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I_ /1/3 THIRTEENTH INTERNATIONAL SEMINAR “MATHEMATICAL MODELS & MODELING IN
Pl LASER-PLASMA PROCESSES & ADVANCED SCIENCE TECHNOLOGIES”
Saturday, May 30
11.00-20.00 Registration, Check-in at Hotel “Castellastva”
Sunday, May 31
10.00-17.00 Registration, Check-in at Hotel “Castellastva”
WELCOME PARTY
Monday, June 1
Opening ceremony
10%-10% Prof. Dr. sc. Nat. V.I. Mazhukin, Chairman
XIIT Seminar. The goals and objectives of the Seminar
Oral Presentation
1090105 V.I. Mazhukin, A.V. Shapranov, M.M. Demin
Peculiarities of modern mathematical modeling
Keldysh Institute of Applied Mathematics of RAS, Moscow, Russia
Plenary Presentation
A.A. Rukhadze
10%-11% Main development stages of fundamental physics of plasma without
collisions. Modeling, analysis.
A.M. Prokhorov General Physics Institute of RAS, Moscow, Russia
Plenary Presentation
B.N. Chichkov
117-11% - ,
Laser printing of nanoparticles
Laser Zentrum, Hannover, Germany
00 130
127-12 Coffee break

Plenary Presentation
A.A. Samokhin', V.I.Mazhukin®

30«00 Continual and molecular-dynamic modeling of phase transitions during
127-13 laser ablation

T4. M. Prokhorov General Physics Institute of RAS, Moscow, Russia
’M.V. Keldysh Institute of Applied Mathematics of RAS, Moscow, Russia

13%0-14% Lunch time
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14%-14%

14%0-14%

1440_ 1 500

1500-1520

1520_1540

1 540_ 1 600

Invited Presentation

Mindaugas Gedvilas', Bogdan Voisiat', Simonas Indrigitinas', Gediminas
Raéiukaitisl, Vadim Veikoz, Roman Zakoldaevz, Dmitry Sinevz, Elena
Shakhno®

Thermochemical recording of interference patterns on thin Cr-films by
picosecond laser pulse irradiation - experimental realization & theoretical
modeling

! Center for Physical Science and Technology, Vilnius, Lithuania
’ITMO University, St.Petersburg, Russia

Invited Presentation
Irina Potapenko'?, Stanislav Karpov*
Kinetic simulation of heat transport in collision laser produced plasmas

'Keldysh Institute of Applied Mathematics of RAS, Moscow, Russia
’Dukhov All-Russia Research Institute of Automatics, Moscow, Russia

Invited Presentation
A.G. Kaptilniy', A.A. Karabutov?,

Lead is a perspective heat carrier of the first contour of supercritical nuclear
reactor

! Joint Institute for High Temperatures of RAS, Moscow, Russia.
?International Laser Center, Moscow State University, Moscow, Russia.

Invited Presentation

K.V. Khishchenko
Multiphase equations of state for metals at high dynamic pressures

Joint Institute for High Temperatures of RAS, Moscow, Russia
Invited Presentation
M.E. Povarnitsyn, V.B. Fokin, P.R. Levashov, K.V. Khishchenko

Two approaches for modeling of laser ablation of metals: hydrocode with a
model of nucleation and hybrid molecular-dynamic method

Joint Institute for High Temperatures of RAS, Moscow, Russia
Invited Presentation
M.P. Galanin', V.V. Lukin', A.S. Rodin', L.V. Stankevich’
The modeling of contact interaction of solids by means of Schwartz method

'Keldysh Institute of Applied Mathematics of RAS, Moscow, Russia
’Bauman Moscow State Technical University, Moscow, Russia

11



= 57 THIRTEENTH INTERNATIONAL SEMINAR “MATHEMATICAL MODELS & MODELING IN
LW
LASER-PLASMA PROCESSES & ADVANCED SCIENCE TECHNOLOGIES”
16%-163° Coffee break
Invited Presentation
Mikhail E. Zhukovskiy, Sergey V. Podoliako, Mikhail B. Markov,
6901650 Roman V. Uskov, Alexandr S. Vorontsov
167-1
Mathematical maintenance of experiments with penetrating radiatio
Keldysh Institute of Applied Mathematics of RAS; Moscow, Russia
Oral Presentation
Mikhail E. Zhukovskiy, Mikhail B. Markov, Sergey V. Podoliako,
16501705 Roman V. Uskov

Supercomputing the cascade processes of radiation transport

Keldysh Institute of Applied Mathematics of RAS,; Moscow, Russia

Oral Presentation
V.O. Podryga, S.V. Polyakov

17%-17 | Molecular dynamic simulation of rarefied gas flow in metallic microchannel

Keldysh Institute of Applied Mathematics of RAS,; Moscow, Russia

Oral Presentation
N.A. Inogamov', V.V. Zhakhovsky?® V.A. Khokhlov'

S Separation and 3d-expansion of gold film from substrate under action of
177-17 femtosecond laser pulse

!Landau Institute for Theoretical Physics of RAS, Chernogolovka, Russia,
?All-Russia Research Institute of Automatics, ROSATOM, Moscow, Russia.

Oral Presentation
1.V. Gasilova

1735175 Support operators technique for distributed 3d simulation of dissipative
processes

Keldysh Institute of Applied Mathematics of RAS; Moscow, Russia

19% POSTER SECTION
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10°-10"

1 030_ 1 045

1100_1115

Tuesday, June 2
RUSSIAN SPACE

Oral Presentation

G.K. Borovin, Yu.F. Golubev, A.V. Grushevskiy, V.V. Korianov,
A.G. Tuchin, D.A. Tuchin

Mission design in systems of outer planets within model restricted two-coupled

three-body proble

Keldysh Institute of Applied Mathematics of RAS; Moscow, Russia
Oral Presentation

I. Molotov, V. Voropaev, V. Zolotov, T. Fakhrutdinov, G. Borovin

Development of the ISON optical network to imrove the conjuction analysis

Keldysh Institute of Applied Mathematics of RAS; Moscow, Russia
Oral Presentation
M.V. Mikhaylyuk

A realistic model of the Earth in space simulators
Scientific Research Institute for System Analysis of RAS Moscow, Russia
Oral Presentation
I.LE. Molotov

About possibility of application of EOP-1/EOP-2 miniobservatories of
Roscosmos for asteroid observations

Keldysh Institute of Applied Mathematics of RAS; Moscow, Russia
Oral Presentation
L. Elenin', 1. Molotov', Yu. Krugly?

ASPIN - ISON asteroid’s research program: history, current state and future
prospects

!Keldysh Institute of Applied Mathematics of RAS,
’Institute of Astronomy of Kharkiv National University

Coffee break
MATHEMATICAL MODELING
Oral Presentation
V.I. Mazhukin, M.M. Demin, A.V. Shapranov
Mathematical modeling of pulsed laser melting of aluminum

Keldysh Institute of Applied Mathematics of RAS; Moscow, Russia
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THIRTEENTH INTERNATIONAL SEMINAR “MATHEMATICAL MODELS & MODELING IN
LASER-PLASMA PROCESSES & ADVANCED SCIENCE TECHNOLOGIES”

Oral Presentation
A. A. Samokhin', N. N. Il'ichev', P.A. Pivovarov'?, A.V. Sidorin'

120_1215 Acoustical and optical monitoring of absorbing liquid behavior induced by
nanosecond laser irradiation under transparent cover.

' A.M. Prokhorov General Physics Institute of RAS, Moscow, Russia
2 National Research Nuclear University MEPhI, Moscow, Russia

Oral Presentation
O.N. Koroleva, AV. Mazhukin, P.V. Breslavskii
Analysis of mathematical models of laser heating and melting of silicon
Keldysh Institute of Applied Mathematics of RAS; Moscow, Russia

13%0_14% Lunch time

1215_1230

Oral Presentation
14%0_ 1415 Zarko Pavicevié
Local boundary properties of mappings: a general approach
University of Montenegro, Faculty of Science, Pogdorica, Montenegro

Oral Presentation
T.K. Kozubskaya

15 1 430 ) )
14--14 Mathematical models and numerical schemes on unstructured meshes for
solving aerodynamics+aeroacoustics problems

Keldysh Institute of Applied Mathematics of RAS; Moscow, Russia

Oral Presentation
M.A. Trapeznikova, N.G. Churbanova, A.A Lyupa

14%-14% Simulation of three-phase fluid flow in a porous medium with account of
thermal effects

Keldysh Institute of Applied Mathematics of RAS,; Moscow, Russia

Oral Presentation
N.G. Churbanova, A.A. Chechina, M.A. Trapeznikova

14%5.15% Two approaches to the vehicular traffic flows simulation using high-
performance computer systems

Keldysh Institute of Applied Mathematics of RAS; Moscow, Russia

15%0_1530 Coffee break
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1 545_ 1 600

16"-16"

16"-16"

1645 1700

19%

Oral Presentation
Sviatoslav A. Stumpf, Alexander A. Korolev, Sergei A. Kozlov

Modelling a stimulated amplification of long-wave wing of a multi-
harmonic light beam at propagation in dielectric media with induced plasma
and static electric field

ITMO University, Saint-Petersburg, Russia
Oral Presentation
G. Bagdasarov, A. Boldarev

Numerical studies by means of MARPLE: new tools for parallel simulation
of continuous media using unstructured meshes

Keldysh Institute of Applied Mathematics of RAS,; Moscow, Russia

Oral Presentation
A.S. Boldarev

Development of the 3D code for numerical modelling MARPLE:
generalized programming and creation of really universal codes

Keldysh Institute of Applied Mathematics of RAS; Moscow, Russia
Oral Presentation
Yu.N. Karamzin, T.A. Kudryashova, V.O. Podryga, S.V. Polyakov
Multiscale modeling in supersonic gasdynamic sputtering problems
Keldysh Institute of Applied Mathematics of RAS,; Moscow, Russia
Oral Presentation
M.B. Markov, I. A. Tarakanov, Y.A. Volkov

Approximation of continuous breaking for modeling radiation-induced
conductivity of crystals

Keldysh Institute of Applied Mathematics of RAS; Moscow, Russia

Oral Presentation
L.V. Klochkova, V.F. Tishkin

A critical analysis of the mathematical models and simulation results
describing the distribution of impurities in the atmosphere
Keldysh Institute of Applied Mathematics of RAS,; Moscow, Russia

POSTER SECTION
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THIRTEENTH INTERNATIONAL SEMINAR “MATHEMATICAL MODELS & MODELING IN
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Wednesday, June 3
08%-20" SOCIAL PROGRAM
Thursday, June 4
Invited Presentation
L.N. Zavestovskayal’2

10%°-10% Laser metal nanocrystallization: theoretical modeling

'P.N. Lebedev Physical Institute of RAS, Moscow, Russia
’National research Nuclear University MEPhI (Moscow Engineering
Physics Institute), Moscow, Russia

Oral Presentation

I. Tsymbalovl, S. Shulyapovl, A. Brantov?, K. Ivanov',
P. Ksenofontovz, D. Krestovskikhl, V. Bychenkovz,
V. Nedorezov® and A. Savel'ev'

10%°-10%° Parametric wave excitation in relativistic laser-plasma interaction in
long under-critical pre-plasma layer

"Faculty of Physics and International Laser Center of Lomonosov Moscow
State University, Moscow, Russia

’P.N. Lebedev Physical Institute of RAS, Moscow, Russia
3 Institute for Nuclear Research of RAS, Moscow, Russia

Oral Presentation

V.T. Zhukov, O.B. Feodoritova, N.D. Novikova

35 1050
107-10 Multigrid and explicit-iterative solvers for threedimensional parabolic

equations
Keldysh Institute of Applied Mathematics of RAS,; Moscow, Russia

Oral Presentation

O.B. Feodoritova, Yu.G. Rykov

50 1105
107 - 11 Numerical investigations of variational representation for generalized
solutions of quasilinear hyperbolic equations

Keldysh Institute of Applied Mathematics of RAS; Moscow, Russia
Oral Presentation
Yu.V.Vassilevski', L.V.Kapyrin'?, LN.Konshin'?

11% - 112 INMOST software platform based development of parallel numerical
models on general meshes

!Institute of Numerical Mathematics of RAS
’Nuclear Safety Institute of RAS
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1 120_1200

1200_1215

1 230_ 1 245

13%-14%

141-14%°

Coffee break

Oral Presentation
N. Mikhalevi¢
Analysis of the direct spectral problem for inverse problem of an operator of
Sturm—Liouville
Maritime Faculty, University of Montenegro, Kotor, Montenegro

Oral Presentation
Romeo Mestrovi¢!, Zarko Paviéevié?

Different metrics and topologies on Privalov spaces on the unit disk
'Maritime Faculty, University of Montenegro, Kotor, Montenegro
Faculty of ScienceUniversity of Montenegro, Podgorica, Montenegro
Oral Presentation

Zirojevié¢ Marina', Jokanovié¢ Dusan', Barali¢ Dorde?
Software ‘Cinderella’ and its application in visualization of physic and
mathematics

!Bosnia and Herzegovina University of East Sarajevo, Production and
Management Faculty, Trebinje, BiH
Serbia Mathematical Institute SASA

Oral Presentation

Dusan Jokanovié', Tatjana Mirkovic,
Generalization of a discrete Opial type inequality applied to the eigenvalues of
graph

"University of East Sarajevo
Production and Management Faculty Trebinje
Stepe Stepanovica bb, 89101 Trebinje, Republic of Srpska, BiH

Lunch time

Oral Presentation
Andrej Novak
Continuum model of gene expression
University of Zagreb, Faculty of Electrical Engineering and Computing,
University of Zagreb, Croatia
Oral Presentation

Biljana Vojvodic', Milenko Pikula’
The boundary value problem with n delays and asymptotic of eigenvalues

"Ministry of Science and Technology Republic of Srpska, Banja Luka, Republic

of Srpska, Bosnia and Hercegovina

University of East Sarajevo, Faculty of Philosophy, Republic of Srpska, Bosnia

and Hercegovina

17



I_ /1/3 THIRTEENTH INTERNATIONAL SEMINAR “MATHEMATICAL MODELS & MODELING IN
P LASER-PLASMA PROCESSES & ADVANCED SCIENCE TECHNOLOGIES”

Oral Presentation
D. Efimov

14%-15%
Click-Through Rate Prediction - TOP-5 solution for the Avazu contest
American University of Sharjah, Sharjah, UAE
15%-15% Coffee break

Oral Presentation

A.L Chernov'?, P.V. Fedotov', A.V. Osadchyl’z, V.L. Kuznetsov**, E.A.
Obraztsova', A.L. Chuvilin*’, E.D. Obraztsova'*

One-dimensional structures inside single-walled carbon nanotubes

15%°-15% '4.M. Prokhorov General Physics Institute of RAS, Moscow, Russia
’National Research Nuclear University MEPhI, Moscow, Russia
Boreskov Institute of Catalysis SB RAS, Novosibirsk, Russia
“Novosibirsk State University, Novosibirsk, Russia
S CICnanoGUNEConsolider, San Sebastian, Spain
SIKERBASQUE, Basque Foundation for Science, Bilbao, Spain

Oral Presentation
A.E. Bondarev

15% _ 16
Parametric studies of Space-Time Structures for CFD Problems
Keldysh Institute of Applied Mathematics of RAS; Moscow, Russia
16%0-18% THEMATIC HEADINGS "SCIENCE LIFE"

ROUND-TABLE DISCUSSION
Invited Presentation
A.A. Samokhin
Scientific society in epoch of changes
A.M. Prokhorov General Physics Institute of RAS, Moscow, Russia
Invited Presentation
M.M. Gorbunov-Posadov, T.A. Polilova
Multimedia illustrations for scientific publications

Keldysh Institute of Applied Mathematics of RAS; Moscow, Russia

Invited Presentation
L.Yu. Novitsky
Modeling of processes of development of large urban agglomerations

Fuel and Energy Department of the city of Moscow, Russia

POSTER SECTION
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10%°-10'°
10'°-10%°
10— 10
10° - 10%
10%° - 10
10— 11%

Friday, June 5
BRIEF REPORTS
A.V. Mazhukin, O. N. Koroleva, P. V. Breslavskii

Statement of calculating experiment of molecular dynamics determination
of thermophysical properties of silicon

Keldysh Institute of Applied Mathematics of RAS; Moscow, Russia
P. V. Breslavskii, O. N. Koroleva, A.V. Mazhukin

Simulation of the dynamics of plasma expansion into the air induced by
nanosecond laser irradiation

Keldysh Institute of Applied Mathematics of RAS,; Moscow, Russia

Mindaugas Gedvilasl, Bogdan Voisiatl, Simonas Indriéiﬁnasl, Gediminas
Raciukaitis', Vadim Veiko®, Roman Zakoldaev’, Dmitry Sinev?,
Elena Shakhno?

Direct recording of Multi-Beam Interference Patterns on Titanium Films by
Nano- & Picosecond Laser Pulses

! Center for Physical Science and Technology, Vilnius, Lithuania
’ITMO University, St.Petersburg, Russia

A.V. Berezin, F.N. Voronin, V.A. Gasilov, K.K. Inozemtseva,
A.E. Lutskiy, M.B. Markov, S.V. Parotkin

Mathematical model of fluid dynamic effects in high-energy electrons flux
Keldysh Institute of Applied Mathematics of RAS; Moscow, Russia

Sanja Jancic Rasovic', Irina Cristea
Multiendomorphisms as a tool to construct new hyperri

"Faculty of Natural Science and Mathematics, University of Montenegro,
Podgorica, Montenegro
?Centre for Systems and Information Technologies, University of Nova
Gorica, Nova Gorica, Slovenia

L. I. Galanina, L. S. Novikov

Mechanisms of nuclear reactions at interaction of cosmic rays with
materials of microelectronic elements

Skobeltsyn Institute of Nuclear Physics, Moscow State University
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B.I.Denkerl, B.I.Galaganl, S.E.Sverchkovl, E.M.Dianov*
1101110 Spectral-luminescence propertiesof Bi-doped oxide glasses

' 4.M_Prokhorov General Physics Institute of RAS, Moscow, Russia
’Fiber Optics Research Center of RAS Moscow, Russia

A.V. Osadchy"?, D.V. Rybkovskiy', E.D. Obraztsova'”

Usage of the semi-empirical pseudopotention method for the gallium
o -2 selenide nanomaterials band structure calculation
1111 4. M. Prokhorov General Physics Institute of RAS, Moscow, Russia
’National Research Nuclear University MEPhI (Moscow Engineering
Physics Institute), Moscow, Russia

1120-12% Coffee break

S.N. Bokova-Siroshl’z, M. A. Shuvaeva® ’4, A. V. Ishchenko™*,
D.V. Krasnikov3’4, V.L. Kuznetsov3’4’6, AL Romanenkos, E.N. Tkachev’
and E.D. Obraztsova'?

Optical and electrical studies of defect multi-wall carbon nanotubes
synthesized with Fe-Co catalysts of variable structure

12901210 '4.M. Prokhorov General Physics Institute RAS, Moscow, Russia
’National Research Nuclear University « MEPhI», Moscow, Russia
I Boreskov Institute of Catalysis SB RAS, Novosibirsk, Russia
*Novosibirsk State University, Novosibirsk, Russia
’Nikolaev Institute of Inorganic Chemistry, SB RAS, Novosibirsk, Russia
SNational Tomsk State University, Tomsk, Russia

SneZana Jovanovi¢
1210_1920 The concept of college library
Library of natural and technical sciences, University of Montenegro

N.D. Novikova, O.B. Feodoritova, K.V. Manukovskii, Yu.G. Rykov,
V.T. Zhukov

12%°-12%° : . . : )
On high speed flow simulation in model ramjet engine
Keldysh Institute of Applied Mathematics of RAS,; Moscow, Russia
D. S. Polyakov, E. B. Yakovlev
12301240 Limits of applicability of the two temperature model for nonuniform heating

of condensed matter by ultrashort laser pulses

ITMO University, Saint-Petersburg, Russia
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1 240_ 1 250

1250_1300

13.00-14.00

10.00-13.00

. C. Iloasikos, B. I1. Beiiko, A. M. Cksopuos, K. T. Xyuns, E. C.
Yomenko, A. A. CaMoXBajioB

HCCJ’ICI{OBaHI/Ie MMpOAYKTOB nasepHoﬁ a6J'I$II_[I/II/I KpEMHUS B pA3JIMIHBIX
cpeaax mnmpu 06J'Iy‘-IeHI/II/I HaHOCCKYHJAHBIMU UMITYJIbCaAMH I/ITTep6I/IeBOF0
BOJIOKOHHOTO JIa3€pa

Yuusepcumem UTMO, Canxkm-Ilemepbype, Poccus
Vanja Vukoslavéevié¢
Spline difference scheme on a uniform and piecewise uniform grid
Faculty of Sciences, University of Montenegro
Lunch time
SUMMING. CLOSING OF SEMINAR.
BANQUET, CLOSING SPEECH
Saturday, June 6
Departure
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OCOBEHHOCTHU COBPEMEHHOI'O MATEMATHYECKOI'O
MOJEJIUPOBAHUA

B.U.Maxyxkun, A.B.Illanpanos, M.M. /Ilemun

Hncmumym npurkiaonoi mamemamuxu um. M.B. Kenovuua PAH, Mockea, P®
e-mail: vim@modhef.ru

Upe3BblualiHO IIHMPOKOE paclpocTpaHEHHWE METoJI0B MaremaTuueckoro MojenupoBaHus
(MM) u Beraucnurtensaoro Jkcnepumenta (BD) [1], puc.1 cBa3aHO HE TOIBKO ¢ HECOMHEHHBIMH
ycmexaMu M IPEeUMYIIECTBaMU, HO M C OIpPENEICHHBIMU 3aTPyJHEHUSMU M HEAOCTaTKaMH.
Bricokas BocTpeOOBaHHOCTh B MCCIIENOBAaHUAX MeTOJ0B MM 3a4acTyio MPUBOJUT K TOMY, YTO
oTnenbHble 31eMeHTel BD (cM. puc.l) 3aHMMaroT goMuHupyouiee mnojoxkeHue () B yepo
OCTaNbHBIM. Tak MaccOBBIA XapakTep NpUOOpeNo NPUMEHEHHE, KaKk IPaBWIO, B PEXKHME
«UYEPHOTO SMIMKa» BhIYUCIUTENbHBIX K010B (SOFTWARE) u3BecTHbIX pa3pabOTUMKOB, 3a4aCTYIO
3a MpeaelaMM HX TNPUMEHUMOCTH. B kadecTBe mnpumepa, MOXKHO YKa3aThb NpPUMEHEHHE
SHTAJBIUIHHOIO IMOAX0Ja K YUCIEHHOMY pEIEeHUI0 Kiaccuueckoi 3amaun Credana B 3amayax
UMITYJILCHOTO JIa3epHOT0 BO3/eiCcTBHsI. cnonp30BaHNe BHIYUCIUTEIBHBIX KOJOB 32 paMKaMH MX
MPUMEHUMOCTH TIPUBOJMT K MOSBJICHHUIO PE3yJIbTATOB HE BHI3BIBAIOIIMX OBEpPHs, HO (hopMaIbHO
COBTMAJIAIONINX C JTAHHBIMHA HATYpPHBIX AKCIEPUMEHTOB. BTopas mpobiema coBpemenHOoro MM
CBSi3aHa C TOCHENIHBIM U MOBEPXHOCTHHIM HCIOJIH30BAHHEM MaTeMaTHUYECKHUX MOCTAaHOBOK 0e3
JIOJDKHOTO TTOHMMAaHMS CyTH sIBJICHHH. [IpuMepoM MOXKET CiayXWTh, TaK Ha3bIBaeMmas, mpobiema
“blast force”, mpu YHCICHHOM PEUICHUH, KOTOPOW aBTOPHI [2] BEIYUCIUTEIBHBIM ITyTEM MOJTYYHITH
TPYAHOOOBSCHIUMBIE HEpaBHOBECHBIE APPEKThI. YKa3zaHHbIE MPOOIeMbl TPEOYIOT BHUMATEIEHOTO
U KPUTUYECKOTO aHaJIM3a.

