in the fronts of shock and detona-

tion waves;
2. measurement of dynamical distribution of bulk density, pressure and

velocity field in spread of explosion products;
3. measurement of shock adiabats of continuous media;
4. measurement of dynamical distribution of small-angle X-ray scattering

(SAXS) in shock-wave and detonation processes.

DETONATION OF MEHANOACTIVATED COMPOSITES
OF ALUMINIUM AND AMMONIUM PERCHLORATE

Shevchenko A.A.,*1 Dolgoborodov A.Yu.,2 Kirillenko V.G.,2

Brazhnikov M.A.2

1NRNU MEPhI, 2ICP RAS, Moscow, Russia

*arsshevchenko@inbox.ru

The main goal of this work is to develop scientific bases of production
of new energetic materials with increased rates of energy release at the
processes of combustion and detonation. Both grinding of the initial com-
ponents with partial components diffusion and producing of the defects in
crystal structure take place at mixture treating.

Mixing and activation of the components was carried out in the plan-
etary mill Activator 2SL with steel balls and drums with water cooling.
In the course of this study, the optimum conditions of mechanical acti-
vation of mixtures of ammonium perchlorate (AP) and Al were found so
that the maximum uniform mixing of the components was provided in the
absence of the reaction between the reagents under the selected processing
conditions, which was shown by X-ray diffraction analysis and electron mi-
croscopy. For loose-packed mixes (20% of TMD), both the burning rates
and D-values were measured in stainless steel tubes 10 mm in diameter.
For Al/AP (20/80) the DDT length ranges from 65 to 75 mm and D ranges
from 2.0 to 2.5 km/s.
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The dependence of D(ρ) was obtained for pressed charge with diame-
ters (d) varied from 15 to 50 mm. The results of D(ρ) have shown that
in comparison with usual Al/AP mixes it is possible to receive essentially
higher D-values that can be explained by increase in reactionary ability
of the activated mixtures. For example for activated Al/AP charges with
d ≥ 25 mm D-values exceed approximately on 1 km/s the values predicted
by D. Price dependence for nonactivated Al/AP [1].

The results of the present study allow us to consider mechanoactivation
as a way to control the burning rate and detonation velocity. The short
DDT-lengths and high sensitivity make it possible to consider MAECs
Al + perchlorates as promising energetic materials for new initiating and
incendiary compositions with increased requirements in the rates of energy
release.

This work was supported by RFBR (grant No 12-03-00651) and the
program of the Presidium of RAS The matter at the high density of energy.

1. Price D., Clairmont A. R., Erkman J. O. // Explosive Behavior of Aluminized
Ammonium Perchlorate, Naval Ordnance Laborarory Report NOLTR 72-15.

STABILIZATION OF UNSTABLE DETONATION WAVES
IN NITROMETHANE MIXTURES WITH INERT

DILUENTS

Mochalova V.M.,*1 Utkin A.V.,1 Lapin S.M.2

1IPCP RAS, Chernogolovka, 2MSU, Moscow, Russia

*roxete20000@hotmail.com

Small additions of amines can influence the detonation properties of ni-
tromethane (NM) and mixtures with diluents. This is especially shown in
the change of critical values. It is expected that amines would influence the
stability of detonation waves in the NM/acetone and NM/methanol solu-
tions too. To investigate this phenomenon the laser interferometer VISAR
was used for the recording of particle velocity profiles in detonation waves.
The choice of the specific solution is determined by several conditions:
the detonation front must be unstable, the size of heterogeneities must be
an order of 10-50 microns so that they are visible when foil of the min-
imum thickness is used, and the concentration of the inert diluent must
be far from the critical one. The NM/diluent solution with mass concen-
tration of diluent from 10 to 20% satisfied all of these conditions. For
NM/acetone (90/10) solution the disturbances of the detonation front do
not attenuate at the detonation wave propagation through 7 microns Al
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foil. It indicates that the size of the heterogeneities amplitude is compara-
ble with the foil thickness, i.e. in the order of 10 microns. At the addition
of 1% DETA the velocity profile is smooth, i.e. the detonation front be-
comes stabilized. Therefore, the addition of 1% DETA to the NM/acetone
(90/10) solution results in the rejection of the instability of detonation
front. In NM/acetone (80/20) solution the size of the instabilities was ap-
proximately 50 microns. The attempt to stabilize the detonation front by
DETA additions resulted in a decrease of the heterogeneities size, but not
a total absence, at 10% DETA their amplitude was about 10 microns. As
in the case with acetone the addition of 1% DETA to the NM/methanol
(90/10) solution results in the rejection of the instability of detonation
front. But the attempt of stabilization of the detonation front by DETA
additions for NM/methanol (80/20) solution resulted in a decrease of the
heterogeneities size from 50 microns up to 10 microns at addition of 10%
DETA. Thus, in the work it was shown that small additions of DETA
not only influenced the critical parameters of detonation but resulted in
the rejection of the instability of the detonation front in the NM/diluent
solution with the size of the heterogeneities amplitude in the order of 10
microns.

AN APPROXIMATE METHOD FOR SOLVING THE
PROBLEM OF THE ESTABLISHMENT OF CHEMICAL

EQUILIBRIUM

Shargatov V.A.,*1 Gubin S.A.2

1NRNU MEPhI, 2NRU MPEI, Moscow, Russia

*shargatov@mail.ru

We developed the approximate method to calculate composition and
thermodynamic parameters of detonation products based on the assump-
tion of the existence of a partial chemical equilibrium. Without significant
loss in accuracy, the respective stiff system of detailed kinetics differential
equations can be replaced by a single differential equation and a system
of algebraic equations. This method is always consistent with the detailed
kinetic mechanism and can be used separately or in conjunction with the
stiff system, replacing it when the bimolecular reactions reach the quasi-
equilibrium state. The constituent equations of the model were derived
and the respective computer code written. The applicability of the model
was demonstrated by solving a model problem. It was shown that the pro-
posed model can be used to calculate the characteristics of the detonation
products flow-field after the induction period.
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According [1] what we offer is not an approximate kinetic equation (as
in [2]), but an approximate method for solving the complete system of
equations of chemical kinetics.

The proposed method is based on a physically reasonable assumption
that equilibrium in the bimolecular reactions is established much faster
than the full chemical equilibrium, being applicable when this assumption
holds. The method includes only one differential equation for calculating
the change in the number of molecules per unit mass of the mixture due
to the reactions of recombination and dissociation. This equation is used
instead of dozens of equations of chemical kinetics. In the present work,
we propose to supplement this equation with an algebraic equations for
calculating the equilibrium composition at given values of the density,
molar mass and internal energy or temperature. The equations are derived
based on the characteristic function (entropy or Helmholtz free energy)
extremum method.

1. Gubin S. A., Shargatov V. A. // Russian Journal of Physical Chemistry B.
2010. V. 7.No. 2. P. 154.

2. Nikolaev Yu. A. //Combus. Explos. and shock waves. 2001. V. 37.No. 1.
P. 4.

ATOMISTIC SIMULATION OF DETONATION INITIATION
IN AB MODEL OF ENERGETIC MATERIAL

Murzov S.A.,* Zhakhovsky V.V.

VNIIA, Moscow, Russia

*semen.murzov@phystech.edu

Evolution of an ultra-short shock wave (SW), generated by a femtosec-
ond laser pulse in a metal film with micrometer thickness, can be studied
in details using molecular dynamics (MD) simulation, in which trajectories
of all atoms of a sample are calculated during several nanoseconds. Such
modeling gives full information about generation and evolution of SW from
atomic scale and can be used for analysis of experimental data, as well as
for planning experimental research aiming for a study of specific response
of condense-phase explosives to impact loading. Large-scale MD simula-
tion of detonation initiation in an unbounded thin film of condense-phase
explosive uniaxially compressed by an ultra-short SW driven by a poten-
tial piston is performed. Interatomic forces and chemical reactions in the
explosive are represented by AB model [1, 2] using the simplified REBO
potential. Variation of piston velocity and loading time gives a 2D region
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of velocity-time parameters, where transition of SW to detonation wave
is observed. On completion of loading time the piston is removed from
simulation, thereby the sample boundary becomes free, which leads to
generation of an unloading wave, similar to what happens after irradiation
of metal film by a femtosecond laser pulse. The point (P,V) on Hugoniot
corresponding to picosecond initiation of combustion for the given AB ex-
plosive makes it possible to estimate the highest speed of piston vp0 for
which detonation cannot be generated by ultra-short pulse loading. From
data [2] we obtain an estimate of the critical piston speed of vp0 ≈ 2.77
km/s, which agrees with our simulation. Analysis of evolution of calcu-
lated pressure profiles gives a critical thickness of such AB explosive film,
which is required for transition from SW to detonation wave. Introduc-
tion of cylindrical pores into samples at small enough depths decreases the
critical velocity-time parameters for transition to detonation.

1. Elert M. L., One dimensional molecular-dynamics simulation of the detona-
tion in nitric oxide // Phys. Rev. B 1989. V. 39. P. 1457.

2. Zhakhovsky V. V., Budzevich M. M., Landerville A. C., Oleynik I. I., White
C. T. Laminar, cellular, transverse, and multiheaded pulsating detonations in
condensed phase energetic materials from molecular dynamics simulations //
Phys. Rev. E 2014. V. 90. P. 033312.

HYDRODYNAMIC INSTABILITY AT THE INTERACTION
BETWEEN SOUND AND DIFFUSION FLAME

Golub V.V.,* Krivokorytov M.S.

JIHT RAS, Moscow, Russia

*golub@ihed.ras.ru

This paper presents results of experimental studies of the effect of ex-
ternal acoustic perturbations on the stability of the diffusion flame and gas
jets. Depending on the rate of fuel supply two types of flame have been
experimentally simulated - attached and detached flame. It was found
that under acoustic influence the sinusoidal mode of instability arises at
initial distance of jet. As the distance downstream the oscillations grows
up. It leads to fragmentation of the jet into two vortex streets. Inside
the jet under the acoustic influence two counter-rotating vortices arises.
The main effect caused by turbulization of combustion zone is the flame
surface increase that leads to the strengthening of the leading combustion
processes such as thermal conductivity and diffusion, the further develop-
ment of turbulence and, as a result, a significant acceleration of the flame.
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The criterion of gas jet bifurcation was found. Threshold frequency of
acoustic impact is linked with the characteristics of the jet (jet velocity
and diameter, as well as the physical properties of the gas jet).

The work was supported by the RFBR N-13-08-01227-a and RAS
(Combustion and Explosion).

COUNTER INFLUENCE OF HALOALKANES ON
CONDENSATION AND COMBUSTION OF ACETYLENE

Drakon A.V.,* Emelianov A.V., Eremin A.V.,
Mikheyeva E.Yu.

JIHT RAS, Moscow, Russia

*drakon.a.v@gmail.com

Influence of haloakanes on combustion development is a scientific prob-
lem of permanent interest due to their wide use in fire extinguishing and
recent reports on their promoting activity in particular conditions [1] [2].
Acetylene detonation control is an actual task regarding safety and new
energetic technologies development.

In present work an influence of CF3H and CCl4 on the ignition of
3.5-20%(2C2H2+5O2)+Ar mixtures were investigated in the shock tube
of a standard design with inner diameter 50 mm at pressures 1.5-3.0
bar and temperatures 950–1400 K. Several calibrated piezoelectric gauges
allowed to determine the incident shock wave velocity used for calcula-
tion of “frozen” parameters of the flow. In preliminary experiments the
time-resolved spectra of combustion region were obtained using high-speed
ICCD camera LaVision. Subsequently OH radical emission signal was used
for induction time measurement, and emission-absorption diagnostic at Na
line 589 nm—for pilot temperature measurements.

In contrast to previously studied condensation detonation of acety-
lene [1], the ignition of acetylene-oxygen mixtures was significantly deceler-
ated in presence of CCl4 admixture. CF3H demonstrated minor inhibiting
activity.

ChemKin software package and a modern comprehensive kinetic mech-
anism of acetylene oxidation [3] were used for numerical modeling of com-
bustion development. Consideration of reaction involving studied haloalka-
nes and active radicals provided a good agreement between experimental
and modeled results. During the next stage of work the experiments in
highly enriched mixtures were carried out providing important informa-
tion about acetylene condensation detonation limits in presence of minor
amount of oxygen.
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PROMOTION OF METHANE IGNITION BY HALOGEN-
AND PHOSPHORUS-CONTAINING ADDITIVES
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Chemically active halogen- and phosphorus- containing additives are
usually considered as combustion inhibitors [1], and are widely used in
fire extinguishing. Impact of phosphorus-containing species on combus-
tion processes is also well studied due to their high efficiency of inhibition
and their promising application as an alternative to halons [2]. However
recently it was reported of the promoting action of these additives on ig-
nition of methane at the increased temperatures [3] [4]. These effects can
have a great practical importance for development of the diesel engines
working at gaseous methane, and also for the SCRAMJET.

In this work the experimental and numerical study of promotion of
spontaneous ignition of methane-oxygen mixtures by the additives of
CF3H, CCl4 and (CH3O)3PO at various initial temperatures has been
carried out. It is shown that efficiency of promotion by halon additives
significantly grows with fall of temperature and increases with the concen-
tration of an additive. CCl4 has the most effective promoting effect at a
temperature of 1400 K and the time delays of spontaneous ignition of mix-
ture of 20%(CH4+2O2)+Ar are reduced more than by 10 times at addition
of 3% of CCl4. Efficiency of promotion by (CH3O)3PO monotonously falls
with growth of initial temperature, remaining rather high in all range of
temperatures (1400–1800 K).

The numerical kinetic analysis of the obtained results has shown that
the main mechanism of a promotion of ignition by halogen containing
species consists in reactions of active radicals (Cl, CF2), formed at dissoci-
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ation of the molecules of additives, with initial molecules of CH4 and O2,
which results in initiation of the chain reactions of ignition. The mecha-
nism of a promotion of spontaneous ignition of methane -oxygen mixtures
by the (CH3O)3PO consists in formation of OH radicals a result of inter-
action of a (CH3O)3PO and the products of its destruction with oxygen.

This work has been supported by RSF, grant 14-19-00025.
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In the previous works [1, 2] the possibility of use of energy of carbon
condensation at detonation decomposition of acetylene for development of
environmentally friendly power set-up is considered. However acetylene
is not natural fuel and its production demands additional power and eco-
nomic expenses. Therefore studying of possibility of elaboration a united
power cycle where the natural gas methane as initial fuel will be used is
very actual, and the main energy release will occur not at the direct oxida-
tion of methane, and at the allocation of energy of condensation of carbon
and combustion of hydrogen which are formed at the thermal decomposi-
tion of methane.

In this work the energetics of the complex cycle including the partial
oxidation of methane providing heating and conversion of a mixture to
hydrogen and carbon vapor and the subsequent stages of process - a heat
release at carbon condensation, separation of the condensed particles and
hydrogen combustion are analyzed. The optimum regimes of such cycle
providing the minimum yield of carbon dioxide and the maximum power
efficiency of the subsequent processes of condensation and hydrogen com-
bustion are determined. Comparison of absolute amount of the energy de-
veloped on 1 mole of fuel mixture at traditional combustion of methane-air
mixture and at the proposed power cycle and also at detonation pyrolysis
of acetylene is carried out. The quantity of a valuable industrial product
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- the carbon nanoparticles which are formed at generation of 1 MW of
thermal energy is evaluated.

This work is supported by the RFBR, Project 13-08-00454.
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CHEMICAL IONIZATION DURING OXIDATION
OF ACETYLENE AND METHANE MIXTURES: SHOCK

TUBE AND MODELING STUDY

Vlasov P.A.,*1 Ziborov V.S.,2 Smirnov V.N.,1 Tereza A.M.,1
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The phenomenon of chemical ionization in flames, that is, the forma-
tion of ions via chemical reactions between electroneutral substances, was
discovered in the late 1940s. The electrical nature of flames has long been
realized. The high levels of ions of non-thermal origin in the reaction
zone of flames was an evidence of chemi-ionization. It was experimentally
demonstrated that a hydrocarbon fuel was needed for chemical ionization,
and shock tube experiments have additionally demonstrated that oxygen
should be present. Consequently, it was accepted that HCO+ was the
major primary ion. At the same time, there is an obvious lack of ki-
netic data obtained in shock tubes under conditions such that there are
no problems arising from complicated gas dynamics, transfer limitations,
or temperature gradients. These data are needed to establish systematic
correlations between combustion and ionization, which are expected to be
of great practical significance. However, use of shock wave techniques is
also impeded by the absence of diagnostic methods for studying ioniza-
tion kinetics. The choice of methods applicable to kinetic studies in shock
waves is quite limited.

This work presents the results of measurements of the concentration
of free electrons by a microwave interferometer and by an electric probe
during the oxidation of acetylene and methane mixtures behind reflected
shock waves. The detailed kinetic model of chemical ionization was con-
structed based on soot formation kinetic model. The results of detailed
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kinetic modeling are in good agreement with the experimental data.
This work was supported by the Russian Foundation for Basic Re-

search, project no. 12-08-01266-a.

SHOCK WAVE INITIATION OF AUTOIGNITION
OF HYDROGEN–AIR MIXTURES

Tereza A.M.,*1 Vlasov P.A.,1 Ziborov V.S.,2 Smirnov V.N.,1

Shumova V.V.2

1ICP RAS, 2JIHT RAS, Moscow, Russia
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Problems related to the autoignition of hydrogen-air mixtures are
highly important for operation safety of nuclear reactors and for hydrogen
energetics. In spite of extensive studies in this area, there are still many
problems directly concerned with the ignition delay times of H2/O2 mix-
tures and with the conditions under which these processes occur. In the
current work, experimental spectroscopic measurements of the ignition de-
lay times were carried out. The ignition delay times were determined from
the optical absorption of hydroxyl radicals in the ground state (λ = 306.8
nm) and from the emission (λ= 308 nm) of electronically excited hydroxyl
radicals ˙OH. The experiments were performed with 1.5%H2 + 1.5%O2

+ Ar mixtures in the temperature range 960 -1670 K at a pressure of
p = 1 bar. The level of possible impurities was checked by monitoring the
emissions of electronically excited CH? (λ = 429 nm), C?2 (λ= 516.5 nm),
and CO?2 (λ= 363 nm). To extend the range of low-temperature measure-
ments, the promotion of the autoignition of H2/O2 mixtures by additives
of oxygen atoms in an amount of 80±20 ppm was used. The numerical
modeling of our own experimental results and the available literature data
on the ignition delays of hydrogen-air mixtures made it possible to describe
the shock tube measurements of ignition delays within the framework of a
generalized kinetic mechanism over a temperature range of 950 to 2500 K
at pressures from 0.6 to 80 bar.

This work was supported by the Russian Foundation for Basic Re-
search, project no. 12-08-01266-a.
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THE ROLE OF RADIANT PREHEATING OF THE FRESH
FUEL IN FLAME ACCELERATION IN DIFFERENT

GASEOUS MIXTURES

Ivanov M.F.,* Kiverin A.D.

JIHT RAS, Moscow, Russia
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The paper studies the flame propagation through the reacting gas-
suspension of combustible gaseous mixture and suspended inert solid mi-
cro particles. The particles, suspended in the gaseous mixture ahead the
flame front, absorb the radiant heat flux out from the hot combustion
products and transfer it to the gaseous mixture by means of molecular
and convective thermal conduction. It is shown that in case of highly
reactive mixtures such as hydrogen-oxygen this phenomenon causes mod-
est (not greater than 10 percents) flame acceleration in case of uniform
particles distribution. The origin of flame acceleration in this case is the
preheating of the fresh fuel ahead of the flame front, limited by the burning
velocity. The temperature increase is proportional to the heat flux from
the flame surface (σT 4

b , where Tb is the temperature of burning products)
and inversely proportional to the burning velocity. In hydrogen-air mix-
ture the burning velocity diminishes compare with the hydrogen-oxygen
case as well as the heat flux. As a result the rate of preheating rises and
the corresponding burning velocity increase reaches 30 percents. In the
hydrocarbon-air mixtures the Tb value is not sufficiently lower than in the
hydrogen-air one, on the other hand the burning velocity changes by the
order. It results in the relatively high preheating of the fresh fuel adjacent
to the flame front (up to the 1000K) that in turn causes the changes in
flame propagation mechanism and corresponding sufficient flame acceler-
ation. On the other hand in case of sufficiently non-uniform distribution
of the particles the radiant volumetric heating may be resulted in forming
the local ignition kernels inside the clouds of suspended particles far ahead
of the flame front. In this case there is almost no gasdynamical interaction
between the flame front and the preheating zone and such conditions can
be treated as a case of zero burning velocity.
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MODES OF CHOCKED FLAME INSTABILITY DEFINED
BY THE PECULIARITIES OF COMBUSTION KINETICS

AT RISING PRESSURE

Kiverin A.D.,* Yakovenko I.S.
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The dynamics of combustion wave depends on the large number of
factors of different physical and chemical nature that complicates setting
the experiment and interpreting its results. For today a wide variety of
experimental data is accumulated for different cases of accelerating flame
evolution, including the deflagration-to-detonation transition, onset of the
so-called chocked flames, quasi detonations, slow detonations etc. One
should expect similar physical origins of all the possible transonic and su-
personic combustion regimes as they arise in the quite close conditions:
first the flame accelerates in the flow like a piston-driven one and then
achieves the transonic chocked regime, which further evolution in some
cases can provide the onset of the detonation. The aim of the paper was to
analyze the structure and the stability of the chocked flames to understand
the origins of different possible combustion modes. The numerical solution
showed that the chocked flame structure was as follows: the compression
waves irradiated from the reaction zone were chocked by the locally su-
personic flow on the flame tip and started to compress the mixture inside
the flame front. At the same time the flame front propagating with the
subsonic speed relatively to the moving fresh mixture acted like a piston
and the compression of the mixture ahead of the flame front continued.
Therefore further flame evolution was determined by two mechanisms: 1)
compression of the fresh mixture and 2) compression of the mixture inside
the reaction zone. The first mechanism provides burning velocity increase,
the second one can either accelerate or decelerate reaction depending on
the pressure-dependent reaction behavior in the observed pressure range.
The competition of the mentioned mechanisms determine the further flame
dynamics: i) the flame speed saturates and one can observe quasi-stable
supersonic flame or as it sometimes called “quasi detonation“, ii) the flame
accelerates and transition to detonation takes place, iii) the chocked flame
decays transforming into the subsonic deflagration wave.
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FLAMES AND DETONATIONS INSIDE OBSTRUCTED
CHANNELS AND GAS-LADEN COMBUSTIBLE

MIXTURES
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For decades clear understanding of the non-steady and transient
regimes of gaseous combustion remained to be a topical problem of the
combustion theory as it was important for the explosion safety and propul-
sion systems design. However, in spite of wide range of experimental data
there is still no systematic analysis of the studied phenomena. The aim
of the paper was to resolve the features of the unsteady flames propagat-
ing through gaseous combustible mixtures in different external conditions
intrinsic to the real technical system environment. To understand the
roles of surface and volumetric effects we considered flames propagating
through smooth and obstructed channels filled with gaseous and gas-laden
combustible mixtures. It was found that the leading role in the flame
evolution including its acceleration and transformation into the detona-
tion belongs to the compression waves irradiated out from the reaction
zone. The compression waves interference and interaction with the flame
front and the flow define the peculiarities of flame evolution on the differ-
ent stages of its acceleration. Channel walls and other large scale obstacles
determine the evolution of the flame front via the diffraction and refraction
of the compression waves that can cause either acceleration or stabilization
of the flame. The suspended micro-particles act on the sufficiently smaller
spatial scales absorbing volumetric momentum and energy and decreasing
the intensities of the travelling compression waves and the flame acceler-
ation. The overall pattern of the energy redistribution on the different
spatial scales obtained in this paper should be taken into account while
estimating hazardous impact of gaseous explosions.
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QUANTITATIVE CRITERIA FOR COMPOSITION
OF HYDROGEN BASED MIXTURES FOR USE
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The use of hydrogen as a fuel in spark-ignition engines becomes a top-
ical problem nowadays due to the possibility of hydrogen generation by
renewable energy sources. However, low detonability limit of hydrogen
could lead to detonation while burning, what, in its turn, could lead to
rapid destruction of combustion chamber and reduction of its working lifes-
pan. Therefore, in the present paper we investigate the method aimed to
increase hydrogen detonability limit, consisting in the use of small addi-
tions of less energetic substances to basic hydrogen–air mixture. Among
these substances we chose: (i) methane, (ii) steam, (iii) air excess (lean
hydrogen–air mixtures). Numerical simulation of combustion was carried
out with the usage of gasdynamics model and detailed chemical kinetics
mechanism [1]. Combustion modeling of mixtures with different quantities
of additions in engine chamber with typical parameters (compression ra-
tio 11.4, engine speed 1500 rpm, displacement 1.7 L, spark timing 10◦CA
before TDC) showed that mixtures with substitution of 1.0% (vol.), 2.0%
and 3.0% of hydrogen and more in stoichiometric hydrogen–air mixture
by methane, steam and air excess correspondingly provide nondetonative
regime of burning. The increase of additions quantities (reduction of sub-
stituted hydrogen) results in decrease of engine efficiency, characterized
by decrease of maximum in-cylinder pressure and increase of timing at
which maximum pressure is observed. We mean the combustion regime
with maximum in-cylinder pressure less than 8 MPa and its corresponding
crankshaft angle no more than 20◦CA by optimal regime. According to this
convention we found that following quantities of additions provide optimal
combustion: (2.5–3.0)% of methane, (3.1–5.4)% of steam, and (4.2–7.3)%
of air excess. These results demonstrate that methane reduces combustion
intensity more strongly than steam or air excess. Analysis of chemical
conversion indicated that this behavior is due to oxygen deficiency when
burning mixtures with methane as compared to mixtures with steam.

1. Petersen E. L., Kalitan D. M., Simmons S., Bourque G., Curran H. J., Simmie
J. M. // Proc. Combust. Inst. 2007. V. 31. P. 447-54.
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GAS MONITORING SYSTEM FOR NUCLEAR POWER
PLANTS AND HYDROGEN FACILITIES
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Safety systems and mitigation concepts for nuclear power plants, hy-
drogen fuelling stations and hydrogen infrastructure requires detailed data
on hydrogen concentration in a case of hydrogen leakage. The objective of
the present work is to develop gas monitoring system for hydrogen detec-
tion. Not only hydrogen, but oxygen, steam and other components con-
centrations are important for safety analyses. Hydrogen sensors should be
accurate, sensitive, and specific, as well as resistant to long term drift and
varying environmental conditions. Presented gas detection system con-
sists of two parts: first for continuous monitoring of concentrations under
normal ambient conditions and second for temporary monitoring under el-
evated ambient temperatures and pressures during possible accident. The
system determines high hydrogen concentration (5-90%) under 1-5 atm.
pressure, relative humidity up to 100% and ambient temperatures up to
240◦C.

PRECHAMBER INITIATION OF GASEOUS
DETONATION IN A CHANNEL

Golovastov S.V.,* Bivol G.Yu., Golub V.V.

JIHT RAS, Moscow, Russia

*golovastov@yandex.ru

Prechambers of greater diameter are usually used as a method of steady
detonation initiation for studies of the detonation propagation in the con-
nected channel [1]. It was obtained that a prolongation in time of the
source of ignition has to be taken into account for evaluation of the energy
of the direct initiation of detonation [2].

A process of deflagration-to-detonation transition in propane-butane-
oxygen and acetylene-oxygen mixtures, in an open channel with a circu-
lar cross section with a diameter of 3 mm, was investigated experimen-
tally. Detonation initiation was carried out by burning the mixture in the
prechamber connected to the channel. The prechamber was considered as
an extended source for the initiation of the detonation of a finite volume.
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To determine the boundary conditions at the entrance to the channel, a
piezoelectric pressure transducer was used. To measure the velocity of a
flame front, photodiodes, installed along the axis of the channel, were used.

The influence of the dimensions of the prechamber, equivalence ratio
and fuel on the pressure profile, and evolution of the flame front along the
axis of the channel are presented. It was shown that, the dynamics of the
flame front and shock waves in the channel can occur in different scenarios
depending on the geometry of the prechamber and equivalence ratio: the
push-effect of the prechamber due to the spreading of the combustion
products, the combined effect of the combustion products and compression
waves, or direct detonation formation.

The pre-detonation distances and the minimal energy of direct initi-
ation of the detonation were determined. The experimental map of the
possibility of direct detonation initiation depending on the volume of the
prechamber or the energy released in the prechamber and ER for propane-
butane and acetylene-oxygen mixtures is presented.

The work was supported by the RFBR N-13-08-01227-a and RAS
(Combustion and Explosion).
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The report presents the results of an experimental study of the direct
initiation of spherical detonation of a near stoichiometric hydrogen–air
mixtures. Combustible mixture was inside a thin rubber spherical enve-
lope. The volume of the mixture was about 7 m3. There was a measuring
bar inside the envelope at which PCB pulse pressure sensors, ionization de-
tectors, and a triggering device were placed. The rubber envelope with the
combustible mixture was located inside 13Ya3 explosion chamber 12 m in
diameter. The data show that the pressure in front of a spherical explosion
wave is initially reduced to a value below the Chapman-Jouguet pressure
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and then increases and at a distance of about 1 m reaches a stationary
value.

INVESTIGATION OF THE EFFECT OF THE EJECTOR
ON THE PERFORMANCE OF THE PULSE DETONATION

Korobov A.E.,* Golovastov S.V.

JIHT RAS, Moscow, Russia

*andrusha.kor@gmail.com

One of the promising low-thrust engines is the pulse detonation engine
(PDE). This is accounted for by the fact that the heat efficiency of the
fuel burned in a detonation wave exceeds the efficiency of the fuel burned
at a constant pressure by 13 % [1]. One such way of enhancing the engine
thrust is use of an ejector. It is shown that the use of an ejector in an
engine with a constant flow rate can result in a gain in the thrust as high
as about 35 % [2] and about 50 % [3]. In [4] it is shown that use of an
ejector in the pulse engine may result in a gain in the thrust to 100 %,
however.

The purpose of this work was to determine the dynamics of the thrust
in a pulse detonation engine fitted with an ejector during some successive
pulses and also to show the dynamics of the ejected ambient air flow rate.

1. Zeldovich Ya. B. // Zh. Tekh. Fiz., 1940, no. 1, p. 1453.
2. Abramovich, G. N., Prikladnaya gazovaya dinamika (Applied Gas Dynam-

ics), Moscow: Nauka, 1969, vol. 1, p. 553.
3. Golubev, V.A. and Monakhova, V.P., Tr. Mosk. Aviats. Inst. (Elektron.

Zh.), 2006, no. 22.
4. Slobodkina, F.A. and Evtyukhin, A.V., Aviats.–Kosm. Tekh. Tekhnol., 2003,

no. 8, p. 13.
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FORMATION OF THE OVERDRIVEN DETONATION
WAVE IN THE FLOW OF METHANE–OXYGEN

MIXTURES IN THE CHANNEL OF VARIABLE CROSS
SECTION

Bivol G.Yu.,* Golovastov S.V.

JIHT RAS, Moscow, Russia
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Formation of the overdriven detonation wave in methane-oxygen mix-
tures in the channel was experimentally investigated. To create an over-
driven detonation wave the decay of the stationary detonation into the
shock wave and the flame front was implemented in the transition to a
larger channel cross-section [1]. This is accompanied by an increase in
pressure in the unreacted mixture ahead of a traveling shock wave [2].

Ignition of the mixture was carried out by a spark gap, located on the
end of the combustion chamber. Thus, the created complex of the shock
wave and the flame front moving behind him propagated in the channel
with a conical narrowing. At the exit of the conical constriction formation
of the overdriven detonation wave recorded with the parameters several
times greater than the parameters of the stationary Chapman-Jouguet det-
onation. Excess of pressure compared to the stationary Chapman-Jouguet
detonation was up to three times. The velocity and pressure of the det-
onation wave were determined depending on the the composition of the
mixture. Detonation cell sizes, diagrams of compression waves and flame
front propagation in the combustion chamber depending on the mixture
composition are presented.

The work was supported by the RFBR N-13-08-01227-a and RAS
(Combustion and Explosion).
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P. 131-137.
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INVESTIGATION OF DEFLAGRATION TO DETONATION
TRANSITION IN SPIRAL CHANNELS

Bivol G.Yu., Golovastov S.V., Golub V.V., Ivanov K.V.,*
Mikushkin A.Yu.
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One of the primary targets of detonation applications is run-up distance
reducing. It decreases the amount of combustible mixture which burns in
ineffective (not detonation) mode. It is well known that temperature rise
in reflected from obstacles and channel bends pressure waves accelerates
the transition to detonation. Nevertheless extreme amount of bends and
obstacles may inhibit DDT or decouple detonation wave either.

Present work concerns investigation of deflargration to detonation tran-
sition in gaseous combustible mixtures in spiral channels. Authors use an
Archimedes’s screw to split the detonation tube on two spiral channels of
half-disk cross-section.

Flame speed velocity along the channel and the point of deflagration
to detonation transition was experimentally investigated. Self-radiation of
flame and pressure profiles was measured by pairs in four sections along
the channel. Experiments was made with hydrogen-oxygen and methane-
oxygen mixtures in spiral channels of half-circle cross-section and straight
channel of circle cross-section.

THE EMISSION SPECTRA OF LOW-INTENSITY SHOCK
WAVES PROPAGATING IN He DILUTED WITH Xe

Ziborov V.S.,* Galiullin R.A., Efremov V.P., Fortov V.E.,
Shumova V.V.

JIHT RAS, Moscow, Russia

*vziborov@rambler.ru

Propagation of shock waves in helium, diluted a small admixture of
xenon ([Xe] = 0.1–10 %), experimentally investigated in a high-vacuum
shock tube “Yashma” (residual pressure of gas P < 10−6 mbar) in the next
regimes: the shock wave Mach number M = 2.3–3.3, the equilibrium pres-
sure and temperature behind the shock front P = 0.3–0.7 bar, T = 850–
1350 K. The highly purified gases were used. The spectra measurement
was performed from the shock tube end. Were applied the spectrograph
ACTON 2150 (Princeton Instrument) and high speed CCD-camera LeGa-
3, equipped with the intensifier based on the electro-optical transducer,
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sensitive in the range of 115–900 nm. Were measured the emission spectra
in the range from 180 to 650 nm. The data were obtained on the depen-
dence of the spectra on the concentration of Xe, the initial thermodynamic
parameters of gas mixtures and the rate of shock waves. The optical tran-
sitions lines in Xe are Identified. It has been shown that a decrease in
the concentration of Xe in the mixture causes the shift in the emission
spectrum toward the vacuum ultraviolet region.

The work is supported by the Program of the Presidium of RAS “Mat-
ter under High Energy Densities”.
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JIHT RAS, Moscow, Russia
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The halogenated hydrocarbons are considered a species that may pre-
vent the explosion and detonation of methane-air, hydrogen-air and oth-
ercombustible mixtures (CCl4 [1], CF3H [2]). However, under certain con-
ditions (particularly at elevated temperatures) halogenated species do not
inhibit combustion they may even accelerate the ignition of hydrocarbon-
oxygen mixtures (Cl2 [3], CCl4 [1], CF3H [4]). Such effects could be ex-
plained by the interaction of the products of admixture pyrolysis with the
initial compounds, resulting in the acceleration of active radical formation
during the induction time [5]. In contrast to other hydrocarbons, acetylene
self-ignition and detonation can happen spontaneously without an oxidant.
Typically, self-ignition and detonation of acetylene occur most easily and
rapidly at elevated pressures [6-7]. Thus, investigation into the methods
of inhibition of acetylene detonation is of great importance. However, the
kinetics of in uence of halogenated species on the acetylene detonation
process remains unexplored.