1. IIpeomemnasn
obnacmp

2.
OKkcnepumenmanshole
OaHHble

3
Buviuucnenue
C6OIICME CPedbl

4
MATEMATHYECKA ST
MOJEJb

8
Ananuz
Pe3yibmamos

5
Buvituucaumensuuiii
anzopumm

7
Boiuucnenusa u
eusyanuzayus
Pe3yibmamos

6
Ilakem npuknaonwvix
npozpamm
(Software)

Puc.1 CxeMa BBIMMCIUTEIBHOTO SKCIIEPUMEHTA.
BaaronapuocTu: PaGorta Beinonnena npu ¢punancosoit nogaepxke PH® Ne 15-11-00032
Jluteparypa:

1.A.A. Samarskii. “Mathematical modeling and computational experiment”. Herald of USSR Academy of
science, No. 5, 38-49 (1979)

2.Yonggang Shen, Yong Gan, Wanjun Qi, Yaogen Shen, and Zhen Chen "Effect of the hot electron blast
force on ultrafast laser ablation of nickel thin film", Appl. Opt., 54, 1737-1742 (2015)
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ABSTRACTS

PECULIARITIES OF OF MODERN MATHEMATICAL MODELING
V.I. Mazhukin, A.V. Shapranov, M.M. Demin

M. V. Keldysh Institute of Applied Mathematics of RAS
e-mail: vim@modhef.ru

Extremely wide proliferation of the methods of mathematical modeling (MM) and
computer experiment (CE) [1] (Figure 1) is connected not only with the undoubted successes
and benefits, but also with certain difficulties and disadvantages. High demand for the
research methods of MM often leads to the fact that some elements of CE (see. Figure 1)
occupy a dominant position () to the detriment of others. For example, massive use of
purchased computer codes (SOFTWARE) from the known developers, as a rule, in the "black
box" mode, and often outside of their applicability. As an example, one can specify the use of
enthalpy approach to the numerical solution of the classical Stefan problem in the problems of
pulsed laser action. Using the computational codes beyond their applicability leads to not
credible results, but in the formal agreement with the data of field experiments. The second
problem in the modern MM is related to the hasty and superficial use of mathematical
statements without proper understanding of the phenomena. An example is the so-called
problem of "blast force" during the numerical solution of which the authors [2] obtained non-
equilibrium effects, which are difficult to explain. These problems require careful and critical

analysis.
3. Calculation of
media properties

5
Computational
Algorithm

1.Physical model

2. The experimental
data

4
MATHEMATICAL
MODEL

8
Analysis of
results

7
Calculation and
visualization

6
Software

Fig.1. Computational experiment scheme.
Acknowledgements: This work was supported by RSCF grant Ne 15-11-00032.
References:

1.  A.A. Samarskii. “Mathematical modeling and computational experiment”. Herald of
USSR Academy of science, No. 5, 38-49 (1979).

2. Yonggang Shen, Yong Gan, Wanjun Qi, Yaogen Shen, and Zhen Chen “Effect of the
hot electron blast force on ultrafast laser ablation of nickel thin film”, Appl. Opt., 54, 1737-
1742 (2015).
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THIRTEENTH INTERNATIONAL SEMINAR “MATHEMATICAL MODELS & MODELING IN LASER-PLASMA
PROCESSES & ADVANCED SCIENCE TECHNOLOGIES”

OCHOBHBIE 3TAIIbI PA3BBUTUA ®YHIAMEHTAJBHON ®U3UKHU ILJIA3MBI
BE3 CTOJIKHOBEHWI. MOJIEJIMPOBAHUE, AHAJIN3

A.A. Pyxanze
Hnemumym ooweni pusuxu um. A.M Ilpoxoposea PAH, M. yn. Basunosa 38.

JlaeTcst KpaTKuii HCTOPHUYECKUI 0030p pa3BUTHS (yHIAMEHTAIBHOW (PH3UKH TIIA3MBIL, B
KOTOPOM OCHOBHBIE ITaITbl OBLUTH OTIPEICIICHBI CICTYIOMNMH (HU3NKAMH.

1. W. JIeurmrop

4. H.H. boromnro6os 5. B.b. KagomiieB 6. B.II. Cunun

W. JlenrMmiop BIEpBBIE SKCIIEPUMEHTAIBHO MCCIEAOBAJ CBOMICTBAa IUIa3Mbl, HaIllel
OCHOBHBIE XapaKTEPUCTUKHU IIa3Mbl M OINpPEAEIWI YCIOBHS pealu3aluy IUIa3MEHHOTO
cocrostaust; JI.J1. Jlanmay nepBBIM MOHSUT IPUYHHY HETPUMEHUMOCTH Ta30BOTO MPHOIKCHHUS
JUIS OTIMCAHMS IJ1a3Mbl, HO MPEHEOPEr caMOCOIIaCOBAaHHBIM IOJIEM U HE JAOCTHT Lenu; A.A.
BiracoB nmokaszan BaXXHYIO pOJib CaMOCOIVIACOBAHHOTO IMOJISA, U IEPBBIA MOIYYNI MPABUIBHOE
ypaBHEHHE, ONMCHIBAIOIIEe IMJIa3My, a TakKe TEOPEeTHYECKH 000CHOBaN IKcHepuMeHThl M.
JlearMropa 1o HAOJIIOACHHUIO TUIA3MEHHBIX BOJH M uX aucnepcuto; H.H. Boromo6oB passuir
o0mui MEeToA BBIBOJA AMHAMUYECKUX YPAaBHEHHUH JUIs MiIa3Mbl W MOKa3all, 4TO B IEPBOM
npubmmkeHnn 1o mapamerpy Jlammay cnpaBeanmBo ypaBHeHHe BriacoBa, a  BTpoe
npubamKeHrne NpuBoAUT K nonpaske Jlannay k ypaBHenuto Biacosa; I'.B. 'opaeeB BnepBbie
MOKa3aj, YTO 3BYKOBas BETBb KOJ€OaHUN OTJIMYAETCs OT 3ByKa B Tras3aX, 3BYK B IUIa3Me
M30TEPMUYECKUN U CYLIECTBYET TOJIBKO B HensorepMmuuecko miasme; b.b. Kagomues u B.I1.
CunuH mokas3ajiu, 4YTO B IUIa3ME CYILECTBYIOT HE3aTyXalollhe MOJbl HOHHO-3BYKOBBIX
KoJIeOaHUH M BIEpBbIE MOCTPOMJIM TEOPHIO TYpOYJIEHTHOCTH IUIa3Mbl Ha HE3aTyXaroIluX
Mojax Biacosa.
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LASER PRINTING OF NANOPARTICLES
B. Chichkov
Laser Zentrum Hannover e.V., Hollerithallee , 30419 Hannover, Germany

I will report on our recent progress in the development of laser printing technologies for
fabrication of complex nanoparticle structures [1,2]. Fabrication, characterization, and
applications of the generated nanoparticle arrays in nanophotonics, plasmonics, and optical
sensing will be demonstrated and discussed.

Collector substrate (glass) Silicon nanoparticles

Donor substrate (bulk silicon) Tightly focussed fs laser pulse

Fig. 1 Experimental setup applied for laser printing of nanoparticles.
References

[1] U. Zywietz et. al. Appl Phys A, 114, 45 (2014).
[2] U. Zywietz et. al. Nature Commun. 5, 3402 (2014) .
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CONTINUAL AND MOLECULAR-DYNAMIC MODELING OF PHASE
TRANSITIONS DURING LASER ABLATION

AA. Samokhinl, V.1.Mazhukin?
'Prokhorov General Physics Institute, Russian Academy of Sciences,
Vavilov Str., 38, 119991 Moscow, Russia
’M.V. Keldysh Institute of Applied Mathematics, Russian Academy of Sciences,
Myusskaia sq. 4, 125047 Moscow, Russia
E-mail address: asam40@mail.ru

In this report a comparative description of various theoretical methods in modeling of
phase transition induced by intense laser pulses in condensed matter is presented.

The methods include, in particular, continual (fluid dynamics), kinetic and molecular-
dynamic modeling. Non-equilibrium features of laser initiated phase transitions such as
explosive boiling or spinodal decomposition and their description in different approaches are
discussed in details. The discussion is necessary because of some important points of the
problem are not yet completely clarified.

For example, appearance of explosive boiling in metals irradiated with intense laser pulses
is not evident beforehand because of high values of thermal conductivity and small radiation
penetration length. For this reason in some theoretical descriptions of the explosive boiling
process in irradiated metals (see [1] and cited there earlier papers) it is declared that in such a
case subsurface superheating is impossible. However, our recent results [2,3] obtained with
the help of molecular-dynamic modeling show that it is the subsurface superheating which
gives rise to metal explosive boiling during nanosecond laser pulse irradiation. At shorter
laser pulses which generate negative pressure values in the subsurface region one observes
spallation effect that takes place (in the terms of equation of state) near spinodal line in its
negative pressure part (see, e,g,, [4,5] and references therein).

According to Van der Waals equation of state constant pressure heat capacity diverges and
changes its sign at spinodal line. In real physical systems no such well defined line exists
because of growing unstable thermodynamical fluctuations. Spinodal and critical point
manifestations in strongly non-equilibrium conditions of laser ablation need more
experimental and theoretical investigations [6].

Acknowledgements: This work was supported by RFBR projects Nos 13-02-01129, 15-07-
05025, 13-07-00597.
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THERMOCHEMICAL RECORDING OF INTERFERENCE PATTERNS ON THIN
CR-FILMS BY PICOSECOND LASER PULSE IRRADIATION - EXPERIMENTAL
REALIZATION & THEORETICAL MODELLING

Mindaugas Gedvilas', Bogdan Voisiat', Simonas Indrigitnas’, Gediminas Ra&iukaitis', Vadim Veiko?,
Roman Zakoldaev?, Dmitry Sinev’, Elena Shakhno®

ICenter for Physical Science and Technology, Savanoriu Ave. 231, LT- 02300, Vilnius, Lithuania
’ITMO University, Kronverksky Ave. 49, St.Petersburg, 197101, Russia

Interference of laser beams with the high pulse power density opens an opportunity of direct
structuring over large areas. We report results of the thermo-chemical treatment of thin metal
films irradiated by multi-beam interference picosecond pulses combined with the following
chemical etching.

The essence of laser-induced thermo-chemical recording consists in a local heating of a
metallic film for a temperature about a melting point at the normal atmosphere where a
surface oxidation takes place [1]. Pulsed laser irradiation initiate formation of thin layer of the
chromium oxide Cr203 at irradiated zones of the surface, and the oxide preserve metallic film
from etching in a proper chemical solvent (some alkali or acids). In this way, the image
written by a laser can be developed and registered on a metallic film [2]. The spatial
resolution of this method can be quite high due to so-called thermo-chemical sharpening [3]
and can even be close to the diffraction limit.

The laser beam was split into two, tree, four or six beams by using the diffractive optical
elements. The confocal imaging system was used to produce interference pattern on the
chromium films. As a result, 1D and 2D planar structures with a period varying from 1.5 pm
to 3.5 um were produced on the glass surface after chemical treatment (Fig. 1).

S-S ev=_g8 T W o g™
R el

....... o . .'.‘q.

o:o:..:.‘ .: !_.-'& ’

...: o"-.-‘!j"d_-". 2

e CP
.... .‘ I.‘ ‘ .!ﬁ'- ]

B A

Fig. 1 The micro image of chromlum planar structures formed on the glass surface after

chemical etching followed the nanosecond laser irradiation.

Acknowledgements:

This work was supported by the Russian Scientific Fond Grant No. 14-12-00351 (on 50%),
RFBR grant No. 14-29-07227 ofi_m, the President of the Russian Federation Grant No. NSH
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Sincethe early 1970s, in connection with the development of laser technology and the
performance of the first ICF experiments, interest in the problem of interaction of intense
laser radiation with plasma increased substantially. Such interaction results in the appearance
of high temperature and density gradients, which casts doubts on the possibility of describing
actual laser experiments in the framework of the classical transport theory. To date, there are a
lot of experimental data [1] confirming the idea about the nonlocal character of heat transport
in laser produced plasmas. This concerns, first of all, the description of the heat flux, because
the electron heat transport plays a crucial role in the energy balance in laser produced
plasmas. The problem of the heat flux intensity is one of the key problems to be solved for
successful implementation of inertial confinement fusion (ICF), because most energy of the
incident laser radiation is absorbed near the critical density (i.e., far from the ignition region)
and is then carried deep into the plasma by the electron heat flux, which determines the
heating rate, temperature, and compression ratio of the target.

The analytical theory of nonlocal transport is designed only for the small temperature
perturbations [2]. So the only way to calculate the parameters of the heat transport in plasma
with the temperature inhomogeneity scale length less or equal to one hundred electron mean
free path lengths is the numerical simulation of the kinetic equation with Landau-Fokker-
Planck collision operator.

We suggest an effective approach to the numerical solution of the plasma kinetic
equation that is based on a new DSMC method [3, 4] for the nonlinear collision operator. For
wide range of parameters the relaxation of the initial temperature perturbation in a collisional
plasma is investigated in 1D3V geometry. The obtained numerical results are compared with
many various transport models which describe the process with some differences. A good
agreement with nonlocal heat transport model [5] is found. Also the heat wave propagation
from the heating region deep into the plasma is considered. The temperature profile and flux
dependence on time is examined. The structure of the temperature wave front, particularly,
the difference from the hydrodynamic description is investigated.
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CBUHEI] - NEPCNIEKTUBHBIN TEIVIOHOCUTEJID 1 -TO KOHTYPA
CBEPXKPUTUYECKOI'O PEAKTOPA ATOMHOM 3JI. TEHEPUPYIOIIEN
YCTAHOBKH
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TexHonornyeckrue MpoLecchl, OCHOBAHHBIE Ha MCMOIb30BaHUM CBEPXKPUTHUYECKUX
OmonnioB (CK®), sBASIOTCSA MpoIlecCaMH CIEIYIOMIETO MOKOJIEHUS HOBBIX 3KOJIOTUYECKU
YUCTBIX TEXHOJIOTHH 6-T0 TEXHOJIOTUYECKOTO YKIIaaa.

Ho mpu atom B CK®-cpenax nmeercs psin GyHAaMEHTAIbHBIX MPOOIeM: HEAOCTATOYHO
uccienoBanbl (hru3nko-xummudeckue cBoiictBa CK® BrICOKHE CKOPOCTH MPOIIECCOB TEPEHOCa,
HacTpanBaeMas IUIOTHOCTb, HU3Kasl BSI3KOCTh, U JP.

B coBpeMeHHON »HepreTMKe NepexoJ Ha TEIJIOHOCUTENIN CBEPXKPUTUYECKUX
napaMeTpoB mo3BossieT pe3ko yBenuuuth KIIJ] «remnoBoit» wactu obopynoBanus ¢ 24% no
~40% aTOMHOM 3J1. TEHEPUPYIOIIEH YCTAHOBKHU (JIOKPUTUYECKUM CBHHEI] — TETUIOHOCUTEND |
KOHTypa HarpeBa, Boga (CK®) TemoHocutenb - 2 KOHTypa HarpeBa). B nmaHHOM cmyuae
CBEPXKPUTUYECKUM TEIUIOHOCHUTEJIEM SIBJISIETCS BOJAa BO BTOPOM KOHType HarpeBa. CBUHEI
HETMOCPEACTBEHHO OMBIBAET TeroBbIaesomue coopk TBDJI B sHEpreTHUECKOM peakTope.
UccrnenoBanme Temmopu3nMuecKux CBOWCTB CBUHIA, BIUIOTH JO KPUTHYECKOW TOYKH
HEOOXOUMO JJISl IPOBEICHUSI KOMILJIEKCHBIX paboT M0 MaTeMaTHYeCKOMY MOJEITMPOBAHHUIO
0e30macHOi paboThl peakTopa B IIMPOKO AMANA30HE PEKUMHBIX MapaMeTpoB. B mepeom
npUOIKEHUH HEOOXOAWMO 3HATh O HAIWYHHM WIH OTCYTCTBUM OCOOCHHOCTEH MOBEIEHUs
CBUHIIA B BBICOKOAHEPI€TUYECKOI 00J1acTH apaMeTpOB COCTOSTHUSI.

B Hacrosmieit pabore OBLIO MPOBEACHO HCCIENOBAHHE JIa3epHO-UHIYIIUPOBAHHBIX
cocrosanii ceuHna «Pb» m rTpajdura «C» B 110 W CBEPXKPHUTHYECKOH 00JIacTH mpH
KBa3UU30XOPHOM HarpeBe MEXaHWYECKU HArpyKEHHOU 00IyyaeMoii MOBEPXHOCTH BEIIECTBA.

[TomydyeHbl JaHHBIE MO JWHAMUKE HW3MEHEHUS TEPMOJIMHAMUYECKHX IapaMeTpoB
cocrosiHus: nasneHue P u temmeparypa T B mporecce na3zepHoro Harpesa. [IpenctaBieHbl
pe3ysabTaThl  M3MEpPEHHs]  OTPaXKaTeIbHOH CHOCOOHOCTH B OITHX  ycloBHax. llpm
9KCIIEPUMEHTAIFHOM HCCIIEIOBAaHUS YCTAaHOBIEHO, YTO OTpakaTellbHas CIOCOOHOCTh CBHMHIIA
«Pby» mamaer 607ee 4eMm B 5 pa3 OTHOCUTEIHHO MEPBOHAYAIBHOTO 3HAUYCHHS, YTO YKAa3bIBACT
Ha CYLIECTBEHHbIC U3MEHEHHS B JIEKTPOHHOM CIIEKTpE MeTalljia B 3TOM 00sacTu.

B ciyuae rpadura mokasano, uro npu temneparypax T ~ 5700 K u gaBnenusx P ~
0.77Gpa (7700 Gap) oTpaxkarenbHasi CHOCOOHOCTh CHUKAETCSI MPAKTUIECKU HA MOPSAIOK.
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LEAD IS A PERSPECTIVE HEAT CARRIER OF THE FIRST CONTOUR OF
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Technological processes based on supercritical fluids (SCF) are the processes of future
generation of new ecologically clear technologies of 6™ technological style. But some
important fundamental problems appear here: SCF physical-chemical properties has not been
studied sufficiently (high speed of transfer processes, low surface tension, adjustable density,
dissolving capacity, low viscosity, etc.).

In modern energetics, using of supercritical heat transfer agents allows to increase
considerably the efficiency of “heat” part of the equipment from 24% to 40% of nuclear
electro generated plant (subcritical lead is the heat transfer agent of the first contour,
supercritical water is the heat transfer agent of the second contour). The lead directly flows
past heat generating unit assembly of nuclear reactor.

Investigation of heat-transfer properties of lead up to critical point is required for
extensive mathematical modelling for the safe operation of nuclear reactor in wide range
conditions. At first, it is required to learn the specifics of lead behavior in near critical region
of state parameters.

In present investigation we studied laser induced SCF of lead and carbon by quasi-
isochoric heating of metal surface covered by transparent dielectric.

We received data on dynamic of changes of thermodynamic parameters of lead states:
pressure P and temperature T during laser heating process. We represent the results of
reflectivity measuring in these conditions.

It shows that lead reflectivity decreases in these conditions more than 5 times as
compared with initial state. For carbon with temperature T ~ 5700 K and pressure P ~ 7700
bar, reflection possibility decreases by 10 times
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MULTIPHASE EQUATIONS OF STATE FOR METALS AT HIGH DYNAMIC
PRESSURES

K.V. Khishchenko
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Multiphase equations of state (EOSs) of materials over a broad region of pressures and
temperatures are necessary for numerical simulationsof processes with intense pulsed
influences on media where phase transformations are possible. Accuracy of numerical
modeling results is determined mainly by adequacy of thermodynamic description of
materials under consideration. In this work, some EOSs for specific metals are presented.

A thermodynamically full EOS model is proposed describing the Helmholtz free-energy
function F(V, T) with taking into account polymorphic transitions, melting and evaporation.
Basing on the model, multiphase EOS calculations are carried out for aluminum, tin, titanium,
beryllium, iron, tantalum, tungsten and bismuth over a wide range of pressures and
temperatures.

Obtained EOSs are in a good agreement with data available from experiments at high
energy densities, such as measurements at static high-pressure conditionsas well as in shock
and release waves. The EOSs can be used efficiently in hydrodynamic simulations of
processes in materials and plasmas under intense laser influences.
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TWO APPROACHES FOR MODELING OF LASER ABLATION OF METALS:
HYDROCODE WITH A MODEL OF NUCLEATION AND HYBRID MOLECULAR-
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Simulation of femtosecond laser ablation of a bulk aluminum target is performed using two
approaches. The first method is a single-fluid two-temperature hydrodynamics completed
with a two-temperature equation of state. The second approach is a combination of classical
molecular dynamics and continuum model of a free electron subsystem. In both methods an
identical and accurate description of optical and transport properties of electron subsystem is
based on wide-range models, that gives opportunity to reproduce electron heat wave
propagation, electron-phonon/ion coupling and laserenergy absorption on a time-dependent
profile of complex dielectric function. Besides, phase diagram of equation of state and
molecular dynamic potential are in a good agreementthat gives opportunity to compare the
dynamics of laser ablation obtained by both methods directly. Results of simulation are
presented in the range of fluences 0.1-20 J/cm” and match well with experimental findings for
the ablation crater depth. Hydrodynamic approach demonstrates good qualitative agreement in
dynamics of phase explosion and spallation. Molecular dynamics accurately reproduces
nonequilibrium phase transitions and takes into account surface effects for nanoobjects. Other
advantages and disadvantages of both approaches areinvestigated and discussed.
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Figure 1. Density contour plots for ablation of Al target by 100 fs laser pulse with the fluence
F= 2 J/em® for MD (left) and HD (right) simulation. Zone of melting is bounded by the
dashand-dot line in HD panel.
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MO/JEJJMPOBAHUE KOHTAKTHOTI'O B3AUMOJIEMCTBUSI CACTEMBI TEJI
METO/IOM IIIBAPIIA
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Jloknan mocBsilieH pa3paboTKe alropuTMa YHCIEHHOTO PELICHHsS] MOJUKOHTaKTHOM
3ala4 TCPMOMEXAaHNYCCKOI'O BSaHMOHeﬁCTBHH CHUCTCMbI MHOT'UX TCIJI. HpeI[CTaBJIeH KpaTKI/II‘/JI
0030p pacrpoCTpaHEHHBIX METOI0B. VCIOIB30BaHHBIX aJTOPUTM OCHOBAH HA UTEPALIMOHHOM
metone IlIBapua, cmenmuanbHbBIM — 00pa3oM  MOAM(DHUIMPOBAHHOM ISl PELICHUS
paccMaTpruBaeMoro KJacca 3a7a4. Huckperuzanus petraemMoit HEJIMHENHON
muddepeHIManbHON 3aJaul BBIMOJTHEHAa METOJOM KOHEUHBIX 3JeMeHTOB. [IpeacraBieHsb
pe3ynbTaThl pacue€ToOB, B TOM YHCJIE pacyeTa TEPMOMEXaHUYECKOT0 B3auMoaencTus 350 rer.

PaGoTa BbImonHeHa mpu 4acTUUHONW (UMHAHCOBOM moanepx ke [Iporpammbl moanepKku
BeAylux HayuHbIX mKon (rpant Ne HIII-1432.2014.8) u npu noanepxxke PODU (mpoekTsl
Ne 15-01-03073, Ne 14-01-31496).

THE MODELING OF CONTACT INTERACTION OF SOLIDS BY MEANS OF
SCHWARTZ METHOD

M.P. Galanin', V.V. Lukin', A.S. Rodin', I.V. Stankevich®

"Keldysh Institute of Applied Mathematics of Russian Academy of Sciences, Moscow
e-mail: galan@keldysh.ru;
Bauman Moscow State Technical University, Moscow
e-mail: aplmex@yandex.ru

The algorithm of numerical solution of polycontact problem for thermomechanical
interaction of big amount of solids is discussed. The brief overview of methods of numerical
solution of such problems is given. The used algorithm is based on Schwartz iteration method
which is specially modified for the solution of considered class of problems. The
discretisation of nonlinear differential problem is performed by the finite element method.
The calculation results are demonstrated including the results of calculation for
thermomechanical interaction of 350 bodies.

This work was partially funded by leading scientific schools support Program (grant #
NS-1432.2014.8) and RFBR (projects 15-01-03073, 14-01-31496).
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Base of technology of mathematical maintenance of experiments with penetrating
radiation is worked out. Main idea is to construct operators of transforming the initial
radiation to the transmitted one as well as operators of transforming the transmitted radiation
to the measured values [1]. Simulating the radiation transport is based on the Monte Carlo
modeling of interaction of X-radiation and electrons with matter. The proposed method
permits to construct, for instance, the operator connecting the initial radiation spectrum with
the energy distribution of photons penetrating an object of inquiry. The developed method
provides the possibility of effective mathematical modeling of radiography testing the
complex multi-component objects. Moreover, the method can be used to construct operator
equation for solving inverse problems, e.g. the reconstruction of the radiation spectrum by use
of simple experimental measurements. Comparison with some experimental measurements is
presented.
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CYHHEPKOMIIBIOTEPHOE MOJIEJIMPOBAHHUE KACKA/IHBIX ITPOINECCOB
INEPEHOCA U3JIYYEHUSA
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PaccmaTtpuBaetcs MoienupoBaHue pa3BUTHS (POTOHHO-3JIEKTPOHHOTO KacKazla BHYTPU
MHOTOKOMITIOHEHTHBIX OOBEKTOB CIIOKHOW TE€OMETPUYECKOW CTPYKTyphl Ha THOPHIHON
BBIUHCIUTENbHON TexHUKe. Pa3paboTaH moaxoJ K MOAETHMPOBAHHIO KAaCKaJHBIX MPOIECCOB,
KOTOPBbI MMEET TpU KIIOUeBbIE OCOOEHHOCTH, MO3BOJIOMKE 3(PPEKTUBHO HCHOIB30BATH
TETEPOreHHYI0 CTPYKTYpPY BBIUMCIMTEIbHOW TEXHHUKHU JJI1 pacuera MepeHoca U3IydyeHUs B
CIIOXKHBIX Pa3HOMACIITAOHBIX CTPYKTypax. Bo-NepBbIX, NpUMEHSETCS JBa Pa3IMYHBIX
T€OMETPUYECKUX OINMCAHHUs OOBEKTa TPU MOJCIHPOBAHWUU PACIIPOCTpaHEHHS ()OTOHOB B
BellecTBe (MIOBEPXHOCTHO OPUEHTUPOBAHHAS MOJIENb, TUCKPETU3AIUS KOTOPOM MPOBOIUTCS C
MOMOIIbI0 TPUAHTYJIAIIMK) W TIEPEHOCa DJJIEKTPOHOB (OOBEMHO OPHEHTHPOBAHHAS WIU
«BOKCeIbHas» MOJIeNIb 00BeKTa, puc. 1).

TPuanr vARIonnan Moiein

Oinert

Bokeeannan woaean

Puc. 1.

Bo-BTOpBIX, 11 MOJIENMPOBAaHUS MOBEPXHOCTHBIX 3(PQPEKTOB (TakUX, HAIpUMep, Kak
pasuanoHHas AJIEKTpOHHast AMuccus [1]) SBHBIM 00pa3oM yYHTBHIBAETCS MAJbIA HapameTp
3aa4d — OTHOUICHUE JUIMHBI TOPMO3HOTO MYTH 3JEKTPOHA K JUIMHE CPEIHEro CBOOOJHOIO
npobera QoToHa. DTO TO3BONAET HAa TOPSAIKHA COKPATUTH OOBEM BBIUMCICHUH IS
MOJICTIMPOBaHUS  yKazaHHBIX d¢¢dekroB. B Tperbux, paspaboranHas >ddexTuBHAS
JICKOMITO3UIMS  BBIYMCICHUH MEXAy IEHTPAJbHBIM H TrpadUyeckuM MpoIeccopaMu
MO3BOJISIET 3HAYUTEIBHO MOBBICUTH CKOPOCTh MOJIETUPOBAHMSI PACCMATPUBAEMBIX MTPOLIECCOB.
C mnomomipio pa3pabOTaHHOTO METOJa MPOBEJCHO MOIEIMPOBAHHE SKCIEPUMEHTa II0
UCCIIEIOBAaHUIO XapaKTEPUCTUK TOPMO3ZHOTO U3ITyUEHHsI, FTEHEPUPYEMOTO ITyUYKOM 3JIEKTPOHOB
yckopurens. CpaBHEHHE pe3yJIbTAaTOB PACYETOB M AKCIEPUMEHTANBHBIX JTaHHBIX MOKA3alio
yIIOBJIETBOPUTEIBHOE COTIIaCHE.

Pa6ora BemonHeHa npu nogaepxke rpaHtoB POOU Ne 15-01-03027 u Ne 14-01-00350.
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The simulation problem of rarefied gas flows in microchannels of technical systems in a
multiscale computational domain is considered. Problem of the gas flow in microchannel of
installations for supersonic cold gasdynamic sputtering is chosen as an example [1]. This
problem is one of the basic parts of a general list of sputtering problems, which includes: 1)
the features of the gas and nanoparticles motion through microchannels; 2) targeted delivery
of nanoclusters to sputtering places; 3) guaranteed attachment of the nanocluster to the
substrate surface; 4) providing a specified time and a desired quality of sputtering single act;
5) ensuring a repeatability and mass character of deposition process; etc.

For solution of selected problem the multiscale approach is used, combining the solving
of a quasigasdynamic (QGD) [2] equations and the correcting of the solution by molecular
dynamics method (MD) [3]. At interaction of the gas mixture with metallic walls of sputtering
system (nozzles and microchannels), and also with the nanoparticles, phenomena occur,
which are well described only at the molecular level. This applies primarily to determining the
equation of state of gas mixture in the flow, as well as component values of the velocity,
pressure and temperature on the walls. Therefore, the main attention of this work is devoted to
the calculation of macroparameters of the gaseous medium as far away from the walls of
microchannels, as well as in the boundary layer. The calculations of medium
macroparameters by MD methods are used as in specific calculations, as well as for database
accumulation that is used in subsequent QGD computations.

In this work the investigated object (molecules of gas mixture and atoms of metallic
surface) is represented by a set of particles that move according to the laws of Newton. The
system of equations is solved by the Verlet difference scheme [4]. The interaction of particles
is described by potentials determining the basic properties of system components under
selected conditions. The system of nitrogen molecules is considered as a gas, at this stage, the
system of nickel atoms is regarded as the walls of microchannel. By now the equilibrium
states of microsystems gas-gas, metal-metal and metal-gas are already well researched by us.
These data already allow calculations for quasi-equilibrium states, and thus determine the
necessary macroparameters of the medium.
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MOJIEKYJIAPHO-AUHAMHWYECKOE MOJAEJIMPOBAHUE TEYHEHUSA
PA3ZPEXXEHHOI'O I'A3A B METAJNIMMECKOM MUKPOKAHAJIE
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PaccmatpuBaercs mpoOiema MOIEIMpPOBAHHMS  TEUYEHUH  pa3peKEHHBIX Ta3oB B
MUKpOKaHaJlaX TEeXHUYECKHX CHCTEM B YCJOBHMSIX MHOTMX MacHITaboB pacu€THOM obmactu. B
KayecTBe MpUMepa BhIOpaHa 3ajadya O TEYCHHUHU Ta3a B MUKPOKAaHAJIe YCTAaHOBKH CBEPX3BYKOBOTO
XOJIOJHOTO T'a30/IMHAMHYCCKOT0 HamnblUieHud [1]. DTa 3amava ABIseTCS OJHOM 13 0a30BBIX yacTei
olmiero cmucka mMpoOjeM HambUICHUS, B KOTOPBIM BXOAAT: 1) 0COOGHHOCTH IBMKEHHS raza U
HAHOYACTHII IO MUKpPOKaHaIaM; 2) aJpecHas J0CTaBKa HAHOKJIACTEPOB K MECTaM HalbUICHUS; 3)
rapaHTHPOBAaHHOE MPHUKPEIVICHHE HAHOKJIACTepa K IMOBEPXHOCTH MOIIOKKH; 4) obecrieueHue
3aJJaHHOTO BPEMEHH M 33JaHHOTO KauecTBa EIMHHYHOTO aKTa HambUIeHUs; 5) obecreueHue
MOBTOPSIEMOCTH M MaCCOBOCTH MPOIlECcCca HANIBIIICHUS; U T.JI.

Jns  pemieHus: BBIOpAHHOM 3a/a4d  UCMONB3YeTCS  MYJIbTHMACIITAOHBIA  MOIXO[,
coueTaromuii pemeHue ypaBHeHud kBaszurazonuHamuku (KU) [2] U KOppeKTUPOBKY pelIeHUs
MeTogoM MosekyisipHoit  auHamuku (MJl) [3]. Ilpu B3aumopmeWcTBUU Ta30BOM cMecu ¢
METAJIMYeCKUMHU CTEHKAaMH CHCTEMbl HambUIeHHs (COmel W MHKpPOKaHAJIOB), a Takke ¢
HAaHOYACTHUIIAMM, IIPOUCXONAT SIBJIEHUS, KOTOPBIE XOPOIIO OINHUCBHIBAIOTCA TOJBKO Ha
MOJIEKYJIIPHOM YpOBHE. JTO OTHOCHUTCS, B IEpPBYIO oOuepelb, K OINPEIEJICHUI0 YpaBHEHUs
COCTOSIHMSI Ta30BOM CMECH B IIOTOKE, a TAK)KE€ 3HAYEHUSM KOMIIOHEHT CKOPOCTH, AABJICHUS U
TeMIepaTypsl Ha cTeHKax. [[03ToMy OCHOBHOE BHHMaHHE B JaHHOW paboTe yJeNseTcsl pacueTy
MaKpoIlapaMeTpOB I'a30BOM Cpellbl KaK BAAIU OT CTEHOK MHUKPOKAHAJIOB, TaK U B MOTPAHUYHOM
cnoe. IIpu 3TOM BBIYMCIEHHS MakpomapameTpoB cpelbl MeTogamu M/l Mcmonb3yroTcs Kak B
KOHKPETHOM pacyere, TaKk W JUId HAaKOIUIeHHs 0a3bl JaHHBIX ans mnocienyrommx KIJI-
BBIYMCIICHH.

B npexncrasnenHoii pabote ucciaeayembiii 00bEKT (ra3oBast CMECh U @TOMbI METAJUTMYECKOM
MOBEPXHOCTH) TPEACTABISACTCS COBOKYIMHOCTHIO YAaCTHUIl, KOTOpPHIE JBHUTAIOTCS IO 3aKOHaM
Herotona. Cucrema ypaBHEHMH pemiaeTcsi ¢ MOMOLIbIO pa3HOCTHOM cxembl Bepie [4] B
CKOpocTHOM (Qopme. BzammozeiicTBe dYacTUI] ONUCHIBAETCS C TIOMOIIBIO IOTEHIIUAJIOB,
OTIPEIENIAIONINX OCHOBHBIE CBOWCTBA KOMIOHEHT CHUCTEMBI B BHIOpDaHHBIX yCIOBHAX. B kauecTBe
ra3a pacCMOTpEHa CHUCTEMa MOJEKYJ a30Ta, B Ka4eCTBE CTEHOK MUKpPOKaHaJla Ha JaHHOM JTare
paccmaTpuBaeTcs cucreMa aToMoB HUKens. K HacTosimeMy MOMEHTY HaMU YK€ XOPOIIO U3y4EHbI
PaBHOBECHBIE COCTOSIHUS MUKPOCHUCTEM ra3-ra3, METalI-MeTaJUl U Ta3-MeTalul. DTH JaHHbIE YXkKe
MO3BOJIAIOT MPOBOJUTH PAacUeThl AJIs1 KBa3U-PABHOBECHBIX COCTOSHUN M, TEM CaMbIM, ONPEIEIIATh
HEOOXOMMbIE MaKpOMapaMeTpbl CPEIbL.

Baaromapuoctu: PaGota BeImonHeHa nipu mojjepkke Poccuiickoro ¢oHma (GyHmaMeHTaTbHBIX
uccnenoBanuii, mpoekTsl NeNe 13-01-12073-o¢u-m, 15-07-06082.
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SEPARATION AND 3D-EXPANSION OF GOLD FILM FROM SUBSTRATE UNDER
ACTION OF FEMTOSECOND LASER PULSE

N.A. Inogamov', V.V. Zhakhovskyz, V.A. Khokhlov'

"Landau Institute for Theoretical Physics, Russian Academy of Sciences,
Russia, 142432 Chernogolovka, Moscow region, prospect Akademika Semenova, 14
2All-Russia Research Institute of Automatics, ROSATOM,

Russia, 127055 Moscow, ulitsa Sushchevskaya, 22
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Many laser applications use “film on substrate” targets with a thin metal film and a
dielectric substrate. This situation is interesting and is weakly investigated. Indeed, a system
with a thin film between a substrate from the one side and vacuum from the other side is very
different from a case of bulk targets and from a case of a freestanding film, where both
boundaries of a film are boundaries with vacuum. In the report the action of an ultrashort
pulse onto the “film on substrate” target is considered. Modern model of two-temperature
(2T) physics is used [1]. We show that for 40-100 nm thick thin films the conductive leveling
of electron temperature across film thickness takes 1-2 ps in gold, copper, and silver (heat
conduction in dielectric is neglected). This duration is small in comparison with the electron-
ion temperature equalization time (2-3 ps for copper, 5-7 ps for silver, and 5-9 ps for gold [2])
and is small in comparison with acoustic time defined by thickness of film and speed of sound
in metal. At the same time the equalization time and the acoustic time are comparable. Thus
electron-ion coupling coefficient (taken from [3]) and 2T equation of state [1] are important
ingredients of 2T physics since they define a rate of electron cooling and electron pressure
dynamic significance. Interplay of rarefaction waves in a film and dynamic interaction
between the film and the substrate control a process of film separation from substrate. Finite
size of a heated spot on a film surface is included into consideration. Velocity of a film after
its separation from substrate has a maximum at the axis of a beam in case of Gaussian
distribution of pulse intensity across a cross-section of a laser beam [2]. That's why the film
(separated from the substrate) expands having a shape of cupola with an apex of cupola at the
axis of a laser beam. An area of surface of a target under the cupola is defined by a radius of a
laser beam. Absorbed fluence is above a melting threshold in our applications. Therefore a
shell of cupola is made from molten metal. Surface tension plays the decisive role in a
stopping of expansion of cupola [2]. Tension focuses mass flow inside a shell in direction to
the axial region forming a jet and droplets. Mutual action of capillary effects and
cooling/freezing process define a final shape of a cupola. Microbumping phenomena are
important for laser bio-printing and LIFT applications (Chichkov, Ivanov et al.), for formation
of arrays of nanoholes (Nakata et al.), and for nanophotonics (creation of nanoantennas, Ionin,
Kudryashov et al.).

Acknowledgements: Authors acknowledge Russian Science Foundation, grant 14-19-01599.
References:

1. Yu. Petrov et al., “Two-temperature equation of state for aluminum and gold with electrons excited
by a ultrashort laser pulse”, Appl. Phys. B, (2015). DOI: 10.1007/s00340-015-6048-6

2. N. Inogamov et al., “Jet Formation in Spallation of Metal Film from Substrate under Action of
Femtosecond Laser Pulse”, JETP, 120(1), 15-48 (2015).

3. Yu. Petrov et al., “Thermal Conductivity and the Electron—lon Heat Transfer Coefficient in Cond.
Media with a Strongly Excited Electron Subsystem”, JETP Lett., 97, 20-27 (2013).

40



ABSTRACTS

SUPPORT OPERATORS TECHNIQUE FOR DISTRIBUTED 3D SIMULATION OF
DISSIPATIVE PROCESSES

Irina Gasilova
Keldysh Institute of Applied Mathematics, Miusskayasq., 4, Moscow, 125047, Russia
igasilova@gmail.com

Problems related to transient high-temperature gas/plasma flows often reveal an
essential dependence of a solution on various dissipative effects. A predictive simulation in
that area of CFD is supported by finite difference or finite volume methods which satisfy
common conditions like conservativity, monotonicity, stability in a wide range of flow
parameters, high resolution etc. An important property of any CFD technique is a possibility
of its implementing using general computational meshes (block-structured, unstructured,
mortar etc.) while general properties of original differential operators persists in their
difference analogues [1]. The support operators method is remarkable as it allows building
approximations to differential operators using general meshes while the resulting difference
operators preserve not only basic properties mentioned above, but, additionally, they provide
rotationally-invariant difference schemes [2]. It's important to pay special to the rotational
invariance while working with systems describing deformations and dissipations in gas or
liquid media, e.g. Navier-Stokes equations.

Differencing via support operator method guarantees preserving of this property
provided it is inherent to original differential operator. The method allows building robust
numerical procedures suitable for multiscale simulations requiring very finely discretized
computational domains — and it is just a case that requires the use of high performance
computing. The support operator technique is developed for meshes formed with hexahedral,
tetrahedral, prismatic cells and their various combinations. The appropriate numerical
algorithms are incorporated into the scientific object-oriented, parallel CFD code
MARPLE3D (Keldysh Institute of Applied Mathematics - KIAM), designed for scientific
simulations at systems performing distributed computations. [3]

Acknowledgements: All the work was done in KIAM RAS under the guidance of my
supervisor Professor Yu.A. Poveshchenko.
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PA3PABOTKA CTPATEI'MiA UCCJIEJJOBAHUS CUCTEM BHEIIHUX IJIAHET
ITPU UCITOJIb30BAHUU MOJEJIN CABOEHHBIX OT'PAHMYEHHBIX
3AJIAY TPEX TEJI

I".K. boposuH, }0.®. I'ony6eB, A.B. I'pymeBckuii, B.B. Kopsinos, A.I'. Tyuun, /I.A. Tyuun

HUncmumym npuxnaownoi mamemamuxu um. M.B. Kenovuua PAH, Mockea, Poccus
e-mail: borovin@keldysh.ru

C wucnonp3oBaHHEM pealbHbIX 3(eMepH]l BHEIIHUX IUIAHET U HMX ECTECTBEHHBIX
CITyTHUKOB OCYILIECTBJIEHA MOJEJIbHAsI pealu3alus ajJropuTMa MHpPeofOoJIeHHUs «map agokca
COJILHBIX TepTypOanmii» [1-2] ¢ menpio COMMKEHHSI ¢ OJHUM W3 ITHX CIIYTHHKOB ITyTEM
COBeplIeHHUs] 00X0Ja 30HBI TMOBBIIICHHOW paJualliid TO «BEPXHEH CEKIUI» AHarpamMmbl
Tuccepana-Ilyankape [3]. OmHOBpEeMEHHO MPOBOAUTCS TMOYTH Oe33aTpaTHasl PeayKIUs
ACUMNTOTUYECKOM CKOpOCTH KocMudeckoro ammapara (KA), HeoOxomumas st cOMMmKeHUs
CO CIIyTHHUKOM, KOTOpas CTAHOBUTCS BO3MOXKHOM INpu Mepexoje OT IMOUCKAa B MOJENU
OTPAaHMYEHHOM 3a7a4M TPEX TEJ K YCIOBUAM CABOCHHBIX OTPAHUYEHHBIX 33/1a4 TPEX TeEl.

Jlng  mapamMeTpuyeckoro IoHajaHus B BbIIIEYKAa3aHHYIO 30HY JUarpaMMbl B
OamIMCTUYECKUH  cleHapuid  Muccuu  BBoAsATcs  Bi-TuccepaHoBbl  KOOpAWHATHL U
UCIIOJIB3YIOTCS CONPSKEHHBIE «KOChIE» I'PaBUTALMOHHbBIE MAHEBPHI €1IE 10 3aBeplIeHus (a3bl
penykuuu niepuoga odpamienuss KA. Takum oOpazom, pazymMHOE yBEIUYEHHE NIUTEITLHOCTU
MUCCUM YJAETCS Pa3MEHITh Ha PE3KOE CHWKEHHUE CYMMAapHOW J103bl MOJTYUYEHHON paaualuu
(TID). B  pesynabTare JAEMOHCTPUPYETCS  OTKPBIBAIOIIAACS  BO3MOXKHOCTh  Kak
«xoM@opTadeabHbIX» MO HAKOIUIEHHOHN no03e paauanuu nonéros B cucteme KA ¢ TID, He
npesbimarommmu 3HaueHuit 70 Krad ans 3amutst “Galileo” 8-10 mm Al, Tak U Ams «JIETKUX»
KA ¢ TommuHO# 3ammTHOTO Koprryca 4-5 mm Al mpu cTtanmapTHeIX orpaHumdeHusx Ha TID
300 Krad. Yka3zanHoe 0OCTOATEIHCTBO MOXKET OOECIEeYUTh KaK 3HAUMUTEIbHBIN BBIUTPHINI B
nosie3Hoi Harpyske KA muccuit k FOnurepy n CatypHy U IpyruM BHEIIHUM IIJIaHETaM, TakK U
MOBBIIICHHE CTENEHU HAIEKHOCTU pabOThI €T0 HAyYHO anmapaTyphl
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L. Molotov, V. Voropaev, V. Zolotov, T. Fakhrutdinov, G. Borovin

Keldysh Institute of Applied Mathematics, RAS
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ISON optical network represents one of the largest ground-based systems specialized in
observation of space debris and other objects in high geocentric orbits. In 2015 quantity of
telescopes of 40 observatories that collaborate with ISON project in 17 coun tries will be
exceeding 100 units. These telescopes are combined in 4 subsystems — for GEO survey, bright
and faint objects follow up, and for asteroids (ASPIN). KIAM collected 10.866 million
astrometry measurements during 2014.

Since 2010, ISON is involving in operations of the Roscosmos Automated system of
warning on dangerous situations in space (ASPOS OKP). In this system KIAM is responsible
for the conjunction analysis at high orbits and developed special software for ASPOS c enter.
In 2013-2014 KIAM is created other software complex ADAPS to provide commercial
service for industry entities.

To improve the quality of these activities ISON is deploying additional subnetwork for
extended GEO surveys from 7 small (18-19.2 cm aperture) automated telescopes with field of
view 7x7 degree with centralized scheduling at KIAM. Each telescope is surveying visible
part of GEO and provides up to 12 thousands measurements for 600 objects (with brightness
down to 14-14.5 magnitude) per night with duration of object tracks up to a few hours. While
22-25 cm telescope of existing ISON global GEO survey subsystem has limiting magnitude
down to 15 - 15.5 and provides the duration of tracks between 15 and 40 minutes. Extended
surveys of new ISON subnetwork allows to KIAM to determine more precise GEO orbits for
conjunction analysis, to detect maneuvers of active satellites and to help maintain the orbits of
GEO objects in clusters.

VT-78a 19.2-cm telescopes are working in Tiraspol (Moldova), Kislovodsk (North
Caucasus), Khuraltogot (Mongolia) and Ussuriysk (Far East). VT-52¢ 18-cm telescope — in
Nauchniy-1 (Crimea). In addition, VT-78a will be installed in Multa (Altay region) and
2xVT-52¢ — in Macon (Argentina) to cover almost all GEO. During 2014, VT-78a in
Khuraltogot can obtain 1.2 million measurements in 174.5 thousands tracks, VT-52c in
Nauchniy-1 — 1 million measurements in 138 thousands tracks. Many HEO objects were
detecting as background.

The analysis of results obtained with this new subsystem will be presented and
discussed.
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PEAJIMCTHYHASA MOJAEJIb 3EMJIM B KOCMHUYECKHUX TPEHAKEPAX
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B mHactosmiee BpemMs B KOCMHUYECKHMX TpEHaXKE€pax 4YacTO BO3HUKAeT 3ajaya
MOJICJIMPOBAHMS U BU3YaIM3allMU B pealbHOM MaciiTabe BpeMEHH MOBEPXHOCTH 3eMJIU. JTO
BaXHO I NPOBEAEHUS O0y4YeHHs KOCMOHABTa OPHUEHTUPOBAHMIO 1O MOBEPXHOCTH 3EMIIH,
MOHUTOPHUHTY CTUXMHMHBIX OencTBUIl, pydHOMY (oTorpadmpoBaHHIO OTAEIBHBIX YYacTKOB
3emiiu, NPEeACTABISAIONINX ClIEHUaIbHBIA UHTEpEC U T.A4. B TpeHaxkepax Ajii MOJAEIMpPOBaHUS
BUAa 3eMJIM M3 KOCMOCa HCIOJIB3YIOTCS TEKCTYphl O0dbIIOro 00BbeMa U BBICOKOIO
paspelieHus, MOJyYeHHbIE Ha OCHOBE KOCMHMUYECKMX CHUMKOB. [lns paboTbl ¢ HHUMHU
HE00X01UMBbI 3PPEKTUBHBIE [0 CKOPOCTU AJITOPUTMBI, UCIIOJIB3YIOIINE pa30UeHNe TEKCTYPHI
Ha KyCKM (Taiibl), KIIIMpPOBAHHE, IMHAMUYECKYIO IOJIKAaYKy TalllIoB, a TaKKe pacuer
OCBEILIEHHOCTH MOJIEIN TIOBEPXHOCTH 3EMIIH.

[Ipennaraemass TEXHOJOTHS BKJIOYAeT KOMIUIEKC IIEHIEPHBIX MPOrpaMM IO
ONPENIETICHUIO TAalJIOB, YYaCTBYIOUIUX B 3aKpacke TEKYyLIEro Kajpa, MOJKayKe 3TUX TalJiOB B
TEKCTYPHBIM K3III, HAXOXXJICHUIO HY)KHOTO Taillla B K3IIE M 3aKpacKe COOTBETCTBYIOILIUX
MIUKCEJIOB.