The goal of the present work was to study the influence of atoms Cl,
as product of dissociation of CCl4, on the kinetics of acetylene decomposi-
tion behind shock waves. Using the method of atomic resonance absorption
spectroscopy (ARAS) at the resonance line Cl(I) at 139.97 nm the change
of the concentration chlorine atoms was investigated in various mixtures
CCl4 + C2H2 + Ar behind shock waves at temperatures of 1000-3000 K
and pressures of 1-16 bar. The experimental results are compared with
a kinetic modeling of the thermal decomposition of acetylene and its re-
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actions with chlorine atoms at different temperatures and pressures using
Chemkin-4. This work has been supported by grant RSF 14-19-00025.
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Various halogenated hydrocarbons are widely used for the fire fight-
ing [1-4] Trifluoromethane is considered to be one of the most promis-
ing inhibiting additives to methane-air, hydrogen-air and other gas mix-
tures [2].Combustion suppression efficiency occurs not only from its en-
dotermicy during pyrolysis, when the temperature of mixture decreases
rapidly, but also due to chemical inhibition of chain combustion reactions
[2-3] It is assumed that CF2,is a primary product of trifluoromethane dis-
sociation and is responsible for the suppression of the chain reactions of
combustion. However, as it was shown in the papers [4], under certain
conditions, such additive is not only inhibits the combustion and can even
accelerate the ignition of the hydrocarbon-oxygen mixtures. Therefore,
for possible practical application of CF3H as an inhibitor additive it is
necessary to study the kinetics of CF2 radical formation at the pyrolysis
CF3H in a wide range of temperatures, pressures and concentrations of
initial components. The study of the kinetics CF2 radical formation us-
ing the method Molecular Resonance Absorption Spectroscopy (MRAS)
were performed behind shock waves in UV range at a wavelength λ=251.9
nm. More than 80 successful experiments in the temperatures range of
1180≤ T5≤ 2780 K and pressures 1.5≤P5≤16 Bar behind reflected shock
waves were carried out. The initial concentration of CF3H in argon was
varied from 0.0038 to 2.7%. As a source of radiation line of CF2 radical
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the microwave discharge lamp with the mixture of 1% CF3H in He at the
pressure of 6 mbar was used. From the experimental data the temperature
dependencies of the equilibrium constant and the dissociation rate constant
of CF3H were determined at different pressures. The experimental results
are compared with the kinetic modeling of the thermal decomposition of
CF3H at different temperatures and pressures using Chemkin-4.

This work has been supported by grant RSF 14-19-00025
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NUMERICAL STUDY OF THE GAS FLOW IN THE
NOZZLE AND A SUPERSONIC JET FOR DIFFERENT

VALUES OF SPECIFIC HEATS
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On the basis numerical modeling the process has been investigated of
the expiration of a supersonic jet from a flat nozzle for two ratioes of spe-
cific heats and different parameters NPR. This parameters represents the
ratio of the pressure at the nozzle inlet to the pressure in the environment.
As a result the solid state grid model have been created for the numer-
ical simulations of the flow of gas inside the nozzle and jet formation of
compressed gas from the nozzle, which can be used to analyze the data
structure.

The calculation have been carried out for values of specific heats Cp/Cv
= 1.4 and Cp/Cv = 1.3, the value of the parameter NPR being 20, 15, 10,
5. When the parameter NPR = 20 there is a structure that is typical for
regular reflection with the intersection point on the axis located at the exit
of nozzle. When reducing to 10 NPR the structure resembling the regular
reflection remains however it is shifted into the nozzle, the flow separation
occurs. With further decrease of NPR to 5 the number of consecutive
normal shock waves in the nozzle increases. Subsonic separating zones
appear. This mode is preceded by the formation of Mach reflection. Note
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that for the same value of the parameter NPR, but at a smaller value of
Cp/Cv intersection point shifts further away from the inlet section of the
nozzle. The flow separation becames substationally less.

THREE-SHOCK EFFECT OF THE APPEARANCE
OF CONFIGURATIONS WITH A NEGATIVE ANGLE

OF REFLECTION ON THE STRUCTURE
OF A SUPERSONIC JET

Gavrenkov S.A.,* Gvozdeva L.G.

JIHT RAS, Moscow, Russia

*gavrenkov@gmail.com

The expiration of the supersonic jet from a nozzle at off-design op-
eration occurs when the pressure in the gas stream at the nozzle exit is
different from the ambient pressure medium. There may be cases of over-
expanded P1 < Pa and under expanded jet, i.e. P1 > Pa (P1 – the gas
pressure in the output section of the nozzle, Pa – pressure in the external
environment). As a result, systems of alternating expansion and contrac-
tion waves and shocks appear inside the jet which may have a different
configuration. There may be a three-shock configuration with a negative
angle of reflection [1]. If the reflected wave in this configuration, crosses
the line of symmetry, it is clear that such a configuration can not be stable,
on the line the gas begins to accumulate, stationary process flow will be
disrupted.

One can expect new wave structures of supersonic jet to appeare or
even the occurrence of vibration modes. In any case, the occurrence of a
triple shock configuration with negative angle would lead to the change in
the mode of operation of rocket engine. This effect is real to the expiration
of jets from the nozzles, since the products of combustion of conventional
fuels have a fairly low ratio of specific heats.

In the report the analytical studies with the aim of three shock theory
are presented of different forms of three-shock configurations that may
occur at the nozzle exit. They have been obtained over a wide range of
governing parameters: pressure drop across the oblique waves emanating
from the nozzle exit, the ratio of specific heats and the Mach numbers.

1. Gvozdeva L. G., Gavrenkov S. A., Nesterov A., The influence of the adiabatic
index on the gas flows mixing in Mach shock waves reflection // XXVIII
International Conference on Equations of State for Matter, Nalchik, Mach
2014. P. 94.
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NUMERICAL SIMULATION OF AEROGASDYNAMICS
OF A FLIGHT VEHICLE WITH A HYPERSONIC

LIQUID-FUEL RAMJET

Khlybov V.I.,* Degtiar V.G., Grakhov Yu.V., Lepikhov A.V.,
Kalashnikov S.T.

OAO “Makeyev GRTs”, Miass, Russia

*src@makeyev.ru

A key phase in creation of a real flight vehicle with a hypersonic liquid-
fuel ramjet is a procedure used to form its aerogasdynamic arrangement.
To reduce the number of expensive physical experiments it is worth con-
ducting the virtual computational experiments with math simulation.

The paper provides an aerogasthermodynamic scheme of a flight vehicle
with a hypersonic liquid-fuel ramjet developed with Navier-Stokes equa-
tions in the CFD package. The combined aerogasdynamic engineering of
the flight vehicle and the hypersonic liquid-fuel ramjet using supercompu-
tational hardware and computational experiments with a simulation math
model allows us: • to form aerogasdynamic arrangement of the flight ve-
hicle with the hypersonic liquid-fuel ramjet capable to maneuver within
the Mach number from 6 to 8 at an altitude from 20 km to 30 km; • to
demonstrate that a specific impulse from 10 to 14 km/s (1000–1400 s) can
be reached at completeness of combustion more than 85%, if a pure or
mixed hydrocarbon fuel is volumetrically fed in the supersonic flow inside
the combustion chamber; • to show that in the above flight conditions at
an attack angle from 6◦ to 8◦ a small flight vehicle consumes no more than
0.7 kg/s of liquid hydrocarbon fuel; • to illustrate that allowance for the
radiation of gas and walls in the math model does not markedly change
the gasdynamic processes in the hypersonic liquid-fuel ramjet passage and
its integral characteristics.

More over, it is noted that intake of the outboard air through a punched
or porous surface of the hypersonic liquid-fuel ramjet nozzle permits us:
• to control the vehicle flight within the above ranges of altitude and speed
by affecting the hypersonic flow in the nozzle; • to increase hypersonic
liquid-fuel ramjet specific impulse; • to reduce the convective heat flows to
the nozzle walls and bottom of the flight vehicle.

An evaluative heat analysis of the flight vehicle with the hypersonic
liquid-fuel ramjet is made on which basis: • typical temperature regimes
of the flight vehicle body are defined and thermal protection for the key
components are selected; • it is detected that the combustion chamber can
be thermally protected with active cooling with fuel while it is heated up.
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NUMERICAL SIMULATION OF THE HIGH-ALTITUDE
HYPERSONIC FLOW OF A BODY UNDER SHOCK-WAVE

INTERACTION
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OAO “Makeyev GRTs”, Miass, Russia

*mes1@yandex.ru

The paper considers problems of simulation of interaction of the fourth-
type waves typical for the high-altitude hypersonic flow of flight vehicles.

The key target of the paper is to identify the most effective and promis-
ing numerical methods for the considered area of problems.

The complete validation of a method asks for a huge amount of work,
to simplify the task the paper considers 2D axisymmetric problems of flow
without separation on the windward side of blunted bodies.

Three cases are selected: • the ONERA experiment on hypersonic flow
of a cylinder under the shock-wave interaction in front of it with incident
shock [1], • reproduced data of the OREX flight vehicle for a point of its
trajectory at H = 92.4 km [2], • the hypersonic flow of a two-component
cone with a separated-flow region at the interface [3].

The math methods are based on the widely used numerical schemes:
•DSMC–Monte-Carlo simulation (direct statistical simulation) imple-
mented with the SMILE software, •method of finite volumes (AUSM+
scheme)—Godunov-type method implemented with the ANSYS Fluent
software, •method of finite volumes (Kurganov–Tadmor scheme)—central-
upwind scheme implemented with the OpenFOAM software.

A series of calculations using the above methods are made for each
case. Upon analysis of the results conclusions are drawn on applicabil-
ity of a numerical method to settle problems of this type. In particular,
the Kurganov–Tadmor scheme combines high accuracy and low computa-
tional cost, is good for the engineering analyses. While the DSMC with
its practically unlimited accuracy is good for academic research.

1. Moss J.N., Pot T., Chanetz B., Lefebvre M. DSMC Simulation of Shock /
Shock Interactions: Emphasis on Type IV Interactions

2. Yamamoto Y. CFD and FEM Coupling Analysis of OREX Aerothermody-
namic Flight Data // AIAA Thermophysics Conference, June 19–22, 1995,
San Diego, California.

3. Chanetz B., Pot T., Benay R., Moss J. New Test Cases in Low Density
Hypersonic Flow // Rarefield Gas Dynamics: 23rd Interbational Symposium,
2003.
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EXPERIMENTAL INVESTIGATION OF SHOCK
WAVE–BOUNDARY LAYER INTERACTION INSTABILITY

Glushneva A.V.,* Saveliev A.S., Son E.E., Tereshonok D.V.

JIHT RAS, Moscow, Russia
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As instability caused by Shock Wave–Boundary layer interaction can
lead to serious control issues [1], it is a subject of investigation. It was
discovered that unsteady behavior of separation bubble contains the low
frequencies fluctuations [2]. Current work is devoted to the investigation
of the instabilities caused by interaction of shock wave with turbulent
boundary layer on the heated ramp surface.

By means of PIV detailed flow structure of separation and reattachment
regions for the case of 30◦ramp angle were measured. For the evaluation of
the surface heating influence the ratio of wall temperature towards outer
flow temperature Tw/T∞ in the experiments was varied in the range from
1.8 (adiabatic conditions) to ∼3. Average velocity fields for temperature
ratios of 2.77 and 3.11 have shown regions of reverse flow (separation bub-
ble), and velocity in this region reaches ∼0.1U∞. The averaged velocity
profiles of the reattached boundary layer shows that rising of temperature
ratio leads to the increase of boundary layer recovery length from 4.6 mm
for adiabatic case to 11 mm for Tw/T∞ = 3.11. In order to study fluctu-
ations of separation bubble statistical analysis was applied. According to
the POD analysis about 60% of whole energy is stored in the first 5 spa-
tial modes. The first 2 modes represent pulsation of separation region. In
case of ramp with temperature ratio of Tw/T∞ = 2.77 and 3.11 first spatial
mode contains almost 40% of energy meanwhile in case of adiabatic surface
the amount of the energy stored in the first mode is 15%. It is obvious that
elevation of surface temperature leads to redistribution of energy stored in
spatial modes represented separation region motion. RMS velocity fields
also have shown amplification of separation buble fluctuations with sur-
face heating. Velocity fluctuation near separation and reattachment points
reaches 0.38U∞.

It was shown that increase of temperature ratio affects both incomming
and reattached boundary layer and amplifies separation bubble motion.

1. Fedorova N. N., Fedorchenko I. A. // J. App. Mech. Tech. Phys. 2004. V. 45.
P. 358–366.

2. Grilli M., Schmid P. J., Hickel S., Adams N. A. // J. Fluid Mech. 2012.
V. 700. P. 16–28.
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RAYLEIGH–TAYLOR AND RICHTMAYER–MESHKOV
INSTABILITY OF NEWTONIAN SUBSTANCE AT HIGH

ENERGY DENSITIES

Baranov V.K.,1 Doludenko A.N.,*2 Georgievskaya A.B.,1
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A series of experiments have been carried out to study the development
of the free boundary instability of thin layer of water with a thickness of
1 mm due to impact of the unsteady shock wave. Nonstationary damped
shock wave (Taylor’s wave) was created in the water layer by evaporation
of a thin (about 10 microns) target, located on the bottom surface of the
layer of water. This evaporation occurs under a pulse of laser radiation
with a wavelength of 532 nm, energy 0.35 J and pulse duration ∼10 ns.
The pressure on the Taylor’s wave front equals to 80 MPa according to the
calculated estimates. Dependencies of particle velocities on time V (t) have
been obtained in the experiments using PDV method. It can be seen that
at each time from the beginning there is a whole set of values of velocities.
So we can assume that the speed of different dispersed microdroplets of
water is recorded almost simultaneously. These microdroplets of water
move at different speeds and were caught by the beam spot of erbium
laser. Theoretical part consists of a numerical study of the turbulent stage
of development of the Rayleigh–Taylor instability for viscous media with
different material rheology for high density. When the lead plate collides
with another plate of light metal at high-speed, metals are transformed in a
“fluid state” in some region near the contact surface. At the same moment
the lead plate is decelerated from the original speed to a standstill. Loss
of the stability of colliding surfaces are accompanied by the characteristic
outbursts of light metal in a more heavy metal-lead. These outbursts can
be seen on the photo of microsection of this structure. In experimental
studies, it cannot be accurately measured their amplitudes due to partial
destruction of their peaks. In numerical simulation similar structures were
obtained as a result of collision of the lead plate with a thickness of 4 mm
with the titanium plate with a thickness of 4 mm at the speed of about
500 m/s. It is believed, at the moment of the collision, that the metals are
in a liquid phase with the corresponding density and viscosity.

This work was supported by the Russian Foundation for Basic Research
(project no. 13-08-01441).
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NUMERICAL SIMULATION AS IMPORTANT TOOLS
IN DEVELOPING NOVEL HYPERSONIC TECHNOLOGIES
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Tatarinov A.V.,1 Teplyakov I.O.,1 Tikhonov A.A.,2
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Development of novel hypersonic technologies necessarily requires the
development of methods for analyzing a motion of hypervelocity vehicles.
This paper could be considered as the initial stage in developing of com-
plex computational model for studying flows around hypervelocity vehicles
of arbitrary shape. Essential part of the model is a solution to three-
dimensional transport equations for mass, momentum and energy for the
medium in the state of both LTE (Local Thermodynamic Equilibrium)
and non-LTE. One of the primary requirements to the developed model is
the realization on the modern heterogeneous computer systems including
both CPU and GPU.

The paper presents the first results on numerical simulation of hyper-
sonic flow. The first problem considered is three-dimensional flow around
curved body under angle of attack. The performance of heterogeneous
5 GPU computer system is tested. The second problem highlights the
capabilities of the developed model to study heat- and mass transfer prob-
lems. Namely, interior heat problem is considered which takes into account
ablation of Thermal Protection System (TPS) and variation of the surface
shape of the vehicle.
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LINE OF ACTION AND ADVANCED SCIENTIFIC TASKS
OF THE LABORATORY OF HYPERSONIC AND PLASMA

TECHNOLOGY MIPT
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For basic and applied research as well as training in the development
of advanced aerospace systems and their power plants under the program
5top100 in MIPT established scientific laboratory hypersonic and plasma
technologies (HPT). Lab partners are leading industry and academic in-
stitutions, enterprises and aerospace higher education. The objectives of
the HPT lab is to conduct fundamental research in gasdynamic flows due
hypersonic flow past bodies of different configurations, the determination
of thermal properties and characteristics of durability of materials under
conditions of high heat loads, the study of hydro-and plasma-chemical
processes in high-enthalpy flows, including the polyphase. An important
part of the laboratory is to study the integration issues hypersonic aircraft
propulsion. The results of some computational and experimental studies
of gas-dynamic structure of external and internal flows in a power plant
integrated with a hypersonic aircraft. The results of work aimed at form-
ing scientific basis and development of experimental base HPT lab. The
outline of the activities of the laboratory in the near and medium term.

SUPERSONIC NOZZLE PROFILING FOR SUPERSONIC
AEROSPACE TESTING IN A VIEW OF

HIGH-TEMPERATURE OF PROPERTIES OF REAL GASES

Gadzhiev M.Kh.,*1 Kulikov Yu.M.,2 Panov V.A.,2

Sargsyan M.A.,1 Son E.E.,1 Tyuftyaev A.S.1

1JIHT RAS, Moscow, 2MIPT, Dolgoprudny, Russia

*makhach@mail.ru

Plasma torches are widely used in manufacturing processes of plasma
heating (particularly in supersonic and hypersonic aerodynamical testing),
alloys and metal processing (melting, cutting, coating etc.), and also for
industrial waste disposal. Current issues of plasma torch modeling are the
adequate consideration of MHD-effects in arc currents, intense turbulence
generation due to a sharp heat emission (a fluent electric arc zone with
the heat density of 2 · 1011 W/m3). High temperatures often require both
correct transport coefficients and radiation transport calculation in view
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of non-equilibrium plasma. Combustion and non-transferred electrical arc
heating is often used to expand the available temperature and Mach num-
ber ranges of the facilities aimed for aerodynamic testing of supersonic and
hypersonic cruise vehicles (HCV) whereas chemical reaction of equilibrium
dissociation and ionization take place producing of different multiplicity.
These processes are often considered as phase transitions stretched in the
temperature scale and resulting in a sharp and non-monotonic variation
of the transport coefficients of gas mixtures. In this paper the calcula-
tions of certain thermophysical parameters of in the temperature range
260–100000 K basing on the equations of equilibrium dissociation and ion-
ization and in a view of the effects of real gases (4th order virial corrections)
and plasma (Debye correction), as well as the comparison of the obtained
results with other researchers are presented. The authors also propose a
modified technique of one-dimensional nozzle profiling including variable
adiabatic index that utilizes the dependence of the gas enthalpy on tem-
perature. According to the results of profiling we developed a supersonic
nozzle and to verify the acceleration characteristics of supersonic nozzle,
as well as to determine the gas velocity, a series of measurements of stag-
nation pressure was conducted. As a source of high-enthalpy plasma flow
we used a 50 kW plasma torch with a swirl stabilization and expanding
channel providing high flow rates, efficient heating of the working medium
and small thermal losses in the water-cooled anode surface. Relay on find-
ings, one can conclude that at the vicinity of nozzle exit a transonic flow
mode exists that can be preserved at large distances from the nozzle.

SIMULATION OF 3D FLOWS PAST HYPERSONIC
VEHICLES IN FLOwVISION SOFTWARE

Aksenov A.A., Savitsky D.V.,* Zhluktov S.V.

JIHT RAS, Moscow, Russia

*dmvlsav@yandex.ru

Methods for numerical integration of 3D transient Niavier-Stokes equa-
tions can be subdivided into two groups: the methods based on using vari-
ables velocity-pressure and the methods based on using variables velocity-
density. The velocity-pressure methods suit well for simulation of incom-
pressible and low-compressible flows of fluid and gas. Classic methods from
this group are not used for simulation of the flows of compressible gas. On
the contrary, the velocity-density methods have been developed for solv-
ing the problems of super- and hypersonic aerodynamics. However, it is
impossible to simulate incompressible flows with neither of these methods.
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The first published algorithm for numerical solving the Navier-Stokes
equations in variables velocity-pressure was the velocity-pressure split
method. Later modifications of this method have been developed, e. g.,
projection method MAC, methods SIMPLE, SIMPLER, SIMPLEC, PISO.
All these methods are based on solving the momentum equation with use
of the pressure field and the conservative mass velocities at the cell faces
(i. e. the velocities satisfying the continuity equation) obtained at the
preceding time step. The velocity field is corrected after solving an addi-
tional equation for pressure. The drawback of these methods is that the
conservative velocities are calculated at the end of the time step as a result
of correction of the velocity field with use of the gradient of the pressure
increment. Therefore, these methods cannot be used in a problem with
moving boundaries of the computational domain across a fixed (Euler)
grid, for instance, due to ablation of TPS.

A new implicit velocity-pressure split method is discussed in the given
presentation. The method implies using conservative velocities, obtained
at the given time step, for integration of the momentum equation and other
convection-diffusion equations. This enables simulation of super- and hy-
personic flows with account of motion of solid boundaries. Calculations of
known test cases performed in the FlowVision software are demonstrated.
It is shown that the method allows one to carry out calculations at high
Mach numbers with integration step essentially exceeding the explicit time
step.

This work was supported by the grant of the Ministry of Education and
Science N 14.604.21.0090, 8 July 2014, project ID: RFMEFI60414X0090.

ESTIMATION OF RADIATION HEAT FLOWS
IN MULTICOMPONENT REACTIVE GAS MEDIUM

FOR MODEL DUCT

Safonova D.B.,* Frantsuzov M.S., Chepaikina D.S.

CIAM, Moscow, Russia
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Development and improvement of high-technology items of space and
aviation technology are necessarily led to increase of specific energy param-
eters. Moreover reliability and durability requirements increase. Hence
requirements for accuracy of conducted calculation also increase at elab-
oration, designing and creation of new engineering specimens. Present
work concerns the question of rising thermal load to construction parts,
followed the augmentation of specific energy parameters. The increase of
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pressure and temperature at flow paths of engine combustion chambers
and propulsion systems bring to rise of specific heat flows, including heat
flows of radiant nature. Calculation of radiation heat flows, taking into
consideration variety of physic phenomenon for real configuration, repre-
sents some computing and physico-mathematical difficulties. Present work
contains the comparison of results of radiation heat flows calculation in
model duct with uniform cross-section. These results were obtained with
use of engineering calculation methods and contemporary computational
approaches, which were realized in commercial software. The duct with
uniform cross-section was considered as an object. The flow of multicompo-
nent reactive gas medium of combustion products of air-hydrocarbon fuel
mixture was examined in that duct at high pressure conditions. It was con-
sidered the turbulent flow of multicomponent gas mixture in axisymmetric
channel. The combustion process was considered as equilibrium. The wall
was considered as temperature with coefficient of radiation, representative
all modern structural materials. At calculation with using of engineering
methods, given in special literature, which recommended to use in process
of creation of aerospace technique specimens, the essential difference in
the level of radiation heat flows was determined. This difference can be
explained by use of various empirical data, which underlied in engineering
methods. As a physical model, used in commercial software, the model
of thin radiant layer and discrete ordinate method. The comparison of
calculation results has shown the satisfactory correspondence and close
magnitudes to one of engineering method. Since the calculation magni-
tudes of radiation heat flows level may be cause of significant changes of
construction, it is necessary to produce enough accurate method of cal-
culation. Such method can be create with use of contemporary physical
models and reliable experimental data.

MODELING OF MIXING AND COMBUSTION PROCESSES
FOR HIGH-ENTHALPY AIR FLOW AND VARIOUS FUELS

Fedotova K.V.,*1 Kukshinov N.V.,1 Kostinskaya M.A.2

1CIAM, Moscow, 2MIPT, Dolgoprudny, Russia

*ksu nomber1@mail.ru

Modeling of mixing and combustion processes for high-enthalpy air
flow and various fuels is a vital task for development of advanced engines
for high-velocity aircrafts. When using solid propellants, fuel feed system
become more complicated owing to great amount of condensed particles
in gas flow mixing with air. Numerical analysis was applied to estimate
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the mixing and combustion efficiency for design enhancement. The results
of numerical simulation of two-phase flow and air mixing are presented.
When using hydrogen as fuel for air-propulsion systems there are various
methods to model mixing and combustion. In this work hydrogen mix-
ing, ignition and combustion in high-enthalpy air flow was calculated with
kinetic multistage scheme (Dimitrov) for different injection types. Tem-
perature, pressure, velocity and concentration fields, obtained from the
computational analysis, allow choosing appropriate fuel feed system.

INVESTIGATION OF POSSIBLE WAYS TO IMPROVE
PERFORMANCE OF GDT FOR HIGH ENTHALPY FLOW

Ananyan M.V.,* Gouskov O.V., Nikoporenko A.V.,
Zakharov V.S.

CIAM, Moscow, Russia

*marlen@ciam.ru

In ground tests of rocket engines (RE), designed to work in the upper
atmosphere and space, the problem of the flight conditions simulation
arises. The engines of this type have a great nozzle area ratio (ratio of
the nozzle exit area to the area of the throat). Therefore, one of the main
requirements to the ground tests is maintaining of the unseparated flow
in the nozzle of the engine, which can be achieved by various methods.
The most cheap and technically simple way is to use gas dynamic tubes
(GDT). The figure below shows a scheme of the plant with the GDT.

The basic parameters characterizing the GDT are: the start pressure—
the minimum pressure in the combustion chamber of a rocket engine, above
which the flow mode in the nozzle transits from the separated to the un-
separated, and the stall pressure—the minimum pressure in the RE com-
bustion chamber below which the separated flow forms in the nozzle. Gas
dynamic tubes can be used either independently or together with other
devices which create a vacuum at the outlet of the GDT (ejectors, ex-
hauster). In this case, the ratio of start or stall pressures to the pressure
at the exit of GDT instead of pressures itself should be considered. Also
it is necessary to establish minimal start and stall pressures to guarantee
the specified cyclogram, and operating conditions of RE. For the consid-
ered RE these characteristics are mainly defined by the following geometric
parameters: the RE nozzle critical section diameter, the RE nozzle exit
diameter, the GTD entry diameter, the GTD throat diameter, the super-
sonic nozzle length, the length of the GTD inlet diffuser, the length of the
GTD throat, the RE nozzle exit angle, and GDT entry angle. In addition,
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there is material effect of the nozzle profile shape, and of the combus-
tion products properties (primarily specific heat ratio). In this paper the
possible ways of improving the characteristics of GDT are investigated.

Two-dimensional and three-dimensional numerical simulation appro-
aches to unsteady gas flows with various turbulence models have been
employed to evaluate the characteristics of the GDT. To confirm the results
obtained by numerical simulation, tests employing modeling RE chamber
and modeling GDT have been carried out. Comparison of calculated and
experimental data has shown the adequacy of the employed simulation
methods.

HIGH ENTHALPY HYPERSONIC FLOWS SIMULATION

Gouskov O.V.,*1 Aleksandrov V.Yu.,2 Kozerod A.V.,1

Prokhorov A.N.2

1MIPT, Dolgoprudny, 2CIAM, Moscow, Russia

*gouskov@ciam.ru

Experimental and numerical studies are needed when designing the
high-speed engines integrated with the aircraft. Flight experiments are
complicated, expensive enough and should be carried out at the final stage
of development only. Therefore a large number of studies carried out on the
ground facilities. It is necessary to generate the high-enthalpy hypersonic
flows, simulating flight conditions. Such flows are characterized by high
total temperature and pressure. One of the tasks that need to be solved in
the organization of ground research on the facility is the choice of method
of heating the working medium. The different heating methods are con-
sidered: using the cowper stove or recuperative heat exchanger, adiabatic
heating, heating by electric arc or fire heating. Each of these methods has
its own advantages and disadvantages. For the experiment it is needed the
choice of simulated parameters that depends on the specific tasks formu-
lations. So, for example, it is necessary to simulate the full flow enthalpy
and the dynamic pressure to determine the integral engine characteristics.
For simulation of processes of ignition and kinetics of chemical reactions
necessary to reproduce the static and total temperatures, but this leads to
higher enthalpy values. You must also take into account the fact that in
ground-based experiments, especially when using fire heater, the working
gas composition is different from the pure air that affects the processes of
ignition and combustion in the combustion chamber. The fire type heating
only allows currently testing of large scale models of aircraft duration of
the order of hundreds of seconds with simulated flight conditions with large
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Mach numbers. The analysis of different combinations of simultaneously
reproduced characteristic parameters is carried out. The numerical flow
simulation is important at the design stage. In connection with the in-
creasing power of computer engineering in recent years there was possible
the solution of complex simulation tasks on large enough computational
grids, containing hundreds millions cells, using modern turbulence mod-
els, non-equilibrium chemical kinetics. Before experimental research the
preliminary numerical simulation of the flows around aircraft and in the
engine duct in the ground facilities conditions in high enthalpy hypersonic
flow is performed. The calculated characteristics are determined for fol-
lowing validation. The obtained data allow to predict the expected flight
characteristics on the results of ground-based experiments.

ON THE MECHANISMS OF ENERGY DISSIPATION
OF GALACTIC COMETS BOMBARDING TERRESTRIAL

PLANETS

Barenbaum A.A.

OGRI RAS, Moscow, Russia

azary@mail.ru

It is known [1, 2] that physical mechanisms of energy dissipation for
high-speed comets of the Galaxy, which fall on terrestrial planets with no
atmosphere and with atmosphere are significantly different. If on planets
of the first group (Mercury, Moon and also Mars with a very tenuous at-
mosphere) galactic comets form large craters with diameters ∼10–100 km,
the volume of which is almost proportional to kinetic energy of the comet.
Whereas in the atmosphere planets of the second group (Earth and Venus)
comet nucleus is destroyed and converted into hypersonic gas jet. When
this jet reaches the surface, it creates a single-minded focus hypersonic
shock wave which penetrates into the lithosphere at ∼10–100 km, expend-
ing their energy to evaporate, melting and heating of lithosphere rocks in
accordance with the hydrodynamic theory of M. A. Lavrentiev [3].

Taking into account both mechanisms, we have shown [4] that all the
main forms of relief surface of the terrestrial planets, such as craters, dia-
tremes, lava flows, volcanoes, dome-shaped surface uplifts, as well as coro-
nas and montes (on Venus) can be explained by falls of galactic comets at a
combination of number factors. These factors are: 1) presence and density
of planet’s gaseous envelope, 2) lithosphere thickness, 3) composition and
degree of heating rocks, 4) frequency of falls galactic comets.
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CONTINUAL THERMAL TREATMENT ON THE
DETONATION DIAMOND CONTAINING MATERIAL

Korets A.Ya.,1 Krylov A.S.,2 Korolkova I.V.,3 Mironov E.V.,*1

Rabchevskii E.V.3

1SFU, 2KIP SB RAS, 3ICCT, Krasnoyarsk, Russia

*korets1947@rambler.ru

Thermal treatment of diamond containing material obtained under det-
onation conditions in the interval of oxygen window 430 C to investigate
changes in the structure of the this material particles was performed. The
duration of the thermal treatment varied from 1 to 48 hours. Infrared and
Raman experiments and dynamic light scattering of the treatment samples
were carried out. The experiments did not confirm the existence of oxygen
window. The structure of the particles of DCM is most likely to explain
from the standpoint of the initial detonation density fluctuation influence
on the particle formation.
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EQUATIONS OF STATE
FOR MATTER

ATOMIC NUMBER AND TEMPERATURE DEPENDENCE
OF SHELL EFFECTS CONTRIBUTION IN PLASMA

CHARACTERS

Shpatakovskaya G.V.,*1 Karpov V.Ya.2

1KIAM RAS, 2INEUM, Moscow, Russia

*shpagalya@yandex.ru

The modern semiclassical method [1, 2] employs the TF statistical
model and includes the shell and other physical effects by means of additive
corrections. When using to describe the properties of plasma the method
corresponds to the extreme matter states, i.e., to high temperatures. Pur-
pose of the paper is to attract attention to some restraints, which one may
be confronted with when using the approach at low temperatures.

The method [1, 2] substantially utilizes a smallness (in comparison
with TF-term) and additivity of corrections. For high temperatures the
smallness of shell correction and efficiency of its application were verified
in the calculations of plasma ionicity and equation of state. However some
additional assumptions were made to obtain the simple formula for the
shell correction. The assumptions were confirmed at high temperatures,
but they require proving or change when temperature decreasing.

The assumptions include: (1) the result depends only on a energy spec-
trum behavior near a point of chemical potential, (2) quadratic dependency
assumption of the radial action on the orbital angular momentum, (3) ne-
glect the orbital quantum number l discreteness. The last assumption
means that a summation over l is substituted by integration.

It was shown in the paper of authors [3], that refusal of the approxima-
tion (3) substantially increases the accuracy of the semiclassical method
when calculating ionization potentials of the free ions. However, it turned
out that a plasma situation is much more complex and requires a more
thorough study.

In the paper, we discuss the correctness of assumptions enumerated
above when a plasma temperature decreasing and analyze results of their
refusal by the example of calculating a number of single-particle states for
a few elements with strongly differing atomic numbers.

This work was supported in part by the RFBR (No. 14-01-00828).

142



1. Shpatakovskaya G. V. Phys. Usp. 55, 429 (2012).
2. Shpatakovskaya G. Quasiclassical Method in Quantum Physics Problems

(LAP LAMBERT Academic Publishing GmbH, 2012), ISBN 978-3-8465-
2681-1.

3. Karpov V.Ya. and Shpatakovskaya G.V. JETP Letters, 2013, 98, 348.

INCOMMENSURATE HOST-GUEST STRUCTURES
IN COMPRESSED ELEMENTS: HUME–ROTHERY

EFFECTS AS ORIGIN

Degtyareva V.F.

ISSP RAS, Chernogolovka, Russia

degtyar@issp.ac.ru

Discovery of the incommensurate structure in the element Ba under
pressure 15 years ago [1] was followed by findings of a series of similar
structures in other compressed elements (see reviews [2, 3] and references
therein). Incommensurately modulated structures of host-guest (h-g) type
consist of a tetragonal host structure and a guest structure in the form of
chains embedded in the host atom channels so that the axial ratios of these
subcells along c axis γ = chost/cguest are not rational. We consider here
two types of the h-g structures: (1) the host cell with 8 atoms; (2) the host
cell with 16 atoms; for both types the guest cells contain 2 atoms adding
to the h-g cell (2× γ) atoms.Examples are: tI11∗ in Bi, Sb, As and tI19∗

in Na, K, Rb, with the non-integer number of atoms in cell.
There is a close structural relationship of these h-g structures with

the binary alloy phase Au3Cd5—tI32, space group I4/mcm. Cd atoms
in position 16k form octagon—square nets same as alkali—host atoms in
tI19∗. Au atoms in position 8h form square—triangle nets like Bi—host
atoms in tI11∗. Atoms Cd in 4b and Au in 4a relate to guest atoms in
chains with increased interatomic distances forming a guest subcell with
the incommensurate chost/cguest ratio and reduced number of atoms in the
structure to non-integer values.

The phase Au3Cd5—tI32 is related to the family of the Hume–Rothery
phases that stabilized by Fermi sphere—Brillouin zone (FS-BZ) interac-
tions where decrease in the electronic band structure energy occurs by
the contact of the Fermi sphere and Brillouin planes [2]. This approach
is used to analyze structure stability for the host-guest incommensurate
structures by considering appropriate approximants. Following this con-
sideration for alkali and alkali-earth elements is the necessity to assume the
valence electrons band overlap with the upper core electrons and increase
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of the valence electron counts to higher values under compression [4, 5].

1. Nelmes R. J., Allan D. R., McMahon M. I., Belmonte S. A. // Phys. Rev.
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SEMICLASSICAL SIMULATION OF THERMODYNAMIC
AND TRANSPORT PROPERTIES OF QUARK–GLUON

PLASMA

Filinov V.S.,*1 Ivanov Yu.B.,2 Bonitz M.,3 Fortov V.E.,1

Levashov P.R.1

1JIHT RAS, Moscow, Russia, 2NRNU MEPhI, Moscow, Russia,
3CAU, Kiel, Germany

*vladimir filinov@mail.ru

For quantum simulations of the thermodynamic and transport prop-
erties of the quark – gluon plasma (QGP) within a unified approach, we
combine path integral andWigner (phase space) formulations of quantum
mechanics [1.2]. The thermodynamic properties of a strongly coupled
quark-gluon plasma (QGP) of the constituent quasiparticles are studied
by color path-integral Monte-Carlo simulations (CPIMC). For simulations
we have presented the QGP partition function in the form of a color path
integral with a new relativistic measure, instead of a Gaussian that is
used in Feynman andWiener path integrals. For integration over the color
variable we have also developed procedure of sampling the color variables
according to the group SU(3) Haar measure. It is shown that this method
is able to reproduce the available quantum lattice chromodynamics (QCD)
data. In the second part, the canonically averaged quantum operator time
correlation functions and related kinetic coefficients are calculated accord-
ing to the Kubo formulas. In this approach CPIMC is used not only for
calculation thermodynamic functions but also to generate initial condi-
tions (equilibrium spatial, momentum, spin, flavor and color quasiparticle
configurations) for generating the color phase space trajectories being the
solutions of the related dynamic differential equations. Correlation func-
tions and kinetic coefficients are calculated as averages of Weyls symbols
of dynamic operators along these trajectories. Using this approach we
have calculated the diffusion coefficient and shear viscosity, which agree
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well with experimental data obtained at RIHC. 1.V. Filinov, Yu. Ivanov,
V. Fortov, M. Bonitz, and P. Levashov. Color path-integral Monte Carlo
simulations of quark-gluon plasma: Thermodynamic and transport prop-
erties. Phys. Rev. C87, 035207 (2013). 2.V. Filinov, M. Bonitz, Y. Ivanov,
V. Skokov, P. Levashov, V.Fortov Quantum Color Dynamic Simulations
of the Strongly Coupled Quark-Gluon Plasma. Contrib. Plasma Phys. 51,
322 (2011).

ON ANOMALOUS WAVE PROCESSES AT DIRECT
AND REVERSE QUARK–HADRON PHASE TRANSITION

Konyukhov A.V.,* Likhachev A.P.

JIHT RAS, Moscow, Russia

*konyukhov av@mail.ru

The collective dynamic phenomena accompanying the collision of high
energy heavy ions are suggested to be described approximately in the
framework of ideal relativistic hydrodynamics. The anomalous behavior
of shock and rarefaction waves (which is related to the shock wave sta-
bility problem) in the presence of phase transition may be manifested in
energy and angular distributions of the reaction products. In the present
work two aspects of the problem are considered. The first one is stimu-
lated two-dimensional shock wave splitting with formation of the trans-
verse shock waves. The possibility of the two-dimensional shock wave
splitting was discussed in connection with the shock wave neutral stability
condition [1, 2]. The principal difference between the case under considera-
tion and one-dimensional shock wave splitting is the presence of transverse
momentum which can affect the angular distribution of reaction products
after collision. The solution of the initial value problem, which models
two-dimensional shock-wave splitting in the presence of the perturbations,
has shown damping of transverse waves and formation of plane shock wave
of phase transition. The second problem is the sensitivity of temperature
history in the expanding fireball to the flow geometry. The calculations
have shown that in the cases of cylindrical and spherical flow symmetry
as well as in the case of asymmetry, which models non-central collision,
there is a time interval, in which the temperature of the expanding matter
is concluded within the narrow temperature range δT/T ≈ 0.1. This phe-
nomenon can be explained by the formation composite rarefaction wave
and relatively high value of the thermal capacity of the mixed phase, in
accordance with the equation of state used in the calculations. It should be
noted that the both discussed phenomena depend on the thermodynamic
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properties of the matter. In the present work the simple equation of state
based on the MIT-bag model is used [3].

1. Egorushkin S. A. Decay of a plane shock wave in a two-parameter medium
with arbitrary equation of state // M. Zh. G. 1982. Issue 6. P.147–153.

2. Tytarenko P. V., Zhdanov V. I. Existence and stability of shock waves in
relativistic hydrodynamics with general equation of state // Phys. Lett. A,
V.240. 1998. P.295–300.

3. Cleymans J., Gavai R. V., Suhonen E. Quarks and gluons at high tempera-
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ANOMALOUS THERMODYNAMICS OF MATTER
UNDERGOING ENTROPIC PHASE TRANSITION

Iosilevskiy I.L.

JIHT RAS, Moscow, Russia

iosilevskiy@gmail.com

Subdivision of all 1st-order phase transitions (PT) onto two subclasses,
i.e. enthalpic and entropic PT-s, were proposed in previous paper [1]. It
was stressed that in contrast to ordinary enthalpic (e.g. Van-der-Waals-
like) phase transitions the matter undergoing entropic phase transitions
enters unavoidably in the region of anomalous thermodynamic proper-
ties where infinite number of cross second derivatives lose simultaneously
their usual positiveness and became negative. Three most important are:
Gruneizen coefficient, thermal expansion and thermal pressure coefficients.
Negative sign of all these derivatives lead to numerous violation of stan-
dard order for most iso-lines, e.g. iso-T , iso-S, Hugoniots etc. These
anomalies are under discussions. The region of discussed anomalous ther-
modynamics may coincide exactly with two-phase region in the case of
non-isostructural entropic PT-s like melting and polymorphic PT-s. On
the contrary, the anomalous thermodynamics region is wider than the
two-phase region for isostructural entropic PT-s (e.g. PT of fluid-fluid
type with critical end-point) and imply the latter inside the region of dis-
cussed anomalies. New remarkable thermodynamic object appears in this
case – it is unknown yet boundary of domain with anomalous thermody-
namics, where all discussed cross derivatives are equal to zero simultane-
ously. General properties and thermo- and hydrodynamic consequences of
crossing this boundary by matter state parameters are under discussion.
Several PT-s, obtained recently via approximate thermodynamic models
or in frames of ab initio approaches, as well as those explored in recent
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dynamic experiments, are classified onto enthalpic and entropic groups in
accordance with criteria proposed in [1].

1. Iosilevskiy I. Enthalpic and entropic phase transitions in high energy den-
sity matter, in “Physics of Extreme State of Matter”, Eds. V. Fortov et al.
(Chernogolovka: IPCP RAS, Russia) 2013, p.136; arXiv:1403.8053

THE SIMPLEST MODEL FOR NON-CONGRUENT
FLUID–FLUID PHASE TRANSITION IN COULOMB

SYSTEM

Stroev N.E.,* Iosilevskiy I.L.

JIHT RAS, Moscow, Russia

*nikita.stroev@phystech.edu

The simplest model for non-congruent phase transition (NCPT) of gas-
liquid type was developed in frames of modified model with no associ-
ations [1] of a binary ionic mixture (BIM) on a rigid ideal background
(or non-ideal) electron gas/ BIM ( # ) /. The analytical approximation
for equation of state (EoS) of Potekhin and Chabrier [2] of fully ionized
electron-ionic plasma was used for description of the ion-ion correlations
(Coulomb nonideality) in combination with “linear mixture” (LM) ap-
proximation. Phase equilibrium for the charged species was calculated
according to the Gibbs-Guggenheim conditions [1].

The presently considered BIM ( # ) model allows to calculate full set of
parameters for phase boundaries of non-congruent variant of phase equilib-
rium and to study all features for this NCPT realization in Coulomb system
in comparison with the simpler (standard) forced-congruent evaporation
mode. In particular, in BIM ( # ) there were reproduced two-dimensional
remarkable (“banana-like”) structure of two-phase region P − T diagram
and the characteristic nonmonotonic shape of caloric phase enthalpy-
temperature diagram, similar to the non-congruent evaporation of reactive
plasma products in high-temperature heating with the uranium-oxygen
system [3]. The parameters of critical points (CP) line were calculated
on the entire range of proportions of ions 0 < x < 1, including two ref-
erence values, when CP coincides with a point of extreme temperature
and extreme pressure, xT and xP . Finally, it is clearly demonstrated the
low-temperature property of noncongruent gas-liquid transition - “distil-
lation”, which is weak in chemically reactive plasmas [4].
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AVERAGE ATOM APPROXIMATION
IN NON-LTE LEVEL KINETICS

Novikov V.G.,* Kim D.A., Solomyannaya A.D.

KIAM RAS, Moscow, Russia

*novikov@kiam.ru

Average atom approach assumes that an ion with average occupation
numbers together with free electrons is contained in an electrically-neutral
spherical cell. In this approximation the level kinetics equations can be
written for mean occupation numbers with the rates calculated by using
average atom wave functions. This model describes non-stationary ion-
ization (recombination) processes with given radiation field. The possible
extension of average atom model is connected with splitting average ion
into set of ions representing a number of ion states.

The vice versa possible approach is based on reducing (averaging) the
detailed atomic data base into extended average atom model. It gives
radiative unresolved spectra atomic model, which may be used in-line in
RHD calculations due to small computing time and acceptable accuracy.
The calculation results of different approaches for some practical tasks are
demonstrated.

HUGONIOT CALCULATION FOR CH AND CH2

BASED ON HARTREE–FOCK–SLATER MODEL

Kadatskiy M.A.,* Khishchenko K.V.

JIHT RAS, Moscow, Russia

*makkad@yandex.ru

Calculated results are presented for Hugoniots of CH and CH2 based
on Hartree–Fock–Slater model with taking into account the band structure
over a broad region of pressures and temperatures. The dependence of the
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results obtained from the selected method of constructing the equations of
state for the mixture. In particular, the technique of determining the self-
consistent potentials for a mixture of simple substances proposed by Orlov
[1] 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. The uniform free-electron density model, the
Thomas–Fermi model and the Hartree–Fock–Slater model without tak-
ing into account the band structure are selected as other (more simple)
quantum-statistical models for comparison. A comparison is done with
results of other quantum-statistical approaches and available data from
shock-wave experiments with CH and CH2.

The work is supported by the RSF grant 14-50-00124.

1. Orlov N. Yu. // Zh. Vychisl. Mat. Mat. Fiz. 1986. V. 26. No. 8. P. 1215–
1222.

THEORETICAL DESCRIPTION OF SHOCK HUGONIOTS
OF METALS: PROBLEMS AND PERSPECTIVES

Levashov P.R.,* Minakov D.V.

JIHT RAS, Moscow, Russia

*pasha@ihed.ras.ru

In this work we consider different methods of calculation of shock Hugo-
niots of metals: analytical approaches, semiempirical equations of state,
and first-principle calculations. The diffculties of theoretical interpretation
of shock adiabats of metals is caused by a strong degeneration of electrons
and high values of the coupling parameter along the Hugoniots. For the
good quality of description both thermodynamic properties of electrons
and ions should be taken into account by realistic models; for calculations
at relatively low pressures accurate reproduction of the cold curve is neces-
sary. We show that currently the density functional theory and quantum
molecular dynamics methods provide good agreement with experimental
data in wide range of parameters. The technical diffculties arise for very
complicated structures in the crystalline state and at very high tempera-
tures.
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MELTING CURVES OF METALS WITH HEATED
ELECTRONS BY AB INITIO CALCULATIONS

Minakov D.V.,* Levashov P.R.

JIHT RAS, Moscow, Russia

*minakovd@ihed.ras.ru

In this work we reproduced melting curves for some metals up to 2
Mbar using ab-initio pseudopotential density functional theory calcula-
tions (VASP [1]). We applied the quasiharmonic approximation to deter-
mine thermodynamic properties and the Lindemann criterion [2] to build
melting curves. We also investigated the influence of electron temperature
on melting temperature at some isochors of metals under consideration in
continuation of earlier studies [3, 4]. It turned out that the melting tem-
perature increases with the rise of electron temperature at normal density
and has non-monotonic behavior at higher densities.

Calculations were performed for aluminum, copper and gold. Results
of our calculations of melting curves agreed excellently with available ex-
perimental data.

1. Kresse G., and Hafner J., Phys. Rev. B., 47, 558 (1993).
2. Lindemann F.A., Phys. Z. 11, 609 (1910).
3. Recoules V., Clérouin J., Zérah G., Anglade P. M. and Mazevet S., Phys.

Rev. Lett., 96, 055503 (2006).
4. Loboda P.A., Smirnov N.A., Shadrin A.A. and Karlykhanov N.G., High En-

ergy Density Physics, 7, 361 (2011).

THE NEW METHOD FOR CALCULATING THE SHELL
CORRECTION TO THERMODYNAMIC FUNCTIONS

IN THE SEMICLASSICAL APPROACH

Dyachkov S.A.,* Levashov P.R.

JIHT RAS, Moscow, Russia

*serj.dyachkov@gmail.com

The problem of wide range equations of state remains unsolved now-
days. The most relevant models, such as DFT approaches, have compu-
tational difficulties and restrictions for the temperatures of the order 10
eV and for the low densities. However, a reliable equation of state for the
warm dense matter is possible to obtain with simplified approaches such
as semiclassical average atom model. The semiclassical approach [1] for
the calculation of thermodynamic functions of electrons has been devel-
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oped to extend the region of validity [2] of the Thomas-Fermi model at
finite temperatures. The calculation of the shell correction here is of high
importance because it provides thermodynamic functions with the infor-
mation about bound states of electrons which is necessary for the step-wise
inoization [3].

The method for calculating the shell correction, which was firstly pro-
posed by G. V. Shpatakovskaya, has been essentially modified by the au-
thors. Multiplicity of assumptions used earlier was too difficult to check
numerically. Modern numerical algorithms applied at powerful computers
allowed us to eliminate these disadvantages and enhance the precision.

1. Shatakovskaya G. V. // Phys.–Usp. 2014. V. 55. No. 5. P. 429–464.
2. Dyachkov S. A., Levashov P. R., // Phys. Plasm. 2014. V. 21. P. 052702.
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EQUATIONS OF STATE OF NOVEL MATERIALS
DISCOVERED FROM EXTREME CONDITIONS

Kurakevych O.O.,*1 Le Godec Y.,1 Solozhenko V.L.2

1UPMC, 2CNRS, Paris, France

*oleksandr.kurakevych@impmc.jussieu.fr

The pressure-volume-temperature equations of state of a number of
newly synthesized compounds under extreme pressure-temperature condi-
tions (semiconducting magnesium carbides and boron suboxides, metallic
sodium silicides, silicon allotrope with quasi-direct bandgap, allotropes of
boron, etc.) will be presented.

EQUATION OF STATE OF METALLIC PLASMA

Lomonosov I.V.

IPCP RAS, Chernogolovka, Russia

ivl143@yandex.ru

Equation of state of metallic plasma produced under conditions of elec-
tric explosion is reported. Problem of correct theoretical description of
these data is formulated and discussed. Regions of the phase diagram of
metal accessed with the use of different experimental techniques of explo-
sion metallic wires and foils are analyzed and compared with possibilities
of shock-wave methods.
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STUDY OF NEAR-CRITICAL STATES OF LIQUID–VAPOR
PHASE TRANSITION OF MAGNESIUM

Emelyanov A.N.,* Shakhray D.V., Golyshev A.A.

IPCP RAS, Chernogolovka, Russia

*emelyanov@ficp.ac.ru

Study of thermodynamic parameters of magnesium in the near-critical
point region of the liquid-vapor phase transition and in the region of metal-
nonmetal transition was carried out. Measurements of the electrical re-
sistance of magnesium after shock compression and expansion into gas
(helium) environment in the process of isobaric heating was carried out.
Heating of the magnesium surface by heat transfer with hot helium was
performed. The registered electrical resistance of expanded magnesium
was about 104-105 times lower than the electrical resistance of the mag-
nesium under normal condition at the density less than the density of the
critical point. Thus metal-nonmetal transition was found in magnesium.

INFLUENCE OF SOLID-STATE CHARACTERISTICS
ON CRITICAL PARAMETERS OF VAPOR–LIQUID PHASE

TRANSITION

Shumikhin A.S.,* Khomkin A.L.

JIHT RAS, Moscow, Russia

*shum ac@mail.ru

In the review [1] a number of observations are made about possible
influence of solid-state characteristics under normal conditions on prop-
erties of a liquid phase, and also “supercritical fluid”. The later one are
determined as a gaseous phase of substance on near critical density, tem-
peratures and pressure. In a series of our works [2, 3] devoted to vapor-
liquid (dielectric-metal) phase transition in metal vapors, atomic hydro-
gen and excitons the similar idea of cohesive binding energy is used. This
energy obtained actually for the ordered (condensed) system of atoms al-
lowed us to calculate critical parameters of vapor-liquid transition using
a gas-liquid equation of state. Thereby existence of solid-state and gas
parameters binding is directly shown. Cohesive energy arises in the dense
vapors of metals due to appearance of a conducting band and conduction
electrons. In this study, using the universal ratio for binding energy [4]
the vapor-liquid phase transition in inert gases and mercury is considered.
Cohesive energy in this case has absolutely other nature, than in metals.
It’s rather classical. For these substances the cohesive binding energy is
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recovered by us on the basis of the solid-state properties found in litera-
ture and the universal ratio for binding energy (UBER). For calculation
on the basis of UBER we used: evaporation heat, solid-state density and
elastic modulus. Critical parameters of phase transition from liquid to a
gaseous state are calculated using the free energy of an atomic fluid [2, 3].
The obtained results are compared to the experimental data and data of
numerical calculations. The obtained unexpectedly good agreement with
experiment can serve as direct confirmation of the ideas stated in [1] about
relation of solid-state parameters with properties of “a supercritical fluid”
and with critical point parameters.

1. Brazhkin V. V., Lyapin A. G., Ryzhov V. N. et al. UFN. 2012. V. 182. 1137.
2. Khomkin A. L., Shumikhin A. S. JETP. 2014. V. 145. 84.
3. Khomkin A. L., Shumikhin A. S. Plasma Physics Rep. 2013. V. 39. 958.
4. Smith J. R., Rose J. H., Guinea F., Ferrante J. Phys. Rev B. 1984. V. 29.
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THERMODYNAMICAL DESCRIPTION OF THE LIQUID
METALS AT PULSED ENERGY FLOWS IMPACT

Volkov N.B., Chingina E.A.*

IEP UB RAS, Ekaterinburg, Russia

*zhenya@iep.uran.ru

The work is devoted to the problem of the description of the liquid
metals at pulsed energy flows impact. According to J. I. Frenkel, to sup-
pose, that melting occurs as a result of a lattice stability loss due to the
avalanche-like growth of the Frenkel pairs (“vacancy-interstitial atom”)
in the vicinity of the melting temperature (TL). The molten metal at the
melting curve can be represented as a mixture of clusters and vapor, partly
filling intercluster (free) volume. The symmetry defining clusters oscilla-
tory spectrum differs from the crystal symmetry at the melting curve and
can be described within the Debye model, or the Einstein model, or even as
a superposition of spectra of these models. Free energy of the melt equals
to the sum of clusters free energies, which in a first approximation equals
to the free energy of solid state with the formed lattice defects, ideal gas
and electron gas with variable number of particles.

A new wide-range two-phase equation of state of metals is proposed.
Free parametrs of Gibbs potential for liquid Na and Cu at P = 105 Pa
are estimate. Melting curves of metals are defined within both one-phase
approximation using Lindemann criterion, and two-phase-approximation.
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Volume and entropy discontinuities are calculated as a function of pressure
at melting curve for Na and Cu. We also compared all the simulations
results to the available experimental data for the metals.

The work is carried out under the partial financial support of the RFBR
(project No. 13-08-00266-a, project No. 14-08-31024-mol) and UB RAS
within the UB RAS fundamental research program “Matter at high energy
densities” (project No. 12-P-1005, state registration No. 01201266835).

CALCULATION OF ELASTIC MODULES
BEHIND STRONG SHOCK WAVE

Kraus E.I.,* Shabalin I.I.

ITAM SB RAS, Novosibirsk, Russia

*kraus@itam.nsc.ru

In the paper the approach for calculation of mechanical characteristics
of materials behind strong shock waves is realized in the frame of uniform
system of the few-parametric equation of state [1]. For the considered
materials a comprehensive comparison of theoretical computational results
with available at high energy density experimental data is carried out and
good agreement of the results is obtained.

The expression obtained for the Grueneisen coefficient 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 approxi-
mation.

Two-dimensional problems of the impact of model reactor blocks of a
nuclear powerplant on the Earth surface (sandstone, granite, water) were
solved numerically on the basis of the elastoplastic model and with the use
of the constructed equation of state. The reactor impact on the Earth’s
surface at speeds more than 400 m/s leads to the reactor depressurization
and consequently to possible radioactive contamination of the reactor im-
pact point. The deformation and impact modeling details are described
in [2]. The destruction problem of a nuclear powerplant of space power in-
stallation at space debris impact in orbit (impact velocity of 12 km/s) was
solved on the basis of the obtained equation of state in the two-dimensional
formulation. The results show that high-velocity debris impacts lead to
catastrophic failure of the reactor.
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1. Fomin V.M. Kraus E.I. Shabalin I.I. An Equation of State for Condensed
Matter behind Intense Shockwaves // Mater. Phys. Mech. 2004. V. 7.
No. 1. P. 23-28

2. Kraus E. I. Shabalin I. I. Impact loading of a space nuclear powerplant //
Fracture and Structural Integrity. 2013. V. 24. P. 138-150

GRÜNEISEN COEFFICIENT VOLUME RELATION
OF THE TATB MOLECULAR CRYSTAL

Lugacheva O.S.,* Kostitsyn O.V., Smirnov E.B., Kiselev A.N.

FSUE RFNC–VNIITF, Snezhinsk, Russia

*lugachevaolga@gmail.com

This work described the analysis expressions of Grüneisen coefficient
volume relation γ(v) from the viewpoint of the construction of the molec-
ular crystalline material state equation. Regression analysis results was
compared to the available experimental data for explosive TATB that was
gained in the static shock-wave experiments. All concerned expressions for
γ(v) in normal cases γ0 and in the range of low pressures predict Grüneisen
coefficient value with fine accuracy, but in the limit of infinite compres-
sion this experiments can not give correct values. One of the causes of
this effect is low pressures condition for the experiment. In the course of
analysis it was proposed Grüneisen coefficient volume relation expression
for construction of triamino-trinitrobenzene state equation.

THERMAL COMPONENT IN THE EQUATION OF STATE
FOR TRIAMINO TRINITROBENZENE

Smirnov E.B.,*1 Kostitsyn O.V.,1 Stankevich A.V.,1

Badretdinova L.Kh.,2 Ten K.A.3

1FSUE RFNC–VNIITF, Snezhinsk, 2KNRTU, Kazan,
3IGD RAS, Moscow, Russia

*ewgeny smirnov@mail.ru

Considerable success has been achieved in studying the P-V-T prop-
erties of high-molecular organic compounds which also include explosives
(HE). But theoretical determination of relationships characterizing behav-
ior of solid explosives runs into difficulties as they belong to molecular crys-
tals and molecules constituting a crystal have great many internal degrees
of freedom. The equation of state was constructed based on the definition
of the Helmholtz free energy F (V,T) related, in the most simple way, to the

155



structural model of the matter in the assumption of pressure and energy
represented as thermal and potential (elastic) components. The potential
component depends on the type of a solid body and on the attractive and
repulsive forces existing in a particular molecular crystal. The thermal
component is determined by the oscillatory motion of molecules. Given
that normal oscillation frequencies inside a molecule are one order of mag-
nitude higher than those of normal oscillations of a molecule as a whole,
two characteristic temperatures can be derived and the low-, and high-
frequency components can be distinguished in the oscillatory component
of the free energy. The Debye approach used to describe the low-frequency
component of the free energy and the Einstein approach used to describe
high-frequency component thereof helped to obtain a semi-empirical equa-
tion of state for the molecular crystal. The proposed equation of state is
used to describe thermodynamic properties of triamino trinitrobenzene

ON SOME PROPERTIES OF FRACTAL OSCILLATOR
EQUATION

Nakhushev A.M.,* Nakhusheva V.A.

IAMA, Nalchik, Russia

*ipma@niipma.ru

The development of mathematical physics of fractals has attracted con-
siderable interest in the physical and biological systems of fractal orga-
nization, oscillates about the position of stable equilibrium, - to fractal
oscillators and their equations [1],[2].

Equation

1

Γ(2− α)

t∫
0

u′′(τ)dτ

(t− τ)α−1
+ ωαu(t) = 0, 1 < α = const < 2, ω = const > 0,

(1)
F. Mainardi [3] called Fractional Oscillating Equation.

Let

Dα
0tu(τ) =

n−1∑
k=0

u(k)(0)

Γ(1 + k − α)
tk−α + ∂α0tu(τ), α ∈ ]n− 1, n], n = 1, 2, ...,

where Γ(z) – Euler gamma function; ∂α0tu(τ) = Dα−n
0t u(n)(τ).

Equation (1) is equivalent to the following equation [1, p.181]

u′′(t) + ωαDε
0tu(τ) = 0, 0 < t < T, ε = 2− α. (2)
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The report will examine the qualitative properties of solutions of equa-
tion (2), and give their application to a variety of physical processes, in
particular, to the Boussinesq equation with a discontinuous time diffusion
coefficient [4].

1. Nakhushev A. M. // Fractional calculus and its application. M.: FIZ-
MATLIT, 2003. P. 272.

2. Nakhusheva V. A. // Differential equations of mathematical models of non-
local processes. M.: Nauka, 2006. P. 173.

3. Mainardi F. Fractional Relaxation-Occilation and Fractional Diffusion-Wave
Phenomena Chaos // Solitons and Fractals. 1996. V. 7, 9. P. 1461-1477.

4. Nakhusheva V. A. // On two boundary value problems for linearized Boussi-
nesq equation of mixed type with time discontinuous coefficient of diffusion.
Reports Adyghe (Circassian) International Academy of Sciences. 2014. V. 16.
N. 3. P. 35–40.

SMALL NUMBER PARAMETERS EQUATION OF STATE
WITH A FRACTIONAL DERIVATIVE

Mamchuev M.O.

IAMA, Nalchik, Russia

mamchuevmo@yandex.ru

In this paper, the operator of fractional integro-differentiation Riemann
- Liouville used to construct the equation of state of a solid with fractal
structure. According to the definition, the pressure through the free energy
can be expressed by the following formula

p = −
(
∂F

∂V

)
T

= − 1

V0

(
∂F

∂x

)
T

, (1)

where F - free energy, V0 - volume occupied by one particle, x = V/V0
dimensionless volume. In the analogue Newton-Leibniz formula in the frac-
tional calculus [1], and given the fact that the free energy F is continuously
dependent on the volume, we obtain ratio

dF (x)

dx
= Dα

0xD
1−α
0x F (x), 0 < α < 1, (2)

Dα
0xF =

1

Γ(1 + [α]− α)

d[α]+1

dx[α]+1

x∫
0

F (t)dt

(x− t)α−[α]
, (3)
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where Dα
0x fractional differentiation operator in the sense of Riemann-

Liouville order α [1,c.9]: The paper presents two different equations of
state:

p =
1

V0

N∑
n=0

an
xn−a

Γ(n− α+ 1)
. (4)

p =
c

V0
x−α. (5)

In this paper the equation of state of a solid using a fractional derivative
of Riemann-Liouville and the expression for the free energy and the bulk
modulus. The resulting equation of state is supposed to be used to predict
the thermodynamic properties of substances with a fractal structure.

1. Nakhushev A. M. // Fractional calculus and its application. M.: FIZ-
MATLIT, 2003, P. 273.

THREE BODY POTENTIAL FOR EOS OBTAINED
IN THE FRAME OF MOLECULAR DYNAMICS METHOD

Khokonov M.Kh.,* Khokonov A.Kh., Akhmatov Z.A.

KBSU, Nalchik, Russia

*khokon6@mail.ru

Thermodynamic parameters calculations for inertial gases based on bi-
nary central potentials using a program for molecular dynamic simulation
LAMMPS provide for critical temperatures an accuracy of 6% for xenon
and only 17% for krypton [1]. For three body interaction approximation
the pressure P versus one particle volume v is expressed in the form

P =
kBT

v
+
B

v2
+
C

v3
, (1)

B = −2π

3

∫ ∞
0

F2(r)
dΦ(2)

dr
r3dr , (2)

where F2 and Φ(2) are two particle distribution function and a central po-
tential. Coefficient C is expressed through tertiary distribution functions

F3(r1, r2, r3) and three body interaction potential Φ
(3)
ijk, which is defined

by the three particle energy Eijk [2]

Φ
(3)
ijk = Eijk − Φ

(2)
ij − Φ

(2)
ik − Φ

(2)
jk − 3E0. (3)
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Φ
(3)
ijk depends on 6 algebraically independent polynomials that are invariant

under transformations of the group O(3)×S3 composed of the radius vector

of the particle i, j and k [3]. We analyze the dependence of Φ
(3)
ijk on two

invariants

I1 = r212 + r223 + r213, (4)

I2 = r12r23 + r23r31 + r31r12. (5)

Parameters of three-particle potential have been chosen using three-
particle energy Eijk calculated in the frame of density functional method.

1. Khokonov A. Kh., Khokonov M. Kh., Dottueva M. V. // Bulletin of the Rus-
sian Academy of Sciences. Physics. 2014, V. 78. No. 8. P. 777.

2. Anisimov S. I., Petrov Yu. V. // Pisma ZhETP. 1977. V. 26, No. 8, P. 595.
3. Osipenko I. A., Kukin O. V.,Gufan A. Yu., Gufan Yu. M. // Physics of the

Solid State. 2013. V. 55, No. 12. P. 2405.

TWO-TEMPERATURE EQUATIONS OF STATE
AND LATTICE STABILITY OF COPPER AND GOLD

Migdal K.P.,*1 Ilnitsky D.K.,1 Petrov Yu.V.,2 Inogamov N.A.2

1VNIIA, Moscow, 2ITP RAS, Chernogolovka, Russia

*kir-migdal@yandex.ru

In this work the model of thermodynamic and transport properties of
copper and gold at electron-ion non-equilibrium is presented. Accepted in
the model ranges of electron temperature and pressure are enough to de-
scribe the experimentally achievable states [1, 2]. The changes in electron
spectra due to electron heating and compression or expansion are taken
into account with the help of two-parabolical model developed in [3]. In
the cited work thermal conductivity and electron-ion coupling was con-
sidered as dependencies from electron and ion temperatures. Now the
dependence from density for these coefficients is taken into account. To
include exchange-correlation effects on electron-electron collisions we have
found out how this effect can be included in electron screening. Also we
have renewed our approach for heat conductivity calculation to include
thermoelectric phenomena which are significant at high electron temper-
atures. The lattice stability [4] of solid copper and gold at electron-ion
non-equilibrium is investigated; particularly, the effect of electron heating
on sound velocities in metals called above. The two-temperature hydro-
dynamics simulation of film expansion was provided with the use of the
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model presented here. This work was supported by RFBR (grant No 13-
02-01078).

1. Ernstorfer R., Harb M., Hebeisen C. T., Sciani G., Dartigalongue T., Dwayne
Miller R. J. // Science. 2009. V. 323. P. 1033–1037.

2. Ogitsu T., Ping Y., Correa A., Cho B., Heimann P., Schwegler E., Cao J.,
Collins G. W. // High Energy Density Physics. 2012. V. 8. P. 303–306.

3. Petrov Yu. V., Inogamov N. A., Migdal K. P. // JETP Letters. 2013. V. 97.
N. 1. P. 20–27.

4. Inogamov N. A., Zhakhovsky V. V., Khokhlov V. A., Demaske B. J., Khish-
chenko K. V., Oleynik I. I. // Journal of Physics: Conference Series. 2014.
V. 500. P. 192023.

THERMODYNAMIC, TRANSPORT AND OPTICAL
PROPERTIES OF PLASTICS BY THE AB INITIO

CALCULATION

Knyazev D.V.,* Levashov P.R.

JIHT RAS, Moscow, Russia

*d.v.knyazev@yandex.ru

The plastics are widely used in high energy density physics. The usage
of plastics for the contrast improvement of intense laser pulses [1] is an
example of such a fruitful application.

The information on the matter properties is necessary to perform nu-
merical simulation of the experiment. In this work we obtain thermody-
namic, transport and optical properties of plastics by the ab initio cal-
culation. The calculation is based on the quantum molecular dynamics,
density functional theory and the Kubo-Greenwood formula. The detailed
description of method, choice of technical parameters and comparison with
other works is available for aluminum in paper [2].

The plastics of the effective composition CH2 were investigated at ρ =
0.954 g/cm3 and temperatures 5 kK ≤ T ≤ 100 kK.

The pressure without kinetic contribution of ions p − pkini is almost
constant at 5 kK ≤ T ≤ 10 kK and grows at 10 kK ≤ T ≤ 100 kK,
total pressure p grows monotonically at 5 kK ≤ T ≤ 100 kK. Thermal
conductivity Cv = dE/dT decreases at 5 kK ≤ T ≤ 15 kK and increases
at 15 kK ≤ T ≤ 100 kK.

The dynamic electrical conductivity σ1(ω) at 5 kK has non-Drude
shape with peak at 10 eV; the curves are smoother at higher T .

Static electrical conductivity σ1DC
demonstrates step-like behavior—
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it grows rapidly at 5 kK ≤ T ≤ 10 kK and is almost constant at
20 kK ≤ T ≤ 60 kK. Thermal conductivity grows monotonically at
5 kK ≤ T ≤ 100 kK.

The density of the electron states (DOS) was investigated to explain
rapid growth of σ1DC

at 5 kK ≤ T ≤ 10 kK. At 5 kK the chemical potential
µ corresponds to the dip at the DOS curve, the values of σ1DC are low. At
10 kK the DOS at µ is larger than at 5 kK, thus σ1DC at 10 kK is also
larger than at 5 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. et al. // Laser and
Particle Beams. 2013. Vol. 31, no. 4. P. 663–671.

2. Knyazev D. V., Levashov P. R. // Comput. Mater. Sci. 2013. Vol. 79.
P. 817–829.

PRESSURE IN ELECTRONICALLY EXCITED
WARM DENSE METALS

Stegailov V.V.,* Zhilyaev P.A.

JIHT RAS, Moscow, Russia

*stegailov@gmail.com

Irradiation of solids with ultrashort laser pulses opened an exciting field
of research. New emerging physics is connected with formation of warm
dense matter (WDM) at the initial transient state of material evolution
after energy deposition into electron subsystem. WDM in such ultrafast
phenomena is a non-equilibrium state that makes it very challenging for
theory, modelling and simulation. Usually WDM can be described as a
two-temperature (2T) system when electron and ion subsystems can be
considered in quasi-equilibrium at Te > Ti.

Physics of WDM is not a subject of pure fundamental interest. One of
the major phenomena where WDM properties are crucially important in
modelling and simulation is laser ablation. Laser ablation is a multiscale
phenomenon. Subpicosecond laser excitation transforms material under
normal conditions into 2T-WDM in the isochoric way. Relaxation takes
about tens of picoseconds before Ti and Te become equal. This relaxation
stage governs the details of ablation mechanism and is the focus of the
on-going modelling effort. It can be described at the continuum level.
However atomistic modelling gives the possibility to capture a richer spec-
trum of structural transitions and nucleation effects.
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In this work we discuss two connected questions. On examples of alu-
minum and gold using the finite temperature Kohn-Sham density func-
tional theory (FT KS DFT) we are making an attempt to analyze the
electronic contribution to the total pressure in 2T-WDM metals [1]. An-
other question is the separation of electrons into bound and free that is a
general problem for non-ideal plasma physics.

1. Stegailov V., Zhilyaev P. Pressure in electronically excited warm dense metals
// Contrib. Plasma Phys. 2015. DOI:10.1002/ctpp.201400103

RECENT ADVANCES IN LASER-PULSE MELTING
OF GRAPHITE AT HIGH PRESSURE

Vervikishko P.S.,* Sheindlin M.A.

JIHT RAS, Moscow, Russia

*pvervikishko@gmail.com

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 tempera-
ture of graphite making it the most refractory material. Moreover, melting
of graphite is possible only at pressures higher than ca. 100 bar (this latter
is stated by most of researchers). The present study deals with a further
improvement of the laser-heating technique first used in [1] with the aim
to reach a higher reproducibility of the results, to improve and to broaden
means of optical measurements and to better control the process of cooling
and freezing of liquid carbon.

Very high reproducibility of the heating thermograms is achieved,
which allowed one to make more precise evaluation of the knee point at
the ascending flank of the thermogram first reported and interpreted in
[1]. The frozen liquid carbon and the adjacent area are studied using the
SEM microscopy. The peculiarities of melting of graphite and freezing of
liquid carbon are discussed. Distinctive feature of the present study is
the use of high speed video observation in reflected light of formation of
liquid carbon, which has been successfully performed in spite of extremely
intensive thermal radiation of condensed carbon at temperatures at the
vicinity of 5000 K. New data on estimation of liquid carbon density along
with the peculiarities of vaporization of liquid carbon and condensation of
carbon vapor in the pressure range up to 5 kbar are presented.
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p.2530-2537.