CrannmaptHeie cpexactBa rpadudeckoit Ombamorekn OpenGL He obecrneynBaroT
HEOOXOAMMBIH YPOBEHb PEATMCTUYHOCTH OCBEHICHUs ¢ y4eToM atmocgepsl. B To xe Bpems
MOJICIIMPOBAHNE OCBEIIEHHOCTH Ha OCHOBE OOIIETO0 YpPaBHEHHUS IEPEeHOCa W3IyYCHHS HE
HI03BOJISIET 00ECTICUNTh peajbHbI MacmTad BpeMeHH Buzyanu3auuu. [loaromy HeoOXommmo
UCTIONIB30BaTh 00JIee MPOCTYI0 MOEIH MEPEHO0Ca, MO3BOJISIIONIYI0 00eCTIeYuTh HEOOXOIUMYIO
CKOPOCTh CHHTE3a M300pakeHHi. B Hameil Moaenn mOBEpXHOCTh 3eMIH SBISETCS Chepoit ¢
HOCTOSTHHBIM KOA((GHUIMEHTOM OTpaXKEHHs CBETa, a arMocdepa MOJCITHPYETCS KaK TOHKHUN
cpepruecKuil CIIOH, COCTOSIIIUA W3 MOJIEKYJI BO3AyXa M a’pO30JbHBIX YACTHUI], IUIOTHOCTh
KOTOPBIX YMEHBIIAETCS MO MEpe OTAAJICHUS OT IMOBEPXHOCTH 3emiu. PaccesHue nyuei,
IPOLIEIIINX TOJBKO Yepe3 aTMocdepy MM OAWH pa3 OTPaKEHHBIX OT 3€MJIM, BBIYUCISACTCS
0 TOYHOMY YpPaBHEHHIO OCBEIIEHHS C HCIIOIB30BaHUEM IMPEIPACCUYUTAHHON TaOIUIIBI
K03(h(UIMEHTOB NMpo3padHOCTH atMoc(ephl. PaccesHue mepeoTpaKeHHBIX OT 3eMIIH Jyden
BBIYHCIISICTCSI TI0 IPUOIKCHHOMY YPaBHEHHIO OCBEIICHHUS. BCe BBIYMCIICHHS B ATOH MOJIEIH
BBITIOJIHAIOTCSL B PAcCIIMPEHHOM JMana3oHe SPKOCTEH, a 3aTeM IepeBOIsITCcS B (opMaT ¢
nIyOMHON 1BeTa 24 OWTa C IMOMOIIBI0 TOHAIBHOTO OToOpakeHus. Jlns obecnedeHUs
peanbHOro MacuTaba BpeMEHH BU3yalH3allMH B Ka4eCTBE TAKOTO OTOOPaKEHUS MPEUIOKEeH
MOIU(HUIMPOBAHHBIA TN0OANBHBINA omnepaTop Peiinxapaa u anroputMm ero 3¢h(HeKTHBHOTO
BBIYHCIICHUSL.

OnucaHHblE AITOPUTMBl pacdyeTa OCBEIICHHOCTHM B MOJEIM IOBEPXHOCTH 3EMIIHU
paspaboTanbl ¥ peanu3oBaHbl npu noaaepkke PODU (rpant Ne 14-07-31332) B pamkax
cuctemsl Busyanuzauuu GLVIEW nns TpeHaxepHbIX KoMIuiekcoB, cozgaHHoi B HUMCU
PAH. AmnpoOanust cuUCTEMBl TIOKa3ajga COOTBETCTBHE TMPEIJIOKEHHBIX  aJITOPUTMOB
TpeOOBAaHUAM K CUCTEME BU3YAIIN3ALUH TSI KOCMHUYECKUX TPEHAKEPOB.
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ABOUT POSSIBILITY OF APPLICATION OF EOP-1/EOP-2
MINIOBSERVATORIES OF ROSCOSMOS FOR ASTEROID OBSERVATIONS

1. Molotov
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KIAM proposed and elaborated the conception of six dedicated mini-observatories of
two series (four EOP-1 and two EOP-2) sponsored by Roscosmos grants. It was planned that
these mini-observatories created using the best ISON project experience would allow to
quickly doubling the performances of ISON network to improve the conjunction analysis in
the Automated System for Prediction and Warning on the dangerous situations in the ne
arEarth space. The main target of the project is a signicant improvement of the situation with
detecting and tracking of HEO objects and increasing the regularity of the GEO surveys in

Western Hemisphere. EOP-1 includes twin 19.2 cm telescope VT-78a with FOV of 7x9
degree, one 25-cm telescope ORI-25 with FOV 3.3 degree and one 40 cm telescope ORI-40
with FOV 2.3 degree in pavilions with moving roof. Observatories EOP-1 are installed in
Kislovodsk (North Caucasus), Byurakan (Armenia) and two in Naucnniy (Crimea). EOP-2
includes quadruple VT-78a with FOV of 14x9 degree, one 40 cm telescope ORI-40 with FOV
2.3 degree and one 65 cm telescope SANTEL-650 with FOV of 2.2 degree in rotating domes.
First observatory EOP-2 is installed in Kislovodsk (North Caucasus), second will be installed
in Blagoveschensk (close to Far East).

There is good chance that four EOP-1 will be added with 65 cm telescopes SANTEL-
650, and two more EOP-2 will be ordered in next two years. In common nine 65-cm
telescopes (including one in Ussuriysk observatory) and eight 40-cm telescope will be
operating in nearest future. It will be a biggest opportunity to provide Russian share to solving
the asteroid-comet hazard problem. Up to now, 95% potentially hazard asteroids (PHA) is
discovered by dedicated USA survey programs. The investment of Russia in this research is
very small.

In the case of using of EOP-1/EOP-2 telescopes for the asteroid survey during part of
observing time we can realize the conception of second boundary of PHA detection — USA
surveys use large aperture telescopes and can detect faint objects but are not able to survey all
sky in reasonable time, Russia can use middle aperture telescope and can detect bright objects
but can provide the survey of all sky for each three-four days.

Test asteroid surveys that were arranged by KIAM/ISON team with 40-cm and 65-cm
telescopes of Roscomos allowed discovering one NEA, ISON comet, and few tens main belt
asteroids that confirm the reliability of proposed idea.

In addition, 24 telescopes VT-78 may be used for comet searching. Such quantity of
telescopes allowed covering all sky twice per night. Test surveys with VT-78 allowed
discovering 3 comets and 1 PHA.
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This presentation will be briefly describe history, current state and future prospects of
Asteroid Research Project of the ISON Optical Network (ASPIN)'-ISON asteroid’s
researchprogram, working by support of Keldysh Institute of Applied Mathematics RAS. First
observations started in September 2003 at Andrushivka astronomical observatory (Andrushivka,
Ukraine) with Zeiss-600 telescope with small CCD camera. In 2009, telescope upgraded with new
full-format CCD camera and lens corrector. During first 7 years observatory discovered more than
350 asteroids, include two NEAs. At current time, observations of small bodies of Solar System
(SBSS) at Andrushivka observatory had stopped.

Below we will describe observatories, which works until current date. Survey work atISON-
NM observatory (Mayhill, USA) started in July 2010 and continues until this day. First telescope
of this observatory was Centurion-18, 0.45-m /2.8 with full-frame CCD camera. In September
2013 with telescope replaced by our new telescope Santel-400AN (0.4-m f/3) with 105°x105°
FOV. Both telescopes was controlling remotely from KIAM. At ISON-NM observatory
discovered more than 1,500 asteroids, include five NEO and three comets — wellknown C/2010
X1 (Elenin), P/2011 NOI1 (Elenin) and P/2014 X1 (Elenin). Obtained more than 580,000
observations of small bodies. Except survey work, ISON-NM carry out photometric observations
of NEAs, obtained dozens lightcurves, determined rotational period for more than 30 NEAs,
include extremely close and fast rotators, such a 2012 KP24, 2012 KT42, 2012 LZ1 and Duende
(2012 DA14)%. Since April 2012, another observatory joined to ASPIN — ISON-Kislovodsk. At
observatory installed Santel-400AN telescopes with fullframe CCD camera, provided 105°x105°
FOV. At present time, ISON-Kislovodsk - second of all APSIN observatories by number of
measurements and discoveries. For 3 years observatory discovered about 100 new asteroids,
include one NEA and famous comet C/2012 S1 (ISON). More than 110,000 measurements
obtained. In 2013, ISON started using very wide-field telescope VT-73e (0.19-m f/1.5) with FOV
7°x4.5°, for chasing comets and bright NEAs. As first result — discovering new comet C/2013 V3
(Nevski). Next step of ASPIN program was installation of our biggest wide-field telescope Santel-
650A (0.65-m /2) in September 2013 at ISON-Ussuriysk observatory. For now, this telescope
obtained more than 13,000 measurements and discovered three new asteroids. In 2014 three new
observatories obtained his MPC codes and join to ASPIN program (ISON-Khureltogot, ISON-
Uzhgorod, ISON-Byurakan).

In April-May 2015, ISON will install new dedicated telescope for SBSS observation at
Siding Spring observatory (Australia). This will allow us to control South hemisphere, where not
presented big, professional surveys. After realization of this object, next telescope will be installed
at Macon mount (Argentina).
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MATEMATHYECKOE MOJAEJIUMPOBAHUE UMITYJIbBCHOI'O JIABEPHOI'O
IIVIABJIEHU A AJTIOMUHU A

B.M. Maxxykun, M.M. Jlemun, A.B. llannpanos
Hnemumym Ipuxnaonou Mamemamuxu um. M.B. Kenoviwa.

Uccnenyercst MexaHu3M IUIABICHHUS TOHKHX W TOJICTBIX TUICHOK Al yIbTpakOpOTKHMH
masepHeiMM  mMmmyimbcamu ¢ t=10"-10"% u F=0.2-0.4x/cM’. MogennpoBasue
OCYIIECTBIISAJIOCH C HCIIOJIb30BAHHEM KOHTHHYAIbHBIX (HEpaBHOBECHas 2-X TeMIlepaTypHas
TUApOIUHAMUYECKAst Mozienb) [1] U MonekynsipHO-aIuHAMUYecKux [2] Moaeneit. PesynbTaTh
MOJICTTMPOBAHUS CPaBHUBAIOTCS MeXAy coOoi (puc. 1). YCTaHOBIEHO, YTO WHTETpPATbHbBIE
XapaKTePUCTHKH TTPOIIecca TUTABJICHHUS, TAKAE KaK TOJIIIMHA PaCIlIaBa, MOKA3bIBAIOT XOPOIIICEe
corjacue, TMOTPEUIHOCTh He MpeBbImaeT 5-7%. BOmu3u moporoBbix 3HaudeHHH (iroeHca
dazoBelii  mepexon (GopMmHpyeTcs B TEPETPeTOM IPHUIIOBEPXHOCTHOM CIIO€ B BHUIE
TOMOTEHHBIX 3apOIBIIICH, KOTOPBIE, CIMBAsCh, 00pa3yroT Mexda3Hblii PpoHT. PocT xumkoi
30HBl 00€CIEUMBACTCS TETEPOTreHHBIM paclpocTpaHeHHeM (poHTa 0T 00myyaemoi
MOBEPXHOCTH BIUIyOb meperpeToil TBepAor (a3el. Poiak TOMOTeHHOTro  TUIaBICHUS
HezHauntenpHa. C  poctoM F poilb TOMOTEHHOTO IIJIABICHHS yCWIMBaeTcs. B
MPUIIOBEPXHOCTHOM MEPETPETOM ciioe 00pa3yeTcs HECKOJIbKO >KMIKHUX 30H, U T€TEPOreHHOE
pacnpocTpaHeHue Mex(pa3HbIX (POHTOB MPOUCXOIUT HE TOJIHKO OT MOBEPXHOCTH, HO U OT
oOpazoBaBmMXcs KUAKUX oOmacteid. [Ipu odenp Oonmbmux 3HadYeHHMsIX F (a3oBbIi mepexo
XapaKTepU3YETCs CBEPXOBICTPHIM TOMOTCHHBIM MEXaHU3MOM.
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Puc. 1. Cxopoctu (ppoHTa IIIaBICHUS, TOTyUYSHHBIE P KOHTHHYaJIbHOM U M/l MozeIupoBaHuy.
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pico-and subpicosecond pulses”, Appl. Surf. Sci., 302, 6-10 (2014)
2. C. Wu and L. V. Zhigilei, “Microscopic mechanisms of laser spallation and ablation of
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MATHEMATICAL MODELING OF PULSED LASER MELTING OF ALUMINUM

V.I. Mazhukin, M.M. Demin, A.V. Shapranov
M.V. Keldysh Institute of Applied Mathematics
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Mechanism of melting of thin and thick Al films using ultrashort laser pulses with
1=10""-10"c and F=0.2-0.4)/cm” is investigated. Modeling was performed using continual
(non-equilibrium 2-temperature hydrodynamic model) [1] and molecular-dynamic [2] models.
The simulation results are compared with each other (Fig.1). It is found that the integral
characteristics of the melting process, such as the thickness of melt show good agreement, the
difference does not exceed 5-7%. Near the threshold fluence, the phase transition is formed in
the superheated surface layer in the form of homogeneous nucleation, which merge to form a
interphase front. The growth of the liquid zone is provided by a heterogeneous liquid front
propagation from the irradiated surface into the superheated solid. The role of homogeneous
melting is insignificant. As F increases, the role of homogeneous melting increases as well.
Several liquid zones are formed in the surface superheated layer, and heterogeneous
propagation of the fronts takes place not only from the surface but also from the formed liquid
regions. For very large values of F, phase transition is characterized by ultra-fast
homogeneous mechanism.
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Fig.1. Velocities of melting front obtained by the continuous and MD simulation.
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ACOUSTICAL AND OPTICAL MONITORING OF ABSORBING LIQUID
BEHAVIOR INDUCED BY NANOSECOND LASER IRRADIATION UNDER
TRANSPARENT COVER

A. A. Samokhin', N. N. Il'ichev', P.A. Pivovarov'?, A.V. Sidorin'
" A.M. Prokhorov General Physics Institute of RAS,
Vavilov str. 38, 119991 Moscow, Russia
? National Research Nuclear University MEPhI,
Kashirskoye sh. 31, Moscow, 115409, Russia
asam40@mail.ru

Laser vaporization process of absorbing liquids under transparent cover differ
significantly from the free surface case ablation. In the last case photoacoustic (PA) signal at
low laser intensity has a bipolar form which at high intensities transforms to monopolar signal
due to vaporization process development (see e.g. [1,2] and references therein). In the covered
case PA signal at low intensity has a monopolar form which at increasing intensity becomes
bipolar. This somewhat counterintuitive behavior may be due to cavity formation under the
transparent cover and this suggestion is on accordance with the acoustical monitoring of
irradiated zone displacement [3]. At higher intensity PA signal transforms again to monopolar
form because of vaporization pressure contribution [2].

In the present paper absorbing liquid behavior (water and ethanol at A=2,9 um pulsed
laser irradiation) under the transparent (sapphire) cover is investigated using acoustic
monitoring [3] combined with optical diagnostic (A=0,53um, CW) of irradiation zone. Two
optical diagnostic scheme are used which are based on total internal reflection effect and thin
films reflectometry.

Optical diagnostic results suggest that the cavity formation occurs somewhat lower then
boundary between liquid and transparent solid cover due to cooling effect of the cover. The
cavity lifetime determined from the optical signals durations amounts to about several
hundreds microseconds at the laser fluency ~1J/cm” and the pulse duration 150ns. In the case
of ethanol covered with sapphire plate it is observed up to ten reflexes during 200 us which
are probable due to condensation process. During the laser pulse no distinctive oscillations of
optical signals are visible. At low fluencies the signal demonstrates threshold behavior
(Eq~0,1J/cm®) with subsequent saturation. Cavity collapse is accompanied with additional
pressure perturbations due to cavitations effect which takes place after some delay with
respect to the end of optical signal.

Acknowledgements: This work was partially supported by Russian Fund of Basic Research
grant Ne 13-02-01129.
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AHAJIN3 MATEMATHUYECKUX MOJEJIEN JIABEPHOI'O HATPEBA U
IIJIABJIEHU S KPEMHMU S

O.H. Koponera, A.B. Maxyxkun, I1.B. bpecnaBcknii
HUnemumym [puxnaonou Mamemamuru um. M.B.Kenoviuia PAH,
125047, Mockea, Muycckas ni. 4, Poccus
vim@modhef.ru

B coolmennn aHanm3upyroTcs MaTeMaTHYecKHe MOJENTH HarpeBa, TEeTEPOreHHOTO H
TOMOTEHHOTO IUIaBJIeHHUS KpeMHUs. CI0KHOCTh MAaTEeMaTHYECKOTO ONMUCaHUs (yHIaMEHTAIbHBIX
MEXaHH3MOB, JIEKallUX B OCHOBE OBICTPHIX (Da30BBIX TEPEXOJOB B MOIYMPOBOJHHKAX,
BBI3BAHHBIX KOPOTKMMH W MOIIHBIMH JIa3€pHBIMH HMITYJIbCAMH, CBS3aHA Kak € OOJBIIMM
pa3HooOpa3reM W HEOOBIYHOCTHIO (PU3MYECKHX IPOLIECCOB IMPOTEKAIOIIMX B 30HE JIA3€PHOTO
BO3/ICHCTBHSI, TaK U C HEOOBIYAITHO BBICOKUMH CKOPOCTSIMU JIBUKEHMSI TPAHUI] pa3zelia paciiaBa
u TBepaod ¢asbl. buicTpble (a3oBble Mepexoabl COMPOBOXKIAIOTCS CHIBHBIMU IEperpeBaMu
TBepAOH (a3pl NpU TUIABJICHUM W CHIBHBIMHU TNEPEOXTAKICHUAMH KUAKOW (a3bl MpH
3aTBepAcBaHUM paciiaBa. JlJis KadecTBEHHOTO M KOJMYECTBEHHOTO OIMUCAHMS TMOJI0OHBIX
CUTyalluii pa3pabaTbIBaeTCsi B HACTOAIIEEe BpeMs OCOOBIM KiIacc JIOKaJIbHO-HEPABHOBECHBIX
Moneneil. Pa3pabaTeiBaeMble MOJEIH OXBATBIBAIOT MPOIECCHl MAKpPO W MHKpPO ypoBHsS. [lis
XapaKTePUCTHUKH  MAaKpOIPOLECCOB  HCIOJB3YIOTCSH  JIOKAJbHO-HEPABHOBECHBIE  MOJIEINH,
Oasupyloniyecs Ha ypaBHEHUSX MEXaHWKH CIUIOMHOW cpeasl [l] ¢ pe3koil TpaHUIeH,
npeAcTaBisIone codoil pa3nuunbie BapuanThl 3a1aun Credana [2]. {1t mporieccoB aToMapHOTo
YPOBHS — MOJIEKYJISIPHO TUHAMHYECKUHN MOAXOJI, CYyTh KOTOPOI'O COCTOUT B MPSIMOM HAXOKICHUU
TPACKTOPU  MOJEKYJl B COOTBETCTBMM C 3a/JlaHHBIMM  CBOMCTBAMHU  MEXKaTOMAapHOTrO
B3aumozeiicteus [3,4]. Kpome 3T0oro ucmnonb3yrorcs KOMOMHUPOBAHHBIE MOJEIH, BKIIOYAIOIIHE
00a: KOHTHHYaJIbHOE U MOJEKYJSIPHO-AMHAMU4YecKoe omnucanue [5]. PemieHne KOHTHHYalIbHbBIX
JIOKQJIbHO-HEPABHOBECHBIX MOJIENEN TIO3BOJSET ONMPEENATh TEIUIOBBIE M THUAPOJINHAMUYECKHE
MoJIsi, TEMIIEpaTypHbIE TpPaJUEHTHl, CKOPOCTH TepeMemieHus (a3oBbIX (POHTOB, CTETCHH
neperpeBoB TBEPOW (a3bl MPH TUIABJICHUH U TEPEOXJIAXKACHUS KUIKON MPH KPUCTAIUTH3AIIH.
3HaHUe CKOPOCTH JIBMKEHHUS (Ha30BBIX (POHTOB MO3BOJISIET TAKXKE ONPEACTUTH pa3Mepsl 00IacTu
¢$a30BBIX TpEBpaIICHU B TBEPAOM TeJI€ W IKUAKOCTH. MO MOJICKYJSIPHOW THHAMHUKH
UCIOJB3YIOTCS /ISl ONpPEAENCHUs] CTPYKTYPHBIX, JUHAMHYECKUX, TEPMOAMHAMHYECKUX U
KMHETUYECKUX CBOMCTB MOJIEKYJISIPHBIX HJIM aTOMApHBIX CUCTEM.

Buaarogapuoctu: Pabora BeimonneHa npu ¢unancoBor nopnepxke PODU NeNe 13-07-00597,
15- 07- 05025.
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MELTING OF SILICON

O.N. Koroleva, AV. Mazhukin, P.V. Breslavskii
Keldysh Institute of Applied Mathematics Russian Academy of Sciences
Miusskaya sq., 4, Moscow, 125047, Russia
vim@modhef.ru

Mathematical models of heating, heterogeneous and homogeneous melting of silicon
in the report are analyzed. The complexity of the mathematical description of the fundamental
mechanisms underlying the rapid phase transitions in semiconductors, caused by short and
intense laser pulses, are associated with both the great variety and uniqueness of the physical
processes occurring in the area of laser exposure, and with an extremely high speeds of the
interfaces melt and the solid phase. The rapid phase transitions are accompanied by severe
overheating during melting of the solid phase and liquid phase and by strong supercooling
during solidification of the melt. For qualitative and quantitative description of these
situations a special class of locally-equilibrium models is currently being developed. The
developed models include the processes of macro and micro level. To characterize the macro
processes, locally non-equilibrium models are used based on the equations of continuum
mechanics [1] with a sharp boundary, representing the different types of the Stefan problem
[2]. For the processes at the atomic level, molecular dynamic approach is used, the essence of
which is in direct finding trajectories of molecules in accordance with the desired properties
of the interatomic interaction [3,4]. Besides, the combined models are used, which include a
continuum and molecular dynamic description [5]. The solution of the continual locally
nonequilibrium models allows to determine the thermal and hydrodynamic fields, temperature
gradients, the phase velocity of the fronts, the superheating of the solid phase during melting
and supercooling of the liquid phase during crystallization. Knowing the speed of the phase
fronts can also determine the size of the field of phase transformations in solids and liquids.
Molecular dynamics models are used to determine the structural, dynamic, thermodynamic
and kinetic properties of molecular and atomic systems.

Acknowledgements: This work was supported by RFBR grants NeNe 13-07-00597, 15- 07-
05025.
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To successfully solving local boundary properties of functions
f:D—>R", DcR", neN, itis necessary the following ,,infrastructure* of a domain D :
— itis possible to define the hyperbolc metric on D (distance);
— the existence of a group I of automorphisms of D ;
— the hyperbolc metric (distance) is invariant with respect to a group 3.

Example 1. Let B", ne N, be the n-dimensional ball on R". For this domain, the previously
mentioned three properties are satisfied for study local boundary properties.
Let f:B" —>R" be an arbitrary function, ¢ € 6B" and let (W,) be a sequence in B" such that

limw, =¢. Let C( f ,A) denote a cluster set of a function f along a set A. Then for arbitrary
compact subset K of B" there holds C ( f ,Lz Oy, (K)j = {a} , A€ @, if and only if a sequence

( fo Oy, ) converges uniformly on K to a constant « |

The second important moment that gives a necessary condition for the existence of local
boundary properties of mappings f :D — R" is the normality of of the family {f °Q |g € 3}

This is indicated by Example 1.

The third important moment for the study of local boundary properties of mappings
f:D—->R", DcR", neN, is in relation to the question of the validity of ,,some* uniqueness
theorem for a mapping f .

Example 2. Let f:B" —RR" be a normal quasiconformal mapping, ¢ € dB", and let (W)

be a sequence such that limw,=¢. If there exists a ,small“ ball L, LcB" such that

n—o

C(f,u g, (L)jz{a} with € R", then C(f,knjl gwn(L)jz{a} for every ball L, Lc B".
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MATHEMATICAL MODELS AND NUMERICAL SCHEMES ON UNSTRUCTURED
MESHES FOR SOLVING AERODYNAMICS+AEROACOUSTICS PROBLEMS

Tatiana Kozubskaya
Keldysh Institute of Applied Mathematics RAS, Miusskaya Sq., 4, Moscow 125047, Russia
tatiana.kozubskaya@gmail.com

The talk begins from a brief overview on mathematical models used for solving
complex aerodynamics and aeroacoustics problems. Generally, the modeling is built basing
on the Navier-Stokes equations (including the averaged and spatially filtered formulations if
necessary) in the region of nonlinear distributed acoustic source, the linearized equations
systems in the near-field propagation region and the wave equation in the far field.

The aeroacoustics in aviation applications is mostly determined by unsteady turbulent
flows. It is very sensitive both to the correctness of turbulence modeling and the accuracy of
numerical methods used for the simulation of these flows. The situation is additionally
complicated by a possible presence of shocks. All these points are to be carefully considered
at the numerical implementation.

We develop the higher-accuracy lower-cost EBR (Edge Based Reconstruction)
schemes for solving aerodynamics+aeroacoustics problems on unstructured meshes which are
suitable for applications of complex geometry. The schemes are based on quasi-1D
reconstruction of variables and provide accuracy of the 2"*-6" order depending on the mesh
quality.