ON THE KINETICS OF GRAPHITE MELTING:
A MOLECULAR MODELING APPROACH

Orekhov N.D.,* Stegailov V.V.

JIHT RAS, Moscow, Russia

*nikita.orekhov@gmail.com

Unique thermophysical properties of graphite result in its important
role in science and engineering. However, the experimental data on
graphite melting temperature (Tm) still remain controversial despite the
long history of investigation. The experimental results of several works
cover the wide span from 3800 to 5000 K that is an essentially larger
uncertainty than the errors of individual experiments. In this work we
deploy the molecular dynamics (MD) method and expand our previous
study of the kinetics of graphite melting [1]. We consider the melting
front propagation rate, the aspects of defect formation, single graphene
layer melting and the rates of spontaneous liquid nuclei formation. On
the basis of an accurate interatomic potential for carbon (AIREBO) we
determine by thermodynamics integration method the value of Tm ≈ 3650
K. We discuss the dependence of this value on the interatomic interaction
model deployed.

Our MD calculations show an unexpectedly weak kinetics of the melt-
ing front propagation in graphite that is several orders slower than that
in metals. We demonstrate that at sufficiently high heating rates (higher
than 105−106 K/s) the temperatures 500-1000 K above the graphite melt-
ing temperature can be reached before the crystal decay. It allows us to
propose an explanation for the long-standing problem of the discrepancy
in the experimental data on the graphite melting temperature making a
hypothesis that experimentally detected temperatures could be systemat-
ically biased due to graphite superheating and this bias depends on the
heating rate [2].

1. Orekhov N.D, Stegailov V.V. Molecular dynamics simulation of graphite
melting // High. Temp. 2014. V.52. P.220.

2. Orekhov N.D, Stegailov V.V. Graphite melting: atomistic kinetics bridges
theory and experiment // Carbon. 2015. (in press)
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PHASE TRANSITION IN THE FILM OF LIQUID CARBON
UNDER INTENSIVE HEAT TRANSFER WITH THE COLD

DIAMOND SUBSTRATE: MOLECULAR-DYNAMIC
SIMULATION

Dozhdikov V.S.,* Basharin A.Yu., Levashov P.R.

JIHT RAS, Moscow, Russia

*vdozh@mail.ru

Liquid carbon (T = 6600 K) quenching on the cold diamond substrate
at T = 300 K in conditions close to the experimental laser melting of
dispersed graphite on a substrate of natural diamond is investigated us-
ing molecular dynamics (MD) simulations. Quenching was carried out for
two types of boundary conditions on the side opposite to the diamond
substrate. The simulations confirmed the experimental result of the for-
mation of amorphous carbon under such conditions. The calculations show
that the destruction of diamond didn’t take place because of its very high
thermal conductivity. The estimation of the cooling rate of liquid carbon
was done. The result is 1015 K/s, that is agrees with the literature data,
where it is shown that such a high cooling rate is typical for amorphous
carbon formation in industrial processes, and for “production” of amor-
phous carbon in atomistic modeling. Temperature profiles in different
layers of liquid carbon were restored to reproduce the detailed picture of
the quenching process. We also performed a thorough topological analysis
of amorphous carbon obtained in MD simulation. In the present work, we
evaluate the radial distributional function (RDF), the average distribution
of carbon atoms depends on the covalent bond type in carbon: sp1-sp2-sp3,
the distribution of the average bond length between two nearest carbon
atoms, the distribution of the azimuthal angles formed by the three nearest
carbon atoms C-C-C. This analysis confirmed that the amorphous carbon
obtained by quenching in MD simulations had a graphite-like structure
(86.5% of the atoms were linked by the covalent sp2 bond).

This work was supported by the Russian Foundation for Basic Research
(Grant 13-08-01098a).
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MOLECULAR DYNAMICS SIMULATION OF MELTING
AND SUPERIONIC TRANSITION IN VARIOUS

STRUCTURES: UO2, UN2, TiH2

Korneva M.A.,* Starikov S.V.

JIHT RAS, Moscow, Russia

*marijakorneva@yandex.ru

It is considered that structures of fluorite type (type CaF2) can have
superionic transition at temperatures comparable to melting temperatures.
Superionic transition is a process when atoms of one type leave their po-
sitions and begin to move in field of second type atoms, while the last
preserve crystal state. There are some models of mechanism of this transi-
tion. Superionic transition can be explained by high probability of defects
formation in one of sublattices. One of characteristics of this process is
high growth of capacity (both electric and heat). At present time it is dis-
cussed to which type of transitions (first or second order) this phenomenon
belongs to.

In this work, various systems had been studied using molecular dy-
namics simulation (MD). In particular, superionic transition in UO2 was
investigated. The dependency of heat capacity on temperature had been
studied near superionic transition point. A comparison with theoretical
models of phase transitions was done. The dependency of defects con-
centration on temperature was obtained as result of the simulation. An
activation energy of the process was calculated.

In addition, superionic transition and melting were studied in UN2

and TiH2. UN2 did not show superionic transition explicitly. However,
spinodal decomposition from solid to liquid state has features of superionic
transition.

THE INVESTIGATION OF PHASE TRANSITIONS
IN URANIUM MONONITRIDE WITH USING OF THE

MOLECULAR DYNAMICS SIMULATION

Tseplyaev V.I.,* Starikov S.V.

JIHT RAS, Moscow, Russia

*vazyktc@mail.ru

Uranium nitride (UN) is the perspective fuel which ones going to use in
forth generation nuclear reactors. It has plenty of advantages over uranium
dioxide for instance high temperature of melting point, high conductivity
or high density. Unfortunately physical properties of this substance was
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not studied well. One of the important tasks of radiation material science
is the study of phase diagram in wide range of pressure and temperature.

In this work using the molecular dynamics with novel interatomic po-
tential we have studied phase transitions in UN. The large part of the work
is the study of the phase transition from cubic structure to rhombohedral
structure at high pressure. Based on the performed simulation, the pres-
sure of the transition is about 32 GPa at low temperatures. This value
well agrees with available experimental data [1]. It is shown the type of
rhombohedral structure depends on pressure. In addition the melting pro-
cess of UN was simulated at wide range of pressure. Results of the work
is compared to other theoretical models [2, 3].

1. Bihan T., Idiri M., Heathman S. // J. Alloys and Comp. 2003 V. 358, P.
120.

2. Modak P., Verma K. // Phys. Rev. B. 2011 V. 84, P. 024108
3. Mei Z., Stan M. // J. Nucl. Mat. 2013 V. 440 P. 63

THERMODYNAMICS AND DIFFUSIVITY OF POINT
DEFECTS IN UN: ATOMISTIC SIMULATIONS

Kuksin A.Yu.,* Smirnova D.E., Starikov S.V., Yanilkin A.V.

JIHT RAS, Moscow, Russia

*alexey.kuksin@gmail.com

The present work is devoted to description of phase composition and
concentration of point defects in the UN nuclear fuel, which is useful for
analysis of the dissociation and sintering of the nitride fuel. The data on
concentrations and diffusion coefficients of the defects are important for
microscopic description of the release of fission products during burn-out
of the nuclear fuel.

The model for description of concentrations and diffusion coefficients
for point defects depending on deviation from the UN stoichiometric com-
position is proposed basing on the molecular dynamics simulations and
calculations within electron density functional theory. Quantum mechan-
ical static calculations are used for fitting of the parameters of the inter-
action potential (in the form of the embedded atom model with angular-
dependent components) and evaluation of the defects formation and mi-
gration energies. Molecular dynamics simulations are aimed to analyze
what migration mechanisms are activated at finite temperatures and to
calculate diffusion coefficients of point defects.

It is shown that U-antisite defects (U in a regular site of N) play an
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important role in the U-rich UN1−x. Moreover, during a migration of
U-interstitial U atom is able to knock-out N with the formation of U-
antisite and N-interstitial. This effect results in a strong dependence of
the diffusivity of U-interstitials on the concentration of defects in the N
sublattice, which is important for rates of the diffusion-controlled reactions
in the nitride nuclear fuel. The other peculiarity of UN in comparison
with UO2 is the large athermal concentration of U-vacancies in the N-rich
UN1+x due to a close formation energies of N Frenkel pairs and Shottky
defects (pair of U and N vacancies). The predictions of the model are
compared with the available experimental data on the stability range of
the mononitride phase and self-diffusion coefficients of U and N.

DEVELOPMENT OF THE ATOMISTIC MODEL
FOR ZIRCONIUM

Smirnova D.E.,* Starikov S.V.

JIHT RAS, Moscow, Russia

*d.e.smirnov@gmail.com

The alloys based on Zr are of great interest because of their application
in nuclear reactor environments (as a cladding material). Nevertheless,
possible formation of metastable phases in the Zr-based alloys can cause
embrittlement of the cladding. Peculiarities of these phase transitions are
not clear and require additional study.

In the present work a new interatomic potential for Zr is presented.
The potential is set in a form of “Angular-dependent potential”. It is
based on ab initio data computed for some reference structures of hcp,
bcc and liquid Zr. The potential obtained is used for molecular dynamics
simulation of Zr properties. The results of simulations are discussed and
compared to the other theoretical and experimental data for Zr.
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MOLECULAR DYNAMIC STUDY OF METAL NUCLEAR
FUEL FEATURES

Kolotova L.N.,* Smirnova D.E., Starikov S.V.

JIHT RAS, Moscow, Russia

*lada.kolotova@gmail.com

Uranium has received a lot of attention for its unique nuclear properties
and its various applications in nuclear industry. In order to improve me-
chanical properties and corrosion resistance of uranium at room tempera-
ture while maintaining the high density, uranium is frequently alloyed with
other elemental metals. Mo exhibits a high solubility in γ-U. Compared
with other high density uranium alloys and compounds, the low-enriched
uranium alloys with 6-12 wt.% of Mo have attracted a great deal of at-
tention and are recognized as the most prominent candidates for advanced
research and test reactors, because they have a relatively larger γ phase
region and present more stable irradiation performance. Mo is a strong
γ-stabilizer which provides stable swelling behavior in U-Pu-Mo fuels, has
high thermal conductivity, low thermal expansion, and high melting points.

The method of atomistic simulations was used to study the structure
of the quasi-equilibrium tetragonal phase U-Mo, formed during crystalliza-
tion of the melt. The lattice constants of the uranium-molybdenum alloy
were obtained for different concentrations of molybdenum. Results of cal-
culations are in good agreement with experimental data and confirm the
anisotropy of the lattice at low molybdenum concentrations. Temperature
of the transition from anisotropic tetragonal phase to a body-centered
cubic phase was calculated for different concentrations of molybdenum.
It was found that the anisotropy is a consequence of the local arrange-
ment of uranium atoms in the U-Mo alloy structure. It is shown that
the anisotropy disappears with increase of molybdenum concentration not
due to changes in the uranium atoms arrangement. It disappears because
the number of molybdenum atoms - ”stabilization centers of isotropy”
increases. Also in the work dependence of the enthalpy of mixing for
uranium-molybdenum alloy on molybdenum concentration was calculated.
It is shown that anomalous enthalpy of mixing - molybdenum concentra-
tion dependence, known from the experiments, can be obtained only when
the atomic structure of the alloy is taking into account. Properties of
U-Mo alloy were compared with U-Zr alloy properties.
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MULTI-SCALE MODEL OF THE DYNAMIC FRACTURE
OF MOLTEN AND SOLID METALS

Mayer A.E.,* Mayer P.N., Krasnikov V.S., Voronin D.S.

CSU, Chelyabinsk, Russia

*mayer@csu.ru

A multi-scale model of the tensile fracture of metal melts is developed
on the basis of combination of the molecular dynamics (MD) simulations
with the continuous description of kinetics and dynamics of voids; the
model considerably extends the time and spatial scales of MD. In the
case of melts, the continuous model is the most simple and consists of
the equation for voids nucleation due to the thermal fluctuations and the
well-known Rayleigh-Plesset equation for their subsequent growth. Using
of the literature data on the surface tension and viscosity of melts allows
us to get a correspondence between the continuous description and MD.
With the use of the model, we calculated the strength of the uniform melts
of Al, Cu, Fe and Pb within a wide range of strain rates (from 103–104 to
109–1011 s−1) and temperatures (from melting temperature to 70–80% of
critical temperature). For solids, we propose a dislocation-based model of
the void growth. The model is verified, and the parameters of the model
are determined on the basis of MD simulations. Basing on the MD sim-
ulations, we also investigate the nucleation rates of voids in the uniform
monocrystalline metals and metal melts, as well as dynamics of pre-existing
pores. The results of MD simulation correspond with our continuous mod-
eling. The nucleation rate of voids in the solid metals is described by the
same law as in the case of the metal melt. Calculations show that the
tensile strength of homogeneous melt decreases slowly with the strain rate
decrease. As a result, within the range of the strain rates of 106–108 s−1,
a homogeneous nucleation mode can be realized, in which the dynamic
strength of melt can be comparable or even higher than the strength of
solid metal at room temperature. We proposed a schema of experiment
for measurement of the tensile strength of uniform metal melts (fracture
in the mode of homogeneous nucleation). The required conditions can
be achieved at the irradiation of a metal plate by a high-current electron
beam with the energy of electrons of about 1 MeV.

This work is supported by the Russian Science Foundation (Project
No. 14-11-00538).
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TWO LEVEL DESCRIPTION OF DISLOCATION
STIMULATED GROWTH OF NANOVOIDS UNDER HIGH

RATE TENSION OF ALUMINUM

Krasnikov V.S.,* Mayer A.E.

CSU, Chelyabinsk, Russia

*vas.krasnikov@gmail.com

With the help of molecular dynamic simulations [1] the mechanism of
nanovoid growth in aluminum under high rate tension was studied. We
interpret the growth of nanovoids as the result of plastic deformation in
zone close to void and the corresponding atom rearrangement on void sur-
face. The dependencies of critical negative pressure in systems of various
atom number and void diameter at various temperatures was researched.
It was shown, that critical pressure depends both on void diameter and
simulated area size. The increase of temperature leads to linear decrease
of system tensile strength.

The continual model connecting void growth rate with dislocation pro-
cesses occurring around void is offered. The generation of dislocations near
void surface is described with the Arrhenius type relation, the parameters
of this formula (energy of dislocation nucleation and activation volume)
are fitted by comparison with molecular dynamic data. When material de-
forms at rate of 0.01-0.1 1/ns, the initial dislocation density is enough for
effective void growth, for grater deformation rates the dislocations nucleate
near void surface.

The work is supported by the grant from the Russian Science Founda-
tion, project 14-11-00538.

1. Plimpton S.J // J. Comp. Phys. 1995. V. 117. P. 1-19.

ATOMISTIC SIMULATION OF NUCLEATION
IN METASTABLE LIQUID METALS UNDER TENSION

Lopanitsyna N.Yu.,* Kuksin A.Yu.

JIHT RAS, Moscow, Russia

*lopanitsyna@phystech.edu

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. The subject of this work is
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the study of metastable liquid metals under tension by means of atomistic
simulations. In this work nucleation rate in liquid Fe is calculated and is
compared with data on nucleation rate in liquid metals with various sur-
face tension. The results of this simulation could be applied to understand
of nucleation in liquids under high strain-rate tension. Nucleation rate in
liquid iron was calculated from molecular dynamics simulations basing on
the average lifetime of the metastable state until formation and growth
of cavity. The data on nucleation rate thus obtained was approximated
in two ways: within classic nucleation theory - CNT [1] and within CNT
with Tolman correction for the surface tension. Both approximations were
compared. Tolman correction takes in consideration the dependence be-
tween surface energy and size of the bubble, or cavity in our case. Direct
application of CNT to the approximation of the nucleation rates (with
the surface tension available from the independent calculations) leads to
an overestimation of the kinetic prefactor, which contradicts to the basics
of CNT. Tolman length was estimated independently from the simulations
and compared with Tolman length given by fitting with CNT with Tolman
correction. It was ascertained that nucleation is well-described by CNT
with Tolman correction in both Al and Fe with close values of the Tolman
length. Also the results obtained by CNT were compared with dynamic
calculations.

1. Kagan Yu. // Russ. J. Phys. Chem. 1960. V. 34. No. 1. P. 92.

SHAPE MEMORY PHENOMENA AND X-RAY
DIFFRACTION STUDIES ON COPPER-BASED SHAPE

MEMORY ALLOYS

Adiguzel O.

FiratUni, Elazig, Turkey

oadiguzel@firat.edu.tr

Shape memory effect is an unusual property exhibited by certain alloy
systems, shape memory alloys. Shape memory effect is based on a solid
state phase transition, martensitic transformation, which occurs on cool-
ing in the material. Martensitic transformation has displacive character,
and the changes in the crystal structure of the material at the nano-level
rather than micro-level govern the transformation. The physical nature of
shape memory concept is shape change in bulk level and lattice changes
in crystallographic level. Martensitic transformations occur as marten-
site variants the lattice invariant shears on {110}-type planes of austen-
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ite matrix, which is basal plane of martensite. The martensite variants
are formed without causing any macroscopic deformation as lattice twins
in self-accommodating manner. Deformation of shape memory alloys in
martensitic state proceeds through a martensite variant reorientation or
detwinning of twins. Copper based alloys exhibit this property in β-phase
field. The high temperature bcc-structure of these alloys martensitically
undergo to non-conventional layered structures on cooling from high tem-
perature austenite phase following two ordered reactions. Lattice invariant
shears are not uniform, and these shears cause the formation of the un-
usual layered structures which consist of an array of close-packed planes
with complicated stacking sequences called as 3R, 9R or 18R martensites
depending on the stacking sequences on the close-packed planes of the or-
dered lattice. The parent phase has high symmetry, and product phase
has low symmetry; the unit cell and the periodicity are completed through
18 layers in z-direction in case of 18R structure.

In the present contribution, x-ray diffraction studies were carried out on
two copper based ternary alloys; Cu–26.1%Zn–4%Al (in weight) and Cu–
11%Al–6%Mn (in weight). X-ray diffraction patterns exhibits superlattice
reflections in the quenched case. The alloy specimens were aged at room
temperature, and a series of x-ray diffractograms have been taken during
the ageing duration. These diffractograms reveal that peak locations and
peak intensities change with ageing duration. This result refers to the
rearrangements of atoms in diffusive manner. In conclusion, the changes in
the location and intensities of diffraction peaks reveal the rearrangements
of the atom in displacive manner; and this result provides us information
on the degree of ordering in the martensitic state of the material.

SPIN CROSSOVER AND MOTT–HUBBARD TRANSITION
UNDER HIGH PRESSURE AND HIGH TEMPERATURE

IN THE LOW MANTLE OF THE EARTH

Ovchinnikov S.G.,*1 Ovchinnikova T.M.2

1KIP SB RAS, 2SIF SB RAS, Krasnoyarsk, Russia

*sgo@iph.krasn.ru

A review of unusual magnetic, electronic and structural properties of
Mott insulators induced by spin crossover is given. Spin crossover from
the high spin (HS) to the low spin (LS) state often is induced by high
pressure. It is the quantum phase transition at P = PC and zero temper-
ature T = 0. At finite T crossover from HS to LS is smooth. Examples
of spin crossover in 3d-metal oxides are given. Spin crossover effect on
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effective Hubbard U parameter is not universal and depends on the ionic
configuration, Ueff degreasing for d5-ion and increasing for d6-ion. Thus
spin crossover can decrease or increase the critical pressure determined by
standard bandwidth control mechanism of the Mott-Hubbard transition.

High pressure induced spin crossover in ferropericlase Mg1−xFexO is
discussed. The low temperature P , T phase diagram has the quantum crit-
ical point P = PC = 55 GPa at T = 0. It was found by the synchrotron
Moessbauer spectroscopy. The LDA+GTB calculated phase diagram de-
scribes the experimental data. Its extension to the high temperature allows
to predict metallization of the ferropericlase at the conditions of the low
Earth’s mantle and the metallic properties of the Earth’s mantle at the
depths 1400 km < h < 1800 km.

This work was supported by the President of Russia Grant NSh-
2886.2014.2.

MELTING CURVES OF IONIC CRYSTALS
IN QUASIHARMONIC APPROXIMATION

Krasnova P.A.,* Minakov D.V., Levashov P.R.

JIHT RAS, Moscow, Russia

*pakrasnova@gmail.com

Melting curves of some ionic crystals have been calculated using the
density functional theory, quasiharmonic approximation and the general-
ized Lindemann criterion.

DIAMOND MELTING AT NEGATIVE PRESSURES

Basharin A.Yu.,* Levashov P.R., Dozhdikov V.S.

JIHT RAS, Moscow, Russia

*abasharin@bk.ru

It has been experimentally established that contact of a liquid carbon
with a diamond resulted in a cracks formation in the diamond volume
[1]. The graphite originate from the crack and presses on its banks with
considerable force of up to 50 GPa.This treatment can lead to stretching
of the diamond in the crack apex zone. Negative pressures characterizes
phase transitions in this zone at ultrahigh temperatures region. Naturally,
transitions has left its imprint on the structure and morphology of the final
products.

Near the cavities drop-like regions were found. They contained nano-
graphite particles. In contact with them the domains with rounded cavi-
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ties were established. The carbon between the cavities had a non-graphite
structure and contained of the nanodiamonds and the carbon chains. It
became clear that patch in phase space under continuous tension of dia-
mond are: the melting of the diamond at negative pressure, homogeneous
nucleation of the cavities and the collapse of fluid near the boundary of it
absolute stability. The analysis showed that the collapse occurred at the
stage of partial coalescence of the cavities close enough to the boundary of
absolute stability of the stretched liquid, as evidenced by the small crys-
tallite size of ca. 1–2 nm was formed. Nanodiamonds and carbon chains in
the products of the fracture of the fluid can be a sign of sp3–sp structure
of the liquid carbon at negative pressures.

Based on the studies performed the following tasks for molecular dy-
namic studies of condenced carbon at negative pressures were delivered:
determination of the melting parameters of the diamond; determination
of the parameters of the liquid carbon tensile rupture; comparison of the
structures of liquid carbon at positive and negative pressures.

This work was supported by the Russian Foundation for Basic Research
(grant 13-08-01098-a).

1. The HOPG flakes were pressed to a surface of natural diamond and were
melted by laser pulse with duration 0.7 ms under the pressure of 25 MPa.
After that the cross sectional samples was prepared by FIB milling and was
studied by the TITAN 80–300 TEM/STEM.

STUDIES OF GRAPHITE TRANSFORMATION
AT COLD COMPRESSION

Petrosyan T.K.,* Kuznetsov D.K., Tikhomirova G.V.

UrFU, Ekaterinburg, Russia

*alximik-ptk@rambler.ru

The possibility of formation of new carbon phases from graphite at
continuous exposure under pressures of 18 GPa to 45 GPa at room tem-
perature was examined. Measurements were carried out in the diamond
anvil cell (DAC) with electrically conductive anvils of the “rounded cone-
plane” type made of synthetic polycrystalline diamonds “carbonado”. The
resistance measurements were carried out step by step in cycles of loading-
unloading at pressure range from 18 GPa to 45 GPa. The exposure time
at each fixed value of pressure was twenty four hours. The features in the
pressure dependence of resistance as well as its relaxation times were found
in the range 27–35 GPa. These features were referred to new phase nucle-
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ation. After pressure treatment, the samples were examined by means of
the workstation AURIGA CrossBeam, which is a scanning electron micro-
scope with the possibility of X-ray microanalysis. The X-ray image of the
sample subjected to the pressure of 45 GPa shows the inclusion of a new
phase, which did not disappear after removal of the load. However, the
new phase is poorly seen in the pressure dependence of resistivity because
of shunting by a large amount of non-transformed graphite. This work was
supported by the Government of the Sverdlovsk district and RFBR (grant
13-02-96039-r ural).

CONDUCTIVITY OF DOUBLE-WALLED CARBON
NANOTUBES AT PRESSURE UP TO 30 GPa

Volkova Ya.,* Sokolovsky D., Zelenovsky P., Babushkin A.N.

UrFU, Ekaterinburg, Russia

*yana.volkova@urfu.ru

We report the results of experimental studies DWNT bundle with the
diameter of 4 nm at pressure up to 30 GPa and room temperature. Raman
spectroscopy of initial sample and sample after pressure processing showed
changing the ratio of the intensities of bands D/G, which characterizes
the relation between the disordered and ordered structures in the sample.
Disappearance of the RBM-band left peak in the Raman spectra after
pressure processing took place due to destruction of the outer tube in
DWNT.

This work was supported by the Government of Sverdlovsk oblast, the
Russian Foundation for Basic Research, projects 13-02-96039 r ural and
13-02-00633, the RF Ministry of Education and Science, and the Program
for the Development of Ural Federal University.

USE OF THE FEATURES IN BEHAVIOR OF A.C.
ELECTRICAL PROPERTIES OF CHALCOGENIDES
UNDER HIGH PRESSURE FOR ESTIMATING THE

PRESSURE VALUES

Melnikova N.V.,* Babushkin A.N.

UrFU, Ekaterinburg, Russia

*nvm.melnikova@gmail.com

One of the features of chalcogenide materials is their ability to signif-
icantly change the electrical parameters under the applied pressure over
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a wide frequency range of the electrical field [1-3]. This fact allows using
these materials as working media in pressure sensors. The goal of this
work is to demonstrate the possibility of using the features of the pressure
dependences of the real and imaginary parts of the impedance of cells with
materials based on copper and silver chalcogenides (from the systems Ag–
As–S, Cu–Ge–As—Se etc.) as a physical basis for new ways of estimating
the pressure value in research of condensed phases at high pressures. It
has been found that if with the pressure increase at a fixed frequency of
electrical field dielectric losses and the real part of the conductivity in-
crease exponentially, then the pressure dependence of the real part of the
impedance has a maximum at a certain pressure Pmax. The appearance of
this maximum was confirmed analytically [2]. The graph of the imaginary
part of the impedance decreases monotonically with pressure increase and
changes the direction of the concavity in the point of intersection with the
graph of the real part at pressure Pmax. The pressure Pmax is linearly
dependent on the frequency of the electrical field. Changing the frequency
of the electrical field within a certain range of operating frequencies eval-
uated earlier for certificated materials for sensors, it is possible to provide
the pressure in a certain range. The proposed method of estimating the
value of pressure in the uncalibrated high-pressure chamber may be imple-
mented by a device consisting of an ac-bridge and a pressure sensor which
is provided with the inverter. Converter provides the ability to scan the
resistance value in the neighborhood of a certain pressure and differentia-
tion of this function to accurately determine the pressure Pmax, when the
derivative of the real part of the impedance with respect to pressure is
equal to 0 and the derivative of the imaginary part of the impedance with
respect to pressure is maximum.

This work was supported by the RFBR (project No. 13-02-00633).

1. G. K. Solanki et al. // High Pressure Research. 2001. 21. P. 15-29.
2. N. V. Melnikova et al. // BRAS: Physics. 2013. 77. P. 252-255.
3. Z. R. Kudrynskyi et.al. // Technical Physics. 2013. 58. P. 1840-1843.
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STUDY OF ELECTRICAL PROPERTIES OF
POLYCRYSTALLINE MATERIALS ON BASED OF INDIUM

AND COPPER SELENIDES UNDER HIGH PRESSURE

Zaikova V.E.,* Melnikova N.V., Kurochka K.V.

UrFU, Ekaterinburg, Russia

*vasilisazaykova@gmail.com

Multicomponent materials from the system Cu-In-As-Se are interesting
objects of investigation because under the high pressure and at the low
temperature it shows the negative magnetoresistance [1].

This paper deals with the high pressure (up to 50 GPa) influence on
electrical properties of polycrystalline (InSe)x(CuAsSe2)1−x, x = 0.05, in
DC and AC (1 Hz – 32 MHz) electric fields and in a transverse magnetic
field 0.2 < B < 1 T. High pressure has been achieved using the high pres-
sure cell which detail descriptions and methods its calibration are presented
in paper [2].

With increasing of pressure from 16 to 50 GPa electroresistance of the
studied material decrease in DC and AC electrical fields: in DC electri-
cal field electroresistance decrease on three orders, in AC – on one order.
It was found, that studied material has a negative magnetoresistance at
pressure region over 36 GPa. In pressure dependences of electroresistance
measured in DC electrical field and impedance and other electrical proper-
ties measured in AC electrical field features are observed near 24 GPa and
38 GPa. The obtained results are agree with the results of paper [3] where
the high pressure influence on electrical properties of materials CuAsSe2
and (GeSe)0.05(CuAsSe2)0.95 was studied.

This work was supported in part by the Russian Foundation for Basic
Research, project no. 13-02-00633 and by the Ural Federal University
development program with the financial support of young scientists.

1. Melnikova N. V., Tebenkov A. V., Suhanova G. V. et.al. // Bulletin of the
Russian Academy of Sciences. Physics. 2014. V. 78. No. 4. P. 299.

2. Babushkin A. N. // High Presser Research. 1992. V. 6. P. 349.
3. Melnikova N. V., Babushkin A. N., Savina O. V. // High pressure physics and

technics. 2009. V. 19. No. 1. P. 63.
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RESISTIVITY RELAXATION OF AMORPHOUS
CHALCOGENIDES FROM THE SYSTEM Ag–Ge–As–S

WITH CARBON NANOTUBES CONTENT UNDER HIGH
PRESSURE UP TO 50 GPa

Kurochka K.V.,* Melnikova N.V., Zaikova V.E.,
Tebenkov A.V., Menshenina D.A.

UrFU, Ekaterinburg, Russia

*kirill.k.v@yandex.ru

Multicomponent silver chalcogenides with a silver ion conductivity
are widely interesting materials because they can be applied in a huge
range of devices such as memory cells, solid-state batteries, different
kind of sensors etc. In order to determine how carbon nanotubes influ-
ence on physical properties of materials, glassy silver chalcogenides Ag-
Ge1+xAs1−x(S+CNT)3 with the addition of carbon nanotubes (CNT)
were studied. The synthesis, atomic structure and properties of these
materials having high share of ionic conductivity at ambient pressure are
described in detail in [1, 2]. This study is devoted to investigation of
resistivity relaxation of AgGe1+xAs1−xS3 and AgGe1+xAs1−x(S+CNT)3
(x = 0.4; 0.5; 0.6) at fixed pressures up to 50 GPa. Resistivity relaxation
at fixed pressures above 30 GPa showed that the processes occurring in
AgGe1.4As0.6S3 and AgGe1.4As0.6(S+CNT)3 are typical for the materials
with only electron transport. The study of the electrical relaxation at
fixed pressure in the range of 30 to 50 GPa showed that the resistance de-
creases exponentially with time for both materials. However, in the case
of AgGe1.4As0.6(S+CNT)3 the total relaxation process can be separate by
both: one of them describes the relaxation processes occurring at defor-
mation of CNTs and resulting in increasing electron conductivity, while
the second may be connected with the increase in electrical conductivity
during deformation and compaction of glass network with increasing static
pressure. The study was supported by the Russian Foundation for Basic
Research, projects 13-02-00633, 13-02-96039-r ural a and by the Ural Fed-
eral University development program with the financial support of young
scientists.

1. Kurochka K. V., Melnikova N. V., Ustinova I. S., Volkova Ya. Yu., Alikin D. O.
// J. Phys.: Conf. Ser. 2014. V. 500. P. 192007.

2. Melnikova N. V., Kurochka K. V., Kheifets O. L., Alikin D. O., Kadyrova N. I.,
Volkova Ya. Yu. // Book of Abstracts of XVII Int. Symposium Ordering in
Minerals and Alloys. 2014. V. 1. No. 17. P. 203–206.
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EFFECT OF THE EXTERNAL INFLUENCES ON
ELECTRICAL PROPERTIES OF THE HIGH PRESSURE

PEROVSKITE-LIKE PHASES CaCu3Ti4−xVxO12

Melnikova N.V.,1 Ustinova I.S.,*1 Kadyrova N.I.,2

Mirzorahimov A.A.,1 Zaynulin Yu.G.,2 Babushkin A.N.1

1UrFU, 2ISSC UB RAS, Ekaterinburg, Russia

*ustinovairina@list.ru

Cubic perovskite-like oxide CaCu3Ti4O12 is well known as material
with giant permittivity [1].The aim of this work is to investigate the ef-
fect of external influences (temperature, electric field frequency, high pres-
sure) on the electrical properties of the high pressure perovskite-like phases
CaCu3Ti4−xVxO12, obtained by substitution titanium for vanadium in the
material CaCu3Ti4O12.

The samples of compounds CaCu3Ti4−xVxO12, x = 0.1, 0.2, 0.3, 0.4,
0.5 were synthesized at high-pressure and high-temperature conditions in
a toroid-type high-pressure chamber [2]. The electrical properties were
studied by a method of impedance spectroscopy in the frequency range
from 1 Hz to 30 MHz at the temperatures 300–600 K and at pressures
10–30 GPa (method is described in [2, 3]).

This work was supported in part by the Russian Foundation for Basic
Research, projects 13-02-00633 and 15-03-00868.

1. Subramanian M. A., et al. // J. Solid State Chem. 2000. V. 151. P. 737.
2. Kadyrova N. I., et al. // Bulletin of the Russian Academy of Sciences.

Physics. 2014. V. 78. No. 8. P. 719.
3. Melnikova N. V., et al. // High Pressure Research. 2013. V. 33. No 2. P. 418.

EXPERIMENTAL INVESTIGATION
OF THERMOPHYSICAL PROPERTIES OF NIOBIUM

AT HIGH TEMPERATURES

Belikov R.S.,* Popov V.S., Senchenko V.N.

JIHT RAS, Moscow, Russia

*pyrolab@ihed.ras.ru

Using the experimental setup for investigation of the thermophysical
properties of refractory materials under high pressure and temperature a
few experiments with the different metals were carried out. The experi-
mental method is based on fast uniform heating of the small sample by
current pulse. The novelty of our technique consists in the temperature
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feedback heating that provides currant interruption at the desired temper-
ature measured by pyrometer with delay less than 3 µs.

The aim of the work is to improve the accuracy of temperature mea-
surements near the phase transition points, where the optical properties of
materials change dramatically. The technique allows reaching the heating
rate of 105 to 108 K s−1 under high static gas pressure up to several kbars.

An idea of the method consists in the rapid heating of the specimen
up to the melting point in a time of 25 µs to 1 ms. Thus, through measur-
ing the surface temperature of the sample T (t), electrical current I(t) and
voltage drop e(t) across the central part of the specimen during the ex-
periment, one can determine temperature dependence of enthalpy HP (T ),
specific heat capacity CP (T ) and other properties of the material.

One of advantages of our setup is a possibility of precise temperature
measurement by special pyrometer [1]. It carries out the measurements in
a narrow spectral band around 25 nm at the wavelengths λ1 = 0.650 µm
and λ2 = 0.900 µm. The pyrometer has mirror field stop, which forms at
the specimen surface a small area of view with the diameter of 0.3 mm. It
allows using foil samples with various emitting cavities to provide thermal
radiation of the sample being close to the greybody spectrum.

A high temperature investigation of such parts of the heat capacity as
lattice anharmonism, electronic part and influence of equilibrium vacan-
cies is of profound importance [2]. These factors come out mostly at the
temperature region of Tm − 100 K in refractory metals, in particular in
niobium, that is why this material has been chosen for our investigations.

1. Senchenko V. N., Compendium of the 4th Russian Conference for Problems
of Thermometry “Temperatura–2011”, Saint-Petersburg, 2011, p. 24–25.

2. Bodryakov V. Ju., TVT, 51(2013), p. 233–242.

NUMERICAL SIMULATION OF THE EXPERIMENT
OF ELECTRICAL EXPLOSION OF ALUMINUM FOIL

Shutov A.V.

IPCP RAS, Chernogolovka, Russia

shutov@ficp.ac.ru

By numerical simulation fields of pressure, density, temperature and ve-
locity for experiment [1] were calculated. The experimental measurements
have been performed on aluminum that expanded from the initial solid
state by a factor of 6–9 under a supercritical pressure (> 10 kbar). Thin
aluminum foil strip with thikness 10 µm sandwiched between two sapphire
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plates with thikness 0.38 mm is heated by an electrical current pulse for
less than 1 µs, so that the Joule heat deposited into the sample achieves
4–6 the cohesion energy. Such experimental technique ensures sufficiently
homogeneous heating and practically one-dimensional expansion of the foil
strip.

The results of numerical simulation and the experiment are compared.
It is shown that the hydrodynamic flow in the experiment can be assumed
one-dimensional. Insignificant are also elastic-plastic effects in the dy-
namics of aluminum foil and sapphire. The experimental and calculated
pressure profiles give the same maximum pressure levels, and similar gen-
eral view of the dependence of the pressure of time. It is shown that for
this problem because of the small (∼10 µm) of the transverse dimensions
of the foil and large (∼1 µs) time of measurement the thermal conductiv-
ity plays an important role. Because of the cooling of the aluminum foil
surface temperature and density distributions across the aluminum sample
became not homogeneous. It is important to take this fact into account
for interpretation of experimental results.

1. Korobenko V. N., Rakhel A. D. // Phys. Rev. B. 2007. V. 75. P. 064208.

THE APPLICATION OF THE FAST PULSE HEATING
METHOD FOR INVESTIGATION OF CARBON-RICH SIDE

OF Zr–C PHASE DIAGRAM UNDER HIGH
TEMPERATURES

Savvatimskiy A.I.,1 Onufriev S.V.,1 Kondratyev A.M.,*1

Muboyajan S.A.2

1JIHT RAS, 2VIAM, Moscow, Russia

*cpl593h@mail.ru

High-temperature properties of carbon and refractory carbides are of
interest for the aero-space industry and nuclear technologies (a matrix of
nuclear fuels). It is known that zirconium carbide is used as a protective
high-temperature covering, i.e. in the form of rather thin layers.

In present work the microsecond technique of electrical pulse heat-
ing which gives uniform energy input into a film specimen is considered.
ZrC+C specimens in the form of a thin layer (4.9 microns) sputtered on
isolating substrates by magnetron sputtering technique were used. Speci-
mens contained (at. %): Zr – 17.88; C – 67.69; N – 8.13; O – 5.98.

Imparted energy, resistivity (referred to the initial size of a specimen),
normal spectral emissivity and specific heat were measured in the tem-
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perature range of 2100 – 4500 K. The heating rate was on the order of
109 K/s. To obtain true temperature of the specimen the wedge-shaped
blackbody design was used. The obtained results are compared with the
equilibrium Zr-C phase diagram.

The solid-liquid phase transition (melting) begins at 3150 K and fin-
ishes at 3640 K. Thus the obtained temperature for the start of melting
almost coincides (taking into account an uncertainty) with the temper-
ature of the eutectic isotherm for the equilibrium phase diagram. The
phase diagram shows that the composition with atomic ratio C/Zr = 3.8
(our case) corresponds to the liquidus ∼ 4000 K, and we obtained 3640 K.
Possibly this discrepancy may be caused by large amounts of impurities.

MODELING OF NONEQULIBRIUM FIRST ORDER PHASE
TRANSITION, WHICH WAS STIMULATED BY THE

ACTION OF VOLUME SOURCE OF THE HEAT

Slyadnikov E.E.,*1 Turchanovsky I.Y.,2 Psakhie S.G.,3

Korostelev S.Y.3

1TSU, Tomsk, 2ICT SB RAS, Novosibirsk,
3ISPMS SB RAS, Tomsk, Russia

*nadiet@mail.ru

In the paper we propose a kinetic model of nonequilibrium phase tran-
sition of the first kind, stimulated by intense volume heat source on a
solid surface. The results of the numerical solution of kinetic equations
for nonequilibrium transition from the solid phase to the liquid phase, and
the results of molecular dynamics simulations of heating and melting of
the crystal are shown. When exposed to intense sources of energy to the
surface of the material in the depth of the irradiated sample area is formed
with an increased release of thermal energy (volume heat source). Due to
the fact that in the phase transformation through each physically small
volume environment takes the flow of energy from the source to the ther-
mostat, the microvolume output from the thermal equilibrium state and
acquires the ability to be bistable. Bistable kinetic model microvolume
has two stable stationary state. The physical mechanism of nonequilib-
rium phase transition is based on the concept of the effective field ordering
that occurs due to stimulated external body thermal effect and changes
in the nature of the interaction energy of the atoms of the medium in
the vicinity of the phase transition. To account for the propagation of
heat in a medium of relaxation of the order parameter equation must be
supplemented by the heat equation. Found numerical solution of kinetic
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equations, theoretically found in behavior especially the order parameter
and temperature versus time, of the order parameter of the temperature
occurring in the vicinity of the nonequilibrium phase transition. Using the
method of molecular dynamics investigated heating, melting of the crystal
in a kinetic model microvolume, ie, studied the kinetics of nonequilibrium
phase transition of the first kind. The simulation was performed using the
program LAMMPS version 28jun14. Estimated crystals (kinetic model
microvolume) was an elongated along the Z axis cuboid size 20×20×60 in
lattice parameters and contained∼100,000 atoms. These studies confirmed
the presence of features that occur in the vicinity of the nonequilibrium
phase transition temperature, allowed to specify a quantitative estimate
of the transition temperature, the temperature near the transition, time,
phase transformation, so the proposed kinetic model describes nonequilib-
rium phase transition stimulated volume heat source.

ON DETERMINATION OF THE TRUE TEMPERATURE
OF AN OPAQUE MATTER AT UNKNOWN EMISSIVITY

VIA THERMAL RADIATION SPECTRUM

Rusin S.P.

JIHT RAS, Moscow, Russia

sprusin@yandex.ru

Radiation thermometers are characterized by high performance and re-
quire no direct contact with the measured object. These features are of
particular importance for registration of fast processes at high tempera-
tures and for investigation of the thermophysical properties of materials.
It was assumed that the spectral intensity of the free-emitted radiation
and, hence, the emissivity are continuous functions of the variables wave-
length and thermodynamic (true) temperature T . The object temperature
is constant during the measurement process. The environment where the
measured object is contained is transparent for the thermal radiation; ra-
diation from outside is absent. The value of directional emissivity ε(λ, T )
is not known. The registered radiation spectrum consisting of a intensities
Ic(λi) set at m wavelengths is used as an input data.

There are several approaches for determination of true temperature
of opaque matters via the registered thermal radiation spectrum. Two
approaches are considered.

The first approach based on relative emissivity of matter was tested
and developed using the experimental data [1]. The second approach is
based on temperature determination of opaque materials via the spectral
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thermal radiation maximum [2]. It is shown that the area of the use of these
approaches depends on the temperatures level and emissivity dependence
on wavelength. It is shown that these approaches complement each other.

1. Rusin S. P. // Thermophysics and Aeromechanics. 2013. V. 20. No. 5. P. 643.
DOI 10.1134/S0869864311040093.

2. Rusin S. P. // High Temperature 2014. V. 52. No. 5. P. 661.
DOI 10.1134/S0018151X14050150

CRYSTAL GROWTH MODELING USING STOCHASTIC
CELLULAR AUTOMATA

Dzhanibekov K.Kh., Akhmatov A.Z.,* Khokonov A.Kh.

KBSU, Nalchik, Russia

*d kazbek@yahoo.com

Layer-by-layer crystal growth simulation has been done in the frame
of Metropolis algorithm [1]. Probability that subsequent atom will settle
the empty site is defined by free area changes during surface filling which
is proportional to the neighbors number. It means that the rule that
governing crystal growth can be interpreted as cellular automata one [2].
During the diffusion adatom prefers to occupy nearest to step position,
which determines layer-by-layer crystal growth. It has been shown that
the temperature increase causes disordering of layers filling, which can be
controlled by the means of mirror elastic helium atoms scattering.

1. Metropolis, N., Rosenbluth A.W., Rosenbluth M.N., Teller A.H., Teller E.
“Equations of State Calculations by Fast Computing Machines”. Journal of
Chemical Physics 21, 1087, 1953.

2. Toffoli T., Margolus N. Cellular Automata Machines: A New Environment
for Modeling. The MIT Press, 200 p., 1987.
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THE PROPERTIES OF THE HEXATIC PHASE
IN TWO-DIMENSIONAL YUKAWA SYSTEMS

(NUMERICAL SIMULATION)

Koss X.G.,* Vaulina O.S.

JIHT RAS, Moscow, Russia

*xeniya.koss@gmail.com

Nowadays the special focus is on the study of the thermodynamical
properties of two-dimensional (2d-) systems. The analysis of the physical
characteristics of these systems has not only the fundamental scientific
value, but is also vital in nano- and microtechnology.

At present, there are two main approaches describing the phase transi-
tions in these systems, based on the analysis of formation of various topo-
logical defects. The first is KTHNY (Kosterlitz-Thouless-Halperin-Nelson-
Young) theory, which predicts the two-stage transition from the crystal to
the liquid state of the system via the intermediate hexatic phase [1–3].
The second is GBI (Grain-Boundary-Induced melting) theory, describing
the melting of a 2d-system as the first-order transition from the crystal to
the liquid without the formation of the intermediate phase [4, 5].

In the present work we continue to study the phase transitions in
strongly-coupled two-dimensional dissipative Yukawa systems [6]. The
thermodynamic characteristics of these systems are calculated, namely
the internal energy, the pressure, the specific heat and the entropy. The
considered characteristics have two singular points; one of these points
corresponds to the first-order phase transition from crystal to the hexatic
phase, and another point corresponds to the second-order phase transition
from the hexatic phase to the isotropic liquid. The dependence of the po-
sition of the melting lines and the range of existence of the hexatic phase
on the concentration of the grains in the considered system is studied. The
special attention is paid to the comparison of our results to the existing
numerical and analytical data.

This work was partially supported by the Russian Foundation for Fun-
damental Research (grants No13-08-00263-a, No14-08-31633-mol-a, 14-02-
31226), by the Ministry of Education and Science of Russian Federation
and by the Program of the Presidium of RAS.

1. Nelson D. R. and Halperin B. I. //Phys. Rev. B 1979. V. 19, P. 2457.
2. Kosterlitz J. M. and Thouless D. J. //J. Phys. C 1973. V. 6, P. 1181.
3. Young A. P. //Phys. Rev. B 1979. V. 19, P. 1855.
4. Chui S. T. //Phys. Rev. B 1983. V. 28, P. 178.
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NUMERICAL MODELING OF TORNADO-TYPE FLOWS

Krutova I.Yu.

SPhTI NRNU MEPhI, Snezhinsk, Russia

iykrutova@mephi.ru

There are the results of theoretical [1–3] and experimental researches
[3, 4] of the destructive atmospheric vortices, such as tornadoes and trop-
ical cyclones. There are the scheme of the emergence and sustainability of
the upward vortices [1]. The theorems are proved about the existence and
uniqueness of solutions for the concrete initial-boundary problems at the
system equations of gas-dynamics and at the complete systems of Navier–
Stokes equations. In particular, these theorems establish the conditions
for the rise such flows and the direction of its rotation. There are the
results of the numerical calculations the some initial-boundary problems.
This results modeling the different gas flows: at the simple one-dimensional
plane spiral flows to the three non-stationary flows. The times is determine
from the beginning of the functioning the natural atmospheric vortices to
the beginning of stationary regime. The results of the calculation agree
with both the data of natural investigations of the tornado with the differ-
ent parameters and the data of the laboratory experiments [3, 4]. There
are the descriptions of the experimental results of group of A. Y. Varaksin
(Moscow) [4] and group of S. P. Bautin (Ekaterinburg) [3]. The Varaksin’s
group creates and destructs the free rising swirling flows. The Bautin’s
group creates a bottom swirling flows, when a gas moves upwards in a
vertical pipe. The experiments of both groups confirm a rise twisting and
its direction when a gas moves upwards. The results of the theoretical and
experimental researches verify the scheme of the emergence and sustain-
ability of the upward vortices [1].

The study was supported by the RFBR grant 11-01-00198 and the
Ministry of Education and Sciences RF project 1.8490.2013.

1. Bautin S. P. Tornadoes and the Coriolis force. Novosibirsk: Nauka, 2008.
80 p.

2. Bautin S. P., Obuhov A. G. Mathematical Modeling of the Destructive Atmo-
spheric Vortices. Novosibirsk: Nauka, 2012. 160 p.

3. Bautin S. P., Krutova I. Yu., Obuhov A. G., Bautin K. V. The Destructive
Atmospheric Vortices: Theorems, Calculations, Experiments. Novosibirsk:
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NUMERICAL AND ANALYTICAL CONSTRUCTION
OF APPROXIMATE SOLUTIONS OF AN INITIAL
BOUNDARY VALUE PROBLEM FOR THE FULL

NAVIER–STOKES EQUATIONS

Gabdulkhaev V.F., Kozlov P.A.*

USURT, Ekaterinburg, Russia

*vadim260788@mail.ru

Flatsimmetric one-dimensional flow, which is the solution of the com-
plete system of Navier–Stokes equations, constructed using infinite series
of harmonics in the space variable. Used for presentation at the ends of
a segment of the spatial variable slip conditions and thermal insulation.
The coefficients of infinite sums have unknown functions, depending on
the time. When taking into account a finite number of harmonics via
parallelization calculations numerically constructed solution of the corre-
sponding finite system of ordinary differential equations. The basic idea of
parallelization is as follows: there is a control processor performing recep-
tion and transmission of data, and processors who calculates their every
equation of the system of ordinary differential equations. The results of
calculations.

INFLUENCE OF ARTIFICIAL VISCOSITY
ON THE VORTEX CASCADE IN SHARE LAYERS

Fortova S.V.,*1 Vahrusheva A.P.2

1ICAD RAS, Moscow, 2MIPT, Dolgoprudny, Russia

*sfortova@mail.ru

We investigate initial stage of the onset of the turbulence in 3D free
shear flow of an ideal compressible gas. In works [1,2] influence of various
parameters on formation of vortex cascades is investigated. The onset
and development of the vortex cascade of hydrodynamic instabilities were
traced by the direct simulation of the classical laws of conservation without
the influence of viscosity and walls.

The purpose of this work is to define influence of artificial viscosity
on formation of vortex cascades. Viscosity was entered into system of the
equations of Euler by Prandtl’s approach. The results show that a small
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amount of artificial viscosity of 0.001 has no effect on the rate and pattern
of the vortex cascades. The increase in the value of viscosity till 0.01 slows
down the formation of vortex cascades, but does not change the pattern
of the flow. The value of viscosity of 0.1 has a strong stabilizing effect and
the flow is not developed. Such parameters of turbulent flow as a turbulent
energy spectrum, pulsations and correlations of velocity are investigated.

1. Belotserkovskii O. M., Fortova S. V. // Comp. Math.and Math. Phys. 2012.
V. 52. No. 2. P. 304-314.

2. Fortova S. V. // Topical Issue of Phys. Scr. 2012. V. 443. No. 1. P. 44-47.

SURFACE TENSION AND VISCOSITY
OF NUCLEI IN LIQUID DROP MODEL

Khokonov A.Kh.

KBSU, Nalchik, Russia

azkh@mail.ru

In frame of nuclear liquid drop model an analytical solution for the
frequency of capillary oscillations are obtained with taking into account
the damping due to viscosity. The model has been applied for the estima-
tion of even-even spherical nuclei surface tension σ and nuclei viscosity η.
Attenuation factor γn to nuclear capillary oscillation frequency ω0n ratio
has the form:

γn
ω0n

= ηa(2n+ 1)

√
4π(n− 1)

3Mn((n+ 2)σ − 3Z2e2

2πa3(2n+1) )
. (1)

where Z, M, a and η are the nuclear charge, mass, radius and dynamic
viscosity respectively. Bethe-Weizsacker mass formula gives for σ

σ0 =
αs

4πr20
= 0.98

MeV

fm2
(2)

where surface coefficient αs = 17.8MeV and r0 = 1.2fm.
The value of viscosity can be obtained using the quadrupole and oc-

tupole capillary frequency dependence from attenuation factors γn ∼ η n2,
where n is multipolarity [1].

η=
3

4

M

πa

√
35ω2

2 − 4ω2
3 + 60Ec

7Ma2

784− 375β
(3)
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where β =
η22
η23
, ω2, η2 and ω3, η3 quadrupole and octupole frequencies and

dynamic viscosities. For palladium nucleus Pd-106 ω2 = 0.51MeV (JP =
2+) and ω3=3.9 MeV (JP = 3−), assuming that η2 � η3 we get η =
2.82 MeV

fm2c .

1. Khokonov A. Kh. Capillary oscillations of the drop immersed in a liquid with
taking into account of viscosity // IIEFM-2013, March 1–6, Elbrus, p. 135.

DENSE SYSTEMS VISCOSITY

Kirova E.M.,* Norman G.E.

JIHT RAS, Moscow, Russia
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Coefficients of diffusion and shear viscosity are calculated for the
Lennard-Jones fluid and dusty plasmas. A study of the viscosity increase
at the glass transition is carried out. An example of liquid aluminum is
considered. Both the Einstein-Helfand and Green-Kubo relations are used.
The molecular dynamics method is applied. A universal code is written,
based on the analysis of particle trajectories submitted, that allows to
perform calculations without a reference to the package LAMMPS.

The Lennard-Jones fluid is used to validate the code. The results for
the self-diffusion and shear viscosity coefficients turn out to be similar to
the other molecular dynamic simulations and to the experimental data [1].

The coefficient of shear viscosity is calculated for a model of dusty
plasma. In this case, the equations of motion have a special form [2] and
are not included in LAMMPS.

The embedded atom method potential is used at the simulation of the
aluminum melt. The dependence of the viscosity coefficient on tempera-
ture is studied in the glass transition region. The code [3] is used, based
on LAMMPS. A temperature range of the glass transition is found. The
result is compared with the other glass transition criteria [3].

The work is partially supported by the RFBR grant 14-08-31587 mol a.

1. E.Yamamoto, T.Akimoto, Y.Hirano, M.Yasui, K.Yasuoka // Phys. Rev. E.
2013. V. 87. P. 052715.

2. G.E.Norman, A.V.Timofeev // Phys. Rev. E. 2011. V. 84. No. 5. P. 056401.
3. L.N.Kolotova, G.E.Norman, V.V.Pisarev // Russ. J. Phys. Chem. A. 2015.

V. 89. No. 5.
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RELAXATION AND TRANSPORT PROPERTIES
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Molecular modelling is used to calculate transport properties and to
study relaxation of liquid n-triacontane (C30H62). The problem is impor-
tant in connection with the behavior of liquid isolators in a pre-breakdown
state [1]. Two all-atom models are used: DREIDING and AA-OPLS, as
well as the united-atom model TraPPE, in which three hydrogen atoms in
CH3 and two in CH2 merge with the carbon atom; the group formed is con-
sidered as an effective point particle. Shear viscosity is calculated using the
Green-Kubo formalism. In the work [2], authors use 10 quasi-independent
MD runs to get statistics for the viscosity calculation. We collect statistics
from a single equilibrium MD trajectory by dividing it into a number of
statistically independent parts. Diffusion coefficients are calculated via the
Einshtein-Smoluchowski equation. MD simulations are carried out using
software package LAMMPS. The Green–Kubo method uses the stress au-
tocorrelation function. The functions calculated appear to oscillate in the
case of n-triacontane unlike for the atomic systems. Stress autocorrela-
tion function is calculated for the liquid argon and methane (the simplest
alkane) to prove this fact. Viscosity values for the both systems are ob-
tained with a good accuracy. DREIDING potential gives correct value
of the viscosity for the liquid n-triacontane, but the pressure turns out
to be very high for the normal density. The value of pressure is consis-
tent with the density in AA-OPLS model due to the Coulumb interac-
tions and to the more complex form of the torsion interaction. The force
fields are compared using the following criteria: required time for one MD
step, compliance of the main physical and transport properties with ex-
perimental values. The problem of the system equilibration is considered.
The TRAPPE potential is used to model the n-triacontane liquid with an
initial directional orientation. The time of relaxation to the disordered
system, when all the molecules orientations are randomized, are obtained.
The influence of the molecules orientations on the shear viscosity value
and the shear viscosity relaxation are treated.

The work is partially supported by the RFBR grant 14-08-31550 mol a.

1. Apfelbaum M. S., Apfelbaum E. M. // J. Electrostatics. 2001. V. 50. P. 129.
2. Payal R., et al. // Mol. Sim. 2012. V. 38. P. 1234.
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EXPERIMENTAL STUDIES OF BINARY MIXTURE
FILTRATION IN POROUS MEDIUM

Molchanov D.A.,* Sokol G.F., Torchinskiy V.M.
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*dmitriy.molchanov13@gmail.com

Gas-condensate is a complex hydrocarbon mixture, which contains
methane as the main component. Retrograde fluid condensation occurs
in the process of gas-condensate reservoir depletion drive, i.e. liquid phase
weeps during isothermal pressure decrease. A similar phenomenon pre-
vents the further reservoir depletion, significantly reduces both the con-
densate recovery and the yield of gas phase, which can eventually cause a
complete cessation of hydrocarbon production.

The aim of this study was investigation of hydrocarbon mixture com-
position influence on filtration regime of the mixture. Binary mixture
“Methane + heavier componen” appeared for model mixture. The stud-
ies were conducted on the set-up “Plast” belonging to JIHT RAS, one-
dimensional isothermal gas-condensate mixture flow in porous medium
was simulated. Earlier on the same set-up investigation of binary mixture
“methane-n-butane”, acting as model of gas-condensate, had been carried
out, and oscillatory flow regimes under thermobaric conditions correspond-
ing to retrograde region at the phase diagram of the mixture had been
obtained. The results of “methane-pentane” filtration investigation are
represented in this paper. The second component has been chosen due to
the following factors:
1. Sufficiently broad retrograde region at the phase diagram of the model

mixture.
2. Set-up capability for pressure generation above critical for the model

mixture.
Obtained results can find an application in new methods development

of gas-condensate reservoir recovery increase.
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FEATURES OF SATURATES MIXTURE FILTRATION
IN POROUS MEDIUM
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Multi-phase filtration processes in porous media are naturally wide-
spread. In this work results of methane series hydrocarbon mixture filtra-
tion research in porous media are represented. Interest of such mixtures
is caused by necessary of gas-condensate extraction process increase. Gas-
condensate is a valuable raw which consists of methane and its higher
derivatives. Naturally oscillation flow regimes are occurred during gas-
condensate recovery. The cause of these oscillations was unknown.

Our investigation has shown that filtration characteristics of such mix-
tures are responsible for retrograde condensation region presence at the
phase diagram of the mixture. In this region liquid phase accumulation
occurs under constant temperature and pressure decrease below critical.
Experimental research of mixture filtration has been carried out on the
set-up “Plast” disposed in JIHT RAS. Oscillation flow regime with pe-
riod depending on pressure drop, mixture composition and porous medium
characteristics has been discovered. Mathematical model of methane se-
ries hydrocarbon mixture filtration under constant temperature has been
created. It was considered that fluid flow regime is laminar and phase
pressures are equal under phase equilibrium condition (characteristic time
of phase transition is far less than hydrodynamic characteristic time). The
studies have shown the possibility of the self-oscillation regime existence
in the process of hydrocarbon mixture filtration. Necessary condition for
self-oscillations is locating the system in a retrograde region at the phase
diagram. Presence of areas in which phase permeabilities are much differ-
ent is the basis for implementation of the self-oscillation system feedback
coupling. Self-oscillation system parameters with given porous medium
properties is uniquely determined by the boundary conditions for pressure
and methane mole fraction.

Consequently, some hydrocarbon mixtures (or other two-phase systems
with retrograde regions) behave as a self-oscillating system in filtration
process through porous medium. Account of the self-oscillation regime
occurrence possibility must be taken when impact method on natural gas-
condensate systems for raw yield increase is being chosen.
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HYDRODYNAMICS OF HOMOGENEOUS AND
MULTIPHASE FLUIDS IN A NARROW CHANNEL

Patlazhan S.A.,*1 Vagner S.A.2
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The flow peculiarities of viscous and viscoelastic homogeneous and mul-
tiphase fluids in a narrow channel are discussed by two examples. The first
one is devoted to flow at the nonhomogeneous stick-slip boundary condi-
tions initiated by the anisotropic superhydrophobic wall. This was shown
to induce the helical types of flow. We found that period of the macroscopic
helix of streamlines and the effective slippage length are rather sensitive to
relaxation time of a fluid: the higher is the relaxation time, the larger are
these flow characteristics. The dynamics of composite droplets in a narrow
channel filled by a third immiscible fluid is discussed as a second exam-
ple. New features of deformation behavior of such multiphase system are
revealed at different ratios of core-to-shell radii, viscosities and interfacial
tension.

THE FORMATION DYNAMICS OF COMPOSITE
DROPLETS AND JANUS PARTICLES

Vagner S.A.,*1 Patlazhan S.A.2

1IPCP RAS, Chernogolovka, 2ICP RAS, Moscow, Russia

*vagnerserge@gmail.com

In this work, we study the interaction dynamics of two droplets of im-
miscible fluids suspended in the continuous liquid medium by means of
numerical simulation. Two configurations of such a system are investi-
gated: (1) the complete engulfing of one phase by another one giving a
composite droplet and (2) the partial engulfing resulting in the Janus par-
ticles. The attention is focused on studying the engulfing dynamics and
formation of Janus particles as functions of relative sizes, viscosities and
interfacial tensions of the predator and prey droplets. The peculiarities of
the engulfing dynamics at rest and shear flow are discussed.
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CRITERION EVAPORATION MODELS WITH
GASDYNAMICALLY PRE-FRAGMENTATION DROPS
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The basis of modern approaches designing energy plants and propul-
sion (EPP) for different purposes inherent mathematical modeling work-
flow, aimed at optimizing the parameters. One of the workflow compo-
nents in the combustion chambers of the EPP is the evaporation of liquid
fuel droplets. In some cases, the supply of fuel is carried out in high-
enthalpy flow. In this case, the evaporation process is accompanied by
a gas-dynamic acceleration and pre- fragmentation drops. Actual prob-
lem is to create a mathematical model of evaporation from the prelimi-
nary gas-dynamic pre-fragmentation fuel drops in the high-enthalpy flows.
Modeling of processes heating and evaporation of the droplet is carried
out by calculating the convective heat transfer. To describe the prior drop
of gas-dynamic fragmentation in the used criterion equation, based on the
analysis of the experimental data of other authors. Testing mathematical
model in the one-dimensional formulation. The results show that with
increasing gas flow rate and thus the criterion Weber We, the full time of
evaporation is reduced. The path traversed by drop until complete evapo-
ration has a maximum in the region of the gas flow velocity of 50–100 m/s.
This is caused by a complex effect on the time of complete evaporation
processes of fragmentation and accelerate liquid droplets, which intensi-
fied with increasing speed high-enthalpy flow. In this case, the gas flow
velocity range of 50–100 m/s droplets are accelerated more rapidly than
their destruction.

Calculations show that the strongest influence on the rate of gas-
dynamic crushing drops has an initial value of Weber criterion. When
the initial value of Weber criterion We0 < 50 mass loss rate drop is mainly
determined by the process of evaporation, while We0 > 50—gas-dynamic
mechanisms. At low values We0 < 50 a strong influence on weight loss
drops have a temperature and pressure of the gas at higher We0 effect
of temperature decreases and the pressure increases. To describe the pro-
cesses of evaporation and pre-crushing of fuel droplets in three-dimensional
unsteady gasdynamic flows a specialized module software package Hyper-
Flow, which uses the developed mathematical model. Testing of software
system and a series of calculations in relation to the challenges the or-
ganization of two-phase ignition and combustion of fuel mixtures in the
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channels of variable cross-section, including the cyclical shocks. The re-
search was supported by RFBR under grant 14-08-01118.

NEW ELECTRODE MATERIALS FORSUPERCAPACITORS
WITH AQUA AND ORGANIC ELECTROLYTES

Vervikishko D.E.,* Yanilkin I.V., Shkolnikov E.I.

JIHT RAS, Moscow, Russia

*vitkina-darya@yandex.ru

The study is devoted to the new carbon materials produced by thermo-
catalytical alkali activation of wood charcoal. Porous carbon materials play
an essential role for accumulation and transfer of electrical energy. Elec-
trochemical capacitors with double electric layer or supercapacitors (SC)
belong to the most important developments in this area, and activated
carbons are used as electrodes in these devices. SCs are applied in various
electric power-related fields, both stationary and transportation, due to
their high specific power, high charge and discharge rates and long life cy-
cle. Carbon materials have unique features, which makes them especially
lucrative as SC electrodes: high corrosion resistance, sufficient conduc-
tivity, high temperature stability, controlled specific surface and porous
structure parameters. The working characteristics of carbon electrodes
(specific capacity, ohmic losses) in supercapacitor are strongly influenced
by the properties of porous structure. That is why investigation of the
porous structure was of the great importance in this study. Limited Evap-
oration Technique was used to obtain desorption isotherms. Calculation
of the pore size distributions from the desorption isotherms was carried
out with the use of Deryagin–Broekhoff–de Boer approach and Dollimore–
Heal equation within the slit-like pore model. The comparative analysis of
the received pore size distributions with the electrochemical characteristics
of supercapacitors allowed to determine pore ranges in which there is an
effective electrical double layer formation. Electrochemical experiments
were carried out to estimate the specific power and specific energy con-
sumption for model supercapacitor cells with aqueous (4.9 M H2SO4) and
organic (1 M TT in acetonitrile) electrolytes. Due to the opportunity to
influence activated carbon structure during synthesis, rather high specific
characteristics were obtained. Specific capacity around 360 F/g was ob-
tained in supercapacitors with aqua electrolyte. Thus micropore volume
of these carbons was only 0.4–0.6 cm3/g. Supercapacitors with organic
electrolyte demonstrate the capacity around 160 F/g. Micropore volume
of these carbons produced special for organic electrolyte was 0.8 cm3/g.
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So it means that there is no need to create extremely high porosity to
obtain high electric characteristics. The technology of thermocatalytical
alkali activation of wood charcoal allows to produced activated carbons
with low price and high specific electric characteristics while using them
as electrode materials in supercapacitors.

EXTRAPOLATION OF IAPWS-IF97 DATA:
THE SATURATION PRESSURE OF H2O

IN THE CRITICAL REGION

Ustyuzhanin E.E.,* Ochkov V.F

NRU MPEI, Moscow, Russia

*evgust@gmail.com

Some literature sources including WEB sites are analyzed in this re-
port. The sources contain an information about thermophysical properties
of H2O including the vapor pressure (Ps, T )-data in the form of an interna-
tional standard table [1]. Our analyses shows that a traditional database
[1, 2] represents these (Ps, T )-data at t > 0.002, here t = (Tc − T )/Tc is a
reduced temperature. We have considered equations Ps(t) those are sug-
gested by Wagner [1], 1973, Xiang and Tan, 1994, and Wu et al., 2005 and
Abdulagatov et al., 2011. An analytical form, F (t,D,B), [3] is chosen to
express ln(Ps/Pc). F (t,D,B) has a combined structure with scaling and
regular parts: Fscale(t,D,B1) and Freg(t, B2), here D = (α, Pc, Tc, ...) are
critical characteristics, (B1, B2) are coefficients.

Adjustable coefficients B = (B1, B2) and characteristics D are deter-
mined by fitting the combined model to input (Ps, T )-data [1] with the
help of a non linear LS method [3]. Some application results are got and
discussed. They include the firs and the second derivatives of Ps(t) at
t = 0.00001–0.005. We have tested some models Ps(t) and compared them
with F (t,D,B) in the critical region. Some results mentioned are located
in a WEB site http://twt.mpei.ac.ru/.

1. Wagner W. Properties of Water and Steam, the Industrial Standard IAPWS-
IF97 for the Thermodynamic Properties and Supplementary Equations for
Other Properties. Springer-Verlag, 1997.

2. Aleksandrov A. Thermodynamic properties of water and steam in Internet
// Prom. Energetika. 2007. N. 2. (http://twt.mpei.ac.ru/ochkov/WspIn).

3. Ustjuzhanin E., Rykov V. A. // Soft Matter under Exogenic Impact / Ed.
Rzoska S. NATO Science Series. Springer, The Netherlands, 2006. V. 242.
Part II. 480 p.
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PHYSICS OF LOW
TEMPERATURE PLASMA

ANGULAR DEPENDENCES OF S- AND P-POLARIZED
REFLECTIVITIES OF PLASMA WITH STRONG

INTERPARTICLE INTERACTION

Zaporozhets Y.B.,*1 Mintsev V.B.,1 Gryaznov V.K.,1,2

Reinholz H.,3 Röpke G.,3 Fortov V.E.4

1IPCP RAS, Chernogolovka, Russia, 2TSU, Tomsk, Russia,
3UR, Rostock, Germany, 4JIHT RAS, Moscow, Russia

*yubz@icp.ac.ru

The investigation of properties of the electronic subsystem in a strongly
correlated plasma remains an ongoing problem in the physics of high den-
sity energy. To interpret correctly the results of reflectivity measurements
it is necessary to know parameters of a transitive plasma layer. 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.

The results of new experiments on reflectivity of polarized light on
explosively driven dense xenon plasma is presented. We used a dynamic
method to generate a strongly nonideal plasma, based on compression
and irreversible heating of the gas in front of a high-power ionizing wave.
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) and
νlas = 4.33·1014 s−1 (λlas = 694 nm) at incident angles up to θ = 78
degrees and νlas = 5.66·1014 s−1 (λlas = 532 nm) at incident angles up to
θ = 65 degrees. With density up to ρ = 2.8 g·cm−3, pressures up to P =
12 GPa and temperatures up to T = 3·104 K of the investigated plasma,
conditions with strong Coulomb interaction (the nonideality parameter up
to Γ = 2.9) were present.

The plasma composition was calculated within a chemical picture
[1].The integration of Maxwell equations are based on an interpolation
formula for dc conductivity, obtained from a systematic quantum statisti-
cal treatment of different limiting cases.

1. Ebeling W, Förster A, Fortov V, Gryaznov V K and Polishchuk A 1991
Thermophysical Properties of Hot Dense Plasmas (Stuttgart: Teubner)
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PLASMA PHASE TRANSITION IN WARM DENSE
HYDROGEN

Norman G.E.,* Saitov I.M., Stegailov V.V.

JIHT RAS, Moscow, Russia

*genri.norman@gmail.com

Loubeyre et al (2004) discover indications to a phase transition by op-
tical reflectance probing at two wavelengths in a laser-driven shock wave
in a hydrogen fluid sample, pre-compressed in a diamond anvil cell. Met-
allization of fluid molecular hydrogen is observed by Fortov et al (2007)
at shock compression; resistivity decreases 4-5 orders of magnitude just
in the density range where the 20 percent increase of density is demon-
strated. First-order phase transition is observed in warm dense hydrogen
at the pulsed-laser heating above the melting line of hydrogen at static
pressures in the megabar pressure region by Silvera et al (2013).

The physical nature of the phase transition observed experimentally
remains unclear. Different variants are discussed: liquid-liquid, plasma-
plasma, molecular dissociation, Wigner metallization. Ab initio quantum
modeling is applied in this work to elucidate the nature of the phase tran-
sition studied.

Electron density of states and the characteristic gap in it are investi-
gated. The change of plasma frequency is suggested to be used instead of
the degree of ionization to characterize the difference between two phases.
Pair distribution function, and conductivity are calculated as well. Ar-
guments are given in favor of the plasma- plasma character of the phase
transition discussed. The connection is revealed with the liquid-liquid
phase transition, which is observed experimentally in melts by Brazhkin
et al (1989).

It is shown that Norman-Starostin (1968) ideas about (a) plasma phase
transition and (b) phase diagram for fluids and liquids are not anymore
hypotheses. They are confirmed by the experimental data and the new
theory suggested.

The work is partially supported by the RAS Presidium program of the
fundamental investigations No 2 Matter at High Energy Densities.
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BREWSTER ANGLE
OF SHOCK-COMPRESSED XENON PLASMAS

Norman G.E., Saitov I.M.*

JIHT RAS, Moscow, Russia

*saitovilnur@gmail.com

Experimental results [1] for Brewster angle measurements are used to
estimate the width of the shock front in xenon. The possible influence of
the shock front width on the dense xenon reflectivity is discussed.