Finally, the examples of aerodynamics and aeroacoustics problems simulated recently
are presented.
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MaremaTHueckoe MOJECIMPOBAHHE TEUEHUH B IMOPHUCTBIX Cpelax HaXOAUT LIMPOKOE
IPUMEHEHUE TPU KOHCTPYHUPOBAHUU THAPOCOOPYKEHUH, TIPU PEILIEHUHU IKOJIOTUYECKUX 3aa4
O 3arps3HEHMH TMOYBBl M TPYHTOBBIX BOJ, IpU pa3pabOTKe TEXHOJIOTHH JOOBIYM
yIJI€BOAOPOAOB. B Hamm JHM TNEPCHEKTUBHBIMM  SIBISIFOTCSI TEPMUYECKUE METObI
HeTe100BIYM: BHYTPUILIACTOBOE F'OPEHUE, 3aKauKa TEINIOHOCUTENs B IuiacT U Ap. [loatomy
BO3HHKAET HEOOXOIMMOCTH a/IeKBATHOTO MOJIEIIMPOBAHMS TEPMUIECKHX 3(PPEKTOB.

PaboTa nmocpsieHa gaabHEHIIEMy pa3BUTHIO OPUTHHAIBHOM MaTeMaTHUeCKOM Mojenn
MHOroa3HbIX TEYEHMH B TOPHUCTBIX Cpelax, T[OCTPOEHHOW IO aHaJoTuu C
KBa3Ura3zoJJMHaMUYEeCKONH cucTeMoi ypaBHeHHH [1]. MopenupoBaHue KpymHOMACHITaOHBIX
IIPOLIECCOB B IMOA3EMHBIX T'OPU30HTAX SIBJISETCS BECbMA TPYNOEMKUM, U €ro MPaKTUYECKU
HEBO3MOXXHO NPOBOANUTH 0€3 HCHOJIb30BAHUS BBICOKOIIPOU3BOAUTENBHBIX BBIYMCIUTEIBHBIX
cucteM. [loaToMy mpeamodyTeHue OTHAETCS AJIrOpUTMaM SIBHOTO THIIA, TaK KAK OHU MOTYT
ObITb 3()(PEeKTUBHO AAANTUPOBAHBI K CYNEPKOMIIBIOTEPAM € THOPUAHOMN apXUTEKTYPOH.

Mogens 0600mena Ha ciydail Tpexda3Horo tedeHus: (Bona-He(Th-ra3) U yUHTHIBAET
BO3MOXHbIE HCTOYHUKU TeIUIOBbIAENeHUs. JKHUIKOCTH ciabocKUMaeMble, MPUCYTCTBYIOT
TpaBUTANNS ¥ KaWUISIPHBIC CHIIBL. Y PaBHEHUS HEPA3PHIBHOCTH (a3 MOAUDUIIUPOBAHBI: OHH
coJiepXkKaT peryJsipu3aTopbl W HPOM3BOJHBIE BTOPOIO MOpPsAKa IO BPEMEHH C MAallbIMH
napaMerpamMu. OTH TUNEPOOIMYECKHE YpaBHEHHUS MOTYT OBITh aNIpPOKCHMUPOBAHbI
TPEXCIOWHOM SIBHOM CXEMOMW ¢ TOCTATOYHO MATKHUM YCIIOBHEM YCTOHYHMBOCTH, KOHBEKTHBHBIE
YJIEHBI AMMPOKCUMHUPYEM IIEHTPAJIBHBIMH PAa3HOCTSIMH. Tak Kak TemmepaTrypa Bcex (a3 u
HOPOJbl CYUTAETCS OAMHAKOBOM, CHUCTEMa BKJIIOYAET €IMHOE YpPAaBHEHHME COXpaHEHHUs
OHEPTUH, KOTOPOE AIIIPOKCUMHUPYEM TAKKE IBHOU CXEMOM.

C uenbio BepupUKaAILMK PELIEH pAJ TECTOBBIX 3a/ay MpocauynuBaHus U HeTeno0bun B
U30TEPMUYECKOM M  HeuzoTepMmuueckoM ciaydasx. Co3gaHHBIH  paHee  KOMIUIEKC
napajyieNIbHbIX IporpamMm [2] JOMOJHEH HOBBIMH MOXYyJsAMH. JIOCTMIHyTa BbICOKas
3 PEKTUBHOCTH pacrapauIeTUBaHMs TP pacueTax Kak Ha KJIACCHYECKOM KJlacTepe, Tak U Ha
KJacTepe ¢ rpaUuecKuMH yCKOPUTEISIMH BBIUMCIICHUH.

B Onmxaiiiiem Oyaymem Mojens OyaeT mpeodpa3oBaHa B KOMIO3UITMOHHYTO ISl yYeTa
MHOT'OKOMIIOHEHTHOT'O COCTaBa JKUAKOCTEH.

Pa6ora nonnep:xana PODU (rpantst 13-01-12073-0¢u, 15-01-03654, 15-01-03445).
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SIMULATION OF THREE-PHASE FLUID FLOW IN A POROUS MEDIUM
WITHACCOUNT OF THERMAL EFFECTS

Trapeznikova M.A., Churbanova N.G., Lyupa A.A.
Keldysh Institute of Applied Mathematics RAS, Moscow, Russia
e-mail: mtrapez@yandex.ru

Mathematical modeling of fluid flows in porous media is widely used in practice, in
particular, at the construction of hydraulic facilities, at the solution of ecological problems
concerning the soil and groundwater contamination and, of course, at the development of
hydrocarbon recovery technologies. Nowadays the oil-and-gas industry faces global problems
connected with the drop in production by traditional methods. Among perspective methods of
oil recovery there are thermal methods such as in-situ combustion, heat carrier pumping into
the stratum etc. Thus appropriate numerical predictions of thermal effects are necessary.

The present work deals with further development of an original mathematical model of
multiphase porous media flows constructed by the analogy with the quasi-gas dynamic system
of equations [1]. Simulation of large-scale processes in the subsurface is time-consuming and
impossible without the use of HPC systems. Therefore algorithms of the explicit type are
preferable, as they can be efficiently adapted to supercomputers with hybrid architectures.
The proposed model is generalized to the case of three-phase flow (water-oil-gas) and takes
into account possible heat sources. Fluids are slightly compressible and immiscible; the
gravitational and capillary forces are present. The distinguishing feature of the model is
modification of phase continuity equations: they get regularizing terms and second order time
derivatives with small parameters. These hyperbolic equations can be approximated by the
three-level explicit scheme with rather a mild stability condition; convective terms are
approximated by central differences. As the temperature of all phases and the rock is
identicalthe system involves a single equation of the total energy conservation approximated
also by an explicit scheme.

The approach is verified by solving a number of test problems of infiltration and oil
recovery in isothermal and non- isothermal cases. The parallel software created by the authors
earlier [2] is supplemented with new computational modules. High parallelization efficiency
is achieved on a classical cluster as well as on a GPU-based cluster.

In the nearest future the model will be transformed to the compositional one to take into
account a multi-component structure of fluids.
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JABA IOAXOJA K MOAEJIMPOBAHUIO IIOTOKOB ABTOMOBUJIBHOI'O
TPAHCIIOPTA C UCITIOJIB3OBAHUEM BbICOKOITPOU3BOAUTEJBHBIX
BBIYUCJIMTEJIBHBIX CUCTEM

Uypbanora H.I'., Yeunna A.A., Tpane3snukoa M.A.

Hncmumym npuxnaonoti mamemamuxu um. M.B. Kenovuua PAH,
Mockea, Muycckas na., 4
e-mail: nataimamod@mail.ru

PabGoTta mocBsiieHa MOACIUPOBAHUIO ABTOTPAHCIIOPTHBIX ITOTOKOB HA TOPOJCKUX
yauIax v aBromMaructpaisix. [IpeacraBieHbl OpUTHMHAIbHBIE MAaKpPO- U MHUKPOCKOIMHUYECKHE
MOJIEJTM MHOTOIOJIOCHOTO JBMXKEHUS ISl ONMKMCAHUA MTOTOKOB € YYETOM peaIbHOM reoOMeTpun
Joporu. Makpockonuyeckasi, WIH THAPOJAMHAMUYECKAas, MOJIeJb CHHXPOHH30BAHHOIO
TPAHCIIOPTHOTO TIOTOKA HCIIONB3YEeT MPUOIMKEHUE CIUIONMIHONW Cpelbl W TOCTPOEHA IO
aHajoruu c kBasu-razo-auHamudeckoil (KI'J[) cucremoit ypaBuenuii [1]. B ornuuume or
CYIIECTBOBABILIUX PaHEE MOJIENIEN aBTOTPAHCIIOPTA, 3/1€Ch BBOAUTCS NMEPEMEHHAs TONEepeYHas
CKOpPOCTb, @ UMEHHO, CKOPOCTh CMEHBI MoJjioc. B pamkax 3Toi MoJenu MOXXHO ONHUCHIBaTh
MHOTO(]a3HbIe TOTOKH, KOT/1a Kaxaas ()aza UMeeT CBOU COOCTBEHHBIE TJIOTHOCTh U CKOPOCTb.
Mukpockonuueckasi MOJIeJIb OCHOBaHa Ha TEOPUU KIETOYHBIX aBTOMATOB [2] u 00001IeHa Ha
MHOTOIIOJIOCHBIN CITyYaHu.

OnucaHHbIe BBIIIE MOJEIM CPABHUBAIUCH Ha OONBIIOM YHCIE TECTOBBIX PACUETOB B
CUTyalusiXx, Korga OHM o00e mnpuMeHuMbl. [lomydeHHBIE pe3yabTaThl MOKA3aM XOpPOIIee
COTrJIaCOBaHUE MOJENEH, KaK MO KaU€CTBEHHBIM, TaK U 10 KOJIMYECTBEHHBIM ITapAMETPaM.

YucnaeHHbIH anropuTM MakKpOCKOITMYECKON MOJETN ObLI aAanTUPOBaH JUIsl pacyETOB HA
MHOTOIIPOLIECCOPHOM BBIYMCIMUTENBHON cucteme. PacnapannenBaHue OCHOBAaHO HA TEXHHUKE

18 JEKOMIIO3UIIMU 00J1acTh (pa3leieHue JaHHBIX) U

16 oOMeHe JaHHBIMM MEXIYy Y3JIaMH KjacTepa.
; / Pacuyersl ObUTH BBIIOJHEHBI HA THOPHIHOW
10 e cuctreMe K 100, CKOHCTpyMpOBaHHOW B

WNHctuTyTe nmpukiagHOoM marematuku uMm. M.B.
Kenpgpima ¢ nukoBoi npou3BoauTenbHOCThIO 100
TFLOPS. bbu10 moigyyeHO JOCTATOYHO BBICOKOE

Speedup. times

G = o

0 : YCKOpPEHHE.
5 1 20 30 0 50 &0 70 B0 90 100
Number of processors Pucynok 1 pgemoHcTpupyer yckopeHue
Puc. 1. YckopeHue B 3aBUCUMOCTHU OT 6onee ueM B 15 pa3 Ha 100 mpomeccopax Imo
4HCIIa IPOLECCOPOB CPAaBHEHHIO C 5 IIpOLIECCOPAMU Ha CETKe 3

MHJUTMOHA PACUYETHBIX TOYEK.
Pabora Opia momnep:xkana rpanramMu POOU Ne 13-01-00781, 13-01-12008-0¢wu.
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TWO APPROACHES TO THE VEHICULAR TRAFFIC FLOWS SIMULATION
USING HIGH-PERFORMANCE COMPUTER SYSTEMS

Churbanova N.G., Chechina A.A., Trapeznikova M.A.
Keldysh Institute of Applied Mathematics RAS, 4 Miusskaya Square, Moscow
e-mail: nataimamod@mail.ru

The paper deals with the simulation of vehicular traffic flows in urban streets and at
motorway. Original 2D macro- and microscopic models of multilane traffic to predict flows
for the real road geometry are presented. The macroscopic or hydrodynamical model of
synchronized traffic flow uses the continuum approach and is constructed by analogy with the
quasi-gas-dynamic (QGD) system of equations [1]. Contrary to the earlier traffic flow models,
a variable transverse velocity (namely the velocity of lane changing) is introduced. In the
frame of this model the multiphase flow can be described where each phase has its own
density and velocity. The microscopic model is based on the cellular automata theory [2] and
is generalized to the multilane case.

The models described above are compared by a large number of test predictions for
situations when both models are applicable. The results obtained demonstrated good
agreement of the models in both qualitative and quantitative sense.

The numerical algorithm of macroscopic

16 model was adapted to multiprocessor computer

; / system. Parallelization is based on the domain

. decomposition (data partitioning) technique and

= message passing between nodes of the cluster.

/ Computations were performed on hybrid system

K100 built in Keldysh Institute of Applied

L e e P T Mathematics. with the peak performance 100

Number of processors TFLOPS. The high enough speedup was obtained:

Fig. 1. Speedup depending on the Figure 1 demonstrates more than 15 times speedup

number of brocessors using 100 processors versus 5 processors on the 3
million cells mesh.
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MODELLING A STIMULATED AMPLIFICATION OF LONG-WAVE WING OF A
MULTI-HARMONIC LIGHT BEAM AT PROPAGATION IN DIELECTRIC MEDIA
WITH INDUCED PLASMA AND STATIC ELECTRIC FIELD.

Sviatoslav A. Stumpf, Alexander A. Korolev, Sergei A. Kozlov
ITMO UNIVERSITY, 49 Kronverksky pr., Saint-Petersburg, Russia 197101
stumpfl@rain.ifmo.ru

A generation of spectral supercontinuum by a pair of synchronized few-cycle pulses,
including a generation of radiation in terahertz range (THz), is an object of complex and
thorough studies this decade [1-2]. Fine tuning of generation procedure, opening a way to
cost-effective and efficient generation of long-wave radiation (up to 1 mm) [3-4], is being
developed in parallel with a theory combining optical processes in dielectric media with
highenergetic processes such as plasma induction. We derived the theory several years ago [5]
and applied it to numerical simulation and mathematical modelling of mentioned processes.
The computed data shown an excellent correlation with experimental quazi-periodic
dependence of generated THz radiation energy on interacting pulses spatial shift.

Noticing a fast progress of experimental set-ups, allowing generation and combination of
multiple synchronized optic pulses, we found out that theoretically it is possible to increase an
efficiency of THz generation by adding pulses of tripled basic wavelength to an interaction
scene. So the present paper shows some results of modelling and simulating such multiwave
high-intense femtosecond pulse propagation through dielectric media with plasma excitation.
The additional feature of this study is an simulation of high-intense few-cycle pulse
interaction with media at presence of quasi-static electric field, causing a separate
ponderomotive dynamics of free electrons induced by input pulse. We report several scenes
modelling such dynamics and predicting notable generation of THz radiation stimulated by
static field. Also the dependence of optical energy redistributed to THz range on ‘filament
length’ is presented and examined by a correlation with known experimental results.
Acknowledgements:
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NUMERICAL STUDIES BY MEANS OF MARPLE: NEW TOOLSFOR PARALLEL
SIMULATION OF CONTINUOUS MEDIAUSING UNSTRUCTURED MESHES

Bagdasarov G., Boldarev A .
Keldysh Institute of Applied Mathematics RAS, Moscow, Russia
gennadiy3.14@gmail.com

Code MARPLE [1] is an Eulerian numerical tool designed for 3D simulations of
radiative magnetohydrodynamic problems related to experiments with magnetically driven
high energy density plasmas. In recent years new features and optimizations were
implemented in the code with the view of preparing it for comprehensively scaled
multiphysics and upcoming exascale computations.

Data structures based on binary relations are used in the code to operate with
unstructured meshes. New storage scheme was implemented in order to improve performance,
add support for oct-tree type of meshes and adaptive mesh refinement technique.

Initial support for scripting languages was embedded in the code. Python wrappers for
equation-of-states module were implemented which allow storing only indispensable
minimum amount of computed values for post-processing.

The renovated code demonstrates good scalability and ability to handle large data
volumes needed for HPC multi-parameter numerical studies.

The work was supported by RFBR grant No.14-01-31154.
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PA3BUTHUE KOJA TPEXMEPHOI'O YUCJIEHHOI'O MOJAEJIMPOBAHUA
MARPLE: OBOBIIEHHOE TIPOTPAMMHUPOBAHUE U CO3JAHUE
JAEUMCTBUTEJBHO YHUBEPCAJIBHBIX KO1OB

A. C. bonnapes
HUncmumym Ipuknaonou Mamemamuxu um. M. B. Kenoviwa PAH, Mockea
boldar@imamod.ru

B Teuenue psna ner B Hamem otnene UIIM PAH paspabaTsiBaeTcsi U UCHIONIB3YETCS
TpexmepHbli ko4 MARPLE nns monmenupoBaHust HpoOLECCOB B BBICOKOTEMIIEPATYPHOU
iasme. MccnenoBarenbCckuii XapakTep 3TOTO KOJa HajaraeT TpeOOBaHHE MaKCHMaIbHOM
TMOKOCTH W yHHUBEPCATbHOCTH, YTOOBI MOXXHO OBIJIO JIETKO J100aBISATH YYHUTHIBAEMbIC
¢u3znyecKkue MpoLecchl, MEHITb TEPMOAMHAMUYECKYIO MOJENb CpEAbl, alnIpOoKCHMAalluu,
CrocoObl yueTa TeX WM HHBIX SBJICHHH U T. 4. Kpome Toro, pasHooOpasne TUIIOB pemiaeMbIX
HaMHU 3a/lad U ECTECTBEHHOE J>KEJaHWE MCMOIb30BaTh IMPHU UX PEIIEHUH HMMEIOILYICS B
MARPLE wundpactpyktypy (pacmupeneneHHas paboTa ¢ HECTPYKTYpUPOBAHHBIMH CETKAMH,
oOurasi opraHu3anysi BBIYMCICHUN, aNIpOKCHMAlluU, BU3yalH3alMs pe3yiabTaToB U T. J1.)
NpUBEJIO K TOMYy, 4TOo ¢ nmoMomiblo koga MARPLE mnpoBoastcs pacdeTrsl B pa3iMyHBIX
IPEIMETHBIX 00JIaCTAX, MOMUMO (DU3UKU TJIa3MBI.

Kon MARPLE wu3HauanbHO co3/1aBalicsl KaK YHUBEPCAJIbHBIA JIETKO JOCTPaWBAaEMBIii
KOJ, 3TO JAOCTUTaJoCh Oiarojiapsi €ro CTPyKType U IIMPOKOMY HCHOJIb30BAaHUIO OOBEKTHO-
OPUEHTHUPOBAHHBIX BO3MOKHOCTEH si3blka C++. B pesynbrare, B HacToslIlee BpeMs K KOIy
JIETKO MOTYT OBITh JOOABIICHBI HOBBIE COJBEPHI, YPABHEHHUSI COCTOSHUS, TPAaHHUYHBIC YCIOBHS
u T. 1. OIHAKO B KOJIE OCTAIMCh HEKOTOPbIe 5KECTKO 3aIlIUThIe” IEMEHTHI, TaKhe Kak Habop
BEJIMYMH B SYEHKaX CETKH, U 3TO MPHUBOJUT K OINpPEAEICHHBIM Mpo0ieMaM MpU MEpPeXoae K
Opyroid mpenMeTHol obOmactu. Hampumep, ra3oguHamMuuecKkue 3afaud  MPUXOAUTCS
TPaKTOBAaTh KAK YaCTHBIM ciaydail aByxremmneparypHod MIJ], B pe3ynbrare XpaHsiaTcs H
00pabaThIBalOTCSl HEpPEJIEBAHTHBIC U1 JAHHON MPEeAMETHON 00JacTH BEIMUYMHBI, TAKUE KaK
BTOpasi SHEPIrHsi, KOMIIOHEHTbl MAarHUTHOTO TIOJIS. .

['pamoTHOE wHcHoNb30BaHHE OOOOIIEHHOTO MPOrPaMMHUPOBAHUA (C  MOMOIIBIO
mabsoHoB B C++) TO3BOJSET pemIUTh MpoOJieMy Co37aHusi OOJBIIOr0 KOJUYECTBA
OJIHOTHUIIHBIX COJIBEPOB — HAaIlpUMEp, OAHO- M AByxTemmeparypHou MI'Jl, razoamHamukuy,
Mozelel TypOyJieHTHOCTH U Jip. ConBep CTaHOBUTCS IAOJIOHOM, B KOTOPOM COJIEPIKATCS BCE
o0I11e YepThl MePEUUCICHHBIX YACTHBIX COJIBEPOB— OPTaHMU3AIIMs BHIYUCICHHS MTOTOKOB U MX
y4deTa, BbIUMCIICHUE ‘HAaBETPEHHBIX BEJIMYMH C TOM WJIM UHOM KOppEKLUeH U T. 1., B TO BpeMs
KaK KOHKPETHBIC alTOPUTMBI BBIYMCICHUS M CIOXEHHUS MOTOKOB U T. M. AJiA BBIOpaHHOMN
KOHKPETHOW CHCTEMBbl ypaBHEHUH Tepe1atoTcs B AOJIOH B BUJIE TapaMeTPOB.

O06001meHHoe TPOrpaMMHUPOBAHUE TIO3BOJSIET TaKXE ONTHMH3UPOBAThH PabOTy ¢
pa3IMYHBIMM THUIIAMU ceToK. Kak M B mpeaplaylieM cilydae, CBEIEHHE BCEX BO3MOXKHBIX
YACTHBIX CIy4YaeB K OJTHOMY Haunbosee o0IemMy npuBoauT K HeA(DPEKTUBHON peaTn3alinu.

Hanpumep, xpaneHue MHIEKCHO IIPSIMOYTOJIBHOW CETKH B BUJE HECTPYKTYPUPOBAHHOU
NPUBOJUT K HEOOXOJMMOCTH XPAHEHHUS OTHOIIEHUN MHUUICHTHOCTH 3JIEMEHTOB, B JAHHOM
YaCTHOM CJIy4ae UMEIOLIUX OYEBUJIHYIO CTPYKTYpY U IOTOMY B XPAaHEHUU HE HYKIAIOIIUXCSL.

B pamkax 060011eHHOTO TPOrpaMMHUPOBAHUS COIBEP JAOHKEH paboTaTh ¢ CETKOM KakK C
a0bCTpaKTHBIM 0OBEKTOM, CIIOCOOHBIM OTBEYATH Ha 3allPOCHI OMPEICIICHHOTO BUA.
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MULTISCALE MODELING IN SUPERSONIC GASDYNAMIC
SPUTTERING PROBLEMS
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Keldysh Institute of Applied Mathematics, Russian Academy of Science, Moscow, Russia
E-mail: pvictoria@list.ru

The simulation problem of technological processes in installations for supersonic cold
gasdynamic sputtering (SCGS) of micro- and nanoparticles on the substrates is considered [1].
This theme is relevant in connection with the transfer of sputtering technology on a nanometer
range. In the electronics industry SCGS technology is proposed to use for creating of the
polysilicic nanofilms with the inclusion of carbon nanostructures and / or nanoclusters made
of rare-earth metals [2]. However, there are difficulties related to management of a sputtering
process and providing the required quality of the films. To overcome these difficulties
detailed investigations of processes occurring in the installations are needed. In this paper
focus is on a transport part of the sputtering problem. Its decision is connected with a
technical device of SCGS installation. In simplified form, the installation consists of Dewar
flask with rarefied gas, which has a table with a substrate for deposition. Sputtering subsystem
is located above the table. It consists of cylinders channels with pure gas mixture and the gas
mixture with nanoparticles, the matrix of micronozzles and microchannels in which the
nanoparticles are supplied into the near zone of the substrate. Pure gas mixture is used for
process control. Gas mixture with the inclusion of nanoparticles is used to give them a starting
pulse. The mathematical problem is to calculate the motion of the gas and nanoparticles in all
parts of the installation, and determining the optimum mode of nanoparticles moving to the
individual sputtering places. It is necessary to take into account that the simulated
environment near solid surfaces is not continuous, and the equation of state of gas mixture
with the inclusion of nanoparticles is unknown. For decision of this problem multiscale
approach is proposed, combining the solution of a quasi gasdynamic (QGD) [3] equations and
correction of gasdynamic parameters by molecular dynamics method (MD) [4]. QGD system
is considered in relaxational approximation and is written for a case of gas mixtures. It is
solved by method of finite volumes on a suitable grid. The system of equations of the
Newtonian dynamics is used as the sub-grid algorithm, which is applied in each control
volume. The proposed method has been parallelized, passed a partial validation and
confirmed its operability and efficiency.