Dependencies of reflectivities of s- and p- polarized components (Rs
and Rp) of laser radiation on the incidence angle are measured for plasma
densities 2.7 and 2.8 g/cm3 for the wavelengths λ = 1064 nm, 694 nm and
532 nm [1]. The minimum value (at the Brewster angle) of Rp is a nonzero
one because the medium considered is absorptive. The ratio Rp/Rs at the
Brewster angle defines the width of region of optical nonuniformity, which
also can be related to the width of the wave front.

The calculated values of the Brewster angle are shifted with respect to
the experimental values. It may be partially related to the nonzero width of
the wave front. The estimated values of the widths are 161 nm, 154 nm, 145
nm for the wavelengths 1064 nm, 694 nm and 532 nm respectively. These
values are obtained in the framework of the Drude theory of reflection in
optically nonuniform media. The density functional theory is applied to
calculate values of the dielectric function and refraction. The satisfactory
agreement of theoretical results with the experiment is obtained for the
wave front width 200 nm in the framework of Drude model [2].

The assumption that the width of the shock front could improve the
agreement of the Drude formula with static collisional frequency with the
experimental data is introduced in [3] for the normal incidence of laser
radiation. However the suggested width of the wave front is approximately
800 nm, which considerably exceeds both theoretical estimations 100 nm
and the results obtained in this work. The effect is discussed if the widths
found could influence the normal reflectivity obtained in the framework of
the density functional theory [4].

The work is partially supported by the RAS Presidium program of the
fundamental investigations No 2 Matter at High Energy Densities.

1. Zaporozhets Yu. B. et al. // Contrib. Plasma Phys. 2010. V. 50. P. 60.
2. Zaporozhets Yu. B. et al. // Non-Ideal Plasma Physics. 2014.
3. Zaporogets Yu. B. et al. // J. Phys. A: Math. Gen. 2006. V. 39. P. 1.
4. Norman G. E., Saitov I. M., Stegailov V. V. // JETP 2015. (accepted)
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ONE-ELECTRON MODEL OF THE HIGH-FREQUENCY
DIELECTRIC PERMEABILITY OF DENSE PLASMAS

Lankin A.V.,* Norman G.E., Saitov I.M.

JIHT RAS, Moscow, Russia

*Alex198508@yandex.ru

The approach is developed to calculate reflectivity and high-frequency
dielectric permeability of dense plasmas. The Kubo-Greenwood formula
is applied. One-electron wave functions are used.

Plane waves are substituted for the wave functions of the free states.
Hydrogen-like wave functions are substituted for the wave functions of
the bound states. Effective principle quantum numbers are used to take
into account the difference of the atom from the hydrogen atom. The
restriction of the excited pair bound states is included in the calculations.
The boundary energy is found from the molecular dynamics simulations

earlier as E < −2(4π/3)1/3e2n
1/3
e [Z/Z

1/3
av ].

Calculations are performed for the shock-compressed xenon. The re-
sults are in the fair agreement with the experimental data [1] for densities
ρ > 2g/sm3 whereas the remarkable discrepancy appears at low densities.

On the one hand, the discrepancy can be attributed to a finite width
of the shock front. The width increases with the decrease of density and
can contribute to the reflectivity at low densities.

On the other hand, the approximations used for the wave functions
are rather rough. The number of excited states, which are necessary to
include into calculations, increases with the decrease of the density. It is
another source of the error to be removed at low densities.

The work is partially supported by the RAS Presidium program of the
fundamental investigations No 2 Matter at High Energy Densities.

1. Yu.B. Zaporoghets, V.B. Mintsev, V.K. Gryaznov, V.E. Fortov. Physics of
the extreme states of matter - 2002. Chernogolovka. 2002. P. 188 - 189.
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THERMODYNAMICS OF NEWTON–WIGNER
RELATIVISTIC PARTICLE IN EXTERNAL POTENTIAL

FIELD

Larkin A.S.

JIHT RAS, Moscow, Russia

alexanderlarkin@rambler.ru

The work covers simulation of thermodynamical properties, such aver-
age energy and heat capacity, of relativistic Newton-Wigner pseudopar-
ticle [1], which is placed in external potential feld. Spinless Newton-
Wigner pseudoparticle corresponds to solutions of relativistic wave equa-
tion (Klein-Gordon equation) with positive energies [2]:[(

i~
∂

∂t
− eA0(x)

)2

− c2
(
−i~∇− e

c
A(x)

)2
−m2c4

]
φ(x, t) = 0.

where A0 is scalar, and (Ax, Ay, Az) - vector potential of external feld.
In this work we have made generalization of Wiener path integrals for
thermodynamics [3] on relativistic Newton-Wigner pseudoparticles. Also,
we have developed quantum Monte-Carlo procedure for calculations of
thermodynamical averages. For demonstration of the procedure, we have
calculated average energy and heat capacity of spinless Newton-Wigner
pseudoparticle in 1D - harmonic potential. Such system, which can be
named as relativistic harmonic oscillator, is defned by Hamiltonian:

Ĥ = ω(p̂) +
mω2

2
x̂2

where m is mass of particle, ω is oscillator parameter.

1. Newton T.D., Wigner E.P. Localized states for elementary systems. Reviews
of Modern Physics, 1949, vol. 21, no. 3. p. 400–406.

2. Schweber S. Introduction to relativistic quantum feld theory. Moscow, 1963.
3. Wiener N. Differential space. J. Math. and Phys., 1923, 2, p. 132–174.
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THE ELECTRONIC TRANSPORT COEFFICIENTS
AND PRESSURE OF Ni PLASMA

Apfelbaum E.M.

JIHT RAS, Moscow, Russia

apfel e@mail.ru

The thermophysical properties of various substances have been stud-
ied for more than a century because of their importance in fundamental
tasks and applications. Among these properties there are the pressure, the
electrical and thermal conductivities etc. However at high temperatures (
T > 5 kK) there is the deficiency of corresponding information as far as
it is difficult to carry out the measurements in these region. Nevertheless,
recently the new experiments for these properties have appeared in the
plasma region [1-4]. So the existing theoretical models can be checked.

In our previous works [5-7], we have developed the model to calculate
the chemical composition, electronic transport coefficient, pressure, inter-
nal energy for the plasma under study. Here we have applied the chemical
model, developed earlier for various substances, to obtain the plasma com-
position of Nickel. So we modified it correspondingly. The pressure and
internal energy can also be obtained by means of this technique. The
coefficients were calculated within the relaxation time approach (also the
BGK approximation [8]). The range of applicability of both approaches
is limited when the density increases (see corresponding estimates in [6,
7]). But the measurement data [1-4] are located in the area where the
application of our approach is still correct. Previously our model has been
successfully applied for plasmas of noble gases, noble metals, silicon and
boron [5-7]. Here we use it to study Nickel. The measurements of the
properties under study are presented in [1, 2] at T ≥ 10 kK and densities
less than normal one. Our calculations have also been carried out under
these conditions. The obtained results are in good agreement with the
results of measurements and calculations of other authors.

1. Clerouin J., Noiret P., et. al. // Phys. Plasmas. 2012. V. 19. 082702.
2. DeSilva A. W., Vunni G. B. // Phys. Rev. E. 2011. V. 83. 037402.
3. Korobenko V. N., Rakhel A. D. // Phys. Rev. B. 2013. V. 88. 134203.
4. Korobenko V. N., Rakhel A. D. // J. Phys. Cond. Mat. 2014. V. 26. 045701.
5. Apfelbaum E. M. // Contr. Plasma Phys. 2011. V. 51. 395.
6. Apfelbaum E. M. // Contr. Plasma Phys. 2013. V. 53. 317.
7. Apfelbaum E. M. // Phys Rev. E. 2011. V. 84. 066403.
8. Bhatnagar P. L., GrossE. P., Crook M. // Phys Rev. 1954. V. 94. 511.
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MODEL FOR DESCRIBING NON-EQUILIBRIUM HELIUM
PLASMA ENERGY LEVEL POPULATION

Kavyrshin D.I.,*1 Ageev A.G.,2 Chinnov V.F.1

1JIHT RAS, 2NRU MPEI, Moscow, Russia

*dimakav@rambler.ru

The fact that helium plasma at atmospheric pressure at temperatures
from 1 to 5 eV is in non-equilibrium state has been noted by various au-
thors. The necessity to use special methods is noted in [2] where an elab-
orate collisional-ionizational model is described allowing to make a more
detailed description of excited level structure and of transitions between
them. Such approaches had been suggested in earlier works as well [3],
but on a lower qualitative level because complex calculations of speeds of
a multitude of processes were an impossible task for computers at that
time. However, now this approach appears to be rather feasible. In order
to analyse the structure of helium plasma excited level population, a sys-
tem of equations derived from non-stationary model will be solved without
using approximate solutions [1, 3], using a possible minimum of approx-
imations found in [2] and using experimental data on cross-sections and
process speeds where possible. Our system of equations includes all energy
levels found in [4] for atoms and ions. The concentrations of charged par-
ticles are be found through the solution of equations of process kinetics in
which they are used as unknown variables instead of using Saha equations.
The challenge is to find roots of the system of 113 non-linear equations (the
number of excited states and auxiliary equations). The tests run on a sys-
tem of 17 equations including a part of excited levels have shown that
is impossible to obtain a correct solution using double precision (64-bit)
arithmetics due to its extreme stiffness. The values on which iterative pro-
cedures converges are affected by representation and round-off errors to
such extent that substituting them back into the equations yields inagree-
ment of a magnitude comparable to that of the found values themselves.
To solve the systems with better precision, Maple software was used.

1. Biberman L.M., Vorob’ev V.S., Yakubov I.T. // Kinetics of Non-eqilibrium
Low-temperature Plasma. M: Nauka, 1982.

2. Goto M. // Collisional-radiative model for neutral helium in plasma revisited.
JQRST V.76, 2003, pp. 331–344.

3. Fujimoto T. // A collisional-radiative model for helium and its application
to a discharge plasma. JQRST V. 21, 1979, pp. 439–455.

4. NIST ASD Team (2011), NIST Atomic Spectra Database (ver. 4.1.0), [On-
line]. Available: http://physics.nist.gov/asd.
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RADIOPHYSICAL METHODS OF MODELING THE
ELECTROMAGNETIC WAVES PROPAGATION THROUGH

A FLAT PLASMA LAYER
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Bocharov A.N.,1 Vedenin P.V.,1 Korneev V.N.,2
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This paper presents the model variants of plasma layer creating by
microwave discharges and plasma jet sources. Methods of creation a model
quasi-dynamic plasma antenna on the basis of plasma jet and antenna type
plasma structures of microwave range are also considered.

Pulsed discharge in a capillary with ablative wall can be used as a
method of creating plasma antenna. A microwave discharge is another
perspective method for plasma antennas creation in centimeter-decimeter
wavelengths range that allows us to apply this approach for modeling dif-
ferent types of plasma antennas (dipole, traveling wave antenna, spiral
antenna, and others).

Numerical modeling was initiated to analyze the interaction of mi-
crowave radiation with plasma layer. It is assumed that 2D consideration
will allow investigating the influence of various types of regular spatial
plasma structures on the characteristics of the transmission and scattering
of EM waves beams. The model allows to investigate also the development
of MW plasma structures (it is virtually impossible to implement in the
framework of 3D modeling).

A TECHNIQUE FOR THE RADAR CROSS-SECTION
ESTIMATION OF AXISYMMETRIC PLASMOID

Naumov N.D.,*1 Petrovskiy V.P.,1 Sasinovskiy Yu.K.,1

Shkatov O.Yu.2

1JIHT RAS, 2MAI, Moscow, Russia

*b1p2a3@mail.ru

The existing simulation codes of the radar cross-section estimation are
developed for fixed shape objects therefore these codes cannot be used
for inhomogeneous plasmoid because the shape of the wave reflection sur-
face depends on the angle between the plasmoid axis and the wave vector.
This paper presents simplified model for the radio waves backscattering
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from axisymmetric plasmoid. The model developed is based on Huygens’s
principle. According to physical optics method, the electrical current on
the reflection surface is a source of waves scattered from reflecting plasma.
This surface is approximated by a set of simple surfaces – a sphere, a cylin-
der and a cone. This assumption facilitates the summation of elementary
scattered waves and the angular coordinate integration can be made ana-
lytically in closed form. As the result the field of scattered wave is given by
the sum of longitudinal integrations. The radio waves scattering from pen-
etrable plasma is caused by the electron oscillations in the electromagnetic
wave field. For axisymmetric penetrable plasma the angular coordinate
integration can be made analytically therefore the field of scattered wave
is given by double integral. The approach developed takes into account
the radio waves backscattering from both penetrable plasma and reflecting
plasma and reduces the radar cross-section estimation to numerical inte-
grations. The computer program on the basis of MATLAB is developed for
the radar cross-section estimation. In this way it is easy to use tabulated
data for the electron concentration and the collision frequency.

NUMERICAL SIMULATIONS OF HEAT AND MASS
TRANSFER AT ABLATING SURFACE IN HYPERSONIC

FLOW

Teplyakov I.O.,*1 Bocharov A.N.,1 Golovin N.N.,2

Petrovskiy V.P.1

1JIHT RAS, 2OJSC CMIHT, Moscow, Russia

*mr crocodile@mail.ru

In this paper numerical modeling of heat and mass transfer in 3D hy-
personic flow is presented taking into account Thermal Protection System
destruction.

The simulation method is based on numerical solution of three-
dimensional heat equation within TPS, calculation of heat- and mass flux
on the flow-wall interface, estimation of the surface recession rate, and
re-shaping of both surface and interior. Ansys Fluent is used for solving
the heat problem, which is capable of working on unstructured grids.

For validation of the developed method 3D unsteady numerical sim-
ulation of thermal state within a sphere-cone shaped hypersonic vehicle
was carried out. Data on hypersonic flow necessary for the surface model
were taken from the calculations done with JIHT RAN PlasmAero code.
Unstructured tetrahedral mesh with about of 100,000 grid cells was used
for this test. Time-dependent temperature and heat flux fields were cal-
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culated. As well, surface recession rate and body re-shaping was assessed
in calculations.

COMPUTATIONAL GAS DYNAMICS IN A WIDE RANGE
OF MACH NUMBER ON HETEROGENEOUS CLUSTER

ARCHITECTURE

Evstigneev N.M.,*1 Bocharov A.N.,2 Ryabkov O.I.2

1ISA RAS, 2JIHT RAS, Moscow, Russia

*evstigneenm@ya.ru

The specific features of numerical method for gas dynamics problems
are considered in this paper. The viscous flows are considered in a wide
range of Mach number. The numerical method is based on conserva-
tion laws applied on unstructured heterogeneous mesh with further in-
tegration on complex cluster architectures. Mesh generating software is
non-commercial GPL-licensed, namely GMSH and Salome. Boundary lay-
ers are meshed by prisms or with hexahedra with further adaptation to
tetrahedral using prisms. Application of unstructured mesh allows one
to perform calculation of geometrically complex 3D objects with strict
conservation properties, unlike immersed boundary methods. The devel-
oped numerical method includes multiple flux solvers (Godunov’s, HLLC,
Roe-Fix, AUSM, etc.), first and second order spatial approximation, ex-
plicit, semi-implicit or implicit first order time schemes. The heterogeneous
computational environment developed by the authors is used in order to
perform computations. The program is written for heterogeneous clus-
ter architecture under UNIX OS using OOP C++ with CUDA extension.
The main computational module is an NVIDIA GPU. Main advantage of
the GPU utilization is the increase of the efficiency of a single computa-
tional module, thus greatly decreasing load on the cluster’s interconnect.
A wide range of problems is used for verification of the developed compu-
tational complex. Subsonic internal swirling flow in a pipe and hypersonic
flow problems with different body shapes are considered. All results on
these problems had a good agreement with reference data. Benchmark-
ing performance was conducted on subsonic and hypersonic problems, the
lesser result was chosen. Explicit method has almost linear acceleration
on 5 GPUs. Fully implicit method has 76% of linear acceleration on the
same 5 GPUs cluster. The performance of implicit method on five GPUs
is about 3.4 TFLOPS, estimated by the nvprof program.

206



INVESTIGATION OF TORCH FROM ARGON
AND NITROGEN PLASMA GENERATOR

WITH ELECTRICAL PROBE
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Relative simplicity and compactness of probe measurement allow us-
ing it under onboard conditions, for example, on descent spacecraft. In
this case the probe technique can be useful for measurement of plasma
frequency that occurs behind the bow shock at the altitude from 100 km
and above. The plasma formation near the surface results in several nega-
tive consequences such as heat shielding destruction, partially absorption
or full screening of telemetric, video, voice MW-signals [1]. For example,
last of mentioned phenomena is concerned with such plasma parameter as
plasma frequency and its value depends on electron concentration directly.

This work is devoted to investigations of plasma of plasmatron (plasma
generator) torch by mean of probe technique, the parameters of that are
close to plasma parameters that occurs near the surface of descent space-
craft under the movement at the Earth atmosphere. The probe mea-
surements of electro-conductivity have been performed by means of volt-
ampere characteristics for nitrogen and argon plasmas, with their tem-
peratures and electron concentration being similar to those of the plasma
behind a bow shock wave of a descent spacecraft [1]. The numerical calcu-
lations of plasma parameters (electro-conductivity, electron concentration)
are carried out for nitrogen and argon in dependence on temperature. Us-
ing the torch plasmatron with argon and nitrogen as an example, approba-
tion of the proposed technique is performed with local plasma parameters
properly obtained.

1. W.L.Grantham, Flight Results of a 25000-foot-per-second Reentry Experi-
ment Using Microwave Reflectometers to Measure Plasma Electron Density
And Standoff Distance // NASA Technical Note D-6062, 1970, pp. 1-92
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COLD DARK MATTER AND DARK ENERGY
IN UNIVERSE: POSSIBLE ANISOTROPY OF THE EARTH
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The Λ−CDM standard model of Big Bang cosmology looks formally
very successful, but it includes two vastly dominating and unknown - di-
rectly unobserved - components, Cold Dark Matter (CDM) and Dark En-
ergy (DE), filling more than 95 percent of the Universe. The hypothesis of
antigravitational interaction of elementary particles and antiparticles has
been developed in [1] for the simple two-component hydrodynamic model
with gravitational repulsion and attraction. An increase in the Jeans in-
stability rate, the presence of antiscreening, and the dominant role of the
gravitational repulsion as a possible mechanism of spatial separation of
matter and antimatter in the Universe are shown, as well as the observable
acceleration of far galaxies. The suggested approach permits to reestab-
lish the idea about baryon symmetry of the Universe, causing its steady
large-scale flatness and accelerated Universe expansion. On the basis of
the above hypothesis and results in this presentation one can assert that
the Euclidian geometry can be used for the Universe large-scale evolution
description after the Big-Bang. This statement leads to the conclusion
about existence of the anisotropic observable effects (as the red shifts and
some other) in astronomical observations.

1. I. Gribov, S.A. Trigger, Jeans instability and anti-screening in gravitational-
antigravitational model of Universe arXiv:1404.7122 (2014)
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ON THE AXIAL AND TRANSVERSE COOLING RATES
OF AN ANTIPROTON IN POSITRON GAS IN STRONG

MAGNETIC FIELD

Bobrov A.A.,* Bronin S.Ya., Khikhlukha D.R., Zelener B.B.,
Zelener B.V.
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In the experiments in CERN antihydrogen is formed during mixing of
antiprotons and positrons. One of the main goals of these experiments
is obtaining sufficient quantity of anitH atoms to find possible differen-
cies in antiH and H spectra. To trap antiH atoms a magnetic trap with
depth of about 1K is used. But initial kinetic energies of antiprotons are
much higher - from 100K to tens of eV. This represents a problem because
formed atoms have kinetic energy of antiprotons since high mass ratio of
antiproton and positron. Antiprotons can be cooled during collisions with
positrons since positron energy is about 10K and number of positrons is
50 times greater than number of antiprotons. But the question here is
what process is faster - atoms formation during threebody recombination
or antiproton energy relaxation. Theoretical investigation of the processes
is complicated by the presense of strong magnetic field of magnitude of
1-3 Tesla. Because of that numerical study of relaxation of the antiproton
energy in positron gas was performed using molecular dynamics method.
Calculations were made for different values of particles density and en-
ergy and magnetic field magnitude. It is shown that the relaxation rates
of parallel and perpendicular to the direction of magnetic field antipro-
ton velocity components are different. Parallel relaxation rate is much
less than perpendicular. The difference increases with the increase of the
magnetic field magnitude and may be up to 10 times for the experimental
conditions. Due to the slow relaxation of the parallel velocity the recom-
bination may occur when parallel velocity is still high. This may result in
high antiatom axial velocity and made it impossible to trap antiatoms in
the existing experimental conditions. Some experiment results have im-
plications that axial velocity components of antiatoms are indeed much
higher than transverse components.

Calculations were performed on MVS-100K supercomputer of Joint
Supercomputer Center of RAS (mvs100k.jscc.ru)

This work was supported by the MK-4092.2014.2, NSh-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).
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EXPERIMENTAL TECHNIQUES AND NUMERICAL
SIMULATIONS FOR STUDY OF RYDBERG MATTER

AND ULTRACOLD PLASMA

Zelener B.B.,*1,2 Saakyan S.A.,1 Sautenkov V.A.,1,3

Butlitsky M.A.,1 Bobrov A.A.,1 Bronin S.Ya.,1

Khikhlukha D.R.,1 Zelener B.V.,1 Fortov V.E.1

1JIHT RAS, 2NRNU MEPhI, 3LPI RAS, Moscow, Russia

*bobozel@mail.ru

We will present a short review of our recent experimental and theo-
retical results. A new experimental technique for precise measurements of
Rydberg state’s energies of Li7 has been developed [1]. The experimen-
tal setup includes magneto-optical trap and powerful continuous wave UV
laser system. The diagnostic of Rydberg states has been performed by
direct observation of resonance fluorescence of ultracold lithium atoms in
magneto optical trap.

The boundary of phase equilibrium in the frame of pseudo potential
model of ultracold plasma was investigated [2]. By using Monte-Carlo
method a curve of phase equilibrium is calculated for basic pseudo po-
tential model of ultracold plasma. A value of critical point was defined.
Correlations functions around the curve of phase equilibrium is calculated
as for a gas part as for a liquid part of binodal. The correlators for heavy
charged particles in magnetic field are calculated by using molecular dy-
namic method. The thermalization times are defined. For antiprotons and
positrons the energy correlators and decay constants for the field B = 1.5
Tesla are obtained when magnetic field is parallel and orthogonal to the
particle velocity. The energy losses in the direction of the magnetic field
are remarkably less than in the perpendicular direction.

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.,
Fortov V. E. // JETP Letters. 2014. V. 100. N. 6. P. 366–370.

2. Butlitsky M. A., Zelener B. B., Zelener B. V. // Journal of Chemical Physics.
2014. V. 141. N. 2. P. 14.
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TWO-PHOTON EXCITATION OF ULTRACOLD ATOMS
TO RYDBERG STATES

Saakyan S.A.,*1 Sautenkov V.A.,1,2 Zelener B.B.,1,3

Zelener B.V.1

1JIHT RAS, 2LPI RAS, 3NRNU MEPhI, Moscow, Russia

*saasear@gmail.com

In this work we discuss two-photon excitation and diagnostic of ultra-
cold Rydberg atoms in a magneto-optical trap [1]. Lithium atoms were
excited by using ultraviolet CW laser. For identification of Rydberg tran-
sitions we recorded resonance fluorescence of ultracold atoms. Spectra of
transitions 2P — nS, 2p — nD were measured. Our results are in good
agreement with theoretical simulations and experimental data available in
literature. Presented work is a part of our project focused on preparation
and study of ultracold plasma and Rydberg matter [2, 3].

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.,
Fortov V. E. // JETP Letters, 2014, Vol. 100, No. 6, pp. 366–370

2. Zelener B. B., Saakyan S. A., Sautenkov V. A., Akulshin A. M., Manykin
E. A., Zelener B. V., Fortov V. E. // JETP Letters, 2013, Vol. 98, No. 11,
pp. 670–674

3. Zelener B. B., Saakyan S. A., Sautenkov V. A., Manykin E. A., Zelener B. V.,
Fortov V. E. // JETP, 2014, Vol. 119, p. 795

IDENTIFICATIONS OF RYDBERG TRANSITIONS
IN ULTRACOLD LITHIUM ATOMS USING PRECISE

WAVEMETER

Vilshanskaya E.V.,*1,2 Saakyan S.A.,1 Sautenkov V.A.,1,3

Zelener B.B.1,4

1JIHT RAS, 2NRU MPEI, 3LPI RAS, 4NRNU MEPhI, Moscow, Russia

*eva.villi@gmail.com

In our laboratory is developed a simple technique for identification
and measurements of Rydberg transitions. In our experiment the fre-
quency of the ultraviolet tunable laser was controlled with precise waveme-
ter Angstrom WS-U. The wavemeter was calibrated by using laser locked
to Doppler-free absorption resonance in rubidium 85 vapor cell. Ultra-
cold lithium atoms were trapped in magneto-optical trap by cooling lasers
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tuned to resonance transitions 671 nm [1]. The atoms were excited to Ry-
dberg states by using CW ultraviolet laser (wavelength near 350 nm) [2].
When the frequency of UV tunable laser coincided with frequency of Ry-
dberg transition, the resonance fluorescence of ultracold atoms decreased.
This work was supported by the MK-4092.2014.2, NSh-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., et al. // JETP Letters, 2013,
Vol. 98, No. 11, pp. 670–674.

2. Zelener B. B., Saakyan S. A., Sautenkov V. A., Manykin E. A., Zelener B. V.,
Fortov V. E. // JETP Letters, 2014, Vol. 100, No. 6, pp. 366–370.

CALCULATING THERMODYNAMICAL PROPERTIES
OF TWO COMPONENT “SHELF COULOMB” PLASMA

MODEL USING GIBBS STATISTICAL ENSEMBLE MONTE
CARLO TECHNIQUE

Butlitsky M.A.,* Zelener B.V., Zelener B.B.

JIHT RAS, Moscow, Russia

*aristofun@yandex.ru

Earlier [1] a two-component plasma model, which we called a “shelf
Coulomb” model has been developed. A Monte Carlo study for canonical
NVT ensemble with periodic boundary conditions has been undertaken to
calculate equations of state, pair distribution functions, internal energies,
and other thermodynamical properties of the model. Now for the first time
the attempt is made to utilize so called statistical Gibbs ensemble Monte-
Carlo technique for this model. The Gibbs enseble technique was proposed
by Athanassios Z. Panagiotopoulos back in 1980-s [2] and is now commonly
used for obtaining the phase behavior of one and many components fluids
and mixtures. The goals of this work is to investigate the applicability of
Gibbs ensemble method to plasma “shelf Coulomb” model and to verify
results for equilibrium and phase properties obtained using NVT canonical
ensemble technique. First simulations show qualitatively similar results
for critical point region for both methods. And yet much remains to be
calculated and discussed. This work is supported by Russian Science Fund
grant (RNF 14-19-01492).

1. Butlitsky M. A., Zelener B. B., Zelener B. V., J Chem Phys. 2014, 141 (2).
2. Panagiotopoulos A. Z., Molecular Physics 1987, 61 (4) 813–826.
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KINETIC CHARACTERISTICS
OF THE MAGNETO-OPTICAL TRAP

Murashkin D.A.,*1,2 Saakyan S.A.,1 Sautenkov V.A.,1,3

Zelener B.B.1,2

1JIHT RAS, 2NRNU MEPhI, 3LPI RAS, Moscow, Russia
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For investigation of ultracold plasma recombination in strong magnetic
field it is necessarily to load the ground-state atoms in a dipole trap. In or-
der to increase a number of trapped atoms, the temperature of the loaded
atoms have to be less than the Doppler-limit. In our presentation we
will discuss possible techniques of sub-Doppler cooling of lithium atoms
and accurate temperature measurements [1]. Also we will discuss different
methods of loading atoms in dipole trap. In order to study the recombina-
tion of ultracold plasma a special water cooled magnet system (0.1 Tesla)
is developed.

This work was supported by the MK-4092.2014.2, no. SS-6614.2014.2,
the RFBR 14-02-00828, the Presidium of the RAS (Basic Research Pro-
gram ”Investigation of Matter in Extreme States” headed by V.E. Fortov.

1. Grier A. T., Ferrier-Barbut I., Rem B. S., Delehaye M., Khaykovich L., Chevy
F., Salomon C. // Phys. Rev. 2013. V. A87. P. 063411.

KINETICS OF EXCITED INERT GAS ATOMS
IN A GAS DISCHARGE PLASMA

Smirnov B.M.,1 Afanas’ev V.P.,2 Zhilyaev D.A.*1

1JIHT RAS, 2NRU MPEI, Moscow, Russia

*zhiliay@gmail.com

A gas discharge plasma is a nonequilibrium system in principle [1–3]
because first an electric field energy is injected in a gas through plasma
electrons and then electrons transfer this energy to atoms. Hence, this
system requires the kinetic description [4] which is based on the cross
sections and rate constants of elementary processes. A general approach
to this problem [5, 6] is based on the simultaneous analysis of the kinetic
equation for the energy distribution function of electrons and the balance
equations for excited atoms based on parameters of elementary processes
in a gas discharge plasma. Usually, elastic and inelastic collisions are of
importance for kinetics of a gas discharge plasma, and the peculiarity of
this description is such that the theory does not allow to evaluate the cross
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sections of electron-atom processes reliably, so that experimental data are
required for this goal or certain scaling models based on experimental
results.

Now there are a lot of computer simulations based on this approach
but all those are not reliable for two reasons. First, processes of formation
of fast electrons and excited atoms have the self-consistent character, that
is the process of atom excitation leads to a sharply drop of the electron
distribution function with an increasing electron energy, and this in turn
causes a decrease of the excitation rate. In this paper the coupling of these
processes is taken into account for an inert gas discharge plasma with a
not large electron number density (Ne < 1013cm−3). Second, the fact of
the dependence of the atom excitation cross section on the electron energy
accounts for in this paper by based on the quenching rate constants which
are independent of the electron energy at low energies.

1. A.A.Kudryavtsev, A.A.Smirnov, L.D.Tsendin. Physics of Gas Discharge.
(Petersburg, Lan’, 2009; in Russian)

2. B.M Smirnov. Phys.Usp. 52, 519(2009)
3. L.D.Tsendin. Phys.Usp. 53, 133(2010)
4. Y.P.Raizer. Gas Discharge Physics. (Berlin, Springer, 1991)
5. L.M.Biberman, V.S.Vorob’ev, I.T.Iakubov. Phys.Usp. 128, 233(1979)
6. L.M.Biberman, V.S.Vorob’ev, I.T.Iakubov. Kinetics of Nonequilibrium Low-

Temperature Plasma. (New York, Consultant Bureau, 1987)

MEASUREMENT OF ION ENERGY LOSSES
IN GAS-DISCHARGE PLASMA

Gavrilin R.O.,*1 Savin S.M.,1 Rudskoy I.V.,1 Golubev A.A.,1

Kuznetsov A.P.2

1SSC RF ITEP, 2NRNU MEPhI, Moscow, Russia

*roman gavrilin@mail.ru

The studying of stopping processes of heavy charged particles in the
plasma relates to the fundamental problems of plasma physics and the
physics of high energy density in matter. In recent years, researches on
the interaction of ion beams with plasma actively was carried out in many
scientific centers of the world: Germany, France, USA, Japan and China.
However, the experimental data on the interaction of ions with the plasma
at energies of particles in the range of 40 - 500 keV / amu are almost
absent. Thus, the study of the processes that determine the energy loss
of ions in the plasma, have acquired great importance. Within the solving
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the fundamental problem and developing of methods, a series of stopping
experiments on the accelerator based in IMP (Lanchou, China) was pro-
vided. Also the discharge of plasma target device was diagnosed in ITEP
in cooperation with specialists from MEPhI. High-current discharge target
device [1], created in ITEP was installed and started on the test stand in
IMP CAS, Lanzhou. Current discharge parameters in the target was mea-
sured. High current pulse generator produce potential difference of 2 to 5
kV, and initiates a gas discharge in a hydrogen gas at a pressure of from
1 to 10 mbar. The characteristic value of the discharge current is 1.5 kA
at full pulse duration 10 ms. Parameters of the plasma generated in the
target have been measured [2]. The linear density of the plasma electrons
is in the range of 4*101̂7 cm-̂2 to 1.31*101̂8 cm-̂2, depending on the initial
values of the discharge voltage and the gas pressure in a cold target. The
maximum degree of ionization of the plasma in the target was obtained as
0,62 +/- 0,05 at the value of the initial gas pressure of 1.5 mbar. Stopping
experiments of protons and helium ions (He + 1 + No 2) with an energy
of 100 to 200 keV in plasma targets device at different discharge parame-
ters was produced. [3] Works are performed with assistance of the Russian
Foundation of Basic Research (grant No. 12-02-91186-GFEN A)

1. G.E. Belyaev, M.M. Basko et al. Phys. Rev. E 1996, v.53, N3, pp.2701-2707
2. A. P. Kuznetsov, O. A. Byalkovskii et al, Plasma Physics Reports (Impact

Factor: 0.65). 03/2013; 39(3)
3. Rui Cheng, Yongtao Zhao et al, Journal of Physics Conference Series 04/2014;

488(9):092005.

RADIATIVE SPECTRA OF DENSE HYDROGENIC
PLASMA: LINE-TO-CONTINUUM TRANSITION

PROBLEM

Dyachkov L.G.

JIHT RAS, Moscow, Russia

dyachk@mail.ru

The problem of reasonable description of the line-to-continuum transi-
tion in radiative spectra has been discussed during many decades. While
the isolated atom theory shows a smooth transition, a number of computa-
tion problems appear in practical calculations (for example, the line wing
extension over the continuum threshold) because of the lines and contin-
uum are considered in different ways. The line broadening theory takes
into account the density (non-ideality) effects, while the continuum is usu-
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ally calculated in the ideal plasma approximation. Therefore, the problem
of the matching of discrete and continuum spectra arises. At the present,
the method of effective populations (or occupation probability method) is
normally applied for the matching. It assumes that the intensity of the
high members of spectral line series decreases in proportional to the occu-
pation probability factor W due to the destruction of the higher excited
levels in plasma microfields. Then the lost of the line oscillator strength
is compensated by the continuum expansion to the near-threshold region
with a factor 1−W . We have presented more natural alternative approach
in the framework of which the line and continuous spectra are calculated
using the same model. We consider a hydrogen atom (hydrogen-like ion)
immersed in quasistatic ion microfield approximated by a homogeneous (in
atomic scale) electric field, and make the calculation in parabolic coordi-
nates. Then the radiative spectrum is a continuum with Stark resonances
corresponding to the region below the potential barrier top. After averag-
ing over quasistatic microfields with corresponding distribution function
and inclusion of the electron broadening of the Stark resonances we obtain
the radiative spectrum of hydrogen plasma containing the lines and con-
tinuum. Calculations for conditions corresponding to recent experiments
on dense hydrogenic plasma radiation show a good agreement with exper-
imental data. Moreover, in a sense our method can be considered as a
justification of the occupation probability method.

THE ELECTROSTATIC INTERACTION OF TWO
CHARGES IN EQUILIBRIUM PLASMAS WITHIN THE

DEBYE APPROXIMATION

Filippov A.V.

SRC RF TRINITI, Troitsk, Russia

fav@triniti.ru

In paper [1], on the basis of the analysis of the force between two
macroparticles in a plasma by using the Maxwell stress tensor it was shown
that within the Poisson – Boltzmann model two macroparticles with the
same charge always repulsed each other in both isothermal and nonisother-
mal plasmas. Ignatov in [2] deduced the same result. In spite of this clear
conclusion new papers are regularly published with the statement of the
same charged particle attraction in the equilibrium plasma (see, for ex-
ample, papers [3–5]). This paper is devoted to a careful study of two
charge interaction in the equilibrium plasma within the Debye approxima-
tion. The interaction potential is obtained in both the grand canonical
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and canonical ensembles. The effect of outer boundary conditions for the
electric field strength and potential on the electrostatic force is studied.

This paper is partly supported by the Rosatom State Corporation
(State contract no. N.4h.44.90.13.1107).