Acknowledgements: This work is supported by Russian Fund for Basic Researches. Work
partially supported by grants RFBR NeNo 13-01-12073-ofi-m, 15-07-06082.
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MYJbBTUMACHITABHOE MOJAEJINPOBAHUE B 3AJAYAX
CBEPX3BYKOBOI'O 'A3OAUHAMHWYECKOI'O HAIIBIVIEHU A

1O.H. Kapamsun, T.A. Kyapsmosa, B.O. [Toapeira, C.B. Ilonsiko
UIIM um. M.B. Kenoviua PAH, Mockea, Poccus
E-mail: pvictoria@list.ru

PaccmatpuBaercs mpoGiiemMa MOAETUPOBAHUS TEXHOJIOTHYECKUX MPOLIECCOB B yCTaHOBKAX
CBEPX3BYKOBOI'O XOJIOAHOTO TazoauHamuyeckoro HambuieHus: (CXI'H) mukpo- 1 HaHOYacTHIl Ha
nomsioxkku [1]. JlaHHas TemaTuKa akTyajibHa B CBSI3U C IIEPEXOJOM TEXHOJOTUH HAIIbUICHUS B
HAHOMETPOBBIH Auana3oH. B asekTpoHHO# npomeinuieHHOCTH TexHoaoruto CXI'H npeiaraercs
UCIOJb30BaTh [UISI CO3JAHHSA IOJMKPEMHHUEBBIX HAHOIUIEHOK C BKJIIOUEHUEM YTJIEPOJHBIX
HAHOCTPYKTYp W/WJIM HAaHOKJIACTEPOB, H3TOTOBJICHHBIX W3 pPEIKO3EMENbHBIX MeTauioB [2].
OpnHako mpHU 3TOM BO3HUKAIOT TPYAHOCTH, CBS3aHHBIE C YIPABICHUEM IIPOLECCOM HAIBLICHUS U
o0ecrieyeHneM HYKHOTO KadecTBa IUICHOK. J[JIsl MpeofoieHusi 3TUX TPYJHOCTEH HEOOXOIUMBI
JieTalbHbIE UCCIIEIOBAHUS MPOTEKAIOIINX B YCTAaHOBKAX mporieccoB. B naHHO# paboTe 0CHOBHOE
BHUMaHUE YJEJSeTCSl TPAaHCIOPTHOW uacTH MpoOsieMbl HambUieHHs. Ee pelieHue cBs3aHO ¢
TeXHU4YeCKUM ycTpoicTBoM yctaHoBkM CXI'H. B ympoiieHHOM BuAE yCTaHOBKAa COCTOUT W3
JIF0APOBCKOr0 COCYJa C Pa3peKEHHBIM ra3oM, B KOTOPOM HMMEETCSA CTOJN C MOIJIONKKOW s
HanbuieHus. Haj cTosom pacrionoxeHa nojacucreMa HarbuieHHus. OHa COCTOMT W3 KaHAJIOB OT
OaJUIOHOB C YHCTOM Ta30BOM CMEChIO W Ta30BOM CMEChI0O C HAHOYACTHIIAMH, MATPHUIIBI
MHUKpPOCOMENI ¥ MHKPOKAHAJIOB, MO KOTOPHIM HAHOYACTHIBI MOJAIOTCA B OJIKHIOI 30HY
noJUI0kKKU. YucTas razoBasi CMeCh MCIOJIB3YETCs JUIsl YIPaBIEHUS IpoleccoM. ['azoBas cmech ¢
BKJIFOUEHUEM HAHOYACTHUL[ HCIHOJB3YEeTCS IS NPUIAHUS IOCIEIHUM CTapTOBOIO HMITYJIbCA.
Maremaruueckasi 3ajjaya COCTOMT B pacueTe JBIKEHHS ra3a M HAHOYACTUI[ BO BCEX YaCTIX
YCTAaHOBKHM U OIPEJEICHUH ONTUMAIBHOTO pEeXHMa MOJAaYM HAHOYACTHIl K WHAMBHIYaJbHBIM
MecTaMm HanbUieHus. [Ipu 3ToM HE0O6X0AMMO y4ecTh, YTO MOJEIUpyeMas cpeia BOIM3U TBEPAbIX
MMOBEPXHOCTEN HE SIBIISIETCS] CIUIOLIHOM, a ypaBHEHHE COCTOSIHHA Ia30BOM CMECH C BKIIOUEHUEM
HAHOYACTHIl Heu3BeCTHO. JIyig pelieHus 3ajadyd Mpeasaraercs MyJIbTHUMACIITaOHBIA MOIXOJ,
coueTarommii  pemeHue ypaBHeHud — kBasurazommHamuku (KU) [3] u  koppekuuio
ra3oIMHaMUYECKNX IMapamMeTpoB MeTojoM MonekyisipHoi auHamuku (M) [4]. K[ cuctema
paccMaTpuBaeTCs B pENaKCAllMOHHOM MPUOJIMKEHUH, 3alicaHa JUIs Cllydass CMECH Ta30B H
pemraercss METOJIOM KOHEYHBIX OO0BEMOB Ha momxojsmiei cerke. CucremMa ypaBHEHUI
HBIOTOHOBCKOM  JUHAMHMKM  HCIOJB3YyEeTCS B KAauecTBE  IOJCETOYHOIO  aJIfOPUTMA,
NPUMEHSIOIETOCST BHYTPU KaXXJI0TO KOHTpoJIbHOro o0béMa. [IpemnokeHHas meronuka Obuia
pacmapajuienesa, Ipoluia YaCTUYHYI0 BAIMAALMUIO U MOJATBEpAMIa CBOIO pabOTOCIIOCOOHOCTh U
3¢ (PEeKTUBHOCTD.

BaaropapuocTu: Pabota BhimonHeHa npu nojjaepkke Poccuiickoro donna gyHaaMeHTanbHBIX
uccienoBanuid, npoekTsl NeNe 13-01-12073-o¢du-m, 15-07-06082.
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APPROXIMATION OF CONTINUOUS BREAKING FOR MODELING RADIA-
TION-INDUCED CONDUCTIVITY OF CRYSTALS

M.B. Markov, 1. A. Tarakanov, Y.A. Volkov
Keldysh Institute of Applied Mathematics of Russian Academy of Sciences,
Miusskaya sq.4, Moscow, 125047, Russia
e-mail:liu_roach@mail.ru

The mathematical model of radiation-induced conductivity in non-degenerate
semiconductors and dielectrics is submitted. The most common materials of semiconductor
devices are considered: silicon and silicon dioxide.

Mathematical modeling of radiation-induced conductivity is carried out in two stages.
At the first stage the scattering of high energy photons and electrons, which excite non-
equilibrium distribution of charge carriers in the crystal, is examined. The process is described
by Maxwell equations and classic transport equations for photons and free electrons with
energies exceeding the ionization potential of the scattering medium [1]. The source of the
charge carriers with energies below ionization potential — the conduction electrons and
valence band holes — is defined as functional on the space of free electrons transport equation
solutions. Next, the carriers dynamics is considered on the basis of quantum kinetic equations
for their distribution functions in the phase-space of coordinates and quasimomentum.
Scattering of charge carriers is modeled in the approximation of continuous momentum loss.

This model was validated by comparison with experimental data on the electrons
average drift velocity in an electric field and the speed of energy transmission from electrons
to optical phonons. The effect of drift speed saturation [2,3] — the achievement of a constant
value of 10" cm/s in increasing electric field strength — is confirmed. The initial distribution of
the conduction electrons with average energy of about 2 eV degrades to an equilibrium state
during the time of the order of 107" s, which corresponds to the data of [4]. The condition of
simulation and experimental results is limited of energy loss by optical phonon energy. Quan-
titative agreement with the results of the drift theory is obtained.

The calculation of silicon barrier radiative conductivity, which is uniformly ionized by
external source free electrons flux, shows the following. Radiation conductivity exceeds the
equilibrium value by five orders of magnitude. Constant conductivity value is stored until the
time of conduction electrons and valence band holes recombination.
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A CRITICAL ANALYSIS OF THE MATHEMATICAL MODELS AND
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Represented work is directed on the solution of fundamental problems of mathematical
forecasting of environment quality at anthropogenous and technogenic influences. In the
report results of creation of mathematical models, computing methods and algorithms for the
integrated expert systems of forecasting of development of the non-stationary processes
described by the differential equations in private derivatives are discussed. The main idea
consists in developing systematic approach to mathematical forecasting and formulation of
computing experiments at the solution of actual applied problems which researchers face at
science and equipment development. It is most the common fundamental problem of
computational mathematics.

Methods of the description are a combination of the analytical, asymptotic and
numerical decisions received on the basis of mathematical modeling by means of differential
schemes and semi-empirical statistical model representations. Also as the known popular
expression of the academician A.A. Samarsky that mathematical modeling is based upon
three elephants: model — algorithm — the program, and computational mathematics on three
foundations: approximation, interpolation, extrapolation. Correctly picked up approximating
function allows to carry out correctly regression so that the measured values of sizes
experimentally coincided for the set point in coordinate and time space with theoretical
model.

For example, in the multiple-factor analysis of influence of development of various
social structures for an appreciable length of time on environment of megalopolises it is
necessary to solve complex computing problem. The same is required for carrying out
researches of concrete characteristics of a condition of atmospheric layers and a ground layer
of the hashing defining quality of air in the megalopolis. The problem especially becomes
complicated if the task to estimate changing processes of toxic emissions spread from difficult
variable sources in a changing environment in canyons of city building is set.

Acknowledgement : The work was supported by RFBR, grant 14-01-00145 _a
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Laser micro- and nanostructuring of materials is important in many scientific,
technological and medical applications. Nanostructures resulting from laser material
processing have unique properties and cannot be produced by other, nonlaser techniques.

In optimizing laser nanostructuring conditions, an important point is to optimize the
size of the resulting structures. The minimum possible size of the structures (tens of
nanometers) produced by direct laser ablation of the surface is possible in two cases: 1)
intense laser ablation due to cluster redeposition in and outside the ablation crater and 2)
ultrashort laser pulses which ensure very rapid heating, melting and solidification of metal
surfaces.

In recent years, controlled direct surface nanostructuring with laser pulses under such
conditions has been the subject of intense research. Attempts were made to systematically
study laser nanostructuring mechanisms and optimize processing conditions (intensity,
duration, number and repetition rate of laser pulses) with consideration for the thermodynamic
characteristics, mechanical properties and surface quality of the target material.

This Paper reviews the results of experimental and theoretical studies of micro- and
nanomodification processes induced on the surface of metals and other materials by short and
ultrashort laser pulses. Particular attention is paid to the possibility of direct laser
nanostructuring through melting of the material (with or without ablation), followed by
ultrarapid solidification of the molten surface.

The focus of attention have been the results on studying the kinetics of ultra-rapid
solidification of the molten surface, and determination of the conditions which ensure forming
of surface nano-scale structures.

An analytical solution to the rate equation for the crystallite size distribution after
ultrarapid cooling has been found. The average number of atoms per crystallite and the size of
crystalline grains resulting from pulsed laser irradiation of metal surfaces have been
evaluated.

Determination of the volume fraction of crystallised phase allows one to find the critical
cooling rate at which crystallization is impossible and the structure amorphises, i.e. to
establish a kinetic amophisation criterion.

The model for laser modification of porous metallic films called as “the instant collapse
of the pores” was considered.

The presented data can be used to optimize direct laser micro- and nanostructuring
conditions and to ensure process control and reproducibility.
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PARAMETRIC WAVE EXCITATION IN RELATIVISTIC LASER-PLASMA
INTERACTION IN LONG UNDER-CRITICAL PRE-PLASMA LAYER

L. Tsymbalovl, S. Shulyapovl, A. Brantov?, K. Ivanov', P. Ksenofontov?, D. Krestovskikh',
V. Bychenkov?, V. Nedorezov’ and A. Savel'ev'
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The electron bunches with high energy and charge may be generated in low dense
plasma via different mechanisms of laser acceleration [1]. In this paper we present the
experimental research and numerical simulations of the possibility of generation MeV
electrons at an intensity around 10'® W/ecm? in an undercritical pre-plasma, formed by
additional nanosecond laser pulse with controlled parameters onto the surface of solid targets.
The effect may be attributed to the parametric plasma wave excitation.

In our experiments we used Ti:Sapphire laser system (wavelength — 800nm, repetition
rate — 10Hz, maximal pulse energy — 30mJ, minimal pulse duration — 45+5fs and maximal
intensity on target — 5-10" W/cm® , level of contrast on ps time scale - 10™) [2]. The laser
radiation was focused by off-axis parabolic mirror (F~5cm) onto the Mo target. To create
preplasma layer on the target surface, we use Nd: YAG laser (wavelength —10°*nm, repetition
rate — 10Hz, maximal pulse energy — 70mlJ, pulse duration — about 6 ns and maximal intensity
on target — 10'* W/em?). Varying delay between main pulse and pre-pulse in the range from
10 ns to -50 ns we can change pre-plasma scale in the large range of values. All experiments
were performed in a vacuum chamber at a pressure not higher than 10 Torr. Bremsstrahlung
of hot plasma was detected by scintillation detector based on Nal crystal. The fiber
spectrometer was used to measure the plasma emission spectra.

Our experimental results are supported by PIC simulation of laser-plasma interaction at
the intensity around 10" W/em® (using 3D 3V code Mandor in 2D3V regime). A laser pulse
(p-polarized, T — 10" W/em?, A — lum, T — 50fs) was focused into 90 um plasma layer with
linear density gradient (from O(Oum) to 0.25n, (90um)). The density gradient is
corresponding to the results of interferometry and shadowgraphy of the pre-plasma produced
by the artificial prepulse. The calculations revealed that the propagation of the laser pulse
through corona with rising density is accompanied by the relativistic self -focusing leading to
increasing of laser pulse intensity, plasma wave excitation due to Raman scattering at density
region around 0.15-0.25 n,, and generation of an high energy(up to 7 MeV) electron bunch
due to wavebreaking and acceleration by the longitudinal electric field of a plasma wave.
Acknowledgements: The work is supported by the Russian Foundation for Basic Research
(grants ## 14-02-31871, 13-02-00337, 13-02-00494).
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MULTIGRID AND EXPLICIT-ITERATIVE SOLVERS FOR THREEDIMENSIONAL
PARABOLIC EQUATIONS

V.T. Zhukov, O.B. Feodoritova, N.D. Novikova
Keldysh Institute of Applied Mathematics, Moscow, Russia.
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The problems of numerical solution of time-dependent parabolic partial differential
equations are considered. These equations are solved by discretizing both space and time. For
space discretization it is used a convenient seven-point stencil on a cartesian grid. We present
results of development of two time integration schemes for solving three-dimensional
equations with anisotropic discontinuous coefficients on ultraparallel computers.

The first scheme is the implicit Euler method resolved by the multigrid method [1,2].
We refer to this scheme as MM scheme. The second scheme, LI-M [3], is elaborated to solve
nonlinear heat conduction equation in high temperature gasdynamics simulation. This scheme
is based on explicit iterations with Chebyshev's parameters and represents a rational function
of spatial discrete operator. LI-M scheme is studied as a competitor of MM scheme.

Special attention is paid to development of the multigrid algorithm. The proposed
algorithm represents an efficient parallel implementation of the Fedorenko multigrid method
and is intended for solving the anisotropic stationary diffusion equations. The algorithm is
able to solve the first, second and third boundary value problems including semi-definite
Neumann problem. Scalability to a large number of processors is based on the use of the
Chebyshev’s iterations for solution of the coarsest grid equations and for construction of the
smoothing procedures. For equations with discontinuous coefficients it is used so called
problem-dependent intergrid transfer operators.

We have developed a special procedure for adapting smoothers to anisotropy and
present examples, which show that adaptation improves the efficiency of the multigrid
method. For LI-M and MM schemes the results of comparison on solving the evolution model
problems are demonstrated. Both schemes provide a high performance; they scale efficiently
and allow overcoming difficulties in achieving exaflops performance.
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The modern theory of quasilinear conservation laws faces considerable difficulties. The
theory is developed well for only one conservation law, see. [1]. In [2] a new approach to
investigation of generalized solutions of quasilinear hyperbolic systems is proposed, which is
specified for the case of systems of two equations in [3]. This approach is the use of so-called
variational principle for generalized solutions. Note that earlier variational principles are built
for some particular systems of two equations, see [4].

The proposed approach gives a new view of the nature of generalized solutions of quasi-
linear hyperbolic systems. This view is formulated on the basis of general considerations
which, in principle, are valid for a wide range of problems in the theory of conservation laws.
Generally speaking, for any system of quasilinear hyperbolic equations might be built a
number of variational principles. Thus, the problem is to find a form of the variational
principle, which would allow a straightforward construction of a generalized solution. This is
done in the case of an equation with a convex flow function, namely, the Hopf equation. It is
chosen as a typical representative of this class of equations, for which the structural form of
the variational principle is known.

The presented numerical scheme is based on the variational principle and characterized
by high accuracy of calculation. Here we present the main features of the variational scheme
and results of numerical investigations for the particular case of Hopf equation to show the
ability of this scheme. This study highlights the way to possible robust algorithm for practical
calculations.
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A report presents an experience of creation of parallel MPI-platform and graphical
environment for developing parallel numerical models on general meshes. Technological
platform INMOST (Integrated Numerical Modelling and Object-oriented Supercomputing
Technologies) [1,2] is a tool for supercomputer simulations characterized by a maximum
generality of supported computational meshes, distributed data structure flexibility and
costeffectiveness, cross platform portability, as well as graphical environment for interactive
user interface.

INMOST supports basic operations on mesh elements (vertices, edges, faces, and cells),
their connectivity, operations on a set of elements, and tag tools to fit the data to a mesh
element. The high level distributed mesh operations such as the data exchange for nearest
fictitious elements, mesh data redistribution and balancing can also be used. The problem
specific discretization module can exploit a special tool to form and solve the constructed
linear system by PETSc, Trilinos, or internal linear solvers without taking into account the
specificity of the interface for each solver.

The INMOST ideas for developing of the computational code with interactive user
interface are demonstrated using the GeRa code, which is oriented on long-term groundwater
flow and transport of radionuclides in geological media numerical simulation. GeRa includes
modules for geostatistical modelling, grid generation and several types of discretizations for
groundwater flow and transport problems. GeRa allows to perform parallel computations
directly from the interface. Advanced graphical tools for visualization and verification of
computational results are also included. Some results of numerical modelling experiments are
presented as well.
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For p >1, the class N7, introduced in 1941 by LI. Privalov, is defined as the space of
holomorphic functions f* on the open unit disk D:|z |<1 in the complex plane for which the
function (log™ | f(2)[)” has a harmonic majorant on D. In 1977 M. Stoll introduced the d , -
metric topology on N7, and showed that the space N” with the topology given by this metric
becomes an F —algebra. Another p, - metric topology which is equivalent to the d, - metric
topology on N”, was considered by R. Mestrovi¢ in 2014. In connection with the space N”,
Stoll also studied the space F'” with the locally convex topology given by a certain family of
seminorms (|| -], )., - In 1988 C.M. Eoff proved that #'* with the topology endowed by this
family of seminorms is the Frechet envelope of N” (also see R. Mestrovi¢ and Z. Pavicevié
[2]). Furthermore, by a result of Eoff (1993), the Privalov space N” can be expressed as a

union of certain weighted /> Hardy spaces. This representation was used in [1] to define two
topologies on N”: the usual locally convex inductive limit topology H ,, and a not locally
convex topology /,. As noticed by R. Mestrovi¢ and 7. Paviéevi¢ in [1], the topology I »
coincides with the weak topology induced on N* by the familiy of seminorms ([|-]|, ). -
Furthermore, it was proved in [1] that the topology H , coincides with the Stoll’s &, - metric

topology. Using the mentioned connections between different topologies on the space N”
and some related results, we establish some applications in Functional and Real Analysis.
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In this paper we present the posibilites to use the ‘Cinderella’ software in theory of
curves and vector fields visualizations as well as in understanding their mechanical and
geometric characteristics. These objects are extensively studied in physics, medicine and other
sciences. The use of ‘Cinderella’ is exemplified in animation of cardioid, astroid, cubic
curves, quadratic curves and their singularities. We emphasize the educational role of this
software and application of its language ‘SindyScript’ and illustrate the way in which physical
processes are modelled by the means of “Cinderella’ software.
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Abstract. In this paper we consider modifications of a discrete Opial type inequality applied to
the eigenvalues of the graph G. We obtained a new proof of generalized inequalitiy

T n ) n—-m T n ) . .
—cos—Z:xk < Zxkka Scos—Zxk , as well as its special case for m=1 and
r+1i35 k=1 r+1i35

m = 2, using the well-known equation for real eigenvalues of the graph Zﬁk =2m, where
k=1

nis number of vertices, and mis number of edges of graph. Those generalizations enables us
to derive a number of discrete inequalities related to binomial coefficients.
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Single-walled carbon nanotubes can be used as nano-containers for different molecules.
Besides the fact that filled aggregates become protected from the environment, nanotubes may
serve as a template and support formation of various structures, which may be unfavorable in
ambient conditions. We study the formation of hydrogen-terminated graphene nanoribbons
inside single-walled carbon nanotubes [1,2]. Coronene molecules are used as filler of
nanotubes. Depending on the diameter of nanotubes and synthesis parameters molecules can

organize in the form of ordered stacks or
graphene nanoribbons. Molecular mechanics
modeling allows us to explain the process of
transformation from ordered molecular stacks
into the nanoribbons. Experimental results, such
as optical absorption, photoluminescence and
Raman spectroscopy studies, together with
transmission electron microscopy are supported
by molecular mechanics modeling (Fig. 1).
Diameter dependent filling of carbon nanotubes
is  additionally confirmed by calculations
demonstrating that for nanotubes below 1.5 nm in
diameter the angle of molecule stacks orientation
depends on the nanotube diameter values [3].
Surpassing the coronene stacks formation limit,
which is governed by the diameter of nanotubes,

Figure 1. Left - HR TEM images of the
1.4 nm average diameter nanotubes
filled with coronene stacks (top) and
GNR (bottom). Three bottom images
are captured one after another and

demonstrate the rotation of the
nanoribbon inside the tube. Molecular

dynamics calculations are presented on
the right and give the schematic view of
the structures placed inside the
nanotubes.

results in further conversion of molecules into
graphene nanoribbons. Filling of carbon nanotubes
also influences on their electronic structure. Ab-
initio calculations demonstrate that the relaxed

cross-section of the nanotube transforms from
circular to oval shape after inserting the nanoribbon leading to the changes in the band
structure of the system [4].
Acknowledgements:
The work was supported by RFBR grants 13-02-01354, 14-02-31829, 14-32-50113, 14-02-
00777, RAS research projects, Ministry of Education and Science of Russian Federation
grants Ne 14.513.12.003 and SP-7362.2013.3.
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DTa CTaThsl COACPKUT aHAIW3 MPSMOU CHEKTPAJbHOM 3a/1aud M yCTAHABJIMBAET CBA3b
MEXIYy CHEKTPaJIbHBIMH MapaMeTrpaMu. TakuM o0pa3oM, OTKPBIBAETCS BO3MOXKHOCTbH IS
pemieHus oOpaTHbIX 3aaad. PaccuurthiBaioTcs KO3()QUIMEHTHI B YCIOBUUM TI'PAHUYHOTO

oreparopa D® u sHauenus (byHKIMU 33I€p>KKH ¢ Ha MPaBOM KOHLIE OTpe3Ka [0,7z].

74



ABSTRACTS

CONTINUUM MODEL OF GENE EXPRESSION
Andrej Novak

University of Zagreb, Faculty of Electrical Engineering and Computing,
University of Zagreb, Croatia
andrej.novak@fer.hr

All living organisms have genes that are differentially activated and repressed to
regulate life processes. Gene regulations drives expressions of gene at precise levels, spatial
locations and time. We want to describe such process with PDE in order to gain better
understanding understanding. One sSRNA may regulate several different genes by binding to
several mRNA targets creating different effects in the espression of a gene. In our model we
have free sSRNAs and free mRNAs of different types. It is important to notice that different
types of SRNA may have some of the target mRNAs the same. Studies have shown that
members of the Argonaute (Ago) protein family are core components of RISC. The RNA-
induced silencing complex, or, RISC, is a multiprotein complex that incorporates one strand
of a SRNA and uses it as a template for recognizing complementary mRNA. When it finds a
complementary strand, it activates argonaute and cleaves the RNA. This is why we are going
to include concentrations of Ago and complexes consisting of SRNAs bound to Ago protein in
our model. This complex is associated with association rateand it may dissociate to its original
components with dissociation rate. Once Ago-sRNA complex is assembled, it may bind to an
i" mRNA target and induce mRNA degradation. Of particular importance is the mobility of
the RNAs, Argonaute and Ago-sRNA complexes between cells across the tissue. We model it
by the system of parabolic PDE.