1. Filippov A. V., Pal′ A. F., Starostin A. N., Ivanov A. S. // JETP Letters.
2006. V. 83. No. 12. Pp. 546–552.

2. Ignatov A. M. // Phys. Usp. 2001. V. 44. P. 199–204.
3. Shukla P. K., Eliasson B. // Rev. Mod. Phys. 2009. V. 81. No. 1. Pp.25–44.
4. Baimbetov F. B., Davletov A. E., Kudyshev Zh. A., Mukhametkarimov

E. S. // Contrib. Plasma Phys. 2011. V. 51. No. 6. Pp.533–536.
5. Shavlov A. V., Dzhumandzhi V. A. // Physics of Plasmas. 2013. V. 20,

083707. Pp. 1–5.

CHARACTERISTICS OF THE DISCHARGE FOR HIGH
RATE DC MAGNETRON SPUTTERING

Serov A.O.,*1 Mankelevich Yu.A.,2 Ryabinkin A.N.,1 Pal A.F.2

1SRC RF TRINITI, Troitsk, 2MSU, SINP, Moscow, Russia
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The work aims to study the features of gas discharge plasma used for
high-rate sputtering processes for structural and functional coating pro-
duction. A DC magnetron sputtering of copper target was carried out
in argon plasma at an average power density from 101 to 102 W/cm2.
Current-voltage and current-pressure characteristics of the magnetron dis-
charge in the buffer gas pressure range from 1 to 30 mTorr were measured.
The intensity profiles of integral glow discharge and the optical emission
spectra were obtained. A Monte Carlo model was developed for calculating
the trajectories of electrons in crossed electric and magnetic fields (ExB),
taking into account elastic and inelastic collisions of electrons with atoms
of the buffer gas. For a number of typical values of the magnetic induction
and electric potential the spatial distribution of ionization coefficients and
excited electronic states of argon were calculated. The calculation results
are consistent with the optical emission data.

The work was supported by RFBR grant #13-02-01161A, Rosatom
contract #H.4x.44.90.13.1090 and grant NSh-493.2014.2
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MICROPARTICLE CHARGING IN A DRY AIR PLASMA
CREATED BY AN EXTERNAL IONIZATION SOURCE

Derbenev I.N.,* Filippov A.V.
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In the present work the dust particle charging is studied in a dry air
plasma created by an external ionization source. The ionization rate is
changed in the range 101–1020 cm−3s−1. The main ion components of the
plasma are obtained by the analysis of ion-molecular reactions from [1]. It
is found that the main positive ion is O+

4 and the main negative ions are
O−2 and O−4 . The point sink model based on the diffusion-drift approach [2]
shows that the screening potential distribution around a dust particle is a
superposition of four exponentials with four different spatial scales. The
first scale almost coincides with the Debye radius. The second one is
the distance, passed by positive and negative plasma components due to
ambipolar diffusion over their characteristic recombination time. The third
one is defined by the negative ion conversion and diffusion. The fourth scale
is described by the electron attachment, recombination and diffusion at low
gas ionization rates and by the recombination and diffusion of negative
diatomic ions at high ionization rates. It is also shown that the electron
flux controls the microparticle charge at high ionization rates despite the
electron density is much less than the ion one.

This work was supported by the State Atomic Energy Corporation
“ROSATOM” (SC no. N.4h.44.90.13.1107) and the Russian Foundation
for Basic Research (project no. 15-02-06873).

1. Kossii I. A., Kostinsky A. Yu., Matveyev A. A., Silakov V. P. // Plasma Source
Sci. Technol. 1992. V. 1. P. 207.

2. Filippov A. V., Zagorodny A. G., Pal A. F., Starostin A. N. // JETP Letters.
2005. V. 81. P. 146.
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DUSTY PLASMA
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Using the plasma methods of particle surface processing we obtain
the composite ceramics with improved performance data. The composite
ceramics may be required in the production of functional materials for
chemical and radiation-aggressive environments, structural elements for
high pressures and temperatures in neutron diffraction studies of materi-
als under these conditions, tool products. To incorporate homogeneously a
small amount of binding material or modifying agent in the batch consist-
ing of micron size particles is a problem of composite material production
process. In this work the problem is solved by deposition of a thin coating
on the initial powder particles by means of high-rate magnetron sputter-
ing. The confinement of dusty particles in plasma was used in fine powder
processing procedure.

Composite powders based on some materials were obtained: consist-
ing of diamond particles with cobalt coating and of the Al-Cu-Fe qua-
sicrystalline particles with nickel one. The composition of the obtained
composite powder, structure and mechanical properties of compacts ob-
tained by sintering at high pressure and temperature were studied. The
results showed that the method provides sufficiently high uniformity incor-
poration of small quantities of additives (at concentration of about 3 wt.
%) to fine powders. The conditions of sintering which provide producing
compacts with improved performance data from the composition powders
were established. The diamond compacts showed high densities and high
elastic moduli. The quasicrystall based ceramics showed low friction coef-
ficient and low wear. The noted material properties were provided by the
complex of the methods used.

The work was supported by Rosatom contract #H.4x.44.90.13.1107
and NSh-493.2014.2.
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The electric charge of the microparticles is a fundamental characteristic
that determines the particles behavior in various processes. The known
experimental methods of the charge determination require a selection of
the particles from the flow and complex electrical measurements [1].

The using of the electrodynamic quadrupole trap allows to performing
the charge measurement without selection of microparticles from the flow.
In this work, we measured the charge and the mass of the individual Al2O3

particle, confined in the electrodynamic trap.
The electrodynamic trap was formed by four steel, vertically oriented

electrodes with diameter d = 4 mm, set in the corners of a square with
sides of 3 cm. The length of the electrodes was equal to 31 cm. To the
electrodes the AC 50 Hz voltage with amplitude of 4kV was applied. On
the axis of symmetry of the trap the steel ball with a diameter D = 8 mm
was installed. The ball was placed on a 12 cm length metal rod. To the
ball the constant electric potential was applied.

The mass of the particle was determined by its free-fall velocity. From
the structure of particles confined by the electrodynamic trap all particles
except one were removed. The potential U = 4 kV to the ball was applied.
Thereafter, the ball was grounded, and the particle begins to fall under
gravity. The trajectory was recorded with a video camera.

To determine the particle charge, the distance between the particle and
the ball was measured. The weight of the particle was counterbalanced by
the force acting on the particle by the electric field.

The measured values of the particle charge were in the range of 3 · 105

– 3 · 106 e. The measured values of the particle mass were in the range of
2 · 10−11 – 5 · 10−10 kg.

1. Vereshagin I. P., Levitov V. I., Mirzabekyan G. Z., Pashin M. M. // Osnovy
elektrogazodinamiki dispersnykh sistem. M.: Energiya, 1974. 480 p.
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AND BARRIERS IN THE LINEAR PAUL TRAP
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The effect of charged microparticles trapping in an alternating electric
field is used in Paul trap devices. The alternating electric field in the trap
is generated by alternating voltage of specific frequency that is applied to
the trap electrodes. Such alternating electric field may result in arising of
a pseudopotential well or barrier in various areas of the trap.

The theory of motion of nonrelativistic charged particle in an alternat-
ing electric field was developed in [1]. An effective force acting a charged
particle is called Gaponov-Miller force [2]. The generalizations of the the-
ory of charged particle motion in an alternating electric field in gaseous
medium with the friction force proportional to the particle velocity was
derived in [3].

The purpose of this work is to study effective forces acting on a charged
micropaticle and identification of areas of pseudopotential well or hill. The
equation of microparticle motion is solved for this purpose: mp~̈r = mp~g+∑
i(
~Ei(r)qpsin(ωt+φ))+6πηrp( ~vf−~̇r) where mp is microparticle mass, ~̈r, ~̇r

and ~r are microparticle acceleration, speed and radius vector respectively,
~g is free fall acceleration, Ei(r) is electric field intensity for electrode i, qp
is microparticle charge, ω is alternating field frequency, φ is phase shift, η
is dynamic viscosity of gas medium, rp is microparticle radius, vf is speed
of gas.

The effective force acting the charged microparticle is calculated by
equation Feff = −5W where W = 1

2mpṙ2 is averaged over the period of
oscillation kinetic energy.

1. Gaponov A. V., Miller M. A. // JETP. 1958. V. 34. P. 242–243.
2. Bolotovsky B. M., Serov A. V. // UFN. 1994. V. 164. P. 545–549.
3. Volkov V. N., Krylov I. A. // New study methods in theoretical electrotech-

niques and engineer electrophysics // Ivanovo State Power University named
after V.I. Lenin. Ivanovo, 1976. P. 76–83.
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CONFINEMENT OF CHARGED MICROPARTICLES
IN A GAS FLOW BY THE LINEAR PAUL TRAP
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Pecherkin V.Ya., Lapitsky D.S., Filinov V.S., Deputatova L.V.
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Charged dust particles (microparticles) are often present in many power
installations where they can play a positive or negative role. As an example
let us mention installations of plasma etching in which the formed particles
are to be removed as well as in the fusion devices. But there are problems
when it is necessary to remove particles of definite sizes that is not possi-
ble to achieve with the help of electrostatic precipitators using the direct
current corona discharge. In the previous works [1, 2] we demonstrated
a possibility to confine the Coulomb systems of charged microparticles in
the atmospheric pressure air with the help of the electrodynamical traps.
We have determined the regions of a confinement of charged microparti-
cles in a wide range of parameters (charge, mass, radius of microparticles,
electric field strength and its frequency). To capture and confine charged
microparticles in a gas flow the updated electrodynamical trap has been
suggested [3]. The aim of the present work was the experimental study of
a possibility to confine charged microparticles in the linear Paul trap in a
gas flow. The possibility to confine charged microparticles in a gas flow
using the linear Paul trap was confirmed experimentally.

1. Filinov V. S., Lapitsky D. S., Deputatova L. V., Vasilyak L. M., Vladimirov
V. I., Pecherkin V. Ya. Dust Particles Behavior in an Electrodynamic Trap
// Contrib. Plasma Phys. 2013. V. 53. N. 4–5 P. 450–456.

2. Vasilyak L. M., Vladimirov V. I., Deputatova L. V., Lapitsky D. S., Molotkov
V. I., Pecherkin V. Ya., Filinov V. S.and Fortov V. E. Coulomb stable struc-
tures of charged dust particles in a dynamical trap at atmospheric pressure
in air // New Journal of Physics. 2013. V. 15. P. 43–47.

3. Filinov V. S., Lapitsky D. S., Deputatova L. V., Vasilyak L. M., Vladimirov V.
I., Sinkevich O. A. Dynamic Dust Particle Confinement in Corona Discharge
Plasma // Contrib. Plasma Phys. 2012. V. 52. N. 1. P. 66–69.
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DISCHARGES WITH DUST PARTICLES
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JIHT RAS, Moscow, Russia

*cryolab@ihed.ras.ru

Collective processes in dusty plasmas can lead to the development of
instability associated with loss of plasma energy on dust particles. The in-
termittent mode with the development of self-oscillations of the discharge
was previously observed in the dc glow discharge in air with dust parti-
cles [1]. In this study is discussed the unstable mode of dc glow discharge
characterized by low-frequency glow pulsations observed in neon dusty
plasma. The pulsing mode of discharge is associated with a change in
the current-voltage characteristics (CVC) of the discharge. The discharge
oscillations are determined by transitions between the normal and subnor-
mal discharge regimes and correspond to the different dynamics of dust
particles. This type of instability is characterized by a negative differential
resistance. Such a shift to position along CVC with less value of discharge
current, can be accompanied by the transition from the stationary state
of striations to the state with moving striations. The mode with moving
striations is known to be accompanied by oscillations and waves in dusty
plasma, which reduce the plasma losses and may contribute to a return
to the initial mode of discharge. Such instability is the result of uniform
energy dissipation in a plasma bulk. It is determined by the particles
dynamics and depends of the number density (or the number) of dust par-
ticles [2]. In the initial state, the dust particles are positioned in the center
of the discharge tube with a maximum number density. The moment of
transition between modes of discharge is accompanied by radial expansion
of the dust cloud. The dispersion of dust particles may be associated with
increasing heat release in a plasma with the dense dust structure [2] and
the destruction of the plasma trap during the transition to the mode with
the moving striations. Upon reaching such a low density of dust particles
when the plasma losses on them are low, the electrical parameters of the
plasma return to the initial state, the dust particles move to the center of
the plasma trap and the process repeats.

This work was supported by the RFBR grant 13-02-00641.
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DUST CONCENTRATION INFLUENCE ON PLASMA
CHARACTERISTICS OF THE DC GLOW DISCHARGE

IN NEON

Shumova V.V.,* Polyakov D.N., Vasilyak L.M.

JIHT RAS, Moscow, Russia

*shumova@ihed.ras.ru

The simulation was based on the drift-diffusion model of the uniform
glow discharge positive column in neon with dust particles [1]. The losses
of ions and electrons and quenching of metastable atoms on the surface
of dust particles in a plasma bulk were considered [2]. The radial distri-
butions of plasma components in a dust-free discharge and in presence of
dust structures of various particles density are simulated. Dust particles
cause additional losses of plasma particles on their surface and change the
plasma ionization balance. The simulations have shown the changes of the
radial profiles of plasma components at high concentration of dust parti-
cles. The increase of dust particle concentration leads to the case when
the electron concentration on the outer face of dust cloud becomes higher
than in the center of the tube, i.e. the maximum of electron profile shifts
towards the tube wall, forming a local minimum in the center of discharge
tube. When the dust particle concentration attains some critical value,
the radial electric field changes its direction towards the discharge tube
center within the dust structure. The simulations show the change in the
radial distribution of electron concentration profiles caused by dust parti-
cles, resulting in the inversion of the radial electric field and causing the
increase of the charge of dust particles in the vicinity of the border of the
dust cloud at high concentration of dust particles. Dust particles loading
in the glow discharge in neon is shown to lead to the noticeable increase of
the longitudinal electric field strength. It is shown that the higher is gas
pressure and discharge current the higher is the relative increment of the
longitudinal electric field strength, caused by losses of plasma particles on
the surface of dust particles. Within the dust structure, the metastable
atom concentration was shown to be higher than in discharge without dust
particles at the same discharge parameters.

This work was supported by the RFBR grant 13-02-00641.
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THE EVOLVEMENT IN SITU EXPLORATION THE
PARAMETERS OF DUSTY PLASMA AT LUNAR SURFACE

Dolnikov G.G.,* Zakharov A.V., Afonin V.V., Kuznetsov I.A.,
Lyash A.N., Shashkova I.A., Popel S.I.

IKI RAS, Moscow, Russia
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Theoretical insight about photoemission properties of lunar regolith
interacted with solar flux is noted distinction by parameters from current
investigations. The characteristic dusty plasma at lunar surface has some
open questions where main of these is quantum yield of photoelectrons
from regolith particles. The flux of Solar wind is supported effects of
density distribution of dusty plasma particles and electric fields depend
of altitude. In order to determine the effect of quantum yield of photo-
electrons (within the context of exist uncertainty) there is provided direct
experiment on lunar lander modules. The PmL instrument of Luna-Glob
and Luna-Resource coming mission is allowed to realize measurements on
Moon ground of the branches of energy spectra electrons and ions in lighted
and shaded phases used in Longmire probe in range from −80 to +80 V.
In addition the movement investigation of dusty plasma particles by sensi-
tive piezo-ceramic sensors and electro-induction probes of PmL instrument
are allowed getting in the evolution dusty plasma upon surface our closest
space sputnik.

DUST STRUCTURES IN CRYOGENIC DC DISCHARGE:
SOME SUGGESTIONS FOR FUTURE RESEARCH

Antipov S.N.,* Lapitsky D.S., Vasiliev M.M., Petrov O.F.

JIHT RAS, Moscow, Russia

*antipov@ihed.ras.ru

This paper discusses the current and potential use of cryogenic dc dis-
charge in dusty plasma studies, with particular reference to experimental
issues. Gas discharges at cryogenic temperature of atoms have many fea-
tures that may occur in experiments with dusty plasmas. In particular, in
dc low-pressure glow discharges at cryogenic temperature of discharge tube
walls strong anisotropy of ion velocity distribution function takes place.
This, in turn, can cause considerable change of the discharge dust struc-
ture properties. Experiments are conducted with micron-sized particles
in dc glow discharge at gas temperatures of about 5-77 K. The results of
recent numerical simulations and theoretical analysis of ion drift in depen-
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dence on atom temperature are discussed. Tasks for future investigations
are formulated.

STRUCTURE TRANSITIONS IN SMALL CLUSTERS
WITH YUKAWA INTERACTION POTENTIAL

Koss X.G.,* Petrov O.F., Myasnikov M.I., Statsenko K.B.,
Vasiliev M.M.

JIHT RAS, Moscow, Russia

*xeniya.koss@gmail.com

The small systems of interacting particles are actively studied in various
fields of science and technology, including nanoengineering and materials
design. One of the most interesting and important questions about the
properties of small systems is the exploration of their phase states and
phase transitions. But the classical thermodynamical approach is inappli-
cable for this problem.

In this case, methods of analysis of dynamical systems appear to be very
effective; in particular, the “dynamic entropy”, the concept introduced by
Shannon [1] and later developed by Kolmogorov and Sinai [2]. The value of
the dynamic entropy decreases when the system orders, and its exploration
of the phase space becomes more difficult [3]. In this work we use the
simple approach for the estimation of the dynamic entropy, which can be
easily applied for the analysis of the experiments and for the numerical
simulation - so-called “mean first-passage time”, MFPT entropy [4, 5].

In present work, the results of the numerical simulation of the dynamics
of two-dimensional clusters of 7 and 18 particles interacting via the Yukawa
potential are presented. The simulation was carried out by the Langevin
molecular dynamics method; for the details see [6].

We have numerically obtained the MFPT entropy functions for the
various values of kinetic temperature, corresponding to the conditions of
the laboratory experiments with gas-discharge dusty plasma. Three phase
states of the considered small systems are registered: crystal, liquid and
transitional. The mechanism of phase transitions in the systems under
study is described.

This work was supported by the Russian Science Foundation (project
14-12-01440).
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RELAXATION TIME IN A MODEL OF DUSTY PLASMA

Timofeev A.V.

JIHT RAS, Moscow, Russia
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The dusty plasma consists of solid particles and ionized gas. The par-
ticles diameter is several micrometers. Dust particles acquire a significant
negative charge due to the different mobility of electrons and ions. The
number of dust particles in laboratory experiments can be from one to
thousands of dust particles. Dust particles can acquire kinetic energy of
10 eV and even more, which is much higher than the temperature of ions
and electrons in gas discharge and the temperature of dust particles sub-
stance. The dust particles levitation is provided by the fact that gravity
is compensated by the electric force. This force is conditioned by the in-
fluence of the electric field in the near-electrode layer on the charged dust
particles. This is a core reason which leads to the asymmetry problem.
Average kinetic energy of the dust particles vertical motion may differ sig-
nificantly from the average kinetic energy of the horizontal motion of dust
particles due to this asymmetry. The relaxation processes affect many
aspects of dusty plasmas study. In particular, the determination of the
system equilibrium and the determination of the systems which can attain
equilibrium are directly linked to the issue of relaxation of all degrees of
freedom of dusty plasma structures. The system equilibrium is the first
requirement for the use of thermodynamic functions for the description of
plasma-dust system. In particular, there is a question of equality of the
average kinetic energy of dust particles and the term “temperature”. In
addition, the asymmetry of forces which influence dust particles motion
leads to the specific mechanisms of energy transfer between the degrees
of freedom and further complicates the determination of the relaxation
mechanism and the relaxation time of the subsystems in dust particles
system.

A method for the relaxation time estimation in nonideal dusty plasma
is proposed. Estimations for the characteristic relaxation times of verti-
cal and horizontal motion of dust particles in gas discharge are obtained.
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These relaxation times appears to be different. The relaxation time of dust
particles system moving in all three directions is also estimated. A single
hierarchy of relaxation times is proposed. The applicability of the thermo-
dynamic functions for the description of plasma-dust system is discussed.

EXTENDED MATHIEU EQUATION IN DUSTY PLASMA

Semyonov V.P.,*1 Timofeev A.V.2

1MIEM HSE, 2JIHT RAS, Moscow, Russia

*vpsemenov@gmail.com

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. Since fluctuations of dust particles in the gas-discharge plasma
on vertical and horizontal directions are largely independent, motions in
this directions can be separated. So the dust particles motion and some of
the energy transfer mechanisms can be described by the extended Methieu
equation: ẍ+2λẋ+ω2

0(1+hcosωpt)x = η(t), where η(t) is a random force.
There are an approximate analytical solution for the Mathieu equation

ẍ + 2λẋ + ω2
0(1 + hcosωpt)x = 0 in the approximation of small h, ε =

ωp − 2ω0/n and λ [2].
Acting by an analogy with [2] and using averaging over an ensemble

of distributions of η(t), we can obtain an expression for the growth rate
of the amplitude s. The resonance areas boundaries obtained analytically
and the ones obtained numerically are close only for nonfriction system
with if h < 1.

The approach proposed in [2] leads to serious differences with the nu-
merical solution of the equation In the presence of friction (λ 6= 0). This
is due to the fact that this approach takes into account only terms of
zero-order of smallness with λ. The authors have proposed a solution that
takes into account terms of other orders of smallness. The results obtained
this way are closer to the data obtained numerically. It also explains such
phenomenon as the shift of the ω0/ωp value wherein the resonance occurs
with a minimum value of h.

The extended Mathieu equation is researched for a wide range of pa-
rameter values. Using analytical and numerical approaches derived bound-
aries of the resonance area, the time of onset and the growth rate of the
amplitude at various system parameters. The results of the calculation are
compared with various approximate analytical solution and the theory is
specified in the places of disagreements.
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SOLUTION OF THE INVERSE LANGEVIN PROBLEM
FOR OPEN DISSIPATIVE SYSTEMS WITH ANISOTROPIC

INTERPARTICLE INTERACTION

Lisin E.A.,* Lisina I.I., Vaulina O.S.

JIHT RAS, Moscow, Russia

*eaLisin@yandex.ru

It is well known that a charged particle or macroobject, immersed
in a flowing plasma, creates a perturbed region (a wake) behind itself.
Wakefield potential is often invoked to explain a vertical alignment of
dust particles levitating in the plasma sheath of capacitive radio-frequency
(RF) discharge. In such a plasma ions have a directed velocity relative to
stationary dust particles which can lead to focusing of ion fluxes behind
negatively charged particles and, as a consequence, to difference between
the interaction of dust particles in the directions perpendicular to the ion
flow and parallel to it.

To date, the experimental determination of the pair interaction forces
have been carried out between horizontally aligned particles [1], [2] sus-
pended in the sheath of capacitive RF discharge; as well as between heavy
probe particle and dust cloud in the diffuse edge of inductive (electrode-
less) RF discharge [3]. In all this cases the interparticle interaction can be
described in the isotropic approximation.

In this report we consider a possibility of experimental diagnostics of
anisotropic interaction forces between dust particles in plasmas, arising due
to effects of ion focusing. To recover anisotropic interparticle interaction
forces we improved the method based on solving the inverse Langevin
problem [2].

We verified the method on the results of numerical simulation of chain
structures of particles with quasidipole-dipole interaction, similar to the
one occurring due to effects of ion focusing in gas discharges. It was
shown that the proposed method can recover the spatial distribution of
anisotropic interparticle interaction forces, and can be used for diagnostics
of a laboratory dusty plasma with ion flow. An influence of charge spatial
inhomogeneity and fluctuations on the results of recovery is also discussed.
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THE EFFECT OF NONRECIPROCAL INTERACTION
ON THE REDISTRIBUTION OF KINETIC ENERGY

IN THE SYSTEM OF PARTICLES

Vaulina O.S., Lisina I.I.,* Lisin E.A.

JIHT RAS, Moscow, Russia
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Under certain conditions (e.g., pressure changes, or increase of the par-
ticles number) of particles of dust in the laboratory plasma can acquire
kinetic energy stochastic ∼5.1 eV, which is higher than the temperature
namnogoi surrounding gas. A distinctive feature of the observed struc-
tures is dust temperature increase in the direction of the ion flow (from
the upper layers to the lower layers of multilayer particle structures), and
also the possible difference in the distribution of particles kinetic energy
in the degrees of freedom (in the direction of ion flow the kinetic energy of
the particles is often higher than its radial component). The basic mech-
anisms for the growth of kinetic energy of the dust particles are usually
associated with different temporal and spatial changes in their charges [1].
The behavior of dust particles with anisotropic interaction could signifi-
cantly differ from the isotropic case. For example, in multilayer dust crys-
tals, anisotropic interaction of dust particles could cause vertical string-like
alignment of adjacent layers. During the numerical simulation of particle
systems with the anisotropic nonreciprocal pair interaction we observed an
anomalous rise in stochastic kinetic energy of dust particles [2, 3]. We here
consider the features of redistribution and growth of kinetic energy in the
particle system with nonreciprocal interaction. Numerical and theoretical
studies carried out for two vertically arranged particles with anisotropic
interaction, similar interaction occurring due to effects of ion focusing in
the conditions of experiments with laboratory dusty plasma. The proposed
analytical expressions are suitable for the analysis of the dynamics for sys-
tems with different nonreciprocal interactions such as gyroscopic forces,
inertia forces in inertial and non-inertial systems, etc.

230



This work was partially supported by RFBR (14-08-31633) and Pre-
sidium of RAS.

1. Fortov V. E., Vaulina O. S., Petrov O. F., et al // JETP. 2003. V.123 No4,
pp.798-815

2. Lisina I. I., Vaulina O. S. // Europhysics Letters 103.No.5.2013.55002
3. Lisina I. I., Vaulina O. S. // Phys. Scr. 89 (2014) 105604 (8pp)

ANALYSIS OF THE PHASE STATE OF SMALL-SIZED
MONOLAYER DUSTY PLASMA SYSTEMS USING
GLOBAL ORIENTATIONAL ORDER PARAMETER

Vasilieva E.V.,*1 Vaulina O.S.,1 Tun Y.,2 Vasiliev M.M.,1

Petrov O.F.,1 Fortov V.E.1

1JIHT RAS, Moscow, 2MIPT, Dolgoprudny, Russia
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To study the melting processes in monolayer dusty plasma structures
standard methods are typically used, such as analysis of the shape of pair
and bond-angular correlation functions, which has strict limitations on the
number of observed particles and the degree of uniformity of the studied
systems. Often in laboratory experiments with dusty plasma, the for-
mation of various irregularities, in particular the so-called domains, is
observed, which can significantly affect the melting process in the two-
dimensional non-ideal structures. In this regard, the study of global order
parameters (translational and orientational) seems promising, since these
parameters will vary appreciably even in the real experiments with dusty
plasma structures with different structural pertubations, and they are suit-
able not only for extended monolayer structures, but also for systems with
a small number of particles. In our work we present the results of a numeri-
cal and experimental study of the global orientational order parameter as a
function of coupling parameter of two-dimensional system, as well as of the
number of particles in the small-sized (cluster) systems. The calculations
were performed for non-ideal two-dimensional system of particles interact-
ing via Yukawa potential in a wide range of parameters corresponding to
the experimental conditions in the laboratory dusty plasmas. The global
orientational order parameter measured from experiments with monolayer
dusty plasma structures of small sizes, formed in the near electrode area
of RF gas discharge, was also analyzed.

This work was supported by the Russian Scientific Foundation (grant
No. 14-12-01440).
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ON MELTING DENSITY GAP AND NON-CONGRUENCE
OF PHASE TRANSITIONS IN MODELS OF DUSTY AND

COLLOID PLASMAS

Martynova I.A.,* Iosilevskiy I.L.
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Two simplified variants of dusty, CDP (condenced dispersed phase) and
colloid plasmas models are considered as a thermodynamically equilibrium
combination of classical Coulomb particles: a 2-component electroneutral
system of macro- and microions (+Z,-1) and a 3-component electroneutral
mixture of macroions and two kinds of microions (+Z,-1,+1). The base for
a consideration is the well-known phase diagram of dusty plasma [1] for
an equilibrium charged system with the Yukawa potential in its standard
representation in the coordinates: Γ - κ (Γ is the Coulomb non-ideality
parameter, κ is the dimensionless Debye screening parameter). The phase
regions for the three states of the system (fluid vs. bcc and fcc crystals)
from the phase diagram [1] are reconstructed in the density-temperature
coordinates. The resulting phase diagram in the logarithmic coordinates
has the form of a linear combination of crystalline and fluid zones separated
by the boundaries Γ = const. Parameters and locations of these zones are
analyzed in dependence on the intrinsic parameter of the model - macroion
charge number Z. Parameters of a splitting the one-dimentional melting
boundaries of the Hamaguchi diagram (i.e. hypothetical melting density
gap between separate freezing liquid line (liquidus) and melting crystal
line (solidus)) are discussed. Made an estimation of a density gap value
based on an analogy with a Soft Sphere system model and a Hard Sphere
system model. Additional splitting of all phase boundaries in the three-
component model (+Z,-1,+1) because of so-called non-congruency of all
phase transitions in this model is discussed also.

1. Hamaguchi S., Farouki R. T., and Dubin D. // Phys. Rev. E. 1997. V. 56.
P. 4671.
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Hα LINE DOPPLER BROADENING IN A GLOW
DISCHARGE CATHODE REGION

IN THE ARGON–HYDROGEN MIXTURE

Zobnin A.V.,* Usachev A.D.

JIHT RAS, Moscow, Russia
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Spectral measurements of Doppler profiles of the hydrogen Hα line in
glow DC discharge in a mixture of hydrogen and argon (1% of hydrogen) at
pressures of 60, 120 and 180 Pa were performed. Solid and mesh cathodes
were used. It is brought out that the width of the line corresponding
to the effective temperature of the excited atoms of 40 ± 7 eV, does not
change when the pressure and the distance from the cathode in the region
of negative glowing and increases slightly with distance from the mesh
cathode outside of the discharge gap.

INFLUENCE OF COLD ATMOSPHERIC PLASMA
TREATMENT ON BACTERIAL AND EUKARYOTIC CELLS

Vasiliev M.M.,*1 Sysolyatina E.V.,2 Trusova I.A.,2

Petersen E.V.,2 Petrov O.F.,1 Ermolaeva S.A.,3 Fortov V.E.1

1JIHT RAS, Moscow, 2MIPT, Dolgoprudny,
3GRIEM RAMS, Moscow, Russia

*mixxy@mail.ru

In our work we present the results of an experimental study of the
effect of non-isothermal low-temperature microwave argon plasma under
atmospheric pressure, generated by the developed medical plasmatron, on
bacterial and eukaryotic cells at various regimes of plasma generation. We
obtained the modes of plasma generation (including exposure, the gas flow
rate, the electrode gap and the distance to the cells treated in vitro), at
which a pronounced bactericidal effect in the absence of toxic effects on
human eukaryotic cells was achieved.

To study the bactericidal effect of argon microwave plasma generated
by a modified power source, we used microorganisms most frequently
contaminating the wound surfaces: Gram-positive Staphylococcus aureus
ATCC 25923 and Gram-negative Pseudomonas aeruginosa Pa103 which
have a multiple antibiotic resistance. As a result, it was found that the
Gram positive S.aureus was more resistant to the effects of plasma and
Gram-negative P.aeruginosa showed greater sensitivity. To determine the
possible toxic effects of low-temperature plasma (LTP) for eukaryotic cells

233



we used cell types that form the wound surface and participating in the clo-
sure of wound defects: a cell line of human fetal lung fibroblasts with prop-
erties similar to dermal fibroblasts, and immortalized human keratinocytes
HaCaT. The study cytotoxicity we used xCELLigence (Roche) system, al-
lowing tracking the rate of proliferation and cell death in real time in
96-well plates. To study the possible toxic effects of LTP we chose modes,
which showed the greatest efficiency in experiments with pathogens. It has
been found that plasma treatment in these conditions did not have a toxic
effect, and in 120 hours after plasma exposure cell death was not observed.

Thus it is shown that the low-temperature plasma generated by the
developed power source can have a strong bactericidal effect against multi-
antibiotic resistant microorganisms, and be non-toxic to the eukaryotic
cells at the same time.

NONLINEAR DIFFUSION WAVE IN THE HIGH
MAGNETIC FIELDS

Oreshkin V.I.,* Chaikovsky S.A., Labetskaya N.A.,
Datsko I.M., Rybka D.V., Ratakhin N.A.

IHCE SB RAS, Tomsk, Russia

*oreshkin@ovpe.hcei.tsc.ru

The processes of nonlinear diffusion of the magnetic field into a con-
ductor and a plasma formation on the surface of a conductor in fast rising
strong magnetic fields are very important for the efficiency of electromag-
netic energy transport by the vacuum transmission line of pulsed power
generators with a current amplitude of 50 MA and a rise time of 100–
200 ns.

EXPERIMENTAL STUDY OF THE X-PINCH HOT SPOT
STRUCTURE WITH SUBNANOSECOND TEMPORAL

RESOLUTION

Artyomov A.P.,1 Chaikovsky S.A.,*2 Fedunin A.V.,1

Oreshkin V.I.,1 Ratakhin N.A.1

1IHCE SB RAS, Tomsk, 2LPI RAS, Moscow, Russia

*stas-chaikovsky@yandex.ru

Two or more metal wires 10-50 microns in diameter crossed like the
letter X are used as the X-pinch loads for pulsed power generators. When
an X pinch is powered by current pulse a so called plasma hot spot several
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micrometers in size can be produced. This hot spot radiates soft x-rays in
a 1-2 ns pulse. X-pinch-based soft x-ray sources are attractive for back-
lighting projection imaging of various short-living physical objects. As a
rule a simple point projection scheme is used in such experiments. A sam-
ple under investigation is placed between the X-pinch and photographic
film. Due to low hot spot size spatial resolution order of few microns
can be realized, while short radiation pulse provides nanosecond temporal
resolution. Backlighting images produced with an X-pinch are often fea-
tured by smashing or doubling of the sample shadow. That means that
hot point has a complicated internal structure. In order to investigate hot
point plasma behavior a soft x-ray streak camera AXIS-NX was used with
a picosecond temporal resolution. X-pinch experiments have been per-
formed on a compact 250 kA, 180 ns pulsed power generator fabricated at
the Institute of High Current Electronics (Tomsk, Russia). The X pinches
were composed of two or four molybdenum wires of diameter 25 microns.
Backlighting images of a static sample (tungsten wire) with a temporal res-
olution of 20 ps were registered. It was shown that in the spectral range 1
-1.55 keV the hot point consisted of a few radiation sources which could be
shifted from the X-pinch axis by 10 microns approximately. Each source
generated radiation pulse with duration of 0.2-0.7 ns. The time interval
between these x-ray pulses was measured to be 0.5 ns or higher. Possibly
a fine adjustment of the X-pinch initial parameters would allow avoiding
of the multiple sources forming.

STRATA FORMATION
DURING THE FOIL EXPLOSION IN VACUUM

Zhigalin A.S.,*1 Rousskikh A.G.,1 Oreshkin V.I.,1

Chaikovsky S.A.,1 Ratakhin N.A.,1 Khishchenko K.V.,2

Baksht R.B.1

1IHCE SB RAS, Tomsk, 2JIHT RAS, Moscow, Russia

*zhigalin@ovpe2.hcei.tsc.ru

The formation of the strata during fast explosion of metal foils at cur-
rent densities of 100 MA/cm2 has been studied experimentally. To observe
the strata the soft x-ray radiation generated by an x-pinch were used. The
experiment on studying the process of stratification during the foil explo-
sion (FE) was carried out in a setup consisting of three generators. One of
generators (WEG-2) was operated to initiate FEs, while the others (XPG
radiographs) were used for diagnostics. The generator WEG-2 has the
capacitance of 250 nF, the charge voltage of 20 kV, and the current rate of
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16 A/ns. The radiographs XPG have the capacitance of 1 µF, the charge
voltage of 43 kV, the current of 300 kA, and the current rise time of 180 ns.
X-pinch produced by four Mo wires was a load for the radiographs. The
delay between the operation of the WEG-2 and XPG generators was set
with the use of DPG trigger pulse generator; the operation jitter was 20 ns
for the all generators. The delay between the operations was regulated in
the range from 0 to 1.3 µs. We performed the experiments with the Al and
Cu foils. The length of foil was 2 cm, the foil width was 1 mm, and the foil
thickness was 6 µm. In our experiments the shunting discharge develops at
the metal explosion in the vacuum. It has been revealed that strata were
formed early in the explosion, i.e. at the stage where the metal melted.
Analysis of the experimental results suggests that the most probable reason
for the stratification is the thermal instability developing as a consequence
of the increase in resistivity of the foil metal with temperature.