Joint work with Gabriela C. Racz and Mile Sikic (University of Zagreb).
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CLICK-THROUGH RATE PREDICTION - TOP-5 SOLUTION FOR THE AVAZU
CONTEST

Dmitry Efimov
Assistant Professor, American University of Sharjah, Sharjah, UAE
defimov@aus.edu

The paper describes the contribution to the Click-Through Rate Prediction contest with
the data provided by Avazu. The proposed solution placed in the TOP-5 in this competition
on Kaggle platform and involved more than 1600 participants. The described technique
includes the robust algorithm for likelihood features engineering and the improvement of the
FTRL online learning algorithm proposed by the Google's team. The improvement is obtained
by the smart sorting of the provided dataset. The solution also shows the application of the
Factorization Machine - the modification of the low rank approximation algorithm with
stochastic gradient descent optimization.
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SPLINE DIFFERENCE SCHEME ON A UNIFORM AND PIECEWISE
UNIFORM GRID

Vanja Vukoslavcevié
Faculty of Sciences, University of Montenegro
e-mail turner(@t-com.me

For the problem: —&y"(x)+ p(x)y(x)= f(x), xeD, y(0)=a,, y(I)= «,, the spline
difference scheme on a uniform mesh having the second order of uniform convergence and
the fourth order of classical convergence is given. The global approximation is used in the

form of spline in tension. Also, some uniformly convergent schemes on a Shishkin mesh are
given.
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MAPAMETPUYECKHWIN AHAJIN3 HECTAIIMOHAPHBIX CTPYKTYP B
3AJIAYAX BBIYMCJIIUTEJIBHOM 'A30BOM TJUHAMUKHA

A.E. bonnapes
WNuctutyT npuknagHoit MmareMatuku uMm. M.B. Kenneiina PAH, Mocksa, Poccust
e-mail: bond@keldysh.ru

KiioueBble c€j10Ba: IPOCTPAHCTBEHHO-BPEMEHHBIE CTPYKTYpbhl, MHOTOMEpHBIC JaHHBIC,
0000IIEHHBIN BEIYUCIUTEIBHBIN SKCIIEPUMEHT

Pabora npexacraBnsier npuOIMKEHHBIM KOMOMHHUPOBAHHBIN MOJXOJ, MpeJHA3HAYEHHbIN
JUIsL WCCJIEJOBAHMs YCIIOBUM BO3HHMKHOBEHHS IPOCTPAHCTBEHHO-BPEMEHHBIX CTPYKTYp B
HECTallMOHAPHBIX 3aJa4aX BBIYMCIMTEIBHON MEXAHMKHU KMIKOCTH M ra3a. PaccMaTrpuBaroTcs
pa3iIUYyHBIE THUIIBI MIPOCTPAHCTBEHHO-BPEMEHHBIX CTPYKTYp, TaKH€, HAllpUMEp, KAaK OTPHIB
IIOTPAHUYHOIO  CJIOS,  BO3HUKHOBEHHME  LMPKYJSIIMOHHBIX  30H,  BO3HUKHOBEHHE
OCLHWUIMPYIOIIUX PEKUMOB TEUEHUA, NEpexo] 0T MaXOBCKOIro OTpa)XCHUs K PETYISPHOMY
JUIS YAApHBIX BOJH, W T.J. llogxonx coderaer 4YWCIIEHHBIE PEIICHHS OOpATHBIX 33134 U
napaMeTpuueckuii  aHanus. Jlig  4MCIEHHOW  peanu3aluy  MOAXOAA  MCIOJb3YIOTCS

HapaJ'IJ'IeJ'II)HI)IGV BBIYUCJIICHUA.
HpeHHaFaCMHI/I B pa60Te 8 (021 9:C0Ji

Mathomatical Model Dioctproviom | nverse proviem | ( Mltdimonsional  TIPC/IHA3HAYCH JUTS ObICTpOI
... - ’ NpUOIMKEHHOM OLIEHKU 3aBUCUMOCTH
BO3HUKHOBEHUS HECTallMOHAPHBIX

CTPYKTYD B MOTOKE oT

OINpENIENAIOIUX TapaMeTPOB 3ahauu
[1]. Pe3ynbrarel MIPUMEHEHUS

MOAX0Jla TPEACTABIAIOTCS B BUJE

MHOT'OMCPHBIX 00BEMOB JaHHBbIX. I[J'IH

HaXOXK/ICHHS CKPBITBIX
Puc. 1: Cxema 0000111€HHOTO BEIYMCIUTENIBHOIO B3aHMO3aBHCHMOCTE B 3THX
JKCIIEPUMEHTA. o0bemMax HEOoOXOJUMO MPHUMEHSThH

MeTonbl  00paboTKM, aHalM3a |
BU3yaJIM3allil MHOTOMEPHBIX JaHHBIX. [lpemnaraemplii MOAXO0J OpraHW30BaH B BHUJE
TEXHOJOTMYECKOW IIeTIOYKH aNrOpuTMOB. B psae ciaydyaeB OaHHBIA TOIXOJ IO3BOJISIET
NOJy4YaTb HCKOMYIO 33aBHCHMOCTh B BHJAEC KBa3WAHATUTHYECKHMX  COOTHOIICHUI.
[IpennaraeMplii MOAXOA  MOXET pacCMaTpUBATBbCA KaK  MPOTOTHI  OOOOIIEHHOTO
BBIYUCIIUTENFHOTO SKcnepuMenTa. Cxema 1moio0HOro SKCIepuMeHTa mpecTaBieHa Ha Puc. 1.
[TpuBeneHbl mpuMepbl MPUMEHEHUS IOX0/1a KPsly MPAKTUYECKUX 3a/1a4.
Jlannast pabota BbIlOJIHEHA Ipu nojaepxkke Poccuiickoro ¢onaa (yHaamMeHTaIbHBIX
uccinenoanuii (mpoektsl N 13-01-00367a u N 14-01-00769a).
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PARAMETRIC STUDIES OF SPACE-TIME STRUCTURES FOR CFD PROBLEMS

A.E. Bondarev
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Key words: space-time structures, multidimensional data, generalized numerical experiment

The paper presents a combined approach to finding conditions for space-time structures
appearance in non-stationary flows for CFD (computational fluid dynamics) problems. We
consider different types of space-time structures, for instance, such as boundary layer
separation, vortex zone appearance, appearance of oscillating regimes, transfer from Mach
reflection to regular one for shock waves, etc. The approach combines numerical solutions of
inverse problems and parametric studies. Parallel numerical solutions are implemented. This
approach is intended for fast approximate estimation for dependence of unsteady flow
structures on characteristic parameters (or determining parameters) in a certain class of
problems [1]. The numerical results are presented in a form of multidimensional data

volumes. To find out hidden

Mathematical Model
and
Numerical Method

Multidimensional.

irect problem Inverse problem

’ G==1__

dependencies in the volumes
some multidimensional data
processing and visualizing
methods should be applied.

[Pﬂmﬂgﬁicl Oplimizing The approach is organized in
nalyzing . . .
a pipeline fashion. For
. certain classes of problems
Eiphiio i i i Interpretation h h 11
e approwch _ allows
obtaining the sought-for
Verification dependence in a quasi-
nd .
P analytical form. The

proposed approach can be
considered to provide some
kind of generalized
numerical experiment
environment. Proposed scheme for such generalized experiment is presented in Figure 1.
Examples of its application to a series of practical problems are given.

This work is supported by RFBR grant (project 13-01-00367A and project 14-01-00769A).

Figure 1: Scheme of generalized experiment
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HAYYHOE COOBHIECTBO B 3I1OXY IIEPEMEH

A.A. CamoxuH
Hnemumym oowen pusuxu um. A.M. Ilpoxoposa PAH, Mockea, Poccus
asam40@mail.ru

Hayunoe coobmectBo (HC) mpexncraBnsieTr co0oil 4acTh POCCHUICKOTO OOIIecTBa H
BMECTE C HUM IE€PEKUBACT CXOJHbIE MpoOiaemMbl U TpyAaHocTH. Peakuus HC Ha BHewmHue u
BHYTPEHHUE BBI30Bbl MOXET CIYy>)KUTb JIOCTATOYHO BBIPA3UTEIBHOM XapaKTEPUCTUKON
pa3IUYHBIX AacCHEKTOB €ro COCTOsHUSA. B Hacrosiem coOOIIEeHHH paccMaTpUBAIOTCS U
Ka4eCTBEHHO AaHAIM3MPYIOTCA HEKOTOPble NpUMEpPbl TaKOW peaklUu Ha OOIECTBEHHBIE
coObITus nocnennux jet. KonunuectBenHas oneHka napameTpoB coctosinus HC 3arpynusercs
U3-3a €r0 HEOJTHOPOJHOCTH, KOTOpasi BHIPAXKAETCs, B YACTHOCTHU, B PA3IMYHONW OpUEHTALUU U
CTENEHH aKTUBHOCTH OT/EJIbHBIX WieHOB U opranu3auuii HC.

OpHUM M3 caMbIX HEMOCPEICTBEHHO 3HAUMMBIX Ul aKaJeMHYecKOro cooOliecTBa
coObITHEM (U MPOIIECCOM) MTPOJOIKAET OcTaBaThCsl pedopMupoBanue Poccuiickoit akanemMun
HayK, kotopass B 2013 r. Obu1a OTpe3aHa OT CBOMX OBIBIIMX MHCTUTYTOB. Peakuus Ha 3TOT
(aKTHYEeCKH MHOTOJIETHHUH TMpOIlECC OKa3zajachb HEONEpaTUBHOM M HEaJEKBATHON Kak cO
ctoponbl PAH, Tak u co cropons! [Ipodcoroza pabornukoB PAH. Bmecto Toro, 4To6s! emie B
CepelMHe MPOLUIOr0 AECATHIIETUS YETKO M MPHUHLMIIUAIBHO MOCTaBUTh BOIPOC O PELLICHUU
OpraHU3alMOHHBIX MPOOJIEM YIIPaBIEHHUsI POCCUIICKONW HayKo#l MOCpeAcTBOM, B YaCTHOCTH,
co3manus oprana, nogodHoro I'KHT, pykoBoactBo PAH crpactHo «Oomamoch» ¢
pykoBojctBoM MOH ¢ Tpe6oBaHUSMM MUHHCTEPCKMX HM3BHHEHUI W NMPOYUMH NOJOOHBIMHU
npereH3usiMu. B 1o xe Bpemsi pykoBojacTtBo PAH octaBmiio 6e3 BHuMaHus Mmaiickoe 2010
roga oOpamenue OOmero cobpanus Otaenenus ¢usnueckux Hayk PAH k OOmemy
coOpanuto PAH o HeoOxomumocTu mpoBefeHHsl B OKTAOpe Toro ke roga codpanus PAH,
CHELMATbHO TOCBSILEHHOIO HAKOMUBIIMMCS akajeMudyeckuM npobiemam. Ilpodceoros
pabotHukoB PAH Takke He BOCHOJIb30BAJICS MMEIOLIMMUCS y HEr0 BO3MOKHOCTSIMHM IS
PE3yJIbTATUBHOIO PELIeHUs 3TOro Bomnpoca. OOCTOATENbHBIN U COJepKATENbHbIN aHAINU3 BCEX
OCHOBHBIX aCTIEKTOB HCTOPUH HBIHENTHero pedopmupoBanust PAH 1o cux mop orcyTcTByer.

Bomnpockl oTeyecTBeHHON UCTOPUM ceifuac BecbMa BOCTpeOOBaHbI OOLIECTBOM, OJJHAKO
pors HC B ynoBrneTBOpeHMH 3TOH NOTPEOHOCTH BPSI JIM COOTBETCTBYET MOTEHIHAIHHBIM
BO3MOXHOCTSIM HayKd. BBICTYIUIEHHS HEKOTOpBIX MpeICTaBUTENIeH HayyHOro Iexa Ha
[JIaBHBIX TEJIEBU3MOHHBIX KaHajaX HEPEAKO OCTAaBIISIIOT CKOpee HEraTUBHOE, YEM MO3UTHBHOE
BIICYATJIEHUE Yy IIMPOKOM ayautopuu. IIpocBeTurenbckas u oOpazoBaTenbHast pojib HAyKU U
HC 3naunTenbHO Bo3pacTaeT B 30Xy MEpeMEH, TPEOYIOIIMX ONEepaTUBHOIO KPUTHUYECKOIO
aHaJn3a, OCMBICICHHBIX NMPEATOKEHUN U PEIIUTENbHBIX NeHCTBUN. DTy CBOIO €CTECTBEHHYIO
dbynkumio wieHsl u opranuzanuu HC noka eie peanusyror aaineko He moJHOCThI0. (ITomHbrit
TeKcT pasmeleH Ha caiite MO® PAH http://www.gpi.ru/profcom/gpiras.php)
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MYJAbTUMEJIUMHBIE HWJIJIFOCTPAIIMA B HAYYHOM MYBJIUKAIIUA

M.M.Fop6yH0B—Hocaz[0B1, T.A Ilonunosa’
TUTIM um.M.B.Kenoviwa PAH, Mockea, Muycckas ni. 4, gorbunov@keldysh.ru
UTIM um.M.B.Kenowuua PAH, Mockea, Muycckas na. 4, polilova@keldysh.ru

HHTepHEeT yBEpEeHHO NPEBPAIAETC B OCHOBHOM MCTOYHUK Hay4HOro 3HaHusA. HayuyHble
KYpHaJIbl, MOHOrpaduH, SHLUUKIONEAUM JIMOO TMOJIy4aloT TMOJHOTEKCTOBYIO HWHTEPHET-
IPOEKIIHMI0, Ha KOTOPYIO C YJIOBOJBCTBHUEM MEPEKIIIOUAETCS IMOJAABIAOLIEE OOJIBIIMHCTBO
yuTartesed, 1100 U BOBCE LIETMKOM IEPEKOUYEBBIBAIOT B MHTEPHET, MMOCTENEHHO 3a0bIBas O
CBOMX I€YATHBIX KOPHSX.

Cpenu MHOTOYMCIICHHBIX MPEUMYLIECTB pa3MEIleHHs HaydyHOW myOiuKanmud B
MHTEPHETE JAJIEKO HE IMOCIIEIHIOK POJIb UTPAET BO3MOYKHOCTh IIMPOKO MCIOJB30BaTh 3BYK,
BUJICO, AHMMAIMIO, HMHTEPAaKTUBHYIO KOMIIBIOTEpHYIO Tpaguky — Ooraredmmii Habop
CPEACTB, O KOTOPBIX HE MOIVIM M MEUTaTh nedaTHbele u3ganusd. K coxkaneHuro, 3Tu cpencrTsa
MYJbTUME/IMA BKIIOYAIOTCS B HAy4HbIe ITyOIMKaLUK HEJOCTATOYHO YacTo.

A Bellb TEXHHUECKUN apceHall MyJIbTUMENa YUYEHbIMU JaBHO OCBOEH. Penkuil cemunap
WIM 3alluTa JUccepTalud IMPOXOAAT CEerofgHs 0e3 MOATOTOBICHHON JOKJIAAYUKOM
JUHAMAYHOM  JIEMOHCTPAlM¥  CTAJKHUBAIOIIMUXCSA TANAKTHK, JBWXKYLIUXCS LHUKIOHOB,
COBEpPILAIONIMX TOJOBOJOMHBIE MAHUIYJIAMH poboToB u T. 1. Ilouemy ke »3TH
3aMedvaTeNbHble WIITIOCTPAIMK /10 CUX HOp HE YKpamarT co00W MyOJMKyeMble HayJHbIC
paboTs1?

[Tpuuun Heckonbko. IIpexxne Bcero, MHEpPUUS MPEACTABICHUS O MyOJUMKAlUU Kak O
4eM-TO a0COJIOTHO HEMOJBM)KHOM, YTO 00s3aHO B IOJIHOM O00bEME OTpa3uThCs Ha Oymare.
Jlo cux mop 4Ype3BBIYAMHO PEIKO BCTPEYAIOTCS HAYYHBIE KYpPHAJbl, € ABTOPY CTaTbH
pasperaercss NOArOTOBUTh MYJIbTHUMEINA WUIIOCTPALMM JUIsl OHJIAMHOBOM Bepcuu. Kak Hu
CTPaHHO, JIa’K€ €CJIU KypPHaJI UCKIIOYUTEIBHO OHJIAMHOBBIN, TEM HE MEHEE MYJIbTUMEIUNHbBIC
WUTIOCTPALMK B HEM 3a4acTylO HE JOITy CKatOTCs.

Cy1ecTBYIOT M YUCTO TEXHUYECKUE MPUUYMHBI, MEILIAIOIIUE MACCOBOMY IMOSIBICHUIO
MyJIFTUMEANA WUIIOCTPALMi B HAy4YHOH cTaThe. B TO BpeMs Kak y co3pmarens "HeHayyHOro"
caiita ¢ mnoseanennemM HTMLS mnpocto rna3za paszOeratoTcsi OT OOMIIMS BCEBO3MOKHBIX
JOCTYIIHBIX HPUEMOB PabOThl C MyJbTHMEAMA, OOYCTPOMCTBO '"Hay4yHOro" HHTEpHETa
BBI3BIBAECT OIPEIECICHHBIE CIOKHOCTU. Jlemo B TOM, 4YTO /I IPEACTABICHHUS TEKCTOB
Hay4yHbIX cTareii HTML npakTuuecku He MCHONb3YyeTcsi, TaM Oe3pa3feibHO T'OCIOACTBYET
¢opmar PDF. A opranuszanus pasmemienuss MyinbtuMenua B PDF kopeHHbIM o00pa3zom
otimyaercs oT Texnosnorud HTML, npuyem, yBbl, HE B Iy4IlIyIO CTOPOHY.

AHanu3upyercsi ONBbIT MCIONb30BaHMs BHAEO, aHMMauud u 3D wunoctpanuii B
onnaiHoBoM u3nanuu "[Ipenpuntel U1IM nm.M.B.Kenapima".

Pabora nonnepxana rpanrom POOU 13-01-00493-a.
Jluteparypa

1. M.M.T'opbynos-Ilocanos, I.C.Ponayrun, M.1.Cnenenkos, 1.B.Ty30B. “Anumanus u
BUJIe0 B HayuHoU nmyonukarun’”’, [Ipenpunate UTIM um. M.B.Kenaeima. 2014. Ne 104. 32 c.
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IHOCTAHOBKA BBIYUCJIMTEJIBHOI'O SKCIIEPUMEHTA I10
MOJIEKYJIAPHO-IUHAMUWYECKOMY OIIPEJAEJEHUIO
TEIUIO®U3NYECKNX CBOVCTB KPEMHU A

A.B.Maxyxkus, O.H.Koposnesa, I1.B.bpecnasckuit
Hnemumym npuxnaonoti mamemamuxu um. M.B.Kenoviua PAH
Mockea, Muycckasa na., 4
specimen@modhef.ru

PaccmarpuBaroTcs oOmMe MOJOXKEHUS MATeMAaTHYEeCKOTO OMHCAHUS (U3NYECKUX
IIPOLIECCOB B KPEMHUU B MOJIEKYJsIpHO-IuHaMudeckoMm (M/I) mpuOmmkeHuu, B TOM YHCIIe
npobiema BbIOOpa MEXYaCTHUHOrO NoTeHIMana B3aumonedcTsus [1]. IlpencraBiens
pe3yJbTaTbl BBIYMCIHATEIBHBIX JKCIIEPUMEHTOB, B KOTOPBIX IIOJY4YEHBl TEMIEPATYPHBIE
3aBUCUMOCTH DsiJla TEeIIO(PU3MUYECKUX XapaKTEepUCTHK KpeMHHsA. M3 MOCTaHOBKM cepuu
BBIUMCIUTEIBHBIX JKCIEPUMEHTOB OIPEJIEICHbl MapaMeTpbl KPUTUYECKOM Touku [2].
[TpoBeneHO cpaBHEHHE € HKCIIEPUMEHTAIbHBIMU JAHHBIMHU.
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BaarogapHocts: PaGota BeinonHeHa npu ¢puHancoBoi noanepxkke PODU NeNe 13-07-
00597, 15- 07- 05025.

Jlureparypa:

[1] B.1. Maxykun, A.B. lllannpanoB, A.B. Pynenko. CpaBHUTENbHBIM aHaIN3 NOTEHLUAIOB
MEXaTOMHOTO B3aUMOJICUCTBUS I KpUCTaindeckoro kpemuusa. Mathematica Montisnigri,
vol. XXX, 2014.

[2] V.I. Mazhukin, A.V. Shapranov, O.N. Koroleva, A.V. Rudenko. Molecular dynamics
simulation of critical point parameters for silicon. Mathematica Montisnigri, vol. XXXI,

2014.
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STATEMENT OF CALCULATING EXPERIMENT OF MOLECULAR DYNAMICS
DETERMINATION OF THERMOPHYSICAL PROPERTIES OF SILICON

A.V.Mazhukin, O.N.Koroleva, P.V.Breslavsky

Keldysh Institute of Applied Mathematics of RAS
Moscow, Miusskaya sq., 4
specimen@modhef.ru

We consider the general provisions of the mathematical description of physical
processes in silicon in the molecular dynamic (MD) approach, including the problem of
choosing the interparticle interaction potential [1]. Set the results of computational
experiments in which the temperature dependences of a number of thermophysical
characteristics of silicon are obtained. From statement of series of numerical experiments
were determined the parameters of the critical point. [2] A comparison with experimental data
was made.
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Fig. 1. The critical temperature and pressure at different interparticle interaction potentials.
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MOAEJHUPOBAHUE TUHAMUKHU PA3JIETA IIJIA3MbI B BO3J1YXE ITPU
HAHOCEKYHIHOM JIA3EPHOM BO3JEACTBUA

Bbpecnasckuii [1.B., Koponesa O.H., Maxykun A.B.
HUncmumym npuxnaonoii mamemamuxu um. M.B. Kenoviuwa PAH
Muycckas na., 4, Mockea, 125047, Poccus
vim@modhef.ru

PaccmarpuBaroTcs pasnuyHble PEKHUMBI JBIKEHUS (pOHTA IUIa3MEHHOro ¢akena B
cpele ¢  HEIMHEMHOM  TemonpoBOAHOCThIO.  [lokaspiBaeTcsi, 4YTO  CTPyKTypa
IOPOCTPAHCTBEHHBIX MNpOQMIEH IJIOTHOCTH, CKOPOCTH M TEMIEepaTypbl CYyIIECTBEHHBIM
o0pa3oM cBsi3aHAa CO CTENEHbIO HEIMHEMHOCTH  TemaonpoBogHocTU. [losBieHue
U30TEPMUUYECKUX  Pa3pblBOB  THAPOJUHAMUYECKMX BEJIMYMH B  TEIUIOBOM  IIOTOKE
00yCJIaBIMBAETCS HMCKIIOUYUTEIBHO B3aMMOJECHCTBHEM TEIUIOBBIX W TMJIPOJUHAMHYECKHX
IpoIecCcOB NepeHoca. MaTeMaTuueckass MOJI€b peaan3yeTcsl Ha OCHOBE ypaBHEHHI ra30BOH
JUHAMHUKU C YyYETOM TEIJIONPOBOJHOCTHU. (Il YMCIEHHOrO pELIeHMsI MCIIONb3YETCsS METO]
JUHAMUYECKON ajanTaluu ¢ SBHBIM BBIJEJICHMEM BO3HHUKAIOIIUX pa3pbiBOB. DyHKIMA
aJlanTalyy aBTOMaTUYECKU YUYHUTHIBAET U3MEHEHHE IJIOTHOCTH, CKOPOCTHU U TemnepaTypsl [1],
YTO MO3BOJIAET MOJIYUYUTh PEIIEHUE HAa pAaCUETHON CETKE ¢ MaJIbIM KoJu4ecTBOM y3510B N = 30.

BbaarogapaocTu: PaboTa BeimonHeHa npu ¢punancoBoit noxnepxke PH® Ne 15-11-00032.
Ccebliaku:
1. P. V. Breslavskii and V. I. Mazhukin, “Dynamic Adaptation Method in Gasdynamic

Simulations with Nonlinear Heat Conduction”, Comp. Math. Math. Phys. 48(11), 2102 —
2115, (2008).
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SIMULATION OF THE DYNAMICS OF PLASMA EXPANSION INTO THE AIR
INDUCED BY NANOSECOND LASER IRRADIATION

P. V. Breslavskii, O. N. Koroleva, A.V. Mazhukin
Keldysh Institute of Applied Mathematics Russian Academy of Sciences
Miusskaya sq., 4, Moscow, 125047, Russia
vim@modhef.ru

Various modes of motion of the front of a plasma torch in a medium with nonlinear
thermal conductivity are considered. It is shown that the structure of density, velocity and
temperature profiles significantly related to the degree of non-linearity of thermal
conductivity. The appearance of isothermal discontinuities for hydrodynamic quantities in
heat flow is caused exclusively by interaction of thermal and hydrodynamic transfer
processes. The mathematical model is implemented on the basis of the gas dynamics
equations with heat conduction. The method of dynamic adaptation with explicitly specified
discontinuities is used for the numerical solution. The adaptation function automatically takes
into account the change in density, velocity and temperature [1] to provide a solution to the
computational grid with a small number of nodes N = 30.