INVERSE PROBLEM OF THE CURRENT PULSE
RECONSTRUCTION ACCORDING TO THE

PENETRATION RATE OF ELECTRIC FIELD INDUCED
INSIDE THE TUBULAR ELECTRODE

Khirianova A.I.,*1 Tkachenko S.I.,1,2 Grabovskii E.V.,3

Oleinik G.M.3

1MIPT, Dolgoprudny, 2JIHT RAS, Moscow,
3SRC RF TRINITI, Troitsk, Russia

*khirianova.alexandra@gmail.com

A series of numerical simulations was carried out to study the evolution
of hollow tube matter during exposition by submicrosecond current pulse
with linear density of 1–3 MA/cm. The experiments with the same linear
density were conducted on the Angara-5-1 installation. In this way the
behavior of the electrodes under extreme energy and strength loads was
simulated in those experiments and calculations. To obtain reliable results,
the experimental time dependence of the current ought to be specified as
boundary conditions during all time the process is modeled. However,
the reliable current measurement was carried out within the first ∼100 ns
in these experiments. The evolution of tube material is of interest for a
longer time period. To solve this problem the time dependence of current
ought to be restored according to the time dependence of the electric field
intensity, measured on the inner tube surface during 500 ns. For this
purpose the inverse problem was solved; the data obtained were used in
the MHD-simulation.
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HIGH-CURRENT CHANNEL STRUCTURE
AT HIGH DENSITY GAS

Pinchuk M.E.,* Bogomaz A.A., Budin A.V., Leont’ev V.V.,
Leks A.G., Pozubenkov A.A., Rutberg Ph.G.

IEE RAS, Saint-Petersburg, Russia

*pinchme@mail.ru

Research results for discharge, initiated by wire explosion, in hydrogen
at initial pressures of 1–200 MPa and current amplitudes up to 1.5 MA
are presented.

The discharge has very complex channel structure. Narrow axial zone
with high temperature generate x-ray radiation flux. Transient photoion-
ized plasma zone between current channel and surrounding gas produced
by the flux. Surrounding gas decrease energy losses from discharge channel,
assisting channel plasma overheating. Acoustic oscillations in discharge
volume and channel radius oscillations produce x-ray radiation modula-
tion by convergence of acoustic compression wave on discharge axis.

Two types of channel oscillations in super-high pressure discharges are
registered [1]. The first oscillation type, in our opinion, is connected with
the alignment of the magnetic and gas-kinetic pressures in the discharge
channel. The second one is connected with acoustic oscillations in a whole
volume of the discharge chamber. It is shown that oscillations of first
type produce x-ray radiation modulation. Similar phenomena had been
shown in fast discharges, where x-ray intensity modulation were explained
by convergence of acoustic compression wave on discharge axis [2].

Measurements of channel radius oscillation amplitude by magnetic
probe diagnostics were maid for calculation of x-ray oscillation intensity.
Oscillation amplitude was decreased with initial gas pressure grows and
increased with current amplitude rise. This phenomenon and, also, in-
creasing oscillation amplitude with grow of plasma atom number give a
suggestion that first type oscillations were connected with changing of ra-
diative characteristics of discharge channel, similarly as in [3].

1. Pinchuk M. E., Bogomaz A. A., Budin A. V., Rutberg Ph. G., Leks A. G.,
Svetova V. Yu. // Izvestija Vysshih Uchebnyh Zavedenij. Fizika, Special
Issue High Current Electronics, v55, n10/3, p307, (2012).

2. Mironov B. N. // Fizika plazmy, v20, n6, p546 (1994).
3. Dokuka V. N., Samokhin A. A. // Sov. J. Plasma Phys., v15, p267 (1989).
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PARAMETERS OF ELECTRICAL DISCHARGES
WITH LIQUID METAL ELECTRODE

Klementyeva I.B.,*1 Pinchuk M.E.2

1JIHT RAS, Moscow, 2IEE RAS, Saint-Petersburg, Russia

*ira.klementyeva@mail.ru

The work is devoted to investigation of parameters of high current elec-
trical discharges forming under free surface of liquid metal in tasks of melt-
ing and mixing intensification with use of electrovortex flow control [2, 3].
The significance of the investigations is to solve fundamental [1] and appli-
cation problems related to improving the performance of technical devices
for increasing of efficiency in power engineering and industry, as well as
related to improving the environmental situation. One of the applications
of research results is metallurgy. Systems with electric arcs under liquid
metal surface taking place in many electrometallurgical processes: electro-
arc melting, re-melting, casting, welding, getting of liquid metal heat trans-
fer agent, melt purification, getting aluminum in electrolyzers, waste re-
cycling. Measurements of electrical, thermodynamic, spectroscopic and
magnetic characteristics, visualization of formation, evolution and struc-
ture of the high-current arc in the following conditions: pressure - 1 atm,
ambient gas - air, nitrogen, electric current values - from 1 to 30kA, liquid
electrode - lead, tin, eutectic alloy of indium-gallium-tin, will be carried
out. The electric arc will be initiated in the electrode gap of a rode elec-
trode of various diameters and a bath of melt of model metal (lead, tin,
indium-gallium-tin). Special heaters will provade formation of the bath of
molten model metal. Capacitor banks of following parameters: voltage -
50kV, power - 100kJ, duration of a current pulse - up to 100mks and 10kV,
6MJ, up to 3ms, will be used as an energy source for electrical discharge
burning. With the use of high-speed optical techniques it is supposed to
to carry out comprehensive diagnosis of the formation and evolution of the
electric arc and to determine parameters of the arc channel. High-speed
photorecording will allow visualizing a liquid metal constriction format-
ing inbetween the electrode and the liquid metal, electrical explosion of
the constriction and subsequent ignition of the discharge. Temperature of
the plasma channel will be determined from the spectral measurements,
and temperature of molten metal surface in vicinity of the arc will be de-
termined by high-speed pyrometer. The work is supported by RFBR N
14-08-31078.

1. Klementyeva I. B., et al. // IEEE Plasm. Sci., Images. 2011. P. 2144-2145.
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SPARK FORMATION IN THE SAND AT PULSE
SPREADING OF CURRENT

Pecherkin V.Ya.,*1 Vasilyak L.M.,1 Vetchinin S.P.,1

Panov V.A.,2 Efimov B.V.,3 Danilin A.N.,3 Kolobov V.V.,3

Selivanov V.N.3

1JIHT RAS, Moscow, 2MIPT, Dolgoprudny,
3CPTPE NA RAS, Apatity, Russia
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Process of spark formation in laboratory experiments on pulse current
spreading from rod and angular electrodes was investigated. Process of
sparking was fixed by means of video filming of electrodes through a spe-
cial lateral window which was approached to electrodes. When the rod
electrode with sphere at the end is utilized formation of plasma channels
is observed at the voltages above eighteen kilovolt. The passage of high
current causes a significant medium heating, gas-dynamic expansion of
the channels, and finally shock-wave formation. Sand expulsion from the
cylinder and formation of two cantimeters width cavity were observed un-
der the one second kiloampere current pulse. Spark formation at the angle
bar electrode is the most intensive in the areas of field enhancement where
current density is higher. Pictures of the spark channels are distinguish at
different water contents. At low humidity of the sand plasma area has a
torch-like shape while at the high humidity the long spark channels devel-
ops. It is interesting to note that the glowing near the electrode has a ten
times greater duration than the voltage pulse has.

FORMATION OF OVERHEATING INSTABILITY
IN NON-LINEAR CURRENT SPREADING IN THE SAND

Vetchinin S.P.,*1 Vasilyak L.M.,1 Pecherkin V.Ya.,1

Panov V.A.2

1JIHT RAS, Moscow, 2MIPT, Dolgoprudny, Russia

*vpecherkin@yandex.ru

Laboratory experiments on pulse current spreading from spherical elec-
trodes and evolution of electrical breakdown of silica sand with differ-
ent water contents under 15–20 kV pulse voltage have been performed.
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It is shown, that dramatic nonlinear decrease in pulse resistance of soil
occurs when current density exceed a certain threshold value. Then
ionization-overheating instability develops and leads to current contraction
and plasma channels formation in soil. The method for determination of
threshold electric field for ionization is proposed. It was found that elec-
trical discharge in wet sand develops with significant delay time for long
discharge gaps similar to thermal breakdown.

CONFINING BOUNDARY CONDITIONS
FOR SIMULATION OF INTERACTING FERMIONS

BY ANTISYMMETRIZED WAVE PACKET MOLECULAR
DYNAMICS

Valuev I.A.,* Morozov I.V.

JIHT RAS, Moscow, Russia

*valuev@ihed.ras.ru

The method of Wave Packet Molecular dynamics [1] is an approximate
quantum method for numerical simulation of many-particle dynamics. In
this method single electron wave functions are expanded in a set [2] of
floating Gaussian wave packets (WP) ϕk. A trial many-body wave func-
tion is constructed depending on the quantum statistical properties of the
simulated ensemble, for example for fermions (electrons) a single Slater
determinant antisymmetrized product is usually used for each spin pro-
jection. The resulting equations of motion follow from the variational
principle [3].

In this work we study a system of electrons in a 3D confinement po-
tential constructed from harmonic walls and a flat floor in each spatial
direction. The matrix elements of the proposed potential with Gaussians
were obtained analytically. The confined system constructed this way is
an excellent testing ground for AWPMD method, because it poses correct
quantum boundary conditions; reduces to textbook many-body quantum
oscillator in the limit of no interaction; reduces to uniform quantum gas
when the floor size is large.

The unlimited broadening of the Gaussian wave packets and underes-
timation of the electron-electron and electron-ion collision frequencies is
known to be the major problems of the WPMD method [4] when applied to
many-particle systems with homogeneous density, for example plasma sys-
tems. We show however that the method is able to excellently describe the
thermodynamics of a confined fermionic system. The infinite WP broad-
ening is directly related to the infinite statistical sum in an unconstrained
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system and does not appear in the confined system. For example, the
nearest image boundary conditions guarantee the periodicity of expecta-
tion values but do not limit the number of allowed states in the simulated
system.

1. A.A. Frost, J. Chem. Phys., 47:3707 (1967)
2. I. V. Morozov and I. A. Valuev, Contrib. Plasma Phys. 52:140 (2012)
3. D. Klakow, C. Toepffer, P. G. Reinhard, J. Chem. Phys., 101:10766 (1994)
4. I.V. Morozov, I. A. Valuev, J. Phys. A, 42:214044 (2009)
5. H. Feldmeier, J. Schnack, Rev. Modern Phys., 72:655 (2000)

DYNAMICS OF ELECTRONS IN LASER PRODUCED
CLUSTER NANOPLASMA

Bystrtyi R.G.,* Morozov I.V.

JIHT RAS, Moscow, Russia

*broman.meld@gmail.com

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 con-
cerned 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 viola-
tion of the plasma neutrality [1]. Due to the laser ionization and further
thermionic emission from the plasma surface the cluster gains an uncom-
pensated 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 [1–3].

In this work we propose a model of thermionic emission of nanoclusters
based on our MD simulation results [6]. This model qualitatively explains
known experimental results [5] and it is in a good agreement with other
simulations [4]. The dependency of the electron oscillation spectrum on the
cluster charge is discussed. The frequencies and damping rates of different
electron eigenmodes including Mie and Langmuir oscillations are obtained.

1. Krainov V. P., Smirnov B. M., Smirnov M. B. Femtosecond excitation of clus-
ter beams // Physics–Uspekhi. 2007. V. 50. No. 9. P. 907.
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No. 9. P. 901.

3. Fennel Th., Meiwes-Broer K., Tiggesbäumker J., Reinhard P., Dinh P.,
Suraud E. // Rev. Mod. Phys. 2010. V. 82. No. 2. P. 1793.

4. Reinholz H., Broda I., Raitza T., Röpke G. // Contr. Plasma Phys. 2013.
V. 53. No. 4. P. 263.

5. Rajeev R., Trivikram T., Madhu R., Krishnamurthy M. // Phys. Rev. A.
2013. V. 87. No. 5. P. 053201.

6. Bystryi R., Morozov I. // J. Phys. B. (in print)

ION SOLVATION AT DIFFUSION IN SIMPLE LIQUIDS

Lankin A.V., Norman G.E., Orekhov M.A.*

JIHT RAS, Moscow, Russia

*mo2411@mail.ru

A research of the diffusion of an ion in a liquid is carried out. Depen-
dences of the diffusion coefficient on the ion-molecule potential, ion mass,
liquid temperature and density are defined. The results are related to the
ion solvation. The classical molecular dynamics method is applied.

The polarization potential U(r) = β/r12 − α/r4 is used to describe
the interaction of the ion with molecules of the liquid. The Lennard-Jones
potential U(r) = 4ε[(σ/r)12−(σ/r)6] is used to describe the intermolecular
interactions. The model can be reduced to 5 parameters parameters: α, β,
ion mass, liquid temperature and density, whereas σ is the unit of length, ε
is the unit of energy and liquid molecule mass is the unit of mass. The wide
range of different ions and liquids at different thermodynamic conditions
are investigated.

The effect of the ion solvation is discovered. A rather weak dependence
of the diffusion coefficient on the ion mass is the first argument. This is due
to the fact that the total mass of the cluster formed by the ion and the ion
solvation shell varies slightly while the mass of the ion changes significantly.
Also, the dependence on β is found to be rather weak. This is because β
defines mostly the geometry of the cluster, whereas the polarization part
of the ion-molecule potential influences the interaction of the cluster with
the ion environment. The dependence of the diffusion coefficient on α is
found to be really stronger than on β. The ion velocity autocorrelation
function calculated reveals a strong oscillatory character superimposed on
the conventional functional liquid-type form. It reflects the oscillations of
the ion inside the solvation shell. The lifetimes of the cluster molecules
are estimated as a function of the ion-molecule distance.
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The dependence of the ion mobility on temperature is found to be of the
Arrhenius-type form. The dependencies of the ion mobility and diffusion
on the liquid density are close to linear.

The work is partially supported by the RFBR 13-08-01022-a grant.

THE INFLUENCE OF PLASMA ACTUATORS MATERIAL
AND GEOMETRY ON THE ELECTROMAGNETIC

CHARACTERISTICS OF THE DISCHARGE AND THE
SPECIFIC THRUST OF SYNTHETIC JETS

Bocharnikov V.M.,* Golub V.V.

JIHT RAS, Moscow, Russia

*vova-bocha@phystech.edu

There has been a number of studies on the properties of wall jets pro-
duced by the dielectric barrier discharge of plasma actuators. There were
many variations of electrodynamic [1] and geometric parameters of actua-
tors [2, 3].

There was the question: how material of the electrodes influence on the
process [4]? Formating of the synthetc jet begins from releasing of electrons
from the exposed electrode. That’s why ionisation energy of material of
electode strongly influences on the ionization degree of the ambient air.
Material with lesser ionisation energy emitting more electrones per sec. It
leeds to rising of the force that acts on the stream. Thereby the output
of synthetic jet is rising. The role of the specific resistance is ambiguous.
Its increasing to a certain value contributes to rising of specific thrust
at its extreme value relative to the distance between exposed electrodes.
With further increasing it was shown inverse effect which was especially
noticeable when we used electrodes of non-linear shape.

In this paper, we examine the effect of the electrode material on the
value of specific thrust of the synthetic jet produced by symmetric actua-
tor. The dependences of specific thrust on the distance between external
electrodes for copper, aluminum, nickel, and titanium was made. A con-
siderable effect of the shape of the external electrodes on the electric field
and current density in the tape drive, and the specific thrust of the syn-
thetic jet was investigated. It was also evaluated the role of autoelectronic
emission on the current in streamers and the value of volume force acting
on the stream.

1. Moreau E.//6rd AIAA Flow Control Conference 2012. P. 3136.
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CREATION OF THE EXPERIMENTAL SETUP WITH
A PEAK CURRENT UP TO 400 kA IN SUBMILLISECOND

RANGE TO OBTAIN LONG-LIVED PLASMA CLOTS

Vlasov A.N.,* Dubkov M.V., Burobin M.A., Manoshkin A.B.

RSREU, Ryazan, Russia
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To obtain long-lived plasma clots previously we used a toroidal installed
multiturn electrically exploding copper spirals that at the time of electric
explosion has created an impulse of toroidal magnetic field with amplitude
at the level of 2 Tesla. Electric explosion of spirals was carried out using
the experimental setup of ‘INGIR-Mega-15’, which allowed obtaining the
peak current level of 35 kA with pulse duration of 0.5 milliseconds. Submil-
lisecond range of pulse durations were used in order to allow for effective
penetration of current inside fairly thick copper conductors. The aim of
this work was to obtain long-lived plasma clots with a lifetime of at least
3 seconds. To date, however, in the experiments, the lifetime of plasma
clots (the best result) did not exceed 1.6 seconds. The reason was that used
multiturn helix peak current expressed in ampere-turns, rarely reached 200
kA, and its increase was not possible due to premature breakage of the spi-
rals. Therefore, it was decided to use single-turn spiral or linear inductors,
which are less critical to premature breakage of conductors. According to
theoretical estimates, to obtain plasma clots with a lifetime in the order of
10 seconds, it is necessary that the peak current was of the order 400 kA. It
has been the aim of the ongoing upgrade of ‘INGIR-Mega-15’. To do this,
the capacity of the capacitor Bank was increased from 0.25 to 1.12 F at a
voltage of 450 V and strengthened the switch current: thyristors instead
of 10 was used 112 thyristors type TB261-160-12 with peak currents up
to 4 kA in each of them. The internal resistance of discharge circuit of
the experimental setup is no more than is 0.0002 Ohms. In preliminary
experiments, we used two copper wires with a diameter of 1.2 mm and a
length of 15 cm that were electrically connected in parallel. The amplitude
of the discharge current in the electric explosion in this case amounted to
about 50 kA. In the future, we plan to use 16 such wires, and according to
a rough estimate, it should provide the peak value of the pulse current at
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400 kA. As a result, we hope to get a plasma clot with a lifetime of more
than 3 seconds. This work was supported by the Ministry of education
and science of Russia, the contract 14.518.11.7002 dated 19 July 2012.

EVOLUTION OF DISCHARGE CHANNEL IN IPA
SOLUTION

Panov V.A.,*1 Vasilyak L.M.,2 Pecherkin V.Ya.,2

Vetchinin S.P.,2 Kulikov Yu.M.,1 Son E.E.2

1MIPT, Dolgoprudny, 2JIHT RAS, Moscow, Russia
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Discharges in liquids are used in various fields of human activity, such
as medicine (extracorporeal shock wave lithotripsy), construction (elec-
trohydraulic machine and reuse of construction materials), and ecology
(eliminating bacterial, organic and inorganic impurities). Many researches
have been done on discharges in liquids with variety of electrode sets. In
this paper we report observation of the pulse discharge channel propaga-
tion after its initiation in 15% IPA solution.

In our experiment, stainless still (anode) and copper (cathode) elec-
trodes are placed in the vertically oriented 16.6-mm inner diameter quartz
tube with anode electrode at the top. The anode tip has a conical shape
with apex angle of 20◦C and cone basis diameter of 3 mm. The cathode tip
has a hemisphere shape with radius of 1 mm. The electrode gap is 15 mm.
High voltage pulse voltage generator (HVPVG) with inner storage capac-
itor of 1.6 mcF and (0-40) kV output voltage is used for spark generation.
Half amplitude pulse duration is about 10 ms. Ballast resistance limits cur-
rent value less than 3A. Voltage and current across the discharge gap are
measured by Tektronix DPO7054C with high voltage probe and current
shunt respectively. The applied voltage pulse has positive polarity. The
discharge is synchronized with the CMOS RedLake MotioPro X3 camera.
The results of the experiment revealed the following phenomena. The an-
ode region glowing appears in (500-600) mcs after voltage applying due to
ionization-overheating instability near the surface of anode electrode. Ob-
tained images show channel developing from this region. Partial discharges
are observed in the near region along the whole length of the channel dur-
ing its evolution. These discharges most likely occur in gas bubbles. Their
formation due to vaporization during the Joule heating of highly volatile
fraction with conduction currents was observed in subsidiary experiment
without electrical breakdown of the electrode gap. Bubble breakdown in
front of channel tip was observed. The channel reaches cathode in 4 ms
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after the anode glowing appearance. The propagation velocity is about 4
m/s. After the gap is bridged the discharge channel heats up and inten-
sive cathode glowing appears. The most of energy deposits in the cathode
region. The destruction of spark channel takes about 2 ms. After the dis-
charge current drops anode glowing almost disappears opposite to cathode
glowing with additional (4-5) ms life-time.

RADIATIONS AND STRUCTURE OF HIGH-VOLTAGE
ATMOSPHERIC DISCHARGE

Agafonov A.V., Oginov A.V.,* Rodionov A.A., Shpakov K.V.

LPI RAS, Moscow, Russia

*oginov@lebedev.ru

Recent studies of natural lightnings show that the high-energy radia-
tions are generated during thunderstorms. Besides hard x-ray and gamma
radiation, a neutron generation is also observed. In a laboratory long
spark discharge with the parameters similar to lightning such phenomena
are observed also. Experimental results on registration of different types
of radiation (RF, optical, UV, X-rays and neutron) are created at initial
(dark) phase of high-voltage atmospheric discharge (before the streamer-
leader stage) are presented. The model to explain the generation of hard
x-rays and neutron bursts during atmospheric discharge in air is under
discussion.

Experiments with the formation of 500-700 mm long sparks in air were
carried out on ERG installation (LPI, 1 MV, 60 kJ, 150 ns risetime) at
different initial electric field distributions. A volumetric streamer corona
of 0.2-1.0 kA on both of electrodes at atmospheric pressure was followed
by a formation of bright channel of 12 kA leader. Time-resolved UV and
X-ray radiations were registered by pulsed FM-tubes of different types
integrated with scintillation detectors. The registration of neutron emis-
sion in the real-time mode was performed by plastic scintillation detectors
placed inside Pb shield. Neutron emission occurs at the very beginning of
the discharge and correlated with X-ray radiation: neutron pulse always
was placed inside X-ray one. Hard X-ray pulse is followed by neutron pulse
very seldom. An anisotropy of hard radiation was observed. It could in-
dicate a presence of collective mechanisms of particle acceleration. A fine
microstructure of a leader stage of a 200-1200 ns discharge was observed.
The distribution of micron-scale microchannels over the mm-size leader
cross section near the electrodes and in the gap was investigated. Optical
and autograph diagnostics were used to estimate a current density in a
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single microchannel. The possibility of current carrying by the relativis-
tic electrons drifting in the crossed electric and magnetic fields and the
acceleration of ions to keV energy range in a strong radial electric field
at experimental conditions was examined. The observed experimental re-
sults are compared with the filament model estimations of x-ray emission
intensity and neutron flux.

The work is supported by RFBR Grants 13-08-01379, 14-08-31397.

THE RUNAWAY ELECTRON BEAM FORMED
IN A DISCHARGE AT ATMOSPHERIC PRESSURE

Oreshkin E.V.,*1 Barengolts S.A.,2 Chaikovsky S.A.,3

Oreshkin V.I.3

1LPI RAS, Moscow, 2GPI RAS, Moscow,
3IHCE SB RAS, Tomsk, Russia

*bomom774@gmail.com

A numerical model is proposed which allows one to describe the dy-
namics of the fast electrons injected from the head of an anode-directed
streamer. The model is based on solving numerically equations of motion
of electrons. In the context of the model, the number of electrons which
can be injected from the surface of a streamer is determined by the number
of electrons in the Debye layer.

SYNTHESIS OF GRAPHENE MATERIALS BY PYROLYSIS
OF HYDROCARBONS IN THERMAL PLASMA AND

THEIR PROPERTIES

Shavelkina M.B.,*1 Amirov R.Kh.,1 Shkolnikov E.I.,1

Isakaev E.H.,1 Vorobieva N.A.,2 Atamanyuk I.N.1

1JIHT RAS, 2MSU, Moscow, Russia

*mshavelkina@gmail.com

Perspective materials for supercapacitor electrodes are carbon materi-
als produced from natural renewable raw materials. Their specific surface
allows to store large amounts of energy in the electric double layer, and
the availability of raw materials makes them attractive from an economic
point of view. From this point of view it is of interest to obtain and in-
vestigate graphene structures containing two or more (up to 10) with a
slit-pore layers.
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For the synthesis of graphene materials thermal plasma generator
was used which is a high current divergent anode-channel DC plasma
torch. The experiment involved the simultaneous input of hydrocarbons
(methane, propane, butane, acetylene) with the working gas (helium, ar-
gon) into the plasma torch, and wherein the heating and the pyrolysis
occurred in the plasma jet and in the region of the arc discharge, followed
the condensation of product of synthesis on metallic surfaces. The con-
sumption of carbon, the plasma forming gas and the plasma torch power
were changed independently from each other. The resulting products have
been investigated by electron microscopy, porosimetry, thermogravimetry
and X-ray diffraction.

Investigation has confirmed the formation of graphene materials. It
was found that depending on the synthesis parameters changing geometry
graphene materials (from curved petals to disk diameter of 400 nm - 1 mm)
and graphene content in products of synthesis. To determine the charac-
teristics of the porous structure (pore volume, pore radius, surface area)
we have used a relatively new method of adsorption “Limited Evapora-
tion” based on the analysis of the kinetics of evaporation of the adsorbate
from the test material, and classical BET method using a low-temperature
nitrogen adsorption - to estimate the specific surface of materials. It was
concluded that the curves of pore size distribution corresponded to typical
mesoporous samples with the main pore size in the range of 10 to 40 nm,
and macropores were founded having a pore size of more than 60 nm.

The optimal conditions for the synthesis of graphene materials and
the influence of synthesis parameters on the structure of the surface and
specific pore area have been found.

THE STUDY OF ELECTRON IMPACT IONIZATION
PROCESSES OF SUBSTANCE, WHICH SIMULATE
THE COMPONENTS OF A SPENT NUCLEAR FUEL

Smirnov V.P.,1 Antonov N.N.,*2 Bochkarev E.I.,2

Gavrikov A.V.,1 Samokhin A.A.1

1JIHT RAS, Moscow, 2MIPT, Dolgoprudny, Russia

*antonovnickola@gmail.com

One of the priorities of nuclear power industry is the reprocessing of
spent nuclear fuel (SNF). A new method of reprocessing of spent nuclear
fuel is being developed in JIHT RAS nowadays. This method is based
on a plasma separation technology and is alternative to common chemical
methods [1].
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It is necessary to study the ionization processes of a model substance,
for the creation of a plasma source which is necessary for working off the
plasma separation method (lead was chosen for modeling heavy SNF com-
ponents). Lead has a sufficiently high atomic weight (207.2), which allows
to carry out pilot experiments in which dynamic and kinetic properties of
the heavy SNF component must be modeled.

The discharge in the lead vapors with density from na=1012 cm−3 to
na=1013 cm−3 was analyzed numerically and analytically in a computa-
tional model. In the model the lead vapors (with a temperature of Ta ∼
0.1eV) was injected into the space between two planar electrodes (the dis-
tance between electrodes is 10mm and the potential difference between
them is up to 500 V). One of the electrodes was the heated emitter of
the electrons. As obtained data shows, the single ionization efficiency (η)
was significantly higher at the concentration value of 6 · 1012 cm−3 than
at the concentration of 1 · 1012 cm−3 and reached the maximum (η=0,8%)
in the boundary regime between the ion and electron brunches. The ex-
perimental module was designed and constructed. Its characteristics were
close to the parameters considered in the computational model. Substance
evaporation was carried out by crucible heating then lead vapors were in-
jected into interelectrode space. The ion current of lead up to 400µA was
obtained. Thus, the amount of the consumed energy didn’t exceed 200
W. Experimental results were in good agreement with the computational
model.

The study was performed by a grant from the Russian Science Foun-
dation (project #14-29-00231).

1. Smirnov V. P., Antonov N. N., Gavrikov A. V., Samokhin A. A., Vorona
N. A.,Zhabin S. N.//XXVIII International Conference on Interaction of In-
tense Energy Fluxes with Matter 2013. Elbrus, Russia
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GENERATION OF A CONTROLLED ELECTRIC
POTENTIAL PROFILE IN THE MAGNETIZED PLASMA
TO DEVELOP A METHOD FOR PLASMA SEPARATION

OF SPENT NUCLEAR FUEL
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Usmanov R.A.,2 Samoylov O.O.,2 Smirnov V.P.,1

Timirhanov R.A.*1

1JIHT RAS, Moscow, 2MIPT, Dolgoprudny, Russia
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One of the key problems in the developing a method of plasma sepa-
ration of spent nuclear fuel is the creation controlled potential profile in
the plasma. To solve this problem it is necessary to create a buffer of a
magnetized plasma and to develop a system of electrodes that define it
the plasma a non-uniform electric potential. Plasma parameters of the
buffer must satisfy the following requirements: the plasma density up to
1013 cm−3, the volume of the working chamber of the plasma separator—
about 1 m3, with a magnetic field up to 2 kG. In view of these requirements
a helicon plasma source is selected as the most promising. Based on the ex-
ecuted evaluations two different configurations of antennas were selected:
coil and saddle types. In the experiments radial distribution of plasma
density and electron temperature were obtained. Estimation of expected
values was based on the works of Chen F. [1]. Non-uniform electric po-
tential will be set by a system of electrodes located on the end flanges. In
order to develop mechanisms of creating a non-uniform electric potential
in the plasma discharge with different configurations defining electrodes
was studied experimentally. The following electrodes were used: a ring
configuration, a ring configuration with a central electrode, a configura-
tion in the form of parallel strips. The study revealed the existence of
two forms of discharge—“low-current” and “high-current”. It was found
that at a gas(helium) pressure of 1 mTorr current-voltage characteristics
of a discharge had a monotonous character, and at a pressure of 35 mTorr
CVC had non-monotonic character. Reproducibility of potential defin-
ing electrodes was shown in the volume of the separator in the presence
of sufficiently high setpoint (1 kV). It was noted that the shape of elec-
trodes affects the amount of reproducible potential, and the potential is
less than the values given by the electrodes in 2–5 times for different ge-
ometries. The research was done by a grant from the Russian Scientific
Fund (project No. 14-29-00231).
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THE STATIONARY VACUUM ARC
ON NON-THERMIONIC HOT CATHODE
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Results of experimental study of vacuum arc with diffusive spot on
plumbum cathode at temperatures 1.25–1.45 kK are presented. At these
conditions current density of thermionic emission from cathode was less
than 1 µA/cm2, while the mean current density on the cathode was in
the range 10–30 A/cm2. Experiments were carried on vacuum chamber
at residual pressure less than 10 mPa. Plumbum with mass of 15 g was
placed in heat-insulated crucible (cathode) with external diameter 25 mm.
Electron-beam heater was situated under the crucible. This heater could
change the crucible temperature at the fixed current of arc. The water-
cooled steel disc with central hole 15 mm in diameter was used as the
anode. At the temperature of 1.25 kK which corresponds to plumbum
saturated vapor pressure about 0.1 kPa voltage from power source (380 V,
200 A) was applied to anode, and vacuum arc was initiated. Arc current
was changed in the range 20–70 A, arc voltage was about 15 V. Sometimes
low-current discharge with current about 10 mA and voltage of 350 V has
preceded arc ignition. After a few seconds this discharge has transformed
in arc. The studied arc discharge is characterized by the absence of the
random voltage fluctuations; the micro particles of cathode erosion prod-
ucts were observed only in transition regimes. Spectral data of plasma
radiation and values of the heat flux from plasma to cathode were ob-
tained. It has been experimentally established that the evaporation rate
in arc approximately two times less than without discharge. Ionization
degree of plumbum vapor in the cathode jet was in range 20–30%. Com-
parison of the characteristics of studied discharge on thermionic cathode
from gadolinium and non-thermionic plumbum cathode was fulfilled. One
can assume that the ion flow provides the charge transfer on the cathode
surface in the studied discharge. The study was supported by grant from
the Russian Scientific Fund (project #14-29-00231).
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HIGH-VOLTAGE DISCHARGE IN SUPERSONIC JET
OF PLUMBUM VAPOR
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During the investigation of vacuum discharge in plumbum evaporating
from molybdenum crucible in identical geometry of discharge gap and the
same crucible temperature existence of two different discharge forms were
observed. These two forms are vacuum arc with current more than 10 A
and discharge voltage about 15 V and high-voltage discharge with current
of about 10 mA and voltage of 350 V.

Experiments were carried on vacuum chamber with residual pressure
less than 10 mPa. Plumbum was placed in heat-isolated crucible (cathode)
with internal diameter 19 mm, closed by cover with hole diameter 6 mm.
Electron-beam heater was situated under the crucible. This heater could
change the crucible temperature at the fixed current of arc. The water-
cooled steel disc with central hole 15 mm in diameter was used as the
anode.

At the temperature 1.25 kK which corresponds to plumbum saturated
vapor pressure about 0.1 kPa voltage from power source (380 V, 200 A) was
applied to anode and high-voltage discharge initiated with characteristics
mentioned above. After a few seconds this discharge could turn into arc, or
could exist hundreds of seconds until full plumbum evaporation. Crucible
temperature increase until 1.4 kK accompanied by rising of plasma radi-
ation intensity but under these conditions high-voltage discharge didn’t
switch to arc regime. At the temperature of 1.15 kK the discharge spon-
taneously disappeared. At more high temperatures discharge may also
spontaneously fade but then it ignites again.

The pictures of discharge glow are described. They could take the form
of a cone, harness, or plasma bunch, which is at the appreciable distance
from the electrodes. The estimations of plasma parameters are presented.

The study was supported by grant from the Russian Scientific Fund
(project #14-29-00231).
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PRODUCTION AND STUDY OF MEGAWATT
AIR–NITROGEN PLASMATRON WITH DIVERGENT

CHANNEL OF OUTPUT ELECTRODE

Isakaev E.H., Chinnov V.F., Tyuftyaev A.S., Gadzhiev M.Kh.,
Sargsyan M.A.,* Konovalov P.V.

JIHT RAS, Moscow, Russia
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In recent years great interest in science world is caused by megawatt
plasmatrons which produce high-enthalpy plasma streams with large di-
ameter for use in plasma-chemical technologies. The interest is due to
the fact that it is possible to obtain extremely high temperatures which
are unattainable by chemical methods, reliability, compact size, on de-
mand start and stop of operation mode and easy way to control the power
output of plasmatron. Plasmatron generates a megawatt high-enthalpy
plasma jet (H ≥ 30 kJ/g), it belongs to the class of plasmatrons with
thermionic cathode, tangential swirl flow and divergent channel output
electrode-anode. Air–nitrogen plasmatron with power output of 1 MW
using the original design of the main elements: cathode, gas flow rotation
system and the anode can provide high flow performance when working on
air and ensures the formation of slightly divergent (2α = 120) air plasma
jet with the diameter of D = 50 mm and mean plasma temperature of
6000–9000 K. To correctly register and study the parameters of plasma
the experimental setup is equipped with seven diagnostic insertion holes
to allow for the registration of the emission spectra across the cross section
of the plasma stream at the outlet of plasmatron. Preliminary analysis of
the obtained air plasma spectra shows that at a current of 1500 A near-axis
zone of the plasma jet is characterized by a temperature of up to 15000 K,
and the peripheral emission area has a temperature of 8000–9000 K. The
electron temperature was determined by the relative intensities of the spec-
tral lines N I and O I with different excitation energies of the upper levels.
In the peripheral regions of the plasma jet multiple lines of Cu I (wall
material of the plasma torch) in 400–525 nm region can be used to assess
the plasma jet, Cu I spectral lines cover a wide range of excitation energies
of 3.82–8.00 eV. The electron density of the air plasma is measured by the
Stark component of the Voigt contour of lines Hα (linear Stark effect) and
atomic line O I 725.4 nm (quadratic Stark effect). In the axial region of a
megawatt plasma stream the electron density is (3± 1) · 1016 cm−3.

The work is done according to the plan of the scientific school NSh-
1800.2014.8 with the financial support of the grant RFFI 14-08-00330.
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