Acknowledgements: This work was supported by RSCF grant Ne 15-11-00032.
References:
1. P. V. Breslavskii and V. I. Mazhukin, “Dynamic Adaptation Method in Gasdynamic

Simulations with Nonlinear Heat Conduction”, Comp. Math. Math. Phys. 48(11), 2102 —
2115, (2008).

84



ABSTRACTS

DIRECT RECORDING OF MULTI-BEAM INTERFERENCE PATTERNS ON
TITANIUM FILMS BY NANO- & PICOSECOND LASER PULSES

Mindaugas Gedvilas', Bogdan Voisiat', Simonas Indriiiinas', Gediminas Ra¢iukaitis',
Vadim Veikoz, Roman Zakoldaevz, Dmitry Sinevz, Elena Shakhno?
! Center for Physical Science and Technology, Vilnius, Lithuania
ITMo University, Russia

The laser oxidation of thin metallic films is a promising method to planar metal
structures formation on the glass surface. Projecting of such planar structures can be applied
to difractive optical element manufacturing. One of the best ways to provide such technique is
laser thermochemical recording. Thin films of chromium are traditionally used in this
technology, since it make possible to record with high resolution (1-1000 mm™") [1]. In this
case additional chemical treatment after laser exposure is an integral part of this method. That
complicates the technological process, makes it less productive and precise.

That’s why we used thin titanium films as a recording medium. Since the titanium
oxides becomes optically transparent under direct laser irradiation it is possible to create
single-stage process of absolute contrast structures manufacturing [2]. It is important to
noticethat during a formation of Ti-oxide the negative feedback takes place due to its
transparency for incident laser beam. This is the main feature in comparison with chromium
films where positive feedback took place connected with growing of absorbance oxide.

In this work, the high-pulse-energy picosecond and nanosecond lasers were applied to
produce interference patterns in thin titanium films by thermo-chemical treatment. The laser
beam was split into two, tree, four or six beams by using the diffractive optical elements. The
confocal imaging system was used to produce interference pattern on the titanium films. As a
result, planar structures with a period varying from 1.5 pm to 3.5 um were produced on the
glass surface.

Fig. 1 The micro image of titanium planar structures formed on the glass surface after nanosecond (a)
and picosecond (b) laser irradiation.

Acknowledgements: This work was supported by the Russian Scientific Fond Grant No. 14-
12-00351 (on 50%), RFBR grant No. 14-29-07227 ofi_m, the President of the Russian
Federation Grant No. NSH 1364.2014.2., and the Government of the Russian Federation
Grant No. 074-U01).
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MATHEMATICAL MODEL OF FLUID DYNAMIC EFFECTS IN HIGH-ENERGY
ELECTRONS FLUX

Berezin A. V., Voronin F. N., Gasilov V. A., Inozemtseva K. K., Lutskiy A. E.,
Markov M. B., Parotkin S. V
Keldysh Institute of Applied Mathematics of Russian Academy of Sciences, Miusskaya sq. 4,
Moscow, 125047,
Russia e-mail: inozem.kO@gmail.com

We consider electromagnetic field emerging during particle accelerator experiment [1].
Highenergy electrons flux spreads in a gas medium and interacts with solid-state barrier,
generating self-consistent electromagnetic field. Mathematical model of the situation includes
description of high-energy electrons transfer, elastic and inelastic scattering, bremsstrahlung
and medium excitation [2]. To compute particle propagation we apply modifications of
particle-in-cell method to gas medium segment and Monte Carlo method [3,4] to barrier.
Electromagnetic field is composed of currents generated by high-energy electrons and by
conductance current in ionized medium. It is obtained from finite-difference scheme for
Maxwell equations [5]. The key feature is account of influence of fluid dynamic effects
caused by energy release during primary electrons propagation on scattering medi um
properties. Gas state is described by Euler’s equations with particles energy release as energy
source [6]. Scattering properties of a solid-state barrier are modeled by equations of magneto
fluid dynamics [7]. We consider thermomechanical behavior change insignificant during
particle life time. Preliminary results of numerical methods development and testing are
represented.

Acknowledgement : The reported study was partially supported by RFBR, research project
No. 14-01-00350
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MULTIENDOMORPHISMS AS A TOOL TO CONSTRUCT NEW HYPERRINGS

Sanja Jancic Rasovicl, Irina Cristea’
"Faculty of Natural Science and Mathematics, University of Montenegro,
Dzorza Vasingtona bb Podgorica, Montenegro
?Centre for Systems and Information Technologies, University of Nova Gorica,SI-
5000,Vipavska 13, Nova Gorica, Slovenia

Based on the notion of composition ring introduced by Adler, we define the concept of
composition hyperring. In this paper we show that the composition structure of a composition
hyperring is determined by a class of its strong multiendomorphisms. Then,we deal with a
class of Chinese hyperrings. Corsini shows that from every HX-group, hypergroupoid is
obtained which is in some case hypergroup (Chinese hypergroup). Similarly, we show that if
we start from the ring (R,+,-) then some family of subsets of R, under certain conditions
generates a Chinese hyperring.In this paper we deal with a class of Chinese hyperrings
associated with a family of subsets of R generated by a class of multiendomorphisms of
additive group (R,+).

THE CONCEPT OF COLLEGE LIBRARY

Snezana Jovanovié¢
Library of natural and technical sciences
University of Montenegro
snezaj(@ac.me

The true university's collection of books. One as such by the program Stephens
College represent "the book as a permanent part of the student's natural environment."
College Library is the ultimate culmination of independent learning, learning in the library,
not in the classroom. The concept of college libraries and college libraries as a precondition
for the birth of the concept of "free art laboratories." The emphasis in the concept of the
unbookish materials, primarily on Multimedia and technological advantages, ie images, sound
recordings, films. The tendency of this concept is the union of teachers and librarians in a
single instruction staff. The concept of "college library" as a result of education at the
forefront of discovery, not in the process of filing. In this way encourage the initiative of the
students themselves for independent learning, whereby eliminating the lecturers, who have
only an indirect role. Their role becomes threefold: as an inspirer, guide and collector. In
place of the guide stands library.

References:
1. Sister Helen Sheehan, Library trends, 93-103 (1969).
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MEXAHHU3MbI AJEPHBIX PEAKIIMI ITPU B3AUMOJENCTBUU
KOCMHUYECKOU PAIUALIUN C MATEPUAJIAMU MUKPOCXEM
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[Ipoananm3upoBaHn MexaHu3M c0oeB OOPTOBOTO  3JEKTPOHHOTO  00OPYHAOBaHHUS
KOCMHMYECKUX anmnapatoB OOYCIOBJICHHbIM MOHM3alMed sSApaMH OTAa4d U BTOPUYHBIMU
(dparMeHTamMH, BOSHUKAIOUIUMH MPU SJEPHBIX B3aUMOJICHCTBUSAX MPOTOHOB U JIETKUX HMOHOB
KOCMMYECKON paJialliy ¢ BEIECTBOM UHTETPAIbHON MUKPOCXEMBI.

OnuHouyHBIE cOOM BO3HHMKAIOT, €CIIM BBIICJICHHAS! B YYBCTBUTEILHOM 00BbEME 3JIEMEHTa
UHTErpajbHOM MMKpPOCXEMBbl SHEpPIus IPEBHIIAECT MOPOrOBYIO JJs JAHHOTO 3JIEeMEHTa
BeimunHy  Ejp.  Yactorta cOoeB  ompenensercss  audQepeHIHaTbHBIME  TTOTOKaAMH
BO3JEICTBYIONIMX YaCTUL[ U MAaKpPOCKONMYECKMM cedeHHeM X (E,E;) BO3HUKHOBEHUS

OJIMHOYHBIX cOOEB MOJ JEHCTBHUEM YacTUIl 3TOr0 BUAA. [ JErkux 3apsyKEeHHBIX YaCTHUIL
CEYCHHUE OJMHOYHBIX COOEB B 00BEME UYBCTBUTEIBHOTO AJIEMEHTA, cojepkaiieM N aToOMOB,
OTIpeeNAeTCs COOTHOLICHHEM

> (E,E,))=No (E,E,)= NZ]M@

k E, r
CymMmupoBaHue MpoBOAUTCS MO BCEM KaHalaM B3auMojelcTBus k =(Z, A) nepBUYHBIX
VMOHOB THUIIA [ C DHEprued E ¢ MaTepuaJioM HUHTETPAIbHOM MHUKDPOCXEMBI, B PE3yJIbTaTe
KOTOPOro ¢ BeposiTHocThio o) (E, E,) obpasyercs aapo ¢ Maccoil A, 3apsnoM Z U sHeprueit

E. .

r

OHepreTUYecKre CIEKTPhl BCEX 00pa3yroIIUXCs B peakLUH sSAep-OCTATKOB MOTYT OBITh
HalJIeHbl AKCIEPUMEHTAIBHO JTMOO pacCUMTAaHbI C MOMOILIBIO TEOPETUYECKHX MOAXO0N0B. B
paboTe >HEpPreTHYecKUue CHEKTpPhbl SAEpP-OCTATKOB PACCUUTAHbI B pPaMKaX COBPEMEHHBIX
MoJieelt siIepHbIX peakuuii, o0bennHeHHbIX B makere EMPIRE.

PesynbraThl aHamm3a Moka3aid, 4TO CeUeHHUs OOpa30BaHMs Pa3IUYHBIX sAEp OTAA4YU
3aBUCAT OT HHEPIMU NMPOTOHOB M TUmNa MuileHd. Hanbosnee BepoATHBI KaHAJbl PEAKLUU C
BHIOMBAHMEM OJHOTO-TPEX HYKIOHOB, a B CIydae siapa >'Si -C BHIOMBAHMEM O-YaCTHIIBL
Yacrora OJUHOYHBIX COOEB 3aBUCUT OT TOJHOTO CEUCHMS PEeaKIHMH Uil Aaep OTAadd C
SHEPTHeH MEHBIICH KPUTHIECKOMN dHEpTuu coos Ey.

BaarogapaocTu: padora nognepxxana POOU (mpoext Ne 14-29-09244).
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MECHANISMS OF NUCLEAR REACTIONS AT INTERACTION OF COSMIC
RAYS WITH MATERIALS OF MICROELECTRONIC ELEMENTS

L.I. Galanina, L.S. Novikov
Skobeltsyn Institute of Nuclear Physics, Moscow State University.
E-mail: galanina@nsrd.sinp.msu.ru

The mechanism of failures in microelectronic elements due to the ionization of atoms by
recoil nuclei and secondary fragments, formed at nuclear interactions of cosmic-ray protons
and light ions with substance, has been analyzed.

Single failures arise when the energy evolved in a sensitive volume of an integrated
circuit element exceeds some threshold (for this element) value Ey. The failure frequency is
determined by the differential fluxes of acting particles as well as by the macroscopic single
failure cross section X,(E, E,) . For light charged particles, the single-failure cross section in a
sensitive element volume containing N atoms is

EE
S (E,E,)=No,(E,E,) = NZIME
k E, ;

The summation is over all interaction channels k£ =(Z, 4) of the primary ions of type i
and energy E with the integrated circuit element, as a result of which a nucleus with the mass
A, charge Z and energy E, is formed with the probability ¢/ (E,E,).

The energy spectra o (E, E,) of all recoil nuclei formed in the reaction can be obtained

experimentally or calculated within theoretical nuclear models. In this study the macroscopic
failure cross section was calculated using the models of nuclear physics combined in the
EMPIRE software.

The calculation results show that the production cross sections of different recoil nuclei
depend on the acting proton energy and the structure of target nucleus. The most likely
channels of nuclear reactions are those with knocking out of one to three nucleons and with
knocking out of an a particle (for the 28Si nucleus). The single-failure frequency depends on
the total reaction cross section for recoil nuclei with energies below the critical failure energy
Ey.

Acknowledgements: the study was supported by the Russian Foundation for Basic Research
(project no. 14-29-09244).
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SPECTRAL-LUMINESCENCE PROPERTIES OF BI-DOPED OXIDE GLASSES
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The luminescence properties of bismuth-doped glasses are the subject of intense
research aimed at both identifying the nature of the emission centers involved and extending
the range of lasing wavelengths.' It is well known that the luminescence and lasing properties
of Bi-doped glasses and fibers strongly depend on the conditions under which they were
produced. Note in this context that the development of advanced processes for the fabrication
of Bi-containing active materials with reproducible properties is a priority issue. To date,
lasing and optical gain have been demonstrated in silica fibers doped with very small amounts
of Bi (< 0.01 at %) and containing Al, Ge, and/or P ions or no other dopants. Most of the Bi-
doped fibers reported to lase were fabricated by the MCVD process, but recent work has
shown that lasing can in principle be achieved in Bi-doped fibers produced by the powder-in-
tube method.” Note that no lasing of Bi-doped bulk glasses has been reported to date.

This paper compares the absorption and emission properties of bulk glasses prepared by
melting in a crucible and optical fibers fabricated by the powder-in-tube method. Both the
bulk glasses and fibers were prepared from identical mixtures. The emission properties of the
bulk samples and fibers were similar, while the "gray losses" in the fibers were an order of
magnitude lower than those in the crucible melted glasses.
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USAGE OF THE SEMI-EMPIRICAL PSEUDOPOTENTION METHOD FOR THE
GALLIUM SELENIDE NANOMATERIALS BAND STRUCTURE CALCULATION

A.V. Osadchy'? D.V. Rybkovskiy', E.D. Obraztsova'>
'4. M. Prokhorov General Physics Institute, Russian Academy of Sciences, Moscow, Russia
?National Research Nuclear University MEPhI (Moscow Engineering Physics Institute,
Moscow, Russia
aosadchy@yandex.ru

The work was carried out computer simulations of the band structure of nanostructures
based on layered AIIIBVI semiconductors using the empirical pseudopotential method. The
main objects of study were quantum dots, single and few-layered GaSe. A widely used
method based on density functional theory significantly underestimates the band gap. This
value is the most important characteristic of semiconductors. At the same time, GW
approximation, which gives much better results, often not applicable for nanomaterials
because of the high computer resource requirements [1,2]. This is especially observed in the
simulation of quantum dots based on GaSe and similar materials. This was the main reason
for the developing of a computer program to simulate the band structure using the method of
empirical pseudopotential. Special computational code allow to perform calculations using
cluster of computers, which significantly increases the number of atoms in the system. This
approach allows us to obtain results with an accuracy comparable to GW approximation. At
the same time, the requirements for computational resources considerably smaller than in the
case GW approximation.

Modeling of 1, 2, 3 layered GaSe and GaSe quantum dots using this method showed
good agreement with theoretical data obtained by GW approximation and experimental results
(3, 4].
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Today, carbon nanostructures are one of the most priority materials for use in various
fields of science and technology, as components of new structural materials, nanoelectronics,
nonlinear optics, etc. The purpose of this work was to study electrical and optical properties of
multi-wall carbon nanotubes (MWCNTSs) synthesized using catalysts Fe-Co with a variable
composition in order to establish the relationship between the physical properties of the
structure and its defectiveness.

Raman scattering is widely used for characterization of various types of carbon
nanostructures. This method is also sensitive to changing the structure and properties of
MWCNTs. For characterization the intensity ratios of D, G and 2D-modes in the Raman
spectrum have been used.

It is also planned to carry out a theoretical modeling of the MWCNT Raman spectra by
the first principles. The calculation will be made with the method based on density functional
theory.
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Abstract. This paper deals with the boundary value problem for the operator Sturm-
Liouville type with N constant delays, L = L(q,(x), g,(x), ....qny(x), T1, T2, ... Ty):

N
=y"() + ) iy = 1) = y(0,x € (0,7, y(x — 7y) = 0,x € [0,7y]
i=1
y(m) =0,0 <1y <1, < <71y <Wq €L0,nr]i=12.. N

The boundary value problems for Sturm-Liouville operators with one constant delay (N = 1)
are studied in 1-2 and other works. Although the operators with two constant delays (N = 2)
are least studied, some of the results for this class of operators can be found in 3-4.
Construction of the solution for the differential operators with N constant delays is more
complex than in the case when N =1, due to complexity of relations between linear
combinations of delays 7;,i = 1,2,...N and also their relations around . By the method of
successive approximation we construct the solution and determine the characteristic function
of the boundary value problem. Then we consider the existence and asymptotic behavior of
the eigenvalues of the boundary value problem.
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ON HIGH SPEED FLOW SIMULATION IN MODEL RAMJET ENGINE

N.D. Novikova, O.B. Feodoritova, K.V. Manukovskii, Yu.G. Rykov, V.T. Zhukov
Keldysh Institute of Applied Mathematics, Russian Academy of Sciences, Moscow, Russia
e-mail: nn@kiam.ru

We present numerical investigations of flows in ramjet engines which will play a key
role in the realization of hypersonic flight. Ramjets are the air-breathing engines working at
high supersonic speeds. Ramjets are relatively simple in design, and do not have any moving
part, such as turbine, but are very susceptible to flow instabilities. Numerical simulation of
ramjet components even in isolated mode (as we do, see [1]) is useful for cost and time-
savingin process of engine development.

We study high speed flow structures inside the model air intake, the inlet-isolator [2],
see sketch on Fig.1. The isolator separates the combustor from the engine inlet. The ramp near
exit of the isolator is fully down for the started flow. For this case stable flow structure
consists of shock waves interacting with boundary layers. When the configuration starts to
destroy various oscillations and unstart event arises. For unstart case, where unsteady flow is
registered in the experiment, the ramp is lifted as it is shown on Fig. 1. So it is important to
reliably determine the flow parameters when the unstart event occurs.

The flow simulation software OpenFOAM [3] is used. Both started and unstart flows
are numerically simulated. Computations are based on the time averaged compressible
Navier-Stokes equations with turbulence SST model. Calculations for validation and
calibration of the computational model are used the detailed measurements from isolator [2].
The results of 2D and 3D computations are presented.

60
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Fig. 1. Sketch of inlet-isolator configuration with the lifted ramp near exit
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LIMITS OF APPLICABILITY OF THE TWO TEMPERATURE MODEL FOR
NONUNIFORM HEATING OF CONDENSED MATTER BY ULTRASHORT LASER
PULSES

D. S. Polyakov, E. B. Yakovlev
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At present time two-temperature model (TTM) is the basic tool for modeling heating of
condensed medium by femtosecond laser pulses. This model assumes fast internal
thermalization of electron gas. However, it is known that for low-intensity pulses (Qa << 2
mJ/cm?, where Qa is absorbed fluence) in metals thermalization of electrons proceed after the
end of the pulse and stretched for hundreds femtoseconds up to picoseconds. Under these
conditions the decrease of the rate of energy transfer from electrons to lattice can be observed
[1]. The question of evolution of electron gas distribution function under the action of
femtosecond laser pulses with Qa > 2 mJ/cm” for metals remains poorly understood. At the
same time the form of distribution function directly affects the electron emission, which,
according to work [2], may play a decisive role in the oxidation of metals by single
femtosecond pulses. Another problem to be solved is the following.

Authors of theoretical works based on kinetic Boltzmann equation consider only uniform
situation without energy fluxes. Accordingly, the question of energy redistribution in skin-
layer of metal, taking into account nonequilibrium electrons distribution, is not investigated.
These problems are also actual for semiconductor and dielectric materials. So, the aim of this
work is to study the role of electron’s nonequilibrium distribution in general picture of
interaction of femtosecond laser pulses with condensed matter and determination of the limits
of applicability of TTM. We proposeda model of interaction of femtosecond laser pulses with
condensed matter based on kinetic Boltzmann equation for electrons distribution function,
which takes into account nonuniformity of the heating of the sample and different types of
collisions. The solution was obtained by numerical modeling using the methods of direct
statistical simulation. The results of calculations werecompared with predictions of TTM. In
case of semiconductor materials the role of the effect of saturation of interband absorption in
dynamics of concentration of electron-hole plasma was investigated. It is shown that for
typical metals (Al, Ag) in the case of fluences about ablation threshold (Qa ~ 100 mJ/cm?)
TTM gives adequate results, however, for low fluences some deviations from TTM prediction
were observed. For semiconductor materials the thermalization of electron gas occurs rapidly
in wide range of intensities and role of nonthermal electrons is not significant. Also it is found
that effect of saturation of interband absorption has noticeable influence on spatial-temporal
distribution of concentration of photo-exited electron-hole plasma.
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W CCJIEJOBAHUE ITPOJIYKTOB JIASEPHOM ABJISIIAA KPEMHUS B
PA3JIMYHBIX CPEJAX ITPU OBJIYYEHUUN HAHOCEKYH/IHBIMH
NMMITYJIBCAMHU UTTEPBUEBOI'O BOJIOKOHHOI'O JIABEPA

J1. C. ITonsxos, B. I1. Beiiko, A. M. CkBopuos, K. T. Xyuns, E. C. Yonenko,
A. A. CamoxBanoB
Yuusepcumem UTMO, Canxm-Ilemepbype, Poccus
polyakovdmitry1988@gmail.com

WuTepec Kk co37aHMI0 HAHOKOMITO3UTHBIX CTPYKTYp HAa OCHOBE KPEMHHUS U KPEMHHEBBIX
HAHOYACTHIl OOYCJIOBJIEH NEepPCHEKTUBHOCTbIO HMX MPUMEHEHUS IPH CO3/aHUU YCTPOUCTB
KpEMHHEBOW (POTOHUKH, SHEPrOHE3aBUCHUMOM MaMATH M T.1. MHOrooOemammuM MeTOA0M
MOJTyYeHUs] HAHOYACTHUI] KPEMHHUSI SABIISCTCS JiazepHas a0y (B T.4. TIOJ] CIIOEM KUAKOCTH).[1]

B mammx oskcrnepuMeHTax o00mydeHHWE 00pa3loB MOHOKPHUCTAIIMYECKOTO KPEMHHUS
HAaHOCEKYHJHbIMM MMITyJbCAMH BOJIOKOHHOTO HTTEpOMEBOrO Ja3epa OCYIIECTBISUIOCH B
pa3IMYHBIX Ccpefax (IUCTWIIMPOBAHHAS BOJA, BO3AYyX) CEPHSIMH KaK OJWHOYHBIX, TaK H
CIIBOCHHBIX UMITYJIBCOB C PETYIUPYEMOU 3aJEPKKOM.

Pucynox 1. ("3M'“'““.‘[‘i'“\'l‘”"L‘_I"i”’“"”“'"1 Kpemiins, Pucynok 2. Mukpodororpadus ckona odpasia ¢ 0CamkICHHLIMH

MOAYHCHHBIX MPH Ja3CPHOH A0JIALHN B BOAC YACTHIAMH, MOTYYEHHBIMH MPH J1a3epHOi abnsumn Ha BO3ayXxe
[Mocne ocymieHus: KOJUIOMJHOTO PacTBOPA, MOIYYEHHOTO IyTeM alJUH MOJ CIOEeM
KHUJIKOCTH, HAOIIOmancs MaccuB c(epUYecKHX HAHOYACTHI[ C pa3Mmepamu mopsaka 100 HM,
noka3aHHbld Ha puc. 1. XapakrepHble pa3Mepbl MOJYyUYEHHBIX YAaCTHULl, @ TAaKXKe dHEpreTHYecKas
3¢ (HEeKTUBHOCT MX BBIXOJA 3aBUCIAT KaK OT IUIOTHOCTM MOIIHOCTH HMIYJBCOB, TaK U OT
JUTUTETHHOCTH (hparMeHTAIMH TPH MOCIEAYIomEeM 00IydYeHNH KOJIJIOUTHOTO pacTBopa yactuil. B
pe3ynbTaTe aONsAIMU Ha BO3AyXe HaOoanach, OCaXIeHHas U3 IUIa3MEHHOro (akena,
JIBYXCIOWHAsT CTPYKTypa (cMm. puc.2), cocTosmas u3 mnopuctoro cios dactul] SiO, (BepxHMI
cioit) u Si (HwKkHUH cioit). B paboTe riccnenoBanbl 3aBUCUMOCTH Pa3MEPOB MOJTYISHHBIX YaCTHIT
OT pEeXUMOB 00paboTKu. M3y4eHbl JFOMHUHECIICEHTHBIC CBOWCTBA TIOJMYYEHHBIX OOpPAa3IIOB.
HccnenoBana mepcrneKTUBHOCTh OOPAaTHOTO CHEKaHMS MOPOIIKA, MOJIYYEHHOTO MpU alIsAu Ha

BO3yXe (cM. puc. 2), g noiaydenus cioeB SiOy (X < 2) uiu cinoeB SiO; ¢ HaHOKIacTepaMu Si.
BuaarogapuocTu: ABTOpHI BhIpaxkatoT O6maronapHocts Ctosrsire A. B. 3a mpoBeneHrne u3MepeHuii

Ha 3JIEKTPOHHOM MUKpockorie. PaboTa BeinonHeHa npu noaaepskke rpanta PHO® Ne 14-12-00351
